The RNase E/G-type endoribonuclease of higher plants
is located in the chloroplast and cleaves RNA similarly
to the E. coli enzyme
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ABSTRACT

RNase E is an endoribonuclease that has been studied primarily in Escherichia coli, where it is prominently involved in the
processing and degradation of RNA. Homologs of bacterial RNase E are encoded in the nuclear genome of higher plants. RNA
degradation in the chloroplast, an organelle that originated from a prokaryote similar to cyanobacteria, occurs via the
polyadenylation-assisted degradation pathway. In E. coli, this process is probably initiated with the removal of 5'-end
phosphates followed by endonucleolytic cleavage by RNase E. The plant homolog has been proposed to function in a similar
way in the chloroplast. Here we show that RNase E of Arabidopsis is located in the soluble fraction of the chloroplast as a high
molecular weight complex. In order to characterize its endonucleolytic activity, Arabidopsis RNase E was expressed in bacteria
and analyzed. Similar to its E. coli counterpart, the endonucleolytic activity of the Arabidopsis enzyme depends on the number
of phosphates at the 5’ end, is inhibited by structured RNA, and preferentially cleaves A/U-rich sequences. The enzyme forms an
oligomeric complex of ~680 kDa. The chloroplast localization and the similarity in the two enzymes’ characteristics suggest
that plant RNase E participates in the initial endonucleolytic cleavage of the polyadenylation-stimulated RNA degradation

process in the chloroplast, perhaps in collaboration with the two other chloroplast endonucleases, RNase J and CSP41.
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INTRODUCTION

RNA degradation is a complex, highly regulated, multistep
process for which several pathways and mechanisms have
been described in eukaryotes, bacteria, and organelles
(Deutscher 2006; Houseley et al. 2006; Garneau et al.
2007). The polyadenylation-assisted RNA degradation
pathway is considered the general mechanism of RNA degra-
dation in prokaryotes and organelles, and was also recently
described for nuclear-encoded transcripts of yeast and
human cells (Dreyfus and Regnier 2002; Kushner 2004;
Deutscher 2006; Houseley et al. 2006; Slomovic et al. 2006;
Vanacova and Stef 2007). It begins with an endonucleolytic
cleavage, followed by exonucleolytic degradation. Alterna-
tively, the cleavage products are polyadenylated and then
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rapidly degraded by a number of exoribonucleases (Kushner
2002; Houseley et al. 2006; Slomovic et al. 2006). Therefore,
the initial endonucleolytic cleavage may constitute a key
step in the mRNA decay process in prokaryotes (Cohen and
McDowall 1997; Kushner 2002). In addition, the removal
of phosphates located at the 5’ end of the transcript was
recently proposed to be the step that leads to the endonu-
cleolytic cleavage stage (Celesnik et al. 2007).

RNase E was discovered in Escherichia coli as an rRNA
maturation enzyme (Ghora and Apirion 1978) and was
later shown to be involved in the processing of numerous
other RNAs, such as the antisense regulator of E. coli plas-
mid replication, RNAI; the precursor of M1 RNA, which is
the catalytic subunit of the RNase P; tRNAs; and small
noncoding regulatory RNAs and their targets (Kaberdin
et al. 1996; Li and Deutscher 2002; Ow and Kushner 2002;
Afonyushkin et al. 2005; Morita et al. 2005; Udekwu et al.
2005). In addition, RNase E alters the stability of total RNA
molecules and of numerous specific transcripts (Ono and
Kuwano 1979; Arraiano et al. 1988; Mackie 1992; Hajnsdorf
et al. 1996). Moreover, the enzyme concentration in the cell
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is regulated by a feedback loop, in
which RNase E controls the stability of
its own mRNA (Diwa et al. 2000; Sousa
et al. 2001; Ow et al. 2002).

The E. coli protein contains 1061
amino acids and has two distinct
domains, the amino-terminal catalytic
region, and the carboxy-terminal re-
gion. The latter serves as a scaffold for
assembling the degradosome, a high
molecular weight complex that also
contains polynucleotide phosphorylase
(PNPase), RNA helicase B (Rhl B), and
the glycolytic enzyme enolase (Miczak
et al. 1996; Py et al. 1996; Vanzo et al.
1998; Carpousis 2007). This E. coli-type
degradosome complex, however, is not
present in cyanobacteria or spinach
chloroplasts (Kaberdin et al. 1998;
Baginsky et al. 2001; Rott et al. 2003).
E. coli RNase E, which is essential for
cell viability, is a single-stranded, non-
specific endonuclease with a prefer-
ence for cleaving A/U-rich sequences
(Mackie 1992; Cohen and McDowall
1997). RNase G is another E. coli endo-
nuclease possessing ~50% sequence
similarity to the RNase E catalytic
region and overlapping, but not identi-
cal, cleavage specificity (Lee et al. 2002;
Ow et al. 2003). Both enzymes were
consequently combined into a newly
named family of RNase E/G proteins.
The cleavage activity of the family
members depends on the number of
phosphates located at the 5" end: RNA
containing one phosphate is a much
better substrate than RNA with three
phosphates (Mackie 1998; Jiang et al.
2000; Tock et al. 2000; Celesnik et al.
2007).

Genes encoding RNase E/G-like pro-
teins, as well as ESTs, have been found
in many bacteria, cyanobacteria, red
and green algae, and the nuclear
genomes of higher plants, but not in
eukaryotes lacking chloroplasts (Lee
and Cohen 2003; Bollenbach et al.
2004). The classification of RNase E-
like polypeptides into several groups
based on the protein’s domain architec-
ture has been proposed (Lee and Cohen
2003). In many bacteria other than E.
coli, as well as in the nuclear genomes of
several green algae and higher plants,
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FIGURE 1. Plant RNase E proteins. (A) The amino acid sequences of Arabidopsis, rice, and
tomato RNase E homologs were aligned to those of the E. coli, Streptomyces, and Synechocystis
proteins. Regions of significant homology are shown as colored boxes, with catalytic
subdomains designated according to Callaghan et al. (2005a). The N terminus of the plant
proteins includes sequences predicted to constitute a chloroplast transit peptide (chloroplast
TP). In addition, the plant proteins contain N-terminal extensions of several hundreds of
amino acids that are not homologous between the plants, as well as a stretch of about 120
amino acids residing inside the S1 domain (colored green), which is not present in any
bacterial sequence. (B) The DNA sequence databank was searched for plant ESTs related to
RNase E. The position of each domain in the full-length sequences is indicated. When more
than one EST was found, the ESTs are shown on one line aligned to the full-length sequence
of the Arabidopsis. Sequence accession numbers are as follows: Escherichia coli, P21513;
Arabidopsis thaliana, NP_850987; rice (Oryza sativa), NP_001061542; tomato (Lycopersicon
esculentum) (this work); Streptomyces, NP_626836; Synechocystis, NP_439978; barley (Hor-
deum vulgare), TC141965; grape (Vitis vinifera), TC42553; ice plant (Carpobrotus edulis),
TC6253; maize (Zea mays), TC308943, TC049636, TC284127; sugarcane (Saccharum officina-
rum), TC51842, TC68873; sorghum (Sorghum bicolor), TC106341; wheat (Triticum aestivum),
TC270983, TC271418. (C) Alignment of the amino acid sequences of the S1 domain of
Arabidopsis (Ara), rice, tomato (Tom), Synechocystis (Syn), E. coli RNase E (Ec E), and E. coli
RNase G (Ec G). The black background shows the mostly conserved amino acids, which are
colored white. The green and blue backgrounds show locations where four or three amino
acids are identical. The two conserved lysines that were mutated in this work, as well as the
phenylalanine that forms part of the RNA binding surface on the S1 domain (Callaghan et al.
2005a), are marked by red arrowheads. The plant-specific addition to S1 domain is not shown
in this alignment since the homology between the three plants is very low. (D) The catalytic
domain of the Arabidopsis RNase E catalytic domain (amino acids 327-964 of the full-length
protein) was used to draw the fold-index plot (FoldIndex) that estimates the probability of the
query sequence to fold into a defined structure. Positive values represent regions likely to be
folded, and negative values represent those likely to be intrinsically unfolded. The figure shows
that there is a 66-residue region (from Asp,s to Valys), located in the plant-specific S1
domain insertion, which is strongly predicted to be unfolded.



Characterization of Arabidopsis RNase E/G

only one member of the RNase E/G is encoded, and it is
generally termed RNase E.

In this study, we present the first characterization of a
eukaryotic RNase E-like protein. The Arabidopsis RNase E
was found to be located in the chloroplast and it exhibits
endoribonuclease activity similar to that of E. coli and
Synechocystis RNase E proteins, including a dependence on
the number of phosphates at the 5’ end. In addition, we
found that the protein is active only when it is assembled
into a homo-oligomer.

RESULTS

Genes encoding homologs of bacterial RNase E
are present in higher plants

RNase E is an endoribonuclease found in many bacteria
and some archaea. It plays an important role in the
processing and degradation of RNA in E. coli. Analysis of
the A. thaliana genome revealed the At2g04270 locus
encoding a protein (NP_850987) showing sequence homol-
ogy with the RNase E/G-like proteins of prokaryotic origin
(Fig. 1A). Analysis of the N-terminal 63 amino acids
revealed a canonical chloroplast transit peptide that could
direct the cytoplasmically translated protein into this or-
ganelle (Emanuelsson et al. 2000). Similar proteins are also
encoded by the nuclear genomes of other plants, such as
rice and tomato (Fig. 1A). Interestingly, three other splice
variants are annotated for the At2g04270 locus, of which
one has an N terminus predicted to target the protein to
the mitochondria. In this study, while performing RACE
analysis to obtain the full-length cDNA, we observed only
the mRNA presented in Figures 1 and 4 (see below). In
addition, no mitochondrial RNase E was identified (see
below) and eukaryotic homologs are encoded only in
chloroplast-containing organisms. Nevertheless, we cannot
exclude the possibility of certain Arabidopsis RNase E
mRNA splice variants encoding mitochondrial or other
non-chloroplast forms.

Following the putative chloroplast targeting sequence,
the Arabidopsis RNase E as well as the homologs in rice
and tomato include a relatively long region of ~260
amino acids showing no homology with other bacterial
or plant RNase E proteins. Such an N-terminal extension
is found also in the bacterium Streptomyces coelicolor,
where the enzyme has been defined as a type III RNase E
(Lee and Cohen 2003). The carboxyl half of the protein
contains the multidomain catalytic region and is similar
to E. coli RNase E both in sequence and domain archi-
tecture (Fig. 1A; Callaghan et al. 2005a). Interestingly, the
S1 domain of the plant protein, which is important for
RNA cleavage activity, contains an insertion of 121 non-
conserved amino acids; the location of this insertion is
the same for all plant RNase E proteins (Fig. 1A-C). This
places plant RNase E in the type II RNase E proteins, as

defined by Lee and Cohen (2003). The EST database was
searched for other plant homologs and, as illustrated in
Figure 1B, 11 ESTs from seven species were detected, in-
dicating that the RNase E transcript is present in most, if
not all, higher plants.

Amino acid alignment of the catalytic domains of the
plant, Synechocystis, and E. coli RNase E and RNase G
revealed significant homology. For example, both E. coli
enzymes displayed 32% identity to the Arabidopsis protein.
The alignment of the S1 domains is presented in Figure 1C.
As pointed above, aside from the plant-specific insertion
the high conservation is evident. Because the plant-specific
addition was poorly conserved between the three plants, the
fold-index tool, which predicts the likelihood of forming
a defined structure (Prilusky et al. 2005), was applied to
examine a possible common fold for this domain. As
shown in Figure 1D, this region displayed the lowest
fold-index values of the catalytic domain, predicting that
a globular and defined structure is unlikely to form.

Structure of the Arabidopsis RNase E catalytic domain

The homology of the Arabidopsis and E. coli catalytic
domains enabled us to use the bacterial crystal structure
to construct a homology model for the plant enzyme
(Schubert et al. 2004; Callaghan et al. 2005a), after
removing the 122-amino acid plant-specific addition to
S1 domain (see Materials and Methods). Figure 2 presents
the predicted Arabidopsis RNase E catalytic domain struc-
ture. Its very similar structure to the bacterial enzyme
suggests a comparable mode of catalytic activity, which is
supported by the biochemical assays described below. The
two amino acids bordering the plant-specific insertion are
indicated (P49, and Kss). Interestingly, the corresponding
region in the E. coli structure, composed of amino acids
Alagy to Glyge (crystal numbering), displayed no defined
structural information in the E. coli crystal (Schubert et al.
2004; Callaghan et al. 2005a). Moreover, it is located in the
L34 region, as defined by Schubert et al. (2004), where it
could readily be accommodated.

Arabidopsis RNase E is localized
in the chloroplast

As described above, the Arabidopsis RNase E harbors an N-
terminal sequence predicted to be a chloroplast transit
peptide. To test whether the protein localizes to the
chloroplast, a specific antibody was generated against the
recombinant, bacterially produced Arabidopsis RNase E.
Total Arabidopsis leaf extract as well as isolated chloroplasts
were analyzed for the presence of the native protein. Even
though the calculated predicted molecular weight of the
native protein is 115 kDa, the protein was detected by SDS-
PAGE at a higher molecular weight of 150-160 kDa (Fig.
3). A similar anomaly has been previously reported for E.
coli RNase E when SDS-PAGE results were compared with
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FIGURE 2. Homology-based model of the structure of the catalytic
domain. (A) An homology-based model for the catalytic region of
Arabidopsis RNase E based on the E. coli X-ray crystal structure (see
Materials and Methods). In order to build the model, the plant-
specific SI domain insertion was removed and residues Pro,y; and
Lyss;o were joined together. The region of the RNase H and the S1
domains is shown as blue ribbon. The region following the plant-
specific domain toward the carboxy terminus is shown as white
ribbon. Residues Pro,o; and Lysss, located before and after the plant-
specific domain, are shown as green bars. Residues Lyssss and Lysss,
(corresponding to the Lys;os and Lys;;, of E. coli) are shown as red
bars. The small domain of the catalytic part is not presented in this
panel. (B) The modeled catalytic region of Arabidopsis RNase E
(white) superimposed on the E. coli crystal structure from PDB 2bx2,
chain L (pink).

the calculated molecular weight (Casaregola et al. 1992;
Cormack et al. 1993). The protein was localized to the
soluble fraction of the chloroplast, similar to the Rubisco
chloroplast soluble control and unlike the light-harvesting
complex I (LHC II) that is embedded in the thylakoids
(Fig. 3A). Since the rice and tomato sequences also contain
a predicted N-terminal chloroplast targeting transit pep-
tide, chloroplast localization may be a general feature of
RNase E proteins in higher plants (Fig. 1A).

Arabidopsis RNase E forms a high molecular
weight complex

In E. coli, the active form of the enzyme is a homotetramer
(Callaghan et al. 2005a; Marcaida et al. 2006; Worrall and
Luisi 2007). Subunits are held together with the help of zinc
ions that bind to a short stretch of amino acids called a
zinc-link (Fig. 1). This complex is essential for RNase E activ-
ity and is disrupted by the addition of EDTA (Callaghan
et al. 2005a,b). In E. coli and several related bacteria, RNase
E (but not RNase G) forms the assembly scaffold of the
degradosome, a multiprotein complex consisting, in addi-
tion to this protein, of PNPase, RNA-helicase, and enolase
(Marcaida et al. 2006; Carpousis 2007).

In order to explore whether Arabidopsis RNase E forms
a complex with other proteins, the truncated recombinant
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protein was expressed in bacteria, purified, and studied
by size-exclusion chromatography. The truncated protein
eluted at a high molecular weight of ~680 kDa, suggesting
an oligomeric complex (Fig. 3B). However, this size is
larger than that of the tetrameric complex described in the
crystallization studies of E. coli RNase E/G (Callaghan et al.
2005a; Marcaida et al. 2006; Worrall and Luisi 2007). The
680-kDa complex was resistant to a high salt concentration
of up to 2 M KClI (not shown) but was disrupted by 10 mM
EDTA (Fig. 3B). Next, we analyzed the size of the RNase E
complex in the Arabidopsis cell. Arabidopsis protein extract
was fractionated on the same size-exclusion column and
native RNase E was detected immunologically (Fig. 3B).
RNase E eluted at the same molecular weight as the purified
recombinant protein of ~680 kDa. Together, these results
indicate that RNase E is present in an oligomeric form in
the soluble fraction of the chloroplast. It should be noted,
however, that the large size of the complex is close to the
size exclusion limit of this column (Superdex 200). There-
fore, the inclusion of other proteins in the oligomeric
complex that did not significantly change the molecular
weight could not be excluded. In addition, this is probably
the reason why the truncated recombinant protein (amino
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FIGURE 3. Arabidopsis RNase E is located in the chloroplast in a high
molecular weight complex. (A) Total Arabidopsis protein extract
(soluble [S] and insoluble [P] fractions), together with purified
chloroplasts, was separated on a 10% SDS-polyacrylamide gel, trans-
ferred to a nitrocellulose membrane, and probed with polyclonal
antibodies against Arabidopsis RNase E (upper panel), Rubisco large
subunit (middle panel), or LHC II (lower panel). (B) Purified recom-
binant truncated protein (amino acids 284-996) was fractionated on a
Superdex 200 size-exclusion column, and the proteins of each fraction
were analyzed by immunoblot with Hiss-specific antibodies (Rec.
protein, upper panel). In the middle panel, 10 mM EDTA was added to
the purified recombinant protein prior to fractionation on the same
column (Rec. protein + EDTA). (C) Total Arabidopsis proteins were
fractionated on the same column, and the proteins of each fraction
analyzed by immunoblot using antibodies against RNase E. The
elution profile of the following molecular weight markers is indicated
along the rop: thyroglobulin (669 kDa), ferritin (440 kDa), catalase
(232 kDa), aldolase (158 kDa), and bovine serum albumin (67 kDa).
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acids 284-996) and the full-length one present in the leaf
extract eluted in the same fractions very close to the void
volume (Fig. 3B).

Arabidopsis RNase E displays endoribonucleolytic
activity similar to that of its E. coli counterpart

In order to analyze whether the Arabidopsis RNase E
protein is active as an endoribonuclease, the protein was
expressed in bacteria and purified. We found that the full-
length protein could not be obtained in a soluble form.
However, a truncated protein including amino acids 284—
996 was soluble in bacteria (Fig. 4A,B). This truncated form
contained the entire predicted catalytic region and was
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FIGURE 4. Recombinant Arabidopsis RNase E activity is similar to its
bacterial counterpart. (A) Schematic representation of Arabidopsis
RNase E. The different domains, as described in Figure 1, are shown:
TP, predicted chloroplast transit peptide; H, RNase H domain; S1, S1
domain; sensor, 5 sensor domain; DNase I, DNase I domain; Zn,
7Zn link domain; and small, small domain. The location of amino acid
284, which is the start of the truncated sequence which yields a soluble
recombinant form of the protein, is indicated. (B) Following expres-
sion and purification, the recombinant protein (amino acids 284-996)
was fractionated by SDS-PAGE and analyzed by silver staining.
Molecular weight markers, shown on the left, were fractionated in
the first lane. (C) 5'-end-dependent activity of Arabidopsis RNase E.
Recombinant Arabidopsis RNase E or the catalytic part of the E. coli
enzyme (amino acids 1-498) were incubated with [?*P]-labeled RNA
representing the E. coli RNAI harboring either a mono- (5'-P) or tri-
phosphate 5" end (5'-PPP). The enzyme:substrate ratio was 50:1.
Samples were withdrawn after 0, 10, 20, and 40 min, and purified
RNA was analyzed by denaturing PAGE and autoradiography.
Schematic representations of the RNAI and cleaved products are
shown on the right. (D) Changing lysines 546 and 552 to alanines
significantly inhibited activity. The Arabidopsis RNase E (Ar), in
which the two lysines located in the S1 domain were converted into
alanines (see panel A), was produced in E. coli and analyzed for
cleavage activity of RNAI as described in C. The enzyme:substrate
ratio was 1:1. Incubation times were 5 and 15 min. RNA, full-length
RNAIJ Prod., cleavage product.

therefore expected to be active. In this respect it resembles
E. coli RNase E, which investigators find very difficult to
work with as a full-length protein; as a result, they
frequently use a fragment containing the catalytic part for
activity studies. In addition, two highly conserved lysine
residues at positions 546 and 552 (E. coli residues 106 and
112), located in the S1 domain on one side of the RNA
binding channel and participating in the formation of the
catalytic active site by helping the interaction of the RNA
backbone, were replaced with alanines. This was done in
order to obtain an inactive protein that could serve as a
negative control (K—A) (Callaghan et al. 2005b). The
preparations of both recombinant enzymes were analyzed
by immunoblot using an E. coli RNase E-specific antibody
and found to be free of bacterial enzyme contamination.
In addition, no residual exonuclease activity was detected
when the proteins were incubated with [>?P]-RNA and the
products analyzed by thin layer chromatography (data not
shown). We concluded that the purified, bacterially ex-
pressed proteins lacked any residual ribonuclease activity
due to bacterial host proteins.

The cleavage of RNAI, a 110-nucleotide (nt)-long non-
coding transcript regulating ColE1-type plasmid replication
in E. coli, was analyzed first; this is a well characterized
substrate of E. coli RNase E (Lin-Chao and Cohen 1991).
As shown in Figure 4C, Arabidopsis RNase E produces a
cleavage pattern on RNAI similar to that of the E. coli homo-
log. This cleavage activity was enhanced when the 5" end
of substrate RNA was mono- but not triphosphorylated
(Mackie 1998; Jiang et al. 2000; Tock et al. 2000).

To observe RNase E cleavage more clearly, the assay was
repeated with an enzyme:substrate ratio of 1:1 (instead of
50:1 in Fig. 4C), making the protein and RNA concen-
trations 10 nM each (Fig. 4D). In this case, the effect of
enhanced activity on mono-phosphorylated 5'-end sub-
strate was much more pronounced. This ratio was used in
all subsequent experiments. Only a very small amount
(<5%) of 5-PPP RNA was cleaved during 15 min of
incubation, compared to >50% cleavage of 5'-P RNA. No
specific cleavage was observed with the K-to-A mutated
RNase E, showing that the observed activity was due to
recombinant RNase E and not contaminating E. coli ribo-
nucleases (Fig. 4D).

Single-stranded oligoribonucleotide and chloroplast
RNA as substrates for Arabidopsis RNase E

Previous characterization of E. coli RNase E showed a
cleavage preference for AU-rich sequences present in a
single-stranded RNA stretch located near a stem-loop
structure (Mackie 1992; McDowall et al. 1995; Kaberdin
2003; Horie et al. 2007). In order to explore Arabidopsis
RNase E cleavage activity, a synthetic RNA oligoribonu-
cleotide resembling the RNAI cleavage site was synthesized
and used as a substrate. This RNA corresponds to the first
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13 nt of RNAI from the 5’ end, with the canonical RNase E
cleavage site located between Us and A (Fig. 5, bottom;
Horie et al. 2007). The oligo was labeled with either [**P]
or [*P]-pCp at the 5’ or 3’ ends, respectively, and
incubated with the Arabidopsis RNase E or the E. coli
enzyme for comparison. The results showed cleavage by
the Arabidopsis and E. coli enzymes at Us, generating the
correct 5" and 3’ fragments (Fig. 5). This cleavage activity
was not detected when the K-to-A mutated protein was
analyzed (data not shown).

Other RNAs were tested for RNase E cleavage to further
examine the nature of substrate recognition by the enzyme.
When the 226-nt RNA corresponding to the 3" end of spin-
ach chloroplast petD mRNA was analyzed, the Arabidopsis
enzyme digested it to very short fragments; therefore, a
specific cleavage site was not observed (Fig. 6A). Similar
results were obtained using an RNA representing the 3" end
of the spinach chloroplast psbA transcript (not shown).
Interestingly, the E. coli enzyme showed slower cleavage
kinetics on this substrate. As with the other substrates,
significant inhibition of activity was observed for the K-to-
A mutant, and RNAs harboring one phosphate at the 5’
end were digested faster than those with three phosphates
(Fig. 6A). When the degradation products of the reaction
shown in Figure 6A were analyzed on TLC, no free nucleo-
tides were observed (not shown). Therefore, the spinach
petD RNA was fragmented into short oligonucleotides but
not into mononucleotides. This experiment revealed that

= pCp®

9 e | «-8+pCp

5nt ; 8 nt (+pCp)
5 ACAGUAUUUGGUA 3

FIGURE 5. Cleavage of a synthetic RNA oligonucleotide by Arabidopsis
RNase E. A 13-nt oligoribonucleotide representing the cleavage site of
RNAI, shown at the bottom of the figure, was [*?P]-labeled either at
the 5" end (left half of the figure) or the 3" end (right side of the
figure), and incubated with Arabidopsis (Ar) or the E. coli (Ec)
enzymes. Following 0, 20, and 40 min of incubation, the RNA was
purified and analyzed by denaturing PAGE and autoradiography. An
RNA ladder was run on the same gel for an analysis of the precursor
and product sizes (M). Additional oligoribonucleotide of 20 nt was
fractionated on the same gel to verify the length of the lines of the
ladder markers. The signal obtained from this marker is outside the
frame shown in the picture. Note that the 3'-end labeling added one
nucleotide (pCp). Cleavage products are marked by arrowheads.
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FIGURE 6. Degradation of a transcript corresponding to the chlo-
roplast petD RNA and synthetic A, oligo by Arabidopsis RNase E. (A)
RNA corresponding to the 3" end of spinach chloroplast petD mRNA
harboring either one (5’-P) or three phosphates (5'-PPP) at the 5’ end
was incubated with 20 nM of Arabidopsis (Ar), the inactive mutated
version (K—A), or E. coli (Ec) enzymes. Following incubation for
5 and 15 min, RNA was purified and analyzed by denaturing
PAGE and autoradiography. (B) A synthetic, [5'-32P]-labeled oligo-
nucleotide containing 20 adenosine residues (A,,) was incubated with
A. thaliana and E. coli RNase E for 30 and 60 min in the presence or
absence of 6 mM MgCl, in the incubation buffer, as indicated. RNA
was then isolated and analyzed as described for panel A.

substrates not folded into a tRNA-like structure can be
endonucleolytically digested by Arabidopsis RNase E into
small oligonucleotides.

In addition, when oligoribonucleotides composed of A,
or (GU),, were incubated with RNase E, either with or
without Mg*" in the incubation buffer, no cleavage was
detected (Fig. 6B; data not shown). Indeed, of the many
RNA substrates tested, these were the only ones not cleaved
by RNase E.

Additional substrate for assaying Arabidopsis RNase E

In E. coli, RNase E plays an important role in the processing
of tRNA precursors (Li and Deutscher 2002; Ow and
Kushner 2002). It has been suggested that RNase E
generates the processing intermediates that are subse-
quently cleaved by RNase P to form the correct tRNA 5’
end (Vioque et al. 1988; Kirsebom and Svard 1992). Indeed,
the precursor of the E. coli tRNA""Su3 (pSu3) is cleaved by
the bacterial RNase E upstream of the RNase P cleavage site
in vitro and in vivo (Soderbom et al. 2005). The predicted
secondary structure of pSu3 is shown in Figure 7B. In order
to analyze whether the Arabidopsis enzyme can cleave pSu3
in a similar manner as E. coli RNase E, we generated the cor-
responding transcript and incubated it with the Arabidopsis
enzyme. The results revealed that both enzymes specifically
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FIGURE 7. Cleavage of the E. coli tRNA™" precursor substrate by the Arabidopsis and E. coli
enzymes. (A) Arabidopsis and E. coli enzymes were incubated with a 131-nt [**P]-labeled RNA
corresponding to the precursor of E. coli tRNAD for 0, 5, 15, and 45 min. The RNAs harbor
either one (5'-P) or three (5'-PPP) phosphates at the 5" end as indicated at the top. Following
incubation, RNA was purified and analyzed on denaturing PAGE and autoradiography. The
substrate (S) as well as the 3" and 5’ cleavage products are indicated at the left. (B) A schematic
representation of the 131-nt E. coli tRNA™" precursor is adapted from Soderbom et al. (2005).
The RNase P canonical cleavage site is indicated (M1). Arabidopsis RNase E cleavage sites,
as mapped in the experiments described in Figures 7 and 8, are shown with arrows. Three
guanidine residues added to the 5" end of the RNA substrate are enclosed in a dashed box. (C)
Cleavage of the tRNA™" precursor transcript by the M1 RNA of E. coli RNase P. Conditions
are as in A. (D) Inhibition of cleavage activity by EDTA treatment and the inactive mutant
of Ambidqlpsis RNase E (K— A). Incubation times were 5, 15, and 45 min. The substrate is
the tRNA™" precursor transcript. EDTA treatment was performed by addition to a final
concentration of 10 mM. Other conditions are as in A. Ar, Arabidopsis RNase E. (E)
Arabidopsis and E. coli enzymes were incubated with the tRNA™" precursor for 30 min in the
presence of Mg”" as indicated. Following incubation, the RNA was purified and analyzed by
denaturing PAGE and autoradiography. The 5’ cleavage product is not shown in this figure.

cleave the pSu3 transcript to generate similar 5" and 3'-end
products (Fig. 7A). In fact, this substrate is superior to
RNAI for activity analysis since the cleavage is more
specific, the 5'-end product is observed on the gel, and

the effect of one or three phosphates at
the 5’ end is evident (Fig. 7A).

The cleavage of pSu3 by Arabidopsis
RNase E was also compared with the
canonical processing by M1 RNA, the
catalytic subunit of E. coli RNase P
(Guerrier-Takada et al. 1983). As shown
in Figure 7C, the M1 RNA cleaved at
the canonical RNase P site, indicated in
Figure 7B by the letters M1, producing
two products: a 46-nt 5" leader and an
88-nt mature tRNA. Similar to the
result obtained with the E. coli RNAI
substrate, the activity of Arabidopsis
RNase E was significantly inhibited in
the mutant, where lysines 546 and 552
were converted to alanines (Fig. 7D).
The addition of 10 mM EDTA to the
reaction mixture, which disrupted the
formation of the high molecular weight
complex (Fig. 3B), significantly reduced
cleavage activity (Fig. 7D).

Interestingly, in cleavage buffer lack-
ing MgCl,, both Arabidopsis and E. coli
RNase E nonspecifically cleaved pSu3
RNA to small oligoribonucleotides (Fig.
7E). It should be noted that this effect
could be obtained either from a change in
enzyme specificity and/or alterations in
RNA folding in the absence of Mg”*.
In addition, since the enzyme activity
is Mg2+ dependent, the trace amounts
of metals ions present in the buffer even
when no MgCl, is added were sufficient
to activate the enzyme. Accordingly, the
addition of EDTA inhibited the activity
(Fig. 7D). Cleavage specificity was fully
restored by the addition of MgCl, at 2—
10 mM, which approximates the physio-
logical concentration of Mg®" in bacteria
and chloroplasts. Further increasing Mg**
concentration to 50 mM inhibited the
cleavage activity of both E. coli and
Arabidopsis enzymes (Fig. 7E).

Mapping the endonucleolytic
cleavage sites

In order to determine the Arabidopsis
RNase E cleavage positions in the 5’
leader sequence, primer extension anal-

ysis was performed (Fig. 8). The pSu3 RNA was first
cleaved by the Arabidopsis RNase E or the M1 RNA. Then,
a [**P]-labeled oligonucleotide was annealed to nucleotide
numbers 79-98 and elongated by reverse transcription
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FIGURE 8. Mapping RNase E cleavage sites by primer extension. The
tRNA™" precursor was first cleaved with either Arabidopsis RNase E
(Ar) or M1 RNA and subjected to primer extension analysis.
Extension products, together with the RNA ladder (L) and size
markers (M), were analyzed by high-resolution PAGE and autoradi-
ography. RNA fragment sizes are shown in nucleotides. Extension
products of Arabidopsis RNase E and M1 RNA cleavage fragments are
indicated with arrows on the left. In the lane S, noncleaved substrate
RNA that was analyzed in the same way is presented. Prematurely
terminated RNAs produced by the inhibition of the reverse transcrip-
tase are indicated by arrowheads. The numbers of nucleotides are also
indicated on the right.

i
I

i
{l

i

followed by analysis of the extension products by high-
resolution gel electrophoresis. As indicated in Figure 8, an
extension of the substrate pSu3 RNA before digestion
revealed the full-length transcript, as well as several other
signals that were most likely generated from effects of the
RNA structured region on the extension reaction (Fig. §,
lane S). An analysis of the M1 cleavage products revealed
the expected product (Fig. 8, lane M1). An analysis of the
Arabidopsis RNase E reaction showed three extension
products corresponding to positions 34-36 of pSu3 count-
ing from the 5’ end (Fig. 8, lane Ar). This high-resolution
analysis revealed that Arabidopsis RNase E specifically
cleaved the pSu3 RNA at three sites located in the
adenosine-rich, single-stranded region situated 10 nt 5’ to
the RNase P cleavage site. These sites included nucleotide
36, which was previously mapped as the cleavage site of
E. coli RNase E (Soderbom et al. 2005).

DISCUSSION

Conservation of RNase E in prokaryotes
and photosynthetic organisms

Homologs of RNase E exist in most bacteria, some archaea,
as well as in some algae and higher plants (Lee and Cohen
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2003; Li et al. 2005; Bollenbach et al. 2007; Horie et al.
2007). Several Gram-negative bacteria contain two proteins
of this family, for example, RNase E and RNase G in E. coli,
while others such as cyanobacteria contain only one
(Kaberdin et al. 1998; Lee and Cohen 2003). There is no
RNase E homolog in several Gram-positive bacteria such as
Bacillus subtilis and the green alga Chlamydomonas rein-
hardtii. These organisms contain another endoribonu-
clease, RNase J, which resembles RNase E and G in its
sensitivity to the number of phosphates at the 5" end and
its possible role in cleaving transcripts as part of processing
and degradation pathways (Even et al. 2005; Mathy et al.
2007). Several bacteria, including cyanobacteria and
archaea, however, contain both RNase E and RNase ]
(Slomovic et al. 2006; Bollenbach et al. 2007). Interestingly,
RNase E homologs are encoded in the chloroplast genomes
of red algae, as well as several green algae (Bollenbach et al.
2007; Horie et al. 2007). In higher eukaryotes, genes
encoding RNase E homologs are present only in the nuclear
genomes of plants and contain putative chloroplast transit
peptides. Indeed, results shown here demonstrated chloro-
plast localization for Arabidopsis, and can be predicted to
be the same for other plants. Since genes and ESTs related
to RNase E were detected in all 10 plants analyzed here, the
presence of this protein seems to be a general characteristic
of higher plants. It can therefore be assumed that the
nuclear genome acquired the RNase E gene just as it
acquired most of the other chloroplast genes, namely, from
the genome of the cyanobacteria-like prokaryote that
entered the eukaryotic host and ultimately became the
chloroplast.

Contrary to the situation in many bacteria and archaea,
where either RNase E or RNase J is present, the chloroplast
of higher plants seems to contain both enzymes, as do
cyanobacteria, relatives of the evolutionary ancestors of the
chloroplast (Bollenbach et al. 2007). Moreover, a third
endoribonuclease that appears to be unique to the chloro-
plast, CSP41, functions in this organelle as well. The picture
thus emerging for endoribonucleolytic activity in the chlo-
roplast is the concerted action of three types of enzymes,
RNase E, RNase J, and CSP41, where each type may con-
tain more than one member (Bollenbach et al. 2007).
The division of work, the specificity, and/or the overlap-
ping substrates, as well as the expression during develop-
ment in different organs, are now being studied in order to
obtain the complete picture of the function of each of these
enzymes in the initial endonucleolytic cleavage of the poly-
adenylation-stimulated RNA degradation pathway.

Unique domains of chloroplast RNase E

The chloroplast RNase E of Arabidopsis, rice, and tomato
contains an N-terminal extension of ~260 amino acids
(excluding the predicted chloroplast transit peptide). This
extension seems to be conserved in its length but not its
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amino acid sequence. Therefore, even though the related
ESTs were not identified for the other plants shown in Figure
1, this extension may be present in every chloroplast RNase
E. In this way, chloroplast RNase E belongs to group III of
RNase E proteins, as classified by Lee and Cohen (2003). The
possible function of this extension remains to be determined.
One possibility is that, like the C-terminal extension in the
E. coli RNase E, it serves as a platform for binding associated
proteins that form a type of “chloroplast degradosome”
(Marcaida et al. 2006; Carpousis 2007). However, spinach
chloroplast PNPase is not associated with other proteins in
an E. coli-type degradosome (Baginsky et al. 2001). More-
over, the results of fractionation on a size-exclusion column
showed no significant difference in elution profile between
purified recombinant protein and native protein in total leaf
extracts (Fig. 3B). Indeed, the fact that the amino acid
sequence homology between the different plants is very low
in this domain supports the possibility that, if there are
proteins associated with the chloroplast RNase E, they are
fewer and smaller than those present in the E. coli degrado-
some. Another possibility is that the N-terminal extension
modulates the activity of the catalytic domain. In this work,
the properties of truncated versions that include the catalytic
parts of the two proteins were compared. It is possible that
the activities of the full-length proteins are different, and
exploring this requires the ability to produce a soluble, full-
length protein, or genetic approaches.

Another difference between plant RNase E and the
bacterial enzyme is the insertion of 122 amino acids into
the S1 domain; this addition is apparently present in all
plant RNase E proteins (Fig. 1). This places plant RNase E
in group II, as classified by Lee and Cohen (2003). This
extension seems unlikely to give rise to significant structural
changes or functional differences, based on the homology
model analysis described in Figures 1 and 2. This conclusion
is supported by the extensive similarities in activity and
behavior between the E. coli and Arabidopsis RNase E
enzymes analyzed here. Therefore, the importance of this
insertion, whether for the catalytic activity in the chloroplast
or as an evolutionary vestige that was deleted in most pro-
karyotes including cyanobacteria, remains to be determined.

Enzymatic activity of chloroplast RNase E

The endonucleolytic activities of the catalytic parts of the
E. coli and Arabidopsis RNase E proteins were found to be
very similar. Both activities were sensitive to the number of
phosphates at the 5" end and to substrate secondary struc-
ture. In both enzymes, replacing the two conserved lysines
located in the S1 domain significantly reduced catalytic
activity. Therefore, the catalytic domains of the prokaryotic
and chloroplast RNase E apparently retained very similar
properties despite their long evolutionary separation.

It is interesting to note that the sensitivity of cleavage
activity to the number of phosphates located at the 5" end

of the transcripts is conserved in chloroplast RNase E.
While the 5’ end in bacteria is located mainly at the
transcription initiation site and therefore contains three
phosphates, in the chloroplast of the green algae Chlamy-
domonas rienhardtii the 5" end is formed in most cases by a
processing event and therefore contains only one phosphate
(Bollenbach et al. 2004). While in bacteria the three phos-
phates are believed to function in protecting the RNA from
degradation, this protection in Chlamydomonas chloro-
plasts is proposed to occur via nuclear-encoded proteins
that specifically bind the 5" untranslated region of chloro-
plast transcripts (Mayfield 1990; Rochaix 1992; Barkan and
Goldschmidt-Clermont 2000; Bollenbach et al. 2004). If
this is also the situation in the chloroplast of higher plants,
it is not yet defined. If so, it is not obvious why the presence
of three 5" end phosphates significantly inhibits the cleav-
age activity of the chloroplast enzyme. More research is
required to explore whether this phenomenon has a spe-
cific function in the chloroplast or, alternatively, is a ves-
tige of the chloroplast’s prokaryotic past.

This study reports the first characterization of a eukaryotic
RNase E. The catalytic properties were found to be very
similar to those of E. coli RNase E and the protein located in
the chloroplast. Since the T-DNA null insertion mutant for
this protein cannot grow without adding sucrose to the
medium (data not shown), Arabidopsis RNase E may be
required for chloroplast development, as it is required for
viability in E. coli. The major next steps in this research are to
understand the specific functions of RNase E and its targeted
transcripts in the chloroplast, as well as the interplay of the
enzyme with the two other chloroplast endoribonucleases.

MATERIALS AND METHODS

Bioinformatic analysis of RNase E-like sequences
and cDNA sequences

Alignment of the full-length and truncated EST RNase E se-
quences to that of E. coli was performed using ClustalW. The full-
length ¢cDNA of tomato RNase E was obtained by screening a
cDNA library with a probe corresponding to a truncated EST.
Arabidopsis truncated RNase E cDNA was obtained from RIKEN
BRC and was extended using a standard RACE protocol in order
to obtain the full-length coding region.

The FoldIndex of the 638 residues (from Iles,; to Leuggs) was
calculated and drawn as described (Prilusky et al. 2005). The plot
shows the folding index (Y axis), that estimates the probability of
the query sequence to fold into a globular structure.

Structure prediction

The pairwise alignment and the model were produced as follows:
an initial pairwise alignment of 638 positions was obtained from
HHpred (Soding et al. 2005), with a score of 1165 and a sequence
identity of 31%. Within this alignment there is a 122-residue-long
region in the Arabidopsis sequence which is missing in the E. coli
sequence, and therefore cannot be modeled (the plant addition to
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S1 domain). This region (from position 408 to 529 in Arabidopsis)
was then deleted from the alignment, which was also manually
improved using the Jalview editor (Clamp et al. 2004). The
resulting pairwise alignment displayed a sequence identity of
32.5% for 519 amino acids in the Arabidopsis sequence and 490
amino acids in the E. coli sequence.

The homology-based model of Arabidopsis RNase E was
obtained by feeding this alignment into MODELLER (Sali and
Blundell 1993), using the E. coli RNase E crystal structure as the
template (PDB ID 2bx2, chain L). Ten models were produced and
the one with the best DOPE score was chosen. The images were
produced using the UCSF Chimera package (Pettersen et al.
2004). The structural alignment between the Arabidopsis model
and the E. coli template was obtained using the Chimera Tool
MatchMaker (Meng et al. 2006).

Expression of Arabidopsis RNase E protein in bacteria

Part of the Arabidopsis RNase E ¢cDNA (encoding amino acids
284-996) was PCR-amplified and inserted into the pQE30
expression vector (Qiagen), in frame with an amino-terminal
6XHistidine (6XHis) tag. Attempts to express the full-length or
longer versions resulted in insoluble proteins. The K-to-A mutant,
in which lysines 546 and 552 located in the S1 domain of the
catalytic part were changed to alanines, was constructed in the
above-mentioned plasmid using the QuickChange site-directed
mutagenesis kit (Stratagene). The sequence of the oligonucleotides
used is available upon request. The proteins were expressed in the
E. coli M15[pREP4,Kan] strain (Qiagen). Expression was induced
in log-phase cultures with 1 mM IPTG for 8 h at 20°C.

The cDNA encoding the catalytic part of E. coli RNase E (amino
acids 1-498) was inserted into the pET20b expression vector, in
frame with a carboxy-terminal 6XHis tag. The protein was
expressed in E. coli DE-TRX BL21 as described above for
Arabidopsis RNase E.

Following expression of the proteins, the cells were harvested,
resuspended in binding buffer (50 mM NaH,PO, at pH 8.0, 300
mM NaCl, 20 mM imidazole, 10% glycerol, 0.1% Tween-20, 2
pM B-mercaptoethanol), and disrupted using a microfluidizer.
The recombinant proteins were purified on a Ni-NTA mini-
columns followed by MonoQ anion exchange chromatography
and dialysis against buffer E (Portnoy and Schuster 2006). The
purified protein fractions showed one protein detectable by silver
stain and no exonuclease activity. In addition, analyzing immu-
noblots of purified Arabidopsis RNase E with antibodies against E.
coli RNase E (Khemici and Carpousis 2004) indicated no
contamination with the E. coli enzyme. Aliquots of the purified
recombinant protein were stored at —80°C.

Antibody generation

Antibodies against the Arabidopsis RNase E were produced in
rabbits injected with the recombinant protein as previously
described (Lisitsky et al. 1997). Antibodies against the E. coli
RNase E were a kind gift of A.J. Carpousis (Centre National de la
Recherche Scientifique, Toulouse, France).

Size-exclusion chromatography

Purified recombinant RNase E or Arabidopsis soluble proteins
were fractionated on a Superdex 200 size-exclusion column
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(Amersham Biosciences) as previously described (Baginsky et al.
2001; Rott et al. 2003). Fractions were collected and analyzed by
immunoblotting using commercial anti-6 XHis or RNase E anti-
bodies. The column was calibrated with the following protein
standards: thyroglobulin, 669 kDa; ferritin, 440 kDa; catalase, 232
kDa; aldolase, 158 kDa; and bovine serum albumin, 67 kDa.

Chloroplast isolation and fractionation

Leaves of 4-wk-old plants were homogenized in buffer containing
20 mM HEPES (pH 7.6), 2 mM EDTA, 1 mM MgCl,, and 0.33 M
sorbitol. Chloroplasts were purified by centrifugation through a
10%-50% Percoll gradient at 5000¢ for 5 min (Meierhoff et al.
2003). The chloroplast layer was collected, disrupted, and sepa-
rated into insoluble (membranes) and soluble fractions.

Synthetic RNAs

The plasmids used for generating the transcripts resembling E. coli
RNAI (Portnoy and Schuster 2006), the 3’ end of spinach
chloroplast petD (Lisitsky et al. 1997), the precursor of E. coli
tRNA™" (pSu3) (Soderbom et al. 2005), and E. coli catalytic M1
RNA of RNase P (Jarrous et al. 1998) have been described. The
13-nt oligoribonucleotides containing the sequence 5'-ACAGUA
UUUGGUA, representing the 5’ sequence of the E. coli RNAI Ay,
and (GC);,, were purchased from Sigma.

For uniform RNA labeling, the corresponding plasmid digested
with an appropriate restriction enzyme was incubated with T7
RNA polymerase (NEB) and 80 pCi of [a->*P]JUTP for 1 h at
37°C (Lisitsky et al. 1997). Alternatively, the corresponding DNA
fragments amplified by PCR were used as templates for transcrip-
tion. Full-length transcripts were gel-purified as previously
described (Lisitsky et al. 1997). In order to obtain 5'-mono-
phosphorylated RNA, 15 mM GMP was included in the tran-
scription reaction (Jiang et al. 2000).

5'-end labeling of synthetic RNA was performed first by
dephosphorylation for 30 min with 1 unit of shrimp alkaline
phosphatase, followed by labeling with 10 units of polynucleotide
kinase (Fermentas) and 50 pCi of [y->*P]ATP for 1 h at 37°C. For
3’-end labeling, 100 ng of RNA was incubated with 50 nCi of
5’—[32P]cytidine—3’, 5’-bis(phosphate) (pCp), and 10 units of T4
RNA ligase. The full-length [**P]-labeled transcripts were purified
by denaturing PAGE. An RNA ladder was prepared by alkaline
hydrolysis of a 5'-labeled 90-nt oligoribonucleotide.

In vitro activity assays

Cleavage activity assays were performed as previously described
(Yehudai-Resheff et al. 2003). Unless otherwise indicated, the
reaction consisted of 50 ng recombinant protein (0.5 pmol) and
~0.5 pmol of RNA (10 nM of each). Following incubation of
the purified proteins with synthetic [**P]-RNA, the cleavage pro-
ducts were purified and analyzed by denaturing PAGE and
autoradiography.

Primer extension

An oligonucleotide primer harboring the complementary
sequence of positions 96-78 of E. coli tRNAT"Su3 precursor
(pSu3) (Vioque et al. 1988; Soderbom et al. 2005) was labeled at
the 5’ end using [y-"*P]JATP and extended by reverse transcrip-
tion with the full-length pSu3 transcript, or the same molecule
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that was previously cleaved either by Arabidopsis RNase E or E. coli
M1 RNA. The extension products were analyzed by high-resolu-
tion denaturing PAGE and autoradiography.
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