Planta (2017) 245:779-792
DOI 10.1007/s00425-016-2644-x

CrossMark

@

ORIGINAL ARTICLE

Localization of RNS2 ribonuclease to the vacuole is required

for its role in cellular homeostasis

Brice E. Floyd' - Yosia Mugume' - Stephanie C. Morriss® - Gustavo C. MacIntosh? -

Diane C. Bassham'

Received: 16 August 2016/ Accepted: 21 December 2016/ Published online: 26 December 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract

Main conclusion Localization of the RNase RNS2 to the
vacuole via a C-terminal targeting signal is essential for
its function in rRNA degradation and homeostasis.

RNase T2 ribonucleases are highly conserved enzymes
present in the genomes of nearly all eukaryotes and many
microorganisms. Their constitutive expression in different
tissues and cell types of many organisms suggests a
housekeeping role in RNA homeostasis. The Arabidopsis
thaliana class I RNase T2, RNS2, is encoded by a single
gene and functions in rRNA degradation. Loss of RNS2
results in RNA accumulation and constitutive activation of
autophagy, possibly as a compensatory mechanism. While
the majority of RNase T2 enzymes is secreted, RNS2 is
located within the vacuole and in the endoplasmic reticu-
lum (ER), possibly within ER bodies. As RNS2 has a
neutral pH optimum, and the endomembrane organelles are
connected by vesicle transport, the site within the
endomembrane system at which RNS2 functions is unclear.
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Here we demonstrate that localization to the vacuole is
essential for the physiological function of RNS2. A mutant
allele of RNS2, rns2-1, results in production of an active
RNS2 RNase but with a mutation that removes a putative
C-terminal vacuolar targeting signal. The mutant protein is,
therefore, secreted from the cell. This results in a consti-
tutive autophagy phenotype similar to that observed in rns2
null mutants. These findings illustrate that the intracellular
retention of RNS2 and localization within the vacuole are
critical for its cellular function.
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Abbreviations

ConcA Concanamycin A

ER Endoplasmic reticulum
MDC  Monodansylcadaverine

WT Wild-type

Introduction

The degradation of RNA and the maintenance of RNA
homeostasis are critical processes carried out by the
activity of RNases. Many routes exist for the breakdown of
RNA in cells (Andersen et al. 2008; Balagopal and Parker
2009; Houseley and Tollervey 2009). The RNase T2 family
of acidic transferase-type endoribonucleases represents a
widely distributed and conserved class of RNases. RNase
T2 proteins are either secreted or targeted to membrane-
bound compartments of the secretory pathway such as the
ER, lysosome, or vacuole (Irie 1999; Maclntosh 2011).
RNase T2 enzymes are found in the genomes of almost all
eukaryotic organisms so far analyzed, many prokaryotes,
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and many viruses (Irie 1999; Hillwig et al. 2009, 2011;
Maclntosh et al. 2010; Andersen and Collins 2012) but
with some exceptions (Condon and Putzer 2002). The
evolutionary conservation of these proteins illustrates their
critical role in the physiological process of RNA
degradation.

In plants, the RNase T2 family has been divided into
three classes based on sequence homology, expression
patterns, and intron structure (Igic and Kohn 2001). Class
IIT enzymes, the first of the plant RNase T2 protein classes
to be functionally characterized, are involved in self-in-
compatibility mechanisms in the Plantaginaceae, Solana-
ceae, Scrophulariaceae, and Rosaceae families (Hua et al.
2008; Maclntosh et al. 2010; Meng et al. 2011). Class I
enzymes are highly evolutionarily diversified, tissue
specific, and can be regulated by biotic and abiotic stress
(Bariola et al. 1994; Maclntosh et al. 2010). Class II
enzymes are often expressed constitutively throughout the
organism and are widely conserved (MaclIntosh et al. 2001,
2011; Henneke et al. 2009; Hillwig et al. 2011).

RNS2 (At2g39780) is the sole class II RNase T2 in
Arabidopsis thaliana and it functions in RNA homeostasis
as a major RNase activity involved in rRNA degradation
(Taylor et al. 1993; Hillwig et al. 2011). A null RNS2
knockout mutant, rns2-2, has rRNA with a longer half-life,
accumulates rRNA in the vacuole, and has increased basal
autophagy under normal growth conditions (Hillwig et al.
2011; Floyd et al. 2015). Autophagy is a macromolecular
recycling pathway in which cellular components are
transferred into the vacuole for degradation (Floyd et al.
2012; Yang and Bassham 2015); the upregulation of
autophagy in rns2-2 mutants is hypothesized to occur as a
compensatory mechanism for lack of RNS2 activity (Floyd
et al. 2015). Similar roles in the turnover of intracellular
rRNA have been proposed for RNS2 homologues in
human, zebrafish, and yeast (Henneke et al. 2009; Haud
et al. 2011; Huang et al. 2015).

The site of action of RNS2 has remained unclear. Upon
overexpression of RNS2 as a cyan fluorescent protein
(CFP) fusion protein, fluorescence was observed in ER
bodies and in the vacuole, and RNS2 enzymatic activity
was detected in both vacuole and ER fractions after sub-
cellular fractionation (Hillwig et al. 2011). The accumu-
lation of rRNA in the vacuole in the rns2-2 null mutant
(Floyd et al. 2015) is highly suggestive of a function for
RNS2 within this organelle, but as the organelles of the
endomembrane system are connected by extensive vesic-
ular traffic, this does not rule out the possibility that RNS2
functions within the ER. In addition, in vitro enzyme
assays have indicated that RNS2 has optimal activity at a
more neutral pH than that of the vacuole (Hillwig et al.
2011). It is, therefore, unclear if localization of RNS2 to
the vacuole is necessary for its biological function in the
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cell and whether the constitutive autophagy phenotype
observed in the rns2-2 null mutant is due to lack of vac-
uolar rRNA degradation or related to an additional RNS2
function not yet discovered.

Here we take advantage of a mislocalized but catalyti-
cally active mutant allele of RNS2, rns2-1, to determine the
importance of the sub-cellular localization of this enzyme.
Unlike the rns2-2 null mutant, the RNS2-1 protein retains
RNase activity. However, rns2-1 plants show the same
increased basal autophagy phenotype as seen in rns2-2 null
mutants. Sequence and localization analysis of RNS2-1
showed that the vacuolar localization of the protein is
disrupted and instead it is secreted from the cell. Moreover,
analysis of RNase activity from purified vacuoles showed
no difference between the null mutant and the rns2-1
organelles. These findings illustrate that the intracellular
retention of RNS2 and localization within the vacuole is
necessary for its biological role in rRNA degradation and
maintenance of cellular homeostasis.

Materials and methods
Plant growth and Arabidopsis thaliana genotypes

Arabidopsis thaliana T-DNA insertion mutants rns2-2
(Hillwig et al. 2011) and arg9-4 (Floyd et al. 2015) were
previously described. The T-DNA insertion mutant rns2-1
(SAIL_872_B10, stock #CS877567) was obtained from the
Arabidopsis Biological Resource Center. All mutants have
the Columbia-0 genetic background and this accession was
used as wild-type (WT) control. To generate double
mutants, rns2-1 and arg9-4 mutants were crossed and
genomic DNA from F1 and F2 progeny analyzed by PCR
using the primers listed in Table 1 to identify homozygous
double mutant lines. For protoplast preparation, plants
were grown in soil under short day conditions (10 h light/
14 h dark) at 22 °C for 6 weeks. For plate-grown seed-
lings, seeds were surface sterilized in 33% (v/v) bleach, 1%
Triton X-100 for 20 min followed by cold treatment for
>2 days. Plants were grown for 7 days under long day
conditions (16 h light/8 h dark) at 22 °C on half-strength
Murashige—-Skoog (MS) solid medium with vitamins
(MSPQ9; Caisson Labs), 1% sucrose, 2.4 mM MES
(pH5.7), and 0.8% (w/v) phytoagar (PTPO1; Caisson Labs)
as described (Liu et al. 2012).

RT-PCR and in-gel RNase activity analysis

RNA was extracted from 7-day-old seedlings using Trizol
reagent (15596018; Invitrogen) and treated with DNase I
(18068015; Invitrogen). cDNA was synthesized using
SuperScript III  reverse transcriptase (18080093;
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Table 1 Primers used throughout this work. Corresponding gene and use are indicated

Reverse primer (5'-3")

Forward primer (5'-3')

Gene

GATTATAAGGATGACGACGATAAGGACGTCATCGAACTCAATCGATCTCAGAG GCTCGGTACCGTCGATCAAAGAGCTTCTCTTTCTGTTGGCATG

RNS2 (recombinant

cloning)
RNS2-1 (recombinant

GATTATAAGGATGACGACGATAAGGACGTCATCGAACTCAATCGATCTCAGAG GCTCGGTACCGTCGATTACTTACCTAATGGCGTGTATTCCGGC

cloning)

RNS2 FLAG signal

GTCATCCTTATAATCTCCGGCAAATGCTCCGGCGATACA

ACTCTAGATCTGCAGATGGCGTCACGTTTATGTCTTCTCCTTC

peptide (recombinant

cloning)

RNS2-1 (cDNA

GGCCACGCGTCGACTAGTAC (Abridged universal amplification

GCCTAGTCTCAGTTGTGGTTCTCCATCATC

primer AUAP from Invitrogen 3'-RACE PCR Kit)

TCTTCTTATGGATTTTCTGATCTTCTACA

cloning)

GTTCGATTATTTCGCTCTATCTCTTCAAT

RNS2 (genotyping)

TCTTCTTATGGATTTTCTGATCTTCTACA

TAGCATCTGAATTTCATAACCAATCTCGATACAC

ATATTTGCTAGCTGATAGTGACCTTA

AGCTGCCATATCGGATGAAC

rns2-1 (genotyping)

ACAGAGCAGAGGAAATCTAAGATACATGA

CAAGCGGATTTCTTGGAATG

rns2-2 (genotyping)

ATG9 (genotyping, RT-

PCR)
atg9-4 (genotyping, RT-

CAAGCGGATTTCTTGGAATG

TGGTTCACGTAGTGGGCCATCG

PCR)
18S rRNA (RT-PCR)

TGGTCGGCATCGTTTATGGT

TCCTGGTCTTAATTGGCCCGG

Invitrogen) and oligo dT primer (C1101; Promega). RT-
PCR was completed for 28 cycles using the primers listed
in Table 1. In-gel RNase activity assays were performed as
previously described using purified high-molecular weight
torula yeast RNA (R-6625; Sigma) as substrate (Yen and
Green 1991; Hillwig et al. 2011).

Cloning and FLAG-RNS2 and FLAG-RNS2-1
constructs

The rns2-1 cDNA was amplified using a 3'-RACE system
(18373-019; Invitrogen) with an internal RNS2 primer
(Table 1). The 19 amino acid RNS2 N-terminal signal
peptide was predicted by SignalP 4.1 (http://www.cbs.dtu.
dk/services/SignalP/) (Petersen et al. 2011) and corre-
sponds to the prediction by Taylor et al. (1993). A FLAG
tag was engineered between the signal peptide and mature
protein by inclusion in the primers for PCR (Table 1). An
additional glycine was included prior to the FLAG tag to
aid in proper signal peptide cleavage without disruption of
the tag. FLAG-containing constructs were assembled using
the Clontech In-Fusion HD cloning plus kit (638909;
Clontech). FLAG-RNS2-1 and FLAG-RNS2 fusions were
inserted into the pCAMBIA1300MCS1 (Sanderfoot et al.
2001) binary vector (Cambia GPO, Canberra, Australia).
FLAG-RNS2 was introduced into the rns2-I mutant and
FLAG-RNS2-1 into the rns2-2 mutant by Agrobacterium
tumefaciens mediated transformation using the floral dip
method (Clough and Bent 1998).

Staining and microscopy

Seven-day-old seedlings were stained with 50 pM mon-
odansylcadaverine (MDC; 30432; Sigma) in phosphate-
buffered saline pH 7.4 according to Contento et al. (2005).
Fluorescence and differential interference contrast micro-
scopy used a Zeiss Axio Imager A2 upright fluorescent
microscope (Carl Zeiss Inc.). Confocal microscopy was
performed using a Leica SP5 X MP confocal multiphoton
microscope (Leica Microsystems) and HPX PL APO CS
63.0 x 1.40 oil objective with an excitation/emission of
405 nm/430-550 nm for MDC detection. MDC-stained
motile puncta in all cells visible in the focal plane were
imaged in the late elongation zone and neighboring cells in
the differentiation zone while excluding root tips and older
differentiation zone cells. Puncta were counted and
expressed per frame from 20 root images per genotype for
each of at least three biological replicates.

Protoplast transient transformation

Arabidopsis rosette leaf protoplasts from WT, rns2-1 and
rns2-2 plants were isolated and transformed with 30 pg of
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FLAG-RNS2, FLAG-RNS2-1 or GFP-ATG8e (Contento
et al. 2005) plasmid DNA according to Sheen (2002).
Plasmid DNA was prepared using a GeneElute HP plasmid
maxiprep kit (NA0310; Sigma).

For immunoblotting, protoplasts were incubated for
44 h and collected by centrifugation at 68g. Protein from
cell and medium fractions was precipitated using TCA,
washed with acetone and dissolved in 50 pl and 30 pl
2 x SDS loading buffer [4% (w/v) SDS, 20% (v/v) glyc-
erol, 125 mM Tris—HCl pH 6.8] respectively. Proteins
were separated by SDS—polyacrylamide gel electrophoresis
and analyzed by immunoblotting using an anti-FLAG
antibody (F1804; Sigma).

For GFP-ATG8e microscopy, protoplasts were treated
with 1 pM concanamycin A (ConcA) or DMSO as a sol-
vent control and incubated in darkness for 6 h with shaking
at 50 rpm, followed by visualization using a Zeiss Axio-
plan II light microscope equipped with an Axio Cam HRC
digital imaging system and 40x objective (Carl Zeiss Inc.,
Jena, Germany). Cells with 3 or more autophagosomes
were counted as having active autophagy and expressed as
a percentage of total cells counted.

Vacuole preparation and bioanalyzer analysis

Vacuoles were purified from WT, rns2-2, and rns2-1
rosette leaves grown under short day conditions (Robert
et al. 2007). Total Arabidopsis RNA was prepared using a
Qiagen RNeasy plant mini kit (74904; Qiagen) and DNase
treated using an on column DNasel kit (79254; Qiagen).
Purified vacuoles were flash-frozen in liquid nitrogen to
induce membrane lysis. After thawing, 5 pg total RNA was
incubated with the lysate for 20 min on ice and flash-frozen
again in liquid nitrogen. RNA was extracted from the
samples using a Qiagen RNeasy kit as above with a 30 pl
elution volume. Samples were then diluted 50% and RNA
analyzed using a 2100 Bioanalyzer (Agilent Technologies)
and RNA nano chip (5067-1511; Agilent Technologies).
Total RNA was quantified from chromatogram traces from
3 independent replicates using Bioanalyzer software with
200 nucleotides set as the minimum quantifiable size to
avoid hydrolysis products produced by RNS2 or other
RNases.

Results

rns2-1 encodes a truncated RNS2 protein

RNS2 contains an ER signal sequence at the N-terminus
and is predicted to be secreted (Chou and Shen 2010),

although its main localization is intracellular (Hillwig et al.
2011). As a number of plant vacuolar proteins contain
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vacuolar targeting signals at their C-terminus (Bednarek
et al. 1990; Neuhaus et al. 1991), we hypothesized that the
C-terminus of RNS2 may contain additional targeting
information. The rns2-1 (SAIL_872_B10) and rns2-2
(SALK_069588) Arabidopsis T-DNA insertion mutants are
both intron insertions (Fig. 1a). Whereas the rns2-2 inser-
tion generates a null mutant (Hillwig et al. 2011; Floyd
et al. 2015), the rns2-1 insertion is just upstream of the last
exon and could potentially encode a truncated protein
lacking the C-terminus. To assess this possibility, the 3'-
end of the rns2-1 cDNA was amplified using 3’-RACE and
an internal RNS2 primer upstream of the insertion site
(Table 1). After sequencing (Supplementary Fig. S1), the
3'-region of rms2-1 was found to potentially encode a
protein with two amino acid changes, D244G and G245K,
followed by a premature stop codon (Fig. 1b). The C-ter-
minal 14 amino acids were therefore eliminated, providing
a tool to address the potential for a C-terminal vacuolar

a rns2-2 rns2-1
—‘—I—-—-—VI—-—-—V*-
b

' ~YTPLDGEAMVLKMPTEREAL*-RNS2

' ~YTPLGK* -RNS2-1

Cc rns2-1atg9-4
rns2-1 1 2 rns2-2
RNS2-1—]
RNS2—
d = N Y Ty
N N D N O
| 2] 7] 9 7] 9
s g g ® €%
AtATGY
18S

Fig. 1 An active RNase is produced in the rns2-/ mutant.
a Schematic of rns2-1 and rns2-2 T-DNA insertion sites. Introns
(lines), exons (boxes), start (arrow), and stop asterisk codons are
indicated. b C-terminal predicted amino acid sequence of RNS2 and
RNS2-1 proteins. Conserved sequence is highlighted in gray. Asterisk
indicates a stop codon. ¢ Activity gel of RNS2 activity. Total protein
extracts from 7-day-old seedlings of the indicated genotypes were
analyzed using an RNase activity in-gel assay. The position of RNS2
and RNS2-1 activity is indicated. d Confirmation of double mutant
genotype. ATG9 expression was assessed by RT-PCR in WT, rns2-1,
rns2-2, atg9-4, and rns2-latg9-4 7-day-old seedlings. Arabidopsis
18S rRNA was used as a positive control
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sorting signal, and the role of subcellular localization in
RNS2 function.

RNS2-1 is catalytically active

The rns2-2 null mutant lacks RNS2 RNase activity (Hill-
wig et al. 2011). To determine whether the rns2-1 mutant
produces an active RNS2 RNase, RNS2 activity was ana-
lyzed by an in-gel RNase activity assay using high-
molecular weight torula yeast RNA as substrate (Yen and
Green 1991; Hillwig et al. 2011). rns2-1 was found to
contain RNS2 RNase activity at a similar level to WT
plants, while the rns2-2 negative control showed no RNS2
activity (Fig. 1c). However, the in-gel mobility of the
RNS2-1 protein differed slightly from that of WT RNS2
(indicated by brackets in Fig. 1c), potentially as a result of
altered post-translational modification. RNS2 is glycosy-
lated (Hillwig et al. 2011), and different levels of glyco-
sylation during synthesis results in multiple RNS2 bands on
an activity gel (Taylor et al. 1993; Hillwig et al. 2011). It is
possible that, although catalytically active, RNS2-1 may be
mislocalized away from the machinery responsible for
normal post-translational modification. Alternatively, the
T-DNA insertion mutation could eliminate modification or
processing sites, although putative glycosylation sites are
not predicted in the C-terminal sequence.

rns2-1 has the same constitutive autophagy
phenotype as rns2-2

Autophagy has been proposed to serve as a mechanism of
rRNA and ribosome turnover in the cell (Kraft et al. 2008;
Hillwig et al. 2011; Huang et al. 2015). The RNS2 null
mutant, rns2-2, has increased basal autophagy (Hillwig
et al. 2011), presumably as a mechanism to compensate for
the lack of vacuolar RNA turnover (Floyd et al. 2015). To
investigate whether plants containing the rns2-/ mutant
allele have a similar phenotype, Arabidopsis seedlings
grown under normal conditions were stained with MDC to
visualize acidic vesicles, primarily autophagosomes, and
roots were imaged by confocal microscopy (Fig. 2a).
Autophagosomes were quantified by counting the number
of MDC-stained structures per image, with the area in each
image kept constant and expressed as autophagosomes per
frame. Similar to rns2-2, rns2-1 showed a significant
increase in MDC-stained structures compared to WT
(Fig. 2b).

To confirm that this increase represents an activation of
autophagy, a GFP-ATG8e fusion protein was expressed in
protoplasts from rns2-1 plants. ATG8e localizes to the
membranes of autophagosomes in the cytoplasm and
autophagic bodies in the vacuole (Contento et al. 2005) and
therefore reflects the activity of the autophagy pathway.

Protoplasts were treated with 1 uM ConcA to block
degradation of autophagic bodies prior to quantification.
ConcA inhibits V-type ATPases, raising the vacuolar pH.
This inhibition subsequently reduces hydrolytic enzyme
activities and blocks hydrolase delivery to the vacuole,
resulting in intravacuolar accumulation of vesicles (Drose
et al. 1993; Dettmer et al. 2006). The number of protoplasts
with active autophagy, defined here as containing 3 or
more autophagosomes or autophagic bodies (Liu et al.
2012), was substantially increased in rns2-1 compared with
WT protoplasts, to a similar degree as in WT protoplasts
treated with the autophagy inducer tunicamycin (as a
positive control) or in the rns2-2 null mutant (Fig. 2c).
Basal autophagy activity is therefore enhanced in the rns2-
1 mutant, despite the presence of high levels of RNS2
activity.

To test the dependence of the rns2-1 increased autop-
hagy phenotype on known autophagy genes, rns2-1 was
crossed with the autophagy mutant atg9-4 [CS859902;
(Floyd et al. 2015)] to generate an rns2-latg9-4 double
mutant. ATGY (At2g31260) is a transmembrane protein
involved in autophagy, probably in trafficking membrane
lipids to newly forming autophagosomes, and is required
for autophagosome formation (Noda et al. 2000; Hanaoka
et al. 2002; Webber and Tooze 2010; Yamamoto et al.
2012). The rns2-1atg9-4 double mutant lines were con-
firmed to contain RNS2-1 RNase activity (Fig. 1c) and to
lack ATG9 gene expression as expected (Fig. 1d). Unlike
the rns2-1 single mutant, rns2-1atg9-4 lines had only very
few MDC-stained puncta (less than 10 per image; Fig. 2a,
b) and were statistically indistinguishable from WT
(Fig. 2b), indicating that the observed fluorescent puncta in
rns2-1 are autophagosomes generated by the classical
autophagy pathway.

To confirm that the increased autophagosome phenotype
seen in rns2-1 is the result of increased autophagosome
formation rather than decreased autophagosome turnover,
seedlings were treated with either 1 pM ConcA to block
autophagic body degradation, or DMSO as a solvent con-
trol, for 8 h in liquid MS medium in darkness. As MDC
staining depends on acidification of autophagosomes
(Contento et al. 2005), and ConcA potentially inhibits
acidification, MDC staining is not a reliable approach to
visualize autophagosomes under these conditions. Vesicle
accumulation in the vacuoles of WT, rns2-1, atg9-4, and
rns2-1atg9-4 seedlings was therefore visualized by differ-
ential interference contrast microscopy, in which autop-
hagic bodies, along with other vesicles, appear as raised
puncta. In the presence of ConcA, rns2-1 seedlings accu-
mulated substantially more intravacuolar vesicles than WT,
with vesicles in WT likely resulting from basal autophagy
and endocytosis (Fig. 2d). Vesicle accumulation was
eliminated in arg9-4 and rns2-latg9-4 lines, further
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Fig. 2 rns2-1 has constitutive autophagy that is dependent on ATG9.
a Seven-day-old WT, rns2-1, rns2-2, atg9-4, and rns2-latg9-4
Arabidopsis seedling roots were stained with 50 uyM MDC and
imaged using confocal microscopy. DIC indicates differential inter-
ference contrast microscopy. Scale bar 20 pm. b MDC-stained
structures as in a were counted for each genotype, with at least 20
images counted for each genotype and three biological replicates.
Autophagy activity is expressed as the mean number of autophago-
somes (APs) detected per image (mean APs/frame). Asterisks indicate
no significant difference according to the pairwise Student two-sided
equal variance ¢ test (P > 0.05). Error bars SE. ¢ Protoplasts were
prepared from WT, rns2-1 and rns2-2 plants and transformed with
GFP-ATG8e as an autophagosome marker. Samples were treated with
ConcA to prevent vacuolar degradation and the percentage of
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with 3 or more APs

WT+TM

rns2- latg9-4

(A,

protoplasts with active autophagy, defined as the presence of three
or more autophagic bodies, was determined. WT protoplasts were
incubated with the known autophagy inducer tunicamycin as a
positive control. Values are the mean of three independent replicates,
with at least 25 protoplasts counted per replicate. Asterisks indicate no
significant difference according to the pairwise Student two-sided
equal variance ¢ test (P > 0.05). Error bars SE. d rns2-1 mutants
accumulate vesicles inside the vacuole. Seven-day-old WT, rns2-1,
atg9-4, and rns2-1atg9-4 seedlings were treated for 8 h in liquid MS
medium in the dark with DMSO as a solvent control or I M ConcA
to block vacuolar degradation. Roots were visualized using differen-
tial interference contrast microscopy. Insets show intravacuolar
vesicle accumulation. Scale bar 20 um for main figure and 6.5 pm
for insets
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supporting the hypothesis that the increased vesicle accu-
mulation in rns2-1 results from autophagy. In the DMSO
solvent controls, no vesicle accumulation was observed in
any genotype (Fig. 2d), indicating that vesicle turnover is
not affected in rns2-1 and that vesicle accumulation is
therefore the result of increased formation of
autophagosomes.

Complementation of rns2-1 mutant phenotype

To demonstrate that the mutant phenotype observed in
rns2-1 is indeed due to the mutation in the RNS2 gene, the
RNS2 cDNA under the control of the constitutive cauli-
flower mosaic virus 35S promoter (Floyd et al. 2015) was
introduced into rns2-1 plants to assess whether it could
complement the mutant phenotype. A FLAG tag was
included in the RNS2 construct (Fig. 3a); however, we
were unable to detect the protein using antibodies against
the epitope tag, possibly due to cleavage of the tag from the
RNS2 protein after synthesis. RNS2 activity in the result-
ing transgenic lines was assessed by in-gel RNase activity
assay, and lines that expressed active RNS2 were selected
(Fig. 3b). Transgenic seedlings were analyzed by MDC
staining (Fig. 3c) to determine the extent to which
expression of WT RNS2 could suppress the constitutive
autophagy phenotype of the rns2-1 mutant. As expected,
quantification by counting MDC-stained structures indi-
cated that rns2-1 mutant seedlings had numerous MDC-
stained puncta (approximately 20 per image), compared
with few in control WT seedlings (approximately five per
image; Fig. 3d). The WT RNS2 cDNA complemented this
mutant phenotype, with the number of MDC-stained
structures indistinguishable from WT plants (Fig. 3d). This
indicates that the rns2-1 phenotype is due to loss of RNS2
cellular function, even though the enzymatic activity of the
RNS2-1 protein is retained.

To further confirm that the constitutive autophagy phe-
notype of rns2-1 was due to the loss of RNS2 function, the
autophagosome marker GFP-ATG8e was expressed tran-
siently in protoplasts from rns2-1 FLAGRNS2, rns2-2,
rns2-1 and WT genotypes, followed by treatment with
ConcA to block autophagosome degradation. As expected,
the number of protoplasts with active autophagy in the
rns2-1 and rns2-2 mutants was significantly higher than
that of WT. Autophagy activity was restored to WT levels
in rns2-1 FLAGRNS?2 lines (Fig. 3e), confirming comple-
mentation of the mutant phenotype.

We have shown previously that the constitutive autop-
hagy phenotype of the rns2-2 mutant can be complemented
by the RNS2 WT cDNA (Floyd et al. 2015). We hypoth-
esized that, in contrast to the WT cDNA, the RNS2-1
mutant cDNA would be unable to complement the rns2-2
null mutant due to its inability to function appropriately in

a cellular context. To test this hypothesis, a cDNA
encoding the predicted RNS2-1 truncated protein (Fig. 3a)
was expressed from a 35S promoter in rns2-2 null mutant
plants and its RNase activity verified (Fig. 3b). The
358::RNS2-1 construct was unable to complement the
rns2-2 mutant phenotype, determined either by MDC
staining (Fig. 3c, d) or GFP-ATGS8e expression (Fig. 3e),
indicating that the truncated protein produced by the rns2-1
mutant cannot fulfill the requisite RNS2 function.

RNS2-1 shows reduced localization to the vacuole

The rns2-1 phenotypes observed are equivalent to those
seen in the rns2-2 null mutant. Since rns2-1 is not a null
mutant and retains high RNS2 catalytic activity, we
hypothesized that the RNS2-1 protein is mislocalized, thus
resulting in the mutant phenotype. RNS2 activity is found
in both ER and vacuole fractions, but is not an acidic
RNase, showing its highest catalytic activity near pH 7.5
(Hillwig et al. 2011). It is therefore unclear whether
RNS2’s catalytic function as an RNase is required in the
acidic vacuole. In the absence of RNS2, rRNA accumulates
within the vacuole (Floyd et al. 2015), indicating a
potential function for RNA degradation within this orga-
nelle. While C-terminal vacuolar sorting signals can direct
proteins to the vacuole (Bednarek et al. 1990; Neuhaus
et al. 1991; Saalbach et al. 1996), they share little homol-
ogy in sequence or size, making their computational
identification difficult. Loss of vacuolar localization of
RNS2 in the rns2-1 mutant may explain the observed
increased basal autophagy phenotype.

To address this possibility, RNase activity within vac-
uoles from rns2 mutants and WT plants was assessed. WT,
rns2-1, and rns2-2 vacuoles were purified from rosette
leaves and the integrity of the isolated vacuoles was
determined by measuring the activity of acid phosphatase,
a vacuolar marker enzyme, as in Floyd et al. (2015).
Vacuoles from all genotypes had similar activity (Supple-
mentary Fig. S2a), and equal amounts of vacuoles were
used in all later experiments. Purity of the vacuole prepa-
rations was determined by immunoblotting using antibod-
ies against the vacuolar protein aleurain (Ahmed et al.
2000) and the frans-Golgi network protein SYP41 (San-
derfoot et al. 2001). Aleurain co-purified with the vacuoles,
whereas SYP41 was present in total protoplast protein
samples but absent from the vacuole preparations (Sup-
plementary Fig. S2b).

RNS2 activity in total protoplast and isolated vacuole
samples from each genotype was determined using an in-
gel RNase activity assay (Supplementary Fig. S2c).
Activity at the migration position expected for RNS2 was
detected in protoplasts and vacuoles for WT plants,
whereas, as expected, little activity was seen in the null
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Fig. 3 Complementation of rns2-/ mutant. a Construct design.
A FLAG epitope tag was engineered into the RNS2 polypeptide
after the signal peptide. Asterisk indicates position of stop codon. The
RNS2-1 construct is a truncated version of RNS2 recreated using the
sequence from Fig. 1. b FLAG-RNS2 was introduced into rns2-1
plants and FLAG-RNS2-1 into rns2-2 plants by Agrobacterium-
mediated transformation. RNS2 activity in transgenic lines was
assessed using an in-gel activity assay. ¢ Seven-day-old seedlings of
transgenic lines were stained with MDC, and roots were imaged using
confocal microscopy. DIC indicates differential interference contrast
microscopy. Scale bar 20 pm. d Autophagy activity in transgenic
lines was estimated by counting MDC-stained structures visualized by
fluorescence microscopy and compared with the parental genotypes.
Means of three independent replicates are shown, with at least 20
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mutant rns2-2. Activity was present in the protoplast
sample from rns2-1 (note that the lane is distorted due to
the high protein concentration), but the activity in the rns2-
1 vacuoles was almost undetectable, indicating that the
majority of the activity is present elsewhere, potentially in
the ER or other endomembrane organelles.

To demonstrate quantitatively that rns2-1 vacuoles
lacked high RNS2 activity, vacuoles were lysed by freezing
and incubated with 5 pg of Arabidopsis total RNA. RNA
degradation was quantified using a Bioanalyzer. As RNS2
is the only RNase identified within vacuoles (Carter et al.
2004), any RNA degradation in the vacuole sample is
expected to be due mainly to RNS2. WT vacuoles were
used as a positive control since they contain RNS2 RNase
and therefore are expected to degrade the added RNA.
rns2-2 vacuoles were used as a negative control since
RNS2 activity is missing, and therefore any RNA degra-
dation seen must be due either to other unidentified RNases
present in the vacuole, or to contamination from other, non-
vacuolar, RNases. As RNS2-1 protein is fully catalytically
active, if present in the vacuole then RNA degradation
should occur to a similar extent as in WT samples. Alter-
natively, if RNS2-1 is not vacuole-localized, then RNA
degradation would resemble that of rns2-2. Peak areas
from output traces from the Bioanalyzer were quantified
(Fig. 4a, c) and also represented as computationally-gen-
erated gel images for ease of visualization (Fig. 4b). WT
vacuole extracts completely degraded the added RNA. By
contrast, rns2-/ vacuole extracts showed reduced RNA
degradation, statistically indistinguishable from that of
rns2-2 mutants, indicating that RNS2-1 activity is not
localized within the vacuole.

These findings also suggest that a vacuolar localization
signal exists in the last 16 amino acids at the RNS2
C-terminus, and that loss of this signal in rns2-1 disrupts its
vacuolar localization. Furthermore, the loss of RNS2
activity in the vacuole of rns2-1 plants is likely to result in
the increased autophagy phenotype as seen for the rns2-2
null mutant (Hillwig et al. 2011).

RNS2-1 is exported from the cell

RNS2 contains an N-terminal signal peptide that targets it
into the ER (Taylor et al. 1993; Hillwig et al. 2011). Pro-
teins targeted to the secretory pathway are secreted from
the cell unless they harbor an organelle retention or
localization signal (Vitale and Denecke 1999). We have
shown that the C-terminal mutation present in rns2-1 dis-
rupts vacuole localization, and we hypothesize that the
protein would therefore be secreted from the cell. To test
this, a FLAG epitope tag was inserted between the
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Fig. 4 RNS2-1 activity does not localize to the vacuole. a Vacuoles
were isolated from the indicated genotypes, lysed, and the lysates
incubated with total Arabidopsis RNA. Remaining un-degraded RNA
was quantified using Bioanalyzer traces with a minimum setting of
200 nucleotides. RNA alone (no vacuole extract) was used as a
positive control and results are expressed relative to the RNA alone
average. Each sample was analyzed in triplicate for each of three
biological replicates. Error bars represent SE. Similar letters indicate
no significant difference according to pairwise Student’s two-sided
t test (P> 0.05). b Representative Bioanalyzer chromatogram.
Genotypes are indicated at top. ¢ Representative Bioanalyzer output
traces for each genotype as used for quantification. The area under
each peak was determined for three biological replicates and
represented graphically in a
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N-terminal RNS2 signal peptide and the mature portion of
RNS2 WT and RNS2-1 mutant proteins (Einhauer and
Jungbauer 2001) (Fig. 3a). These constructs were tran-
siently expressed in WT leaf protoplasts. After 44 h incu-
bation, samples were divided into cell and medium
fractions and immunoblotted using FLAG antibodies.
RNS2 remained in the cellular fraction as expected, while a
portion of RNS2-1 was exported out of the cell (Fig. 5).
The vacuolar protease aleurain was found in cell fractions
in both samples as expected (Fig. 5). This indicates that
disruption of the C-terminus of RNS2 results in secretion
of the protein after transit through the ER rather than tar-
geting to the vacuole, indicating that RNS2 activity in the
vacuole is required for its physiological function.

The C-terminal extension is conserved in class 11
RNase T2 enzymes

Analysis of the C-terminus of plant Class I and Class II
RNase T2 proteins showed that Class II enzymes have an
extension that is not found in Class I (Fig. 6). The C-ter-
minal tail varies in length, from 13 to 27 aa, among the
sequences analyzed. These tails do not have conserved
motifs; however, all contain a large proportion of charged
or polar amino acids. This Class II tail is conserved in
gymnosperms and angiosperms, including dicots and
monocots. Class II proteins with known subcellular

FLAG-RNS2
Cell Med.

FLAG-RNS2-1
Cell Med.

Reold

Anti-FLAG

I ]

Anti-Aleurain

-
-

Fig. 5 FLAG-RNS2-1 is exported from the cell. Protoplasts from
WT plants were transiently transformed with FLAG-RNS2 or FLAG-
RNS2-1 and incubated for 44 h to allow expression. Proteins were
fractionated into cell (Cell) and medium (Med) fractions and analyzed
by immunoblotting using FLAG antibodies, and aleurain antibodies
as a control. Image shows a representative of four biological
replicates
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localization are found in the ER or the vacuole and possess
the C-terminal extension, while Class I enzymes with
confirmed localization are secreted to the apoplast and do
not possess this tail. The conservation of the C-terminal
extension is consistent with a functional role for this fea-
ture in Class II proteins, and supports the hypothesis that
vacuolar localization signals necessary for Class II bio-
logical function are present in this region of the protein.

An interesting exception to this general difference
between the two classes of plant RNase T2 proteins is a
small subset of Class I enzymes with a short C-terminal
extension not found in other Class I proteins (Fig. 6). These
proteins from tomato, tobacco, and zinnia have a short (9
aa) extension that also contains charged and polar amino
acids. Unlike most Class 1 enzymes, these proteins are
predicted or have been found to localize to the ER and
vacuole.

Finally, while Class II proteins have been proposed as
the ancestral form of RNase T2 in plants (Maclntosh et al.
2010), a Class II protein seems to be missing in the genome
of Physcomitrella patens. The genome of this moss con-
tains two RNase T2 genes, PpRNSI and PpRNS3, but both
group with the Class I clade (Maclntosh et al. 2010),
suggesting that the ancestral Class II gene was lost during
evolution of this species. However, closer analysis of the
predicted protein sequence for the two moss genes showed
that PpRNS3 has a 26 aa C-terminal extension rich in polar
and charged residues, similar to the tails of Class II pro-
teins (Fig. 6). This finding suggests that a Class I protein
acquired Class II properties in this moss, and explains how
the Class II RNase T2 gene that seems essential to maintain
cellular homeostasis was lost in this species.

Discussion

RNase T2 enzymes represent a family of RNases that either
are secreted or are localized intracellularly within the
vacuole or lysosome (Irie 1999). Similar 2'-3'-cyclizing
RNase groups, RNase T1 and RNase A, exist in fungal,
bacterial, and animal species, but are absent from plants
(Yoshida 2001; Dyer and Rosenberg 2006). However, the
RNase T2 family represents the most widely distributed of
these RNases and is conserved in the majority of genomes
analyzed (MacIntosh 2011). While the Arabidopsis gen-
ome contains five RNase T2 genes (Taylor and Green
1991; Igic and Kohn 2001), RNS2 is the only family
member expressed in all tissues and developmental stages
tested and this expression pattern is conserved for other
members of the plant Class II RNase T2 family, suggesting
it may serve an important housekeeping role (Taylor et al.
1993; Maclntosh et al. 2010). RNS2 is found within the ER
and vacuole, locations that are not typically associated with
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Fig. 6 The C-terminal extension is conserved in class II RNase T2
enzymes. C-terminal sequences for representative Class I and Class II
RNase T2 plant proteins were aligned using the most C-terminal
conserved cysteine residue as reference. Polar (green) or charged (red
negative; blue positive) amino acid residues in the C-terminal
extension are highlighted. Experimentally determined subcellular
localization (ER endoplasmic reticulum, VAC vacuole, AP apoplast,

the presence of RNA, raising the question of its substrates
and physiological function. The null mutant rns2-2 has
elevated basal autophagy and we hypothesized that this
phenotype is a compensatory mechanism to cope with the
lack of normal rRNA degradation by RNS2 in the vacuole
(Hillwig et al. 2011; Floyd et al. 2015). However, the
possibility that the loss of a non-vacuolar function of RNS2
in the mutant is the cause of the phenotype could not be
discarded in previous experiments.

Here, we have shown that localization of RNS2 to the
vacuole is necessary to maintain cellular homeostasis in
Arabidopsis. Secretion of RNS2 to the apoplast after ER
targeting in the rns2-1 mutant, rather than traffic to the
vacuole, results in a constitutive autophagy phenotype,
despite full catalytic activity of the protein. This phenotype
is similar to that observed in rns2-2 null mutants, sug-
gesting that mislocalization of the RNS2-1 protein prevents
its function in rRNA recycling. We have previously shown
that rns2-2 mutants accumulate rRNA inside the vacuole
and that this accumulation is lost in some mutants defective
in autophagy (Floyd et al. 2015). Loss of vacuolar RNS2
activity therefore results in upregulation of autophagy as a
compensatory mechanism of RNA decay, and secreted
RNS2 cannot substitute for vacuolar activity. Despite these

AP* extracellular digestive secretion) is indicated on the right for
RNase LX (Lehmann et al. 2001), RNase LE (Jost et al. 1991), RNase
NE (Hugot et al. 2002), RNS1 and RNS2 (Bariola et al. 1999; Hillwig
et al. 2011), RNase DA-I (Okabe et al. 2005), and RNase LER
(Kothke and Kock 2011). Protein nomenclature follows Maclntosh
et al. (2010)

substantial molecular and cellular phenotypes, both the
rns2-1 and rns2-2 mutants are developmentally and mor-
phologically very similar to WT plants, indicating that the
mutants are able to compensate for the loss of the RNase
activity. Based on these data, together with those of Hill-
wig et al. (2011) and Floyd et al. (2015), we hypothesize
that rRNA is transported into the vacuole by an autophagy-
like mechanism, where it is degraded by RNS2.

Our analysis of the C-terminally truncated RNS2-1
protein suggests that the C-terminus of the protein consti-
tutes a vacuolar targeting signal. C-terminal propeptides
have been shown to function in vacuolar sorting in a range
of proteins, and these signals are poorly conserved in
sequence and thus difficult to predict computationally
(Bednarek et al. 1990; Neuhaus et al. 1991; Saalbach et al.
1996; Koide et al. 1999; Cervelli et al. 2004; Tapernoux-
Luthi et al. 2007). Proteins containing these C-terminal
signals are recognized by vacuolar sorting receptors for
trafficking to the vacuole. The recognition event probably
occurs at the trans-Golgi network, followed by receptor-
mediated transport to the prevacuolar compartment and
then on to the vacuole (Sanderfoot et al. 1998; Kang et al.
2012; Fuji et al. 2016). There has been some debate in the
literature on the itinerary of these receptors, with
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suggestions that they may cycle between ER and Golgi
rather than functioning at the trans-Golgi network (Niemes
et al. 2010a, b). In any case, we predict that the C-terminus
of RNS2 is recognized by a member(s) of the vacuolar
sorting receptor family and selected for transport to the
vacuole. Based on comparisons to other Class II sequences,
it seems evident that this recognition is not based on a
specific amino acid sequence. Rather, a tail of variable size,
rich in polar and charged amino acids, may serve as the
signal recognized by the vacuolar transport machinery.

Upon overexpression as a CFP fusion protein, RNS2 is
seen in ER bodies in addition to the vacuole (Hillwig et al.
2011). ER bodies are rod-shaped structures that form in
Arabidopsis and other Brassicales species and are con-
tiguous with the ER network (Nakano et al. 2014). They
are abundant in seedlings and can be induced in older
leaves by wounding and other stresses, suggesting that they
may be involved in defense (Matsushima et al. 2002). The
observation that RNS2 has the highest activity at neutral
pH (Hillwig et al. 2011) suggests that ER body-localized
RNS2 could also be active in addition to vacuole-localized
enzyme; however, the potential substrate for a RNase
inside the ER is unclear, and there is no evidence that
RNS2 has a role in defense responses. Alternatively, it is
possible that the ER body localization is an artifact of
overexpression; although endogenous RNS2 activity is also
found in cellular fractions containing ER (Hillwig et al.
2011), it is not known whether it is in ER bodies. As RNS2
must traffic through the ER to reach the vacuole, endoge-
nous activity within the ER could reflect newly synthesized
protein in transit to the vacuole. While not at its maximal
activity at the pH of the vacuole, RNS2 has a broad pH
optimum and is expected to still exhibit substantial activity
at acidic pH (Hillwig et al. 2011), which is apparently
sufficient for its physiological function within this
organelle.

Sequence comparisons indicate that the C-terminal tail
containing putative vacuolar localization signals is con-
served in Class II proteins, and it is consistent with the
conserved housekeeping role in RNA metabolism and
cellular homeostasis assigned to this class of RNase T2
enzymes. The identification of a Class I protein that has
acquired a Class II-like tail in the moss Physcomitrella
patens, a species that lacks a gene encoding a Class II
enzyme (Maclntosh et al. 2010), also supports the idea that
an RNase T2 protein functioning in the vacuole is neces-
sary to maintain cellular homeostasis.

Additionally, a few Class I proteins in angiosperms
seem to have acquired a different C-terminal extension that
also targets proteins to the ER or the vacuole. RNase LX
from tomato is not normally expressed, but it is strongly
induced in response to phosphate starvation, and during
developmental processes that involve programmed cell
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death such as tracheary element differentiation and senes-
cence (Lehmann et al. 2001). The C-terminal extension in
this protein contains a HDEF motif that serves as ER-re-
tention signal, and the protein has been found localized to
the ER, while two posttranslational processing products of
the protein have been found in the vacuole (Loffler et al.
1992; Lehmann et al. 2001). Subcellular localization for
the other Class I RNases with similar tails has not been
determined. However, tobacco NGR3 is only expressed in
leaves in response to viral infections (Kurata et al. 2002),
while ZnRNasel is expressed in zinnia leaves only during
tracheary element differentiation (Ye and Droste 1996). It
is important to note that although RNS2 is constitutively
expressed at high levels in most plant tissues and organs, its
expression is further induced by phosphate starvation and
during senescence (Taylor et al. 1993; Bariola et al. 1999;
Maclntosh et al. 2010). Whether this regulation indicates
that RNS2 carries an additional function common also to
these Class I enzymes and to other phosphate-regulated and
ER-localized RNases (Rojas et al. 2015), and perhaps
related to its ER localization, is not known.

In summary, our data indicate that the RNase RNS2 is
transported to the vacuole via a pathway dependent on a
C-terminal targeting signal. Disruption of this signal results in
secretion of the enzyme, causing a phenotype similar to that of
anull mutant, despite retention of full enzymatic activity. The
phenotype includes the constitutive activation of autophagy,
presumably in an attempt to compensate for loss of vacuolar
RNA degradation. Future work will assess the mechanism by
which autophagy is activated in the mutant and the physio-
logical consequences of this activation.
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