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ABSTRACT
RNA silencing is a highly conserved mechanism which is crucial for the control of gene
expression in nearly all eukaryotes. This double-stranded (ds)RNA-induced phenomenon is
further mediated by diverse classes of small RNAs used as probes by a complex of proteins to
detect and target RNA substrates harboring complementary sequences. After recognition, the
RNA substrate will undergo “silencing” by RNA cleavage or translational inhibition as part of
the post-transcriptional gene silencing (PTGS) pathway or can be used, in turn, as templates to
establish epigenetic marks, like methylation on the corresponding DNA sequence, as part of
the transcriptional gene silencing (TGS) pathway. Biogenesis of the different classes of small
RNAs from longer dsRNA templates must be tightly regulated and requires the action of
specialized endoribonuclease enzymes, termed Dicer-like (DCL) proteins in plants and assisted
in their task by some members of a family of double-stranded RNA binding (DRB) proteins.
Still, how exactly this process is modulated is not fully understood. Therefore, we set out to
identify additional proteins that would form a complex with the processing machinery and also
influence small RNA biogenesis. In order to do so, we searched for new interactors of DCL4
and DRB4, two core components of the silencing pathway in Arabidopsis thaliana, and
identified two potential protein partners: double-stranded RNA binding protein 7.1 (DRB7.1)
and RNase THREE-like protein 4 (RTL4). Further characterizations of DRB7.1 and RTL4
features and function revealed that DRB7.1 forms a complex with DRB4 and modulates small
RNAs biogenesis either by direct binding of a dsRNA molecule in complex with DRB4 or by
sequestering DRB4. Moreover, the alteration in the small RNA accumulation pattern observed
in plants overexpressing DRB7.1 correlated with an increase of DNA methylation at a specific
locus, suggesting a biological role for DRB7.1 in regulating epigenetic marks. As for RTL4,
we showed both in vitro and in planta that the annotated endoribonuclease lost its catalytic
activity, likely due to the accumulated specific mutations found in the catalytic valley, which
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are surprisingly strongly conserved among RTL4 orthologs in plants, arguing for a new
selected function of the protein. We also demonstrated that RTL4 can bind ds- and structural
RNA substrates and might be involved in regulating RNA metabolism as part of a component
in the secretory pathway. However, the direct involvement of RTL4 in the silencing pathway
or the indirect action of the protein in a parallel RNA pathway remains to be determined. Taken
together, this work revealed two newly-characterized proteins: DRB7.1, which participates in
small RNA biogenesis, and RTL4, an unconventional RNaseIII protein probably involved in
RNA metabolism in association with the endomembrane system and secretory pathway.
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RESUME
L’interférence par ARN est un important mécanisme de régulation de l’expression des
gènes, largement conservé chez les eucaryotes. Cette voie de régulation est induite par la
présence d’ARN double-brin (ARNdb) et agit par l’intermédiaire de diverses classes de petits
ARN simple brin (sRNAs) utilisés comme sondes par un complexe de protéines afin de détecter
et cibler des molécules d’ARN possédant des séquences homologues. Une fois reconnue, la
molécule d’ARN complémentaire va être “réprimée” soit par clivage ou inhibition de
traduction, constituant un mécanisme de répression post-transcriptionnelle (PTGS) ou va être
utilisée à son tour comme matrice dans l’établissement de marques épigénétiques, comme par
exemple la méthylation des séquences d’ADN, constituant dans ce cas un mécanisme de
répression transcriptionnelle (TGS). La biogenèse des différentes classes de sRNAs à partir
d’ARNdb doit être strictement régulée et requiert l’action d’une famille particulière d’enzymes
endoribonucléases, appelées Dicer-Like proteins (DCLs) chez les plantes. Ces dernières
peuvent être assistées dans leur tâche par quelques membres d’une autre famille de protéines
nommées double-stranded RNA binding proteins (DRBs). Cependant nous ne comprenons
toujours pas parfaitement comment la biogenèse des petits ARN est régulée. Le but de cette
thèse est d’identifier et de caractériser de nouvelles protéines qui pourraient former un
complexe avec les protéines responsables de la biogenèse et ainsi influencer et réguler la
production des sRNAs. Pour ce faire, nous avons cherché à identifier de nouveaux interacteurs
des protéines DCL4 et DRB4, deux protéines jouant un rôle important dans la biogenèse des
sRNAs chez Arabidopsis thaliana, et avons découvert deux protéines candidates: doublestranded RNA binding protein 7.1 (DRB7.1) et RNase THREE-like protein 4 (RTL4). La
caractérisation des propriétés biochimiques et des fonctions moléculaires de DRB7.1 et RTL4
a permis de démontrer que DRB7.1 forme un complexe avec DRB4. DRB7.1 peut ainsi
influencer la biogenèse de certaines classes de sRNAs en se liant notamment au précurseur
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d’ARNdb en complexe avec DRB4, ou en séquestrant DRB4. Nous avons également observé
chez des plantes surexprimant DRB7.1 que l’altération de l’accumulation d’une classe
particulière de sRNAs coïncide avec une augmentation de la méthylation d’ADN à un certain
locus, ce qui suggère que DRB7.1 pourrait jouer un rôle dans l’établissement de marques
épigénétiques. Concernant RTL4, nous avons démontré que cette protéine, initialement
identifiée comme une endoribonucléase, a perdu ses propriétés de clivage, probablement par
l’accumulation de mutations spécifiques dans son site catalytique. Ces mutations sont d’ailleurs
fortement conservées chez les orthologues de RTL4, ce qui laisse supposer que RTL4 pourrait
avoir acquis une nouvelle fonction. Nous avons également montré que RTL4 peut se lier à des
ARNdb non-codants ainsi qu’à des ARN messagers, et pourrait être impliquée dans une voie
de régulation de l’ARN dépendante de la voie de sécrétion du système endomembranaire.
Cependant, l’implication directe de RTL4 avec les voies d’interférence par ARN tout comme
son rôle dans une autre voie de régulation doivent encore être définis. Pour conclure, ce travail
a permis d’indentifier deux nouvelles protéines ayant un lien avec des voies de métabolisme
de l’ARN, DRB7.1 qui participe à la régulation de la biogenèse de certains sRNAs, et RTL4,
une endoribonucléase non-conventionnelle ayant perdu ses capacités catalytiques et qui
participe probablement au métabolisme de l’ARN en association avec la voie de sécrétion du
système endomembranaire.
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RNA SILENCING AND THE CONTROL
OF GENE EXPRESSION IN PLANTS
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General introduction: RNA Silencing and the control of gene
expression
RNA silencing, RNA interference (RNAi) or quelling is a highly conserved mechanism
essential for the control of gene expression in almost all eukaryotes (Wilson and Doudna, 2013;
Ghildiyal and Zamore, 2009; Lee et al., 2010; Drinnenberg et al., 2009). Its discovery at the
end of the 20th century greatly increased our comprehension of the molecular mechanisms
responsible for the regulation of gene expression. Moreover, the old dogma whereby RNA was
only considered as a passive intermediary molecule between DNA and its encoded proteins
was swept aside as it became clearer that RNA was equally important as DNA in regulating
gene expression and maintaining genome stability.

A touch of history: the early stages of RNA silencing
One of the first descriptions in literature of a silencing event traces back to an article
published in the Journal of Agricultural Research in 1928. The plant pathologist S. A. Wingard
described that “plants seem to develop an immunity” after virus inoculation as symptoms of
infection could no longer be observed in new growing leaves after a certain time, and that the
very same growing leaves were resistant to a second round of infection (Wingard, 1928). Years
later, several publications reported on the disruption of gene expression following introduction
of ectopic transgenes carrying homologous sequence in diverse species (Rosenberg et al., 1985;
Harland and Weintraub, 1985; Melton, 1985). In 1989 Matzke and colleagues, while
performing characterization of doubly transformed Nicotiana benthamiana plants, documented
on potential epistatic interactions between the two T-DNA promoter regions leading to DNA
methylation and gene expression inhibition of the downstream sequences (Matzke et al., 1989).
A year later, “co-suppression” was observed in transgenic petunia flowers displaying low level
of pigmentation due to a decrease in the expression of the chalcone synthase (CHS) gene
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measured after introduction of a genomic clone construct for constitutive expression (Napoli
et al., 1990; Van der Krol et al., 1990). In 1992, a study performed in somatic transformed cells
of the filamentous fungus Neurospora crassa reported an analogous phenomenon, which the
authors termed “Quelling” (Romano and Macino, 1992). In Caenorhabditis elegans, injection
of antisense RNAs targeting genes encoding for muscle filament proteins led to impaired
expression of the endogenous genes and a “twitching” phenotype was observed (Fire et al.,
1991). Also in C. elegans, not only exogenous antisense but also sense RNA triggered gene
inhibition after injection (Guo and Kemphues 1995), a mechanism further observed by
Rocheleau and colleagues while studying genes required for endoderm formation, which they
named “RNAi”, for “RNA-mediated interference” (Rocheleau et al., 1997). Perhaps the first
pioneering model mechanism describing RNA silencing came from Lindbo and colleagues in
1993, as they were attempting to characterize symptoms recovery of transgenic plants carrying
a tobacco etch virus (TEV) gene sequence and further challenged with TEV infection. They
suggested that the recovery phenomenon observed could be regulated at the posttranscriptional level and that either a high level of endogenous or foreign overexpressed RNA
could be perceived as aberrant by the cell and amplified by an RNA-dependent RNA
polymerase (RDR) to form an inactivated dsRNA targeted for degradation (Lindbo et al.,
1993). Later on, evidences were provided that gene silencing in wild-type plants is a natural
mechanism involved in antiviral defense and that the viral RNA is targeted by the endogenous
silencing machinery of the plant (Ratcliff et al., 1997). However, it was still not clear at the
time what the elicitor molecule of silencing was and it took one more year for Andrew Fire and
Craig Mello to identify dsRNA as the signature molecule and trigger of gene silencing, a
discovery that was rewarded with the Nobel prize (Fire et al., 1998). Following this discovery,
a second breakthrough was made with the identification of the small RNA species that mediate
silencing (Hamilton and Baulcombe, 1999). Since then, many scientists have carried on
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dissecting the silencing pathway and numerous factors, including the core component proteins,
involved in the pathway (Bohmert et al., 1998; Jacobsen et al., 1999; Tabara et al., 1999;
Bernstein et al., 2001). Researchers nowadays broadly use RNAi in laboratories as a reverse
genetic tool to specifically characterize the functions of endogenous genes (Waterhouse and
Helliwell, 2003; Hannon and Rossi, 2004) and are also testing its potential in plant
biotechnology research as crop improvement as well as in medical fields as a therapeutic tool
for antiviral and cancer treatments.

RNA silencing in plants: key components
RNA silencing refers to any molecular mechanisms using small non-coding RNA
(sRNA)-mediated specific sequence recognition that will cause gene expression inhibition. In
plants, these mechanisms are involved in controlling growth and development as well as finetuning environmental stress adaptation and playing an important role in response to internal
invaders like transposons, but also as a defense system against external threats like viruses and
bacteria. Although a multitude of silencing pathways have been documented, the main protein
components and principal mode of action of the silencing machinery remain uniform in all of
them. In short, a dsRNA molecule is recognized by Dicer-Like (DCL) proteins and
subsequently processed into either microRNA (miRNA) or small interfering RNA (siRNA)
duplexes which are further methylated at their 3’-OH extremity by the methyltransferase HUA
ENHANCER 1 (HEN1) protein to prevent their degradation. These sRNA duplexes are then
recognized by the RNA-induced gene silencing complex (RISC) containing Argonaute
proteins (AGOs), which will incorporate and unwind the duplex, load only one of the remaining
single-strands and use it as a template to scan any RNA molecules present in the cell in order
to identify transcripts with complementary sequences. Once recognized, these transcripts will
undergo silencing by target cleavage or through translational inhibition as part of post-
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transcriptional gene silencing (PTGS) mechanisms but can also be used as templates to
establish epigenetic modifications on homologous DNA as part of transcriptional gene
silencing (TGS) events.

As the thesis will focus primarily on new potential protein regulators of silencing, figure
1 depicts a global view of the RNA silencing pathway in Arabidopsis incorporating the main
documented players and some newly identified proteins recently shown to be involved in the
pathway. We will discuss the major roles played by these families of proteins as well as their
structural features in more detail in the next subchapter.
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Figure 1. Schematic overview of the RNA silencing pathway in Arabidopsis thaliana, integrating
the main protein components of the pathway.
RNA silencing is triggered by the formation of dsRNA molecules. These molecules can be
generated endogenously by the transcription of MIR genes forming imperfectly matched hairpins or
from the transcription of long inverted-repeats, complementary, divergent/convergent transcripts as
well as from amplification of aberrant RNA by RDR proteins, all forming near-perfect dsRNA
substrates. Alternatively, dsRNA can arise exogenously from transgene expression or during virus
replication. DCLs, helped and regulated in their task by DRBs, process the dsRNA into several
small RNA duplexes producing siRNAs or in one duplex producing a miRNA. HEN1 methylates
the small RNA duplexes at their 3’-ends. AGOs assist in unwinding the duplex and load an siRNA
strand as part of a RISC complex. The loaded small RNA species is used as a probe to target RNA
with complementary sequences and effect silencing by translational inhibition, RNA cleavage and
DNA methylation through the RdDM pathway. Remnants of cleaved homologous RNA can be
subsequently amplified by RDRs to produce new dsRNA molecules that will serve in a second
round of silencing event and produce secondary siRNAs or ta-siRNAs. RTL1 and RTL2 can act
before DCLs and completely degrade the near-perfect dsRNA substrate or process it into smaller
fragments that will impede or serve DCL processing activity, respectively.
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The type of small RNA species generated is given in brackets under the mode of transcription.
AGO/RISC, Argonaute (AGO) protein in the RNA-induced silencing complex (RISC); DCL, DicerLike protein; DRB, Double-stranded RNA binding protein; HEN1, Hua enhancer 1; PolII, polymerase
II; PolIV, polymerase IV; RdDM; RNA-directed DNA methylation pathway; RDR, RNA-dependent
RNA polymerase; RTL, RNase-THREE-Like protein.

Dicer-Like (DCL) proteins: acting at the biogenesis of RNA silencing as miRNAs
and siRNAs producers.
The plant model Arabidopsis thaliana possesses four DCL proteins named DCL1 to
DCL4 (Schauer et al., 2002; Margis et al., 2006). These proteins are part of the
endoribonuclease III (RNase III) family and are involved in specifically recognizing and
processing long non-coding dsRNA substrates from diverse origins into small non-coding
RNA duplexes with 2 nucleotide (nt) 3’ overhangs and 5’monophosphates (Figure 1) (Nagano
et al., 2013; Bologna and Voinnet, 2014). DCL proteins comprise six functional domains: one
or two double-stranded RNA binding domains (dsRBD), two RNaseIII domains, one
PIWI/ARGONAUTE/ZWILLI (PAZ) domain, one DExD/H-box domain, one helicase C
domain and one domain of unknown function (DUF283). Very little is known about the
structures that plant DCLs form in complexes with dsRNA and the respective roles of their
functional domains are mostly inferred from solved structures or computational modelling of
orthologous proteins (Lau et al., 2012; Mickiewicz et al., 2017). The dsRBD is important for
stable substrate binding and processing, particularly when the PAZ domain is missing (Ma et
al., 2012; Wostenberg et al., 2012). Alternatively, in vitro experiments have demonstrated that
plant dsRBDs can act as a platform for protein-protein interactions (Hiraguri et al., 2005).
Additionally, DCL1 dsRBD has been shown to function as a nuclear localization signal (Doyle
et al., 2013). The two RNaseIII domains assemble as an intramolecular dimer forming a
catalytic centre responsible for cleaving the dsRNA substrate, thus generating typical RNase
III products of 2-nt 3’-end overhangs and 5’-phosphate ends (Zhang et al., 2004). The Paz
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domain assists in the endonucleolytic cleavage performed by the two RNaseIII domains by
preferentially recognizing and binding dsRNA substrates with 2-nt 3’overhangs (Lingel et al.,
2004; Ma et al., 2004). In addition, the PAZ domain is connected to the two RNaseIII domains
by an a-helix connector whose length likely acts as a molecular ruler and determines the length
of processed sRNAs (MacRae et al., 2006; 2007). The DExD/H-box and helicase C domains
are thought to be important for unwinding and efficiently cleaving long dsRNA substrates with
blunt or 5’overhang termini in an ATP-dependent manner, therefore facilitating DCL
translocation and processive cleavage along long dsRNA molecules (Welker et al., 2011). It
has been proposed that these domains could also regulate DCL activity by mediating proteinprotein interaction and conformational changes (Ma et al., 2008). Finally, the DUF283 domain
found in DCL1, DCL2 and DCL4, due to its similarity with canonical DRB domains, might be
involved in selecting partner protein for specific protein-protein interaction (Qin et al., 2010).
The major micro (mi)RNA-producing DCL protein, DCL1, generates 20 to 24 (mainly
21) nucleotide (nt) miRNAs from hairpin precursors forming imperfect stem-loop structures
(Kurihara and Watanabe, 2004; Reinhart et al., 2002; Voinnet, 2009; Liu et al., 2012). dcl1
molecular phenotype is embryonic lethal (Schauer et al., 2002), which is not surprising
knowing that miRNAs play crucial roles in plant growth and development as well as in stress
response (Liu et al., 2018). The remaining DCL proteins, DCL2, DCL3 and DCL4, can
function redundantly, yet hierarchically, and produce small-interfering (si)RNAs from diverse
perfectly- or near-perfectly complementary endogenous or exogenous (virus, transgenes)
dsRNA substrates into 22-, 24- and 21- nt, respectively. In contrast to miRNAs, a quite varied
diversity of siRNA subclasses exists in plants, notably the trans-acting siRNAs (ta-siRNAs)
(Peragine et al., 2004; Vazquez et al., 2004; Yoshikawa et al., 2005; Allen et al., 2005; Xie et
al., 2005; Gasciolli et al., 2005; Ronemus et al., 2006), endogenous inverted repeat-derived
siRNAs (endoIR-siRNAs) (Henderson et al., 2006), heterochromatic or PolIV/PolV-derived
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siRNAs (hsiRNAs or p4/p5-siRNAs) (Herr et al., 2005; Onodera et al., 2005; Lahmy et al.,
2010; Haag et al., 2012; Law et al., 2013; Matzke and Mosher, 2014; Blevins et al., 2015; Zhai
et al., 2015), natural antisense transcript-derived siRNAs (nat-siRNAs) (Wang et al., 2005;
Borsani et al., 2005) and epigenetically activated small interferning RNAs (easiRNAs) (Slotkin
et al., 2009; Creasey et al., 2014; Sarazin and Voinnet, 2014). These distinct subclasses of
siRNAs are usually classified according to (i) the mode of synthesis of the primary RNA
transcript they are derived from, (ii) their RNA/DNA target and (iii) the precursor dsRNA they
arise from, resulting mainly from the activity of an RNA-Dependent RNA Polymerase (RDR),
the direct transcription of long stem-loop inverted repeats (IRs) or exogenous dsRNA present
in the plant that formed during viral infections (Ratcliff et al., 1997; Ruiz et al., 1998). DCL4dependent 21-nt trans-acting (ta)siRNAs are processed from endogenous TAS transcripts
converted into dsRNA through RDR6 activity (Vazquez et al., 2004; Xie et al., 2005;
Yoshikawa et al., 2005; Arribas-Hernández et al., 2016). DCL4 also generates young 21-nt
miRNAs (Fahlgren et al., 2007; Allen et al., 2004; Rajagopalan et al., 2006). DCL4 is the main
Arabidopsis antiviral DCL, but DCL2 and DCL3 can also function in a hierarchical manner as
a backup in this pathway (Deleris et al., 2006; Blevins et al., 2006; Bouché et al., 2006; DiazPendon et al., 2007). DCL2 and DCL4 generate secondary siRNAs during transitivity
(Moissiard et al., 2007; Parent et al., 2015). As opposed to DCL1, DCL2 and DCL4, which
generate sRNAs involved in triggering post-transcriptional gene silencing (PTGS)
mechanisms, DCL3 produces 24-nt siRNAs functioning in transcriptional gene silencing
(TGS) through the RNA-directed DNA methylation (RdDM) pathway (Xie et al., 2004;
Mosher et al., 2009; Law and Jacobsen, 2010; Matzke and Mosher, 2014; Blevins et al., 2015;
Zhai et al., 2015). Finally, DCL2, DCL3 and DCL4 also generate endogenous inverted-repeatderived (endoIR) siRNAs, which arise from the processing of RDR-independent long dsRNA
hairpin precursors (Henderson et al., 2006) as well as siRNAs from exogenous hairpin dsRNA
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transgenes (Fusaro et al., 2006). DCL1, DCL2 and DCL3 are found in the nucleus, whereas
DCL4 is mainly cytoplasmic but can also be found in the nucleus (Pumplin et al., 2016).

Double-stranded RNA binding (DRB) proteins: DCLs partners and regulators of
silencing.
Plant DRBs are non-catalytic proteins only composed of one or two double-stranded
RNA binding domains (dsRBDs), whose functions are tightly linked to RNA silencing. Their
conserved binding domain contains the canonical dsRNA-binding motif that forms an αβββα
fold and specifically binds dsRNA molecules (Johnston et al., 1992; Ryter and Schultz, 1998).
However, this domain can also function as a protein–protein interaction platform allowing
DRB proteins to form homo- or heterodimers and therefore function as complexes not only
between members of the DRB family but also, and very importantly, with any other proteins
possessing a binding domain like the DCL proteins (Hiraguri et al., 2005). Arabidopsis
comprises seven DRBs, five of which display two dsRBDs named DRB1 to 5 and two recently
characterized additional DRBs displaying only one dsRBD named DRB7.1 and DRB7.2
(Clavel et al., 2016). DRBs are well known to act as co-factors of DCL proteins and regulate
the biogenesis of small RNAs. DRB1 (HYL1), found in nuclear dicing bodies, interacts with
DCL1 and is required for the efficient and accurate processing of dsRNA precursors into
mature miRNAs (Kurihara et al., 2006; Song et al., 2007; Dong et al., 2008). DRB1 also plays
a role in guide strand selection and loading into AGO protein (Eamens et al., 2009). Contrary
to miRNAs produced by the DRB1/DCL1 interaction, which trigger transcript cleavage,
miRNAs produced by the DRB2/DCL1 interaction trigger silencing via translational repression
(Hiraguri et al., 2005; Reis et al., 2015). It has also been shown that the DRB2 protein can
modulate transposon-derived siRNAs accumulation (Clavel et al., 2016). DRB3 interacts with
DCL3 and is involved in specific antiviral defense against a particular specie of DNA viruses
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(Raja et al., 2014). DRB4 is a well-characterized co-factor of DCL4 and its interaction is
required for efficient processing of ta-siRNAs and young miRNAs, for DCL4 localization in
nuclear dicing bodies and for an accurate antiviral silencing response (Hiraguri et al., 2005;
Rajagopalan et al., 2006; Adenot et al., 2006; Nakazawa et al., 2007; Curtin et al., 2008; Qu et
al., 2008; Eamens et al., 2009; Fukudome et al., 2011; Jakubiec et al., 2012; Pumplin et al.,
2016). However, DRB4 also participates in pathogen defense distinctively from its role with
DCL4 and can shuttle from the nucleus to the cytoplasm (Jakubiec et al., 2012; Zhu et al.,
2013). Both DRB4 and DRB2 have an impact on the accumulation of siRNAs participating in
the RdDM pathway (Pélissier et al., 2011). DRB5 is poorly characterized but is known to
participate in a non-conventional miRNA biogenesis pathway together with DRB3 and DRB2
(Eamens et al., 2012a; 2012b). Finally, DRB7.2, which localizes in the nucleus, interacts with
DRB4 and specifically impairs accumulation of endoIR-siRNAs through the direct binding of
the endogenous inverted repeat (IR) dsRNA precursor (Montavon et al., 2017). DRB7.2 also
impedes accumulation of epigenetically activated (ea)siRNAs (Clavel et al., 2016). By the time
when this work started, the role of the remaining DRB7.1 had not been defined. The
characterization of this protein in the silencing pathway was an objective of this thesis and
results are displayed in chapter one.

RNase THREE-like (RTL) proteins: emerging regulators of silencing.
Five RTL proteins (RTL1 to 5) are found in Arabidopsis and consist of the plant second
endoribonucleases III (RNases III) family (DCL proteins being the first one). Compared to the
multitude of domain architectures displayed by DCLs, RTL members only harbor one or two
RNases III domains and, in addition for RTL1, RTL2 and RTL3, one or more dsRBDs. The
involvement of RTL1 and RTL2 in RNA silencing has only recently been documented. Plants
overexpressing RTL1 are impeded in siRNA but not in miRNA accumulation, suggesting that
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RTL1 processes long dsRNA precursors and is a general suppressor of the processing activity
of DCL2, DCL3 and DCL4 proteins (Shamandi et al., 2015). It is likely that RTL1 also
participates in antiviral defense, as it has been shown that viral infection induces RTL1
expression and that RTL1 can be a target of viral suppressors of silencing (VSRs) (Shamandi
et al., 2015). Additionally, a study reported that the RNaseIII activity of RTL1 is regulated by
glutathionylation of a cysteine in the double-stranded RNA binding domain (dsRBD)
(Charbonnel et al., 2017). RTL2 plays a role in ribosomal RNA maturation and cleaves the 3’
external transcribed spacer (ETS) of the 45S pre-rRNA (Comella et al., 2007). Furthermore,
RTL2 activity can modulate DCL3-dependent siRNAs accumulation and impact genome
methylation (Elvira-Matelot et al., 2016). Both RTL1 and RTL2 are found in the cytoplasm
and nucleus (Comella et al., 2007; Shamandi et al., 2015). Concerning RTL3, RTL4 and RTL5,
their molecular function and potential contribution to RNA silencing still awaits
characterization. RTL3 expression has never been detected in any plant tissues tested and it is
thus thought to be a pseudogene (Comella et al., 2007). RTL5 is not characterized in
Arabidopsis, but a maize homolog named RNC1 that shares 80% sequence similarity with
RTL5 has been reported to be involved in intron splicing in chloroplasts (Watkins et al., 2007).
Finally, an rtl4 mutation is gametophytic lethal (Portereiko et al., 2006) but the molecular
function of the protein is still unknown. Characterization of RTL4 was the second objective of
the thesis and results obtained are displayed in chapter 2.

Hua enhancer 1 (HEN1): a plant methyltransferase involved in the stabilization
of small RNAs.
Plant miRNAs and siRNA duplexes are methylated on the 2’-OH group situated at their
3’-ends by the 2’-O-methyltransferase HEN1, an action that protects miRNAs from uridylation
followed by subsequent degradation, as well as from 3’-to-5’ exonuclease-mediated
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degradation (Bin Yu et al., 2005; Li et al., 2005; Borsani et al., 2005; Katiyar-Agarwal et al.,
2006; Ramachandran and Chen, 2008; Abe et al., 2010; Vilkaitis et al., 2010; Ren et al., 2012;
Ji and Chen, 2012; Zhao et al., 2012). This methylation step is crucial for small RNA stability
and accumulation, as well as for their loading into AGO proteins, and HEN1 mutants exhibit
developmental abnormalities (Park et al., 2002; Chen et al., 2002; Boutet et al., 2003). HEN1
harbors five functional domains (Huang et al., 2009; Baranauskė et al., 2015). Two dsRBDs
bind and stabilize the small RNA duplex. The La-motif-containing domain (LCD) specifically
binds the 2-nt 3’ overhangs of one strand and forms an end-capping interaction with the
5’monophosphate of the other strand, therefore accurately positioning the small RNA duplex
3’-end of the said strand in the pocket formed by the methyltransferase (MT) domain. Finally,
the PPIase-like domain (PLD) does not interact with the small RNA duplex but has been shown
to be required for the interaction with DRB1, a DCL1 co-factor involved in miRNA production.
HEN1 is reported to be present in both the nucleus and cytoplasm. However, whether the small
RNA duplex methylation takes place in both or only one of these subcellular localizations
remains unknown (Xie et al., 2004; Fang and Spector, 2007).

Argonaute (AGO) proteins: the effectors of silencing.
Argonaute proteins are the effectors of RNA silencing, in charge of loading small RNAs
and using them as guides to find complementary target RNA through base-pairing and direct
post-transcriptional gene silencing (PTGS) by RNA cleavage and translation inhibition, or
transcriptional gene silencing by DNA methylation and chromatin modifications (Poulsen et
al., 2013; Bologna and Voinnet, 2014; Fang and Qi, 2016). Exactly how these mechanisms are
regulated and particularly what features discriminate between cleavage and translational
inhibition remains poorly understood. Most of the structural insights we possess about AGO
proteins come from solved structures of eukaryotic AGO orthologs, as no crystal structures of
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full plant AGOs are available. These enzymes comprise 4 domains: an N-terminal (N) domain
composed of a variable region, and three subsequent conserved PIWI-ARGONAUTEZWILLE (PAZ), middle (MID), and P-element-induced wimpy testes (PIWI) domains (Song
and Joshua-Tor, 2006; Wang et al., 2008). The N domain remains poorly characterized but has
been shown to be important for the unwinding of the sRNA duplex as well as for the accurate
slicer activity of the AGO protein (Kwak and Tomari, 2012; Hauptmann et al., 2013).
Additionally, it has been proposed that the N domain could block the propagation of the guidestrand and target pairing beyond a certain position (Wang et al., 2009). A recent study also
demonstrated that the N-termini of AGO1 contain a nuclear-localization and nuclear-export
signal enabling AGO1 nucleo-cytosolic shuttling (Bologna et al., 2018). The PAZ domain
allows the protein to bind single-stranded RNA and anchors the loaded sRNA by bending its
3’-end into a specific binding pocket (Song et al., 2003; Lingel et al., 2003; Yan et al., 2003;
Lingel et al., 2004; Ma et al., 2004). This domain also participates in sRNA duplex unwinding
in a slicer-independent manner (Gu et al., 2012). The MID-PIWI domains form an interface
accommodating a basic binding pocket capable of binding and anchoring the 5’ phosphate of
the loaded sRNA (Parker et al., 2005). Additionally, the MID domain contains a rigid loop that
can recognize the 5’ nucleotide of the sRNA and is responsible for sRNA sorting and loading
into AGOs (Frank et al., 2012). Finally, the PIWI domain possesses an RNaseH-like
endonucleolytic activity, the so-called slicer activity, involved in the cleavage of the target
RNA (Song et al., 2004; Rivas et al., 2005). Arabidopsis contains 10 AGO proteins, which can
be classified in three clades according to their phylogeny: AGO1/AGO5/AGO10,
AGO2/AGO3/AGO7, and AGO4/AGO6/AGO8/AGO9 (Vaucheret, 2008). AGO1 is involved
in regulating numerous developmental processes guided by loaded miRNAs and ta-siRNAs
(Bohmert et al., 1998; Vaucheret et al., 2004; Baumberger and Baulcombe, 2005; Mi et al.,
2008; Brodersen et al., 2012). AGO5 and AGO10, which display a more restricted expression
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pattern compared to ubiquitously expressed AGO1, control development of more specific
organs (Moussian et al., 1998; Lynn et al., 1999; Liu et al., 2009; Ji et al., 2011; Tucker et al.,
2012). AGO2 mediates DNA double-strand-break (DSB) repair upon loading with small DSBinduced (di)RNAs (Wei et al., 2012) and can regulate plant antimicrobial activity (Zhang et al.,
2011). AGO7, along with AGO1, is involved in the biogenesis of ta-siRNAs important to
control plant development (Adenot et al., 2006; Fahlgren et al., 2006; Montgomery et al.,
2008). AGO3 and AGO8 are very poorly characterized (Poulsen et al., 2013; Minoia et al.,
2014). AGO4 is the main AGO effector that directs DNA methylation upon loading of 24-nt
siRNAs through the RdDM pathway (Zilberman et al., 2003; Pontes et al., 2006; Qi et al.,
2006) and can also mediate bacterial resistance (Agorio and Vera, 2007). AGO6 also regulates
DNA methylation through the RdDM pathway, but on a smaller subset of target loci compared
to AGO4 (Zheng et al., 2007; Havecker et al., 2010) and in a non-redundant manner (Duan et
al., 2015). Furthermore, AGO6 has been reported to load RDR6-dependent 21-, 22-nt siRNAs
derived from active TEs and might be involved in the initiation of de novo DNA methylation,
therefore potentially bridging the two post-transcriptional (PTGS) and transcriptional (TGS)
gene silencing pathways (Nuthikattu et al., 2013; McCue et al., 2014). AGO9 preferentially
loads 24-nt siRNAs derived from transposable elements (TEs) and its activity is crucial for
silencing TEs in female gametes and their somatic companion cells (Olmedo-Monfil et al.,
2010). Finally, AGO1, AGO2, AGO4, AGO5, AGO7 and AGO10 are also important players
in plant antiviral immunity (Takeda et al., 2008; Raja et al., 2008; Qu et al., 2008; Harvey et
al., 2011; Wang et al., 2011; Pumplin and Voinnet, 2013; Garcia-Ruiz et al., 2015; Brosseau
and Moffett, 2015).
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RNA-dependent RNA polymerases (RDRs): synthesizing siRNA-producing
dsRNA precursors and acting as silencing signal amplifiers.
Apart from miRNAs and endoIR-siRNAs, plant siRNAs can derive from long dsRNA
substrates synthesized by an RDR and subsequently processed by a DCL protein (Dalmay et
al., 2000; Voinnet 2008). RDRs contain a specific catalytic domain at their C-terminal part
(Wassenegger and Krczal, 2006). RDR enzymes can convert single-strand (ss)RNAs into
dsRNAs in a primer-dependent (using a small RNA as primer) or -independent manner (Tang
et al., 2003; Moissiard et al., 2007; Devert et al., 2015). However, out of the six RDRs found
in Arabidopsis (RDR1 to 6), RDR3, RDR4 and RDR5, which display an atypical catalytic
motif compared to RDR1, RDR2 and RDR6, have not been yet reported to be involved in
silencing events. RDR1 and RDR6, on the other hand, are known factors involved in antiviral
defenses, whose activities are important for the accumulation of secondary viral siRNAs in
order to amplify antiviral gene silencing response as well as to restrict viral infection locally,
at the single-cell level, but also systemically (Mourrain et al., 2000; Xie et al., 2001; Yu et al.,
2003; Diaz-Pendon et al., 2007; Voinnet, 2008; Qu et al., 2008; Qi et al., 2009; Wang et al.,
2010; Qin et al., 2012). Nonetheless, RDR6 is also involved in other endogenous PTGS
phenomena, particularly in the synthesis of dsRNA precursors from RNA molecules previously
targeted by a sRNA and cleaved by the RISC complex in order to produce new substrates for
secondary siRNAs production and therefore amplify the silencing response, as exemplified
during transitivity or ta-siRNAs production (Peragine et al., 2004; Vazquez et al., 2004;
Moissiard et al., 2007; Chen et al., 2010; Cuperus et al., 2010; Parent et al., 2015; Taochy et
al., 2017). As opposed to its main functions in post-transcriptional gene silencing (PTGS) as
described above, RDR6 might also play a role in transcriptional gene silencing (TGS)
(Nuthikattu et al., 2013; Panda and Slotkin, 2013; Marí-Ordóñez et al., 2013). RDR1 is less
well-characterized but has also been shown to be involved in plant development (Lam et al.,
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2012). Moreover, RDR1 expression is induced after treatment with salicylic acid (SA), a
phytohormone involved in plant defense signaling (Yu et al., 2003). RDR2 is involved in TGS
as a key component of the canonical RdRM pathway. The dsRNA-producing activity of RDR2
is required for the biogenesis of the majority of DCL3-dependent 24-nt siRNAs, the most
prominent endogenous siRNAs in plants, which will guide sequence-specific DNA
methylation as well as establishment of chromatin modifications (Jia et al., 2009; Law and
Jacobsen, 2010; Law et al., 2011; Haag et al., 2012; Li et al., 2015; Zhai et al., 2015; Blevins
et al., 2015). Alternatively, dsRNA molecules produced by RDR2 can also direct DNA
methylation in a DCL-independent pathway (Ye et al., 2016; Yang et al., 2016).

Main goals and layouts of the PhD thesis
Since its discovery, numerous proteins involved in RNA silencing have been identified
and characterized (as described in the introductory chapter), but many are still unknown and
their contribution to the pathway remain to be further defined. Furthermore, while we now
possess a comprehensive knowledge on what can be achieved by RNA silencing, we still lack
information on how silencing processes are specifically triggered and regulated. Together to
its spatiotemporal expression and post-translational modifications, the function of a given
protein is often regulated or modulated through its interaction with other protein partners.
Therefore, identifying new interactors of well-established core silencing components could
help better dissect this pathway. Hence, the goal of the thesis is to gain deeper insight into
the molecular mechanisms which underlie small RNA biogenesis, and therefore the
regulation of gene expression in Arabidopsis thaliana. To do so, we searched for new
protein interactors of DCL4 and DRB4, two well-characterized components involved in
the biogenesis of the silencing pathway. The choice of DCL4 and DRB4 is justified by the
fact that both proteins (i) are among the best characterized members of their respective families
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and involved in numerous silencing pathways, which allows us to screen for interacting
partners and their respective effects on a multitude of pathways in vivo, (ii) form the only DCLDRB complex known to be localized in both nucleus and cytoplasm compartment, therefore
increasing their potential of interaction with diverse proteins and (iii) are involved in not only
endogenous but also exogenous dsRNA processing and consequently represent good
candidates for further in vitro and transient experimental studies when looking at the regulation
of their activities by their potential protein partners using artificial exogenous RNAs.

The present PhD work will present the identification and molecular characterization of
two (at the time) uncharacterized proteins, DRB7.1 (Double-stranded RNA Binding protein
7.1) and RTL4 (RNASE THREE-LIKE protein 4), which were first identified as potential
interactors of DRB4 and DCL4 after immunoprecipitation of the two core silencing proteins
followed by mass spectrometry data analysis.
Particularly, the main research foci were set on:
-Investigating and characterizing the molecular function and specific contributions
of DRB7.1 to the RNA silencing pathway.
-Investigating and characterizing the cell biology and biochemical properties of
RTL4, a non-conventional RNaseIII protein, as well as exploring the potential
implication of RTL4 in the silencing pathway.
-Establishing and developing in vitro assays using a tobacco cell-free lysate (BY2) in order to assess RNA processing activity and RNA binding capability of the
diverse candidate proteins and demonstrate that the use of this lysate can represent
a novel alternative in vitro system to examine the different biochemical properties
of a protein or a complex of proteins on RNA binding and RNA processing activity.
- 27 -

Chapter 1 will present the results obtained on DRB7.1: the confirmation of its interaction with
main players of the silencing machinery, its behavior in vitro on the binding and processing of
dsRNA substrates and its effect in vivo on the accumulation of a specific set of siRNAs
associated with an increase in DNA methylation, which argue for an implication of DRB7.1 in
the regulation of RNA processing and suggest a role in regulating epigenetic marks in
Arabidopsis.

Chapter 2 will present the data accumulated on RTL4. This work represents the first
biochemical characterization of the RTL4 protein and shows that RTL4 and orthologs harbor
conserved mutations in their RNaseIII domain, which explain the loss of its catalytic activity.
Nonetheless, it is also likely that these mutations confer the protein with the novel capacity of
stably binding dsRNA through this resulting non-catalytically active RNaseIII domain. Also,
the subcellular localization of RTL4 at the endomembrane system will be discussed. To date,
no defined functions have been assigned to RTL4 and further experiments are needed in order
to do so; however, this study strongly supports a role for RTL4 in modulating RNA metabolism
at the endomembrane system of the cell.
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ABSTRACT

Small RNAs play an important role in regulating gene expression through transcriptional and
post-transcriptional gene silencing. Biogenesis of small RNAs from longer double-stranded
(ds)RNA requires the activity of DICER-LIKE ribonucleases (DCLs), which in plants are aided
by dsRNA-binding proteins (DRBs). To gain insight into this pathway in the model plant
Arabidopsis, we searched for interactors of DRB4 by immunoprecipitation followed by mass
spectrometry-based finger printing and identified DRB7.1. This interaction, verified by
reciprocal

co-immunoprecipitation

and

bimolecular

fluorescence

complementation,

colocalizes with markers of cytoplasmic siRNA bodies and nuclear dicing bodies. In vitro
experiments using tobacco BY-2 cell lysate (BYL) revealed that the DRB7.1/DRB4 complex
impairs cleavage of diverse dsRNA substrates into 24-nt small interfering (si)RNAs, an action
performed by DCL3. DRB7.1 also abolishes the action of DRB4 in enhancing accumulation
of 21-nt siRNAs produced by DCL4. Overexpression of DRB7.1 in Arabidopsis altered the
accumulation of siRNAs in a manner reminiscent of drb4 mutant plants, suggesting that
DRB7.1 can antagonize the function of DRB4 in siRNA accumulation in vivo as well as in
vitro. Specifically, enhanced accumulation of siRNAs from an endogenous inverted repeat
correlated with enhanced DNA methylation, suggesting a biological impact for DRB7.1 in
regulating epigenetic marks. We further demonstrate that RNASE THREE-LIKE (RTL)
proteins RTL1 and RTL2 cleave dsRNA when expressed in BYL, and that this activity is
impaired by DRB7.1/DRB4. Investigating the DRB7.1-DRB4 interaction thus revealed that a
complex of DRB proteins can antagonize, rather than promote, RNase III activity and
production of siRNAs in plants.
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INTRODUCTION
RNA silencing mechanisms broadly regulate gene expression in eukaryotes. In plants, posttranscriptional gene silencing (PTGS) and transcriptional gene silencing (TGS) regulate key
steps in development, stress adaptation, and pathogen defense through small RNAs, which are
loaded into Argonaute proteins to effect sequence-guided silencing against mRNAs or
chromatin, respectively. (Borges and Martienssen, 2015; Martínez de Alba et al., 2013;
Bologna and Voinnet, 2014). Small RNAs are processed from longer double-stranded (ds)RNA
by a specialized, conserved class of dual RNase III domain-containing ribonucleases of the
Dicer family, aided in plants by interactions with DOUBLE-STRANDED RNA BINDING
proteins (DRBs) (Bernstein et al., 2001; Curtin et al., 2008). Animal Dicer proteins also recruit
dsRNA-binding proteins to process small RNAs, including Caenorhabditis elegans RDE-4,
Drosophila spp. Loquacious, and mammalian TRBP and PACT (Ha and Kim, 2014).
The model plant Arabidopsis thaliana encodes four DICER-LIKE proteins (DCLs) and
five DRB members containing dual dsRNA-binding motifs (dsRBM) (Schauer et al., 2002;
Clavel et al., 2016). DCL1 produces micro (mi)RNAs from short hairpin precursors that form
imperfect stem-loop structures (Kurihara and Watanabe, 2004; Park et al., 2002; Reinhart et
al., 2002). DCL1 requires an interaction with DRB1/HYL1 for efficient and precise mature
miRNA production and loading (Kurihara et al., 2006; Eamens et al., 2009; Dong et al., 2008).
DRB2 can also bind DCL1 and acts in miRNA biogenesis to favor silencing action via
translational repression over transcript cleavage (Reis et al., 2015; Hiraguri et al., 2005),
associates with chromatin regulators and binds transposable element (TE) transcripts (Clavel
et al., 2015).
The remaining DCLs generate small-interfering (si)RNAs from perfectly or nearperfectly complementary dsRNA precursors, which arise from the activity of RNA-Dependent
RNA Polymerases (RDRs), transcription of stem-loop inverted repeats (IRs) or the presence of
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exogenous dsRNA such as that formed during viral infections (Gasciolli et al., 2005;
Henderson et al., 2006; Xie et al., 2005; Dunoyer et al., 2005). DCL4 generates 21-nt transacting (ta)siRNAs from endogenous TAS transcripts following dsRNA synthesis by RDR6
(Vazquez et al., 2004; Gasciolli et al., 2005; Xie et al., 2005; Yoshikawa et al., 2005; Adenot
et al., 2006; Arribas-Hernández et al., 2016). DCL4 also processes young miRNAs with perfect
or near-perfect self-complementary stem-loop precursors (Fahlgren et al., 2007; Allen et al.,
2004; Rajagopalan et al., 2006), and is the primary antiviral DCL in Arabidopsis (Deleris et
al., 2006; Blevins et al., 2006; Bouche et al., 2006; Diaz-Pendon et al., 2007). This locus can
be expressed as two different isoforms: a longer mRNA that encodes a nuclear localization
signal (DCL4NLS), and a shorter transcript that bypasses the NLS sequence (DCL4∆) (Pumplin
et al., 2016). DCL4 activity is facilitated by its interacting partner DRB4, which is required for
the proper biogenesis of tasiRNAs and young miRNAs, as well as anti-viral silencing and
localization in nuclear dicing bodies (Qu et al., 2008; Jakubiec et al., 2011; Rajagopalan et al.,
2006; Adenot et al., 2006; Eamens et al., 2009; Fukudome et al., 2011; Nakazawa et al., 2007;
Hiraguri et al., 2005; Curtin et al., 2008; Pumplin et al., 2016). DCL2, which does not have a
known interaction with a DRB protein, is involved in producing secondary, 22-nt-long siRNAs
with DCL4 during transitivity, and also functions in a hierarchal manner as a backup to DCL4
and DCL3 on dsRNA generated by viruses, transgene hairpins, and endogenous dsRNA
(Moissiard et al., 2007; Parent et al., 2015; Gasciolli et al., 2005; Fusaro et al., 2006; Deleris
et al., 2006). DCL2 also generates 22-nt siRNAs from endogenous inverted repeats, which are
hairpin sequences encoded in the Arabidopsis genome by loci such as IR71 and IR2039
(Henderson et al., 2006). The biological function of IRs remains obscure, but their processing
patterns are impacted by mutation of DRB genes, such that the major population of siRNAs
shifts from 22-nt long siRNAs in WT to 24-nt in drb4 or drb7.2 mutants (Montavon et al.,
2016; Pelissier et al., 2011). Finally, DCL3 functions in TGS via RNA-directed DNA
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methylation (RdDM) (Xie et al., 2004; Matzke et al., 2014; Law and Jacobsen, 2010) by
producing 24-nt siRNAs from endogenous or exogenous hairpin dsRNA and also p4-siRNAs,
so called because their endogenous ~30-40-nt dsRNA precursors are synthesized by RNA
Polymerase IV, together with RDR2 (Mosher et al., 2009; Zhai et al., 2015; Blevins et al.,
2015). RdDM can initiate DNA methylation in all sequence contexts (CG, CHG, and CHH,
where H is any nucleotide except G), and is also the major pathway responsible of maintaining
CHH methylation (Matzke et al., 2014; Law and Jacobsen, 2010). DRB3 interacts with DCL3
and participates in defense against DNA viruses (Raja et al., 2014).
In addition to DCLs, dsRNA can also be cleaved by a family of RNASE THREE-LIKE
proteins (RTLs), which contain one or more RNase III domains. In Arabidopsis, RTL1 and
RTL2 process long dsRNAs and influence small RNA accumulation and function. Plants
overexpressing RTL1 are impaired in siRNA but not miRNA accumulation, leading to the
conclusion that RTL1 degrades long, perfect or near-perfect dsRNA substrates (Shamandi et
al., 2015). Furthermore, viral infection induces RTL1 expression, and its RNase function can
be disrupted by viral suppressors of RNA silencing (Shamandi et al., 2015). In contrast, RTL2
cleaves dsRNA substrates into smaller >25-nt-long dsRNA molecules, a function which can
enhance or diminish the accumulation of different categories of PolIV and DCL3-dependent
endogenous p4-siRNAs that impact genome methylation (Comella et al., 2008; Elvira-Matelot
et al., 2016). It has not been reported whether RTL functions are impacted in any manner by
DRB proteins.
A recent phylogenetic analyses of DRBs in plants (Clavel et al., 2016) identified a new
clade of DRB proteins, DRB7, conserved in all vascular plants, with only one dsRBM that
shares closest sequence identity with the second dsRBM of DCL4. This gene family is
represented by DRB7.1 and DRB7.2 in Arabidopsis. DRB7.2 interacts with DRB4, but not with
DCL4, and drb7.2 mutation selectively impairs the processing of endogenous inverted-repeat
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dsRNA into siRNAs through direct binding of the substrate (Montavon et al., 2016) and also
impacts the accumulation pattern of epigenetically activated (ea)siRNAs when combined with
a mutation in decreased DNA methylation 1 (ddm1). The other member of the DRB7 family,
DRB7.1, although similar to DRB7.2, has not been assigned any role in RNA silencing
pathways and its function remains elusive. (Clavel et al., 2016).
Many fundamental insights about plant ribonuclease and RNA binding protein
functions were first established through in vitro studies. Nicotiana tabacum cultivar Bright
Yellow-2 evacuolated lysate (BYL), an equivalent to Drosophila embryo extract (Lakatos et
al., 2006), has emerged as an efficient and biologically relevant in vitro system for the analysis
of RNA metabolism, RNA silencing (Iki et al., 2012; Iki et al., 2010; Ye et al., 2012; Iwakawa
and Tomari, 2013; Yoshikawa et al., 2013; Endo et al., 2013), and virus infection (Komoda et
al., 2004). We demonstrate here that BYL represents an informative in vitro system to study
and characterize biochemical properties of a complex of proteins on the processing of various
dsRNA substrates.
In this study, we report that DRB7.1 interacts with DRB4 in planta. We further show,
by using BYL in vitro assays, that DRB7.1 and DRB4 together can impair the processing of
dsRNA substrates into siRNAs by RNase III-containing proteins. Using an in vivo approach
with plants overexpressing DRB7.1, we observed alteration in the processing of small RNA
species recapitulating a mild drb4 mutant phenotype. Characterizing the DRB7.1-DRB4
interaction thus suggest two mechanisms whereby DRB7.1 can modulate small RNA
biogenesis: (i) by direct binding of a dsRNA substrate in complex with DRB4 and (ii) by
sequestering DRB4.
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RESULTS
Identification of the DRB4 interactor DRB7.1
In order to discover new proteins that could regulate RNA silencing, we searched for
interactors of DCL4 and DRB4. Transgenic Arabidopsis plants expressing native promoterdriven fusions of FLAG and HA epitopes (FHA) with the DCL4 genomic coding sequence, or
a yellow fluorescent protein (YFP)-FLAG epitope fusion to DRB4, were established in the dcl42 and drb4-1 mutant backgrounds, respectively. Immunoprecipitation was then performed with
FLAG antibodies using crude tissue extracts of transgenic plants, with non-transgenic wildtype plants (Col-0 WT) as a negative control. Three independent immunoprecipitation
experiments were performed, analyzed by liquid chromatography electrospray ionization
coupled with tandem mass spectrometry (LC/ESI/MS/MS), and the resulting peptide spectra
were compared against the Swiss-Prot database (Table 1). Only the proteins found in
DCL4/DRB4 fractions, for which no peptides were found in Col-0 WT fractions (negative
control), were considered as potential interactors. As expected, DRB4 was specifically
identified in all DCL4-immunoprecipitated samples and DCL4 was found in all DRB4immunoprecipitated samples (Table 1). In addition, AT1G80650 was specifically identified in
all DRB4 fractions, while DCL4 immunoprecipitation did not reveal any additional interactors.
Online databases, such as Swiss-Prot, assign AT1G80650 the name RTL1; however, this gene
encodes a dsRBM but does not encode a predictable RNase III domain (See Supplemental
Figure S1). A recent phylogenetic study renamed this protein DRB7.1 (DOUBLESTRANDED RNA-BINDING PROTEIN 7.1) (Clavel et al., 2016), a nomenclature we adopt
for its accuracy and to avoid confusion with the bona fide RNase III-containing RTL1
(AT4G15417 (Shamandi et al., 2015)). Subsequent analysis of peptide fingerprints identified
DRB7.2 as a specific interactor of DRB4 when compared against the TAIR10 protein database
(data not shown), consistent with previous reports (Montavon et al., 2016; Clavel et al., 2016).
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Exclusive

Batch

MS/MS View

No

Identified Protein

DCL4
IP.1

DCL4
IP.2

DCL4
IP.3

DRB4
IP.1

DRB4
IP.2

DRB4
IP.3

Molecular

Unique

Percent

Weight

Peptide

Coverage

Locus

Accession Number

kDa

Count

%

Dicer-like protein 4

At5g20320

sp!P84634!DCL4_ARATH

191

92

50

Double-stranded RNA-binding protein 4

At3g62800

sp!Q8H1D4!DRB4_ARATH

38

19

76

Dicer-like protein 4

At5g20320

sp!P84634!DCL4_ARATH

191

61

41

Double-stranded RNA-binding protein 4

At3g62800

sp!Q8H1D4!DRB4_ARATH

38

14

57

Dicer-like protein 4

At5g20320

sp!P84634!DCL4_ARATH

191

37

26

Double-stranded RNA-binding protein 4

At3g62800

sp!Q8H1D4!DRB4_ARATH

38

6

29

Double-stranded RNA-binding protein 4

At3g62800

sp!Q8H1D4!DRB4_ARATH

38

15

60

Dicer-like protein 4

At5g20320

sp!P84634!DCL4_ARATH

191

33

24

Ribonuclease 3-like protein 1
! DRB7.1

At1g80650

sp!Q9M8N2!RTL1_ARATH

23

2

14

Double-stranded RNA-binding protein 4

At3g62800

sp!Q8H1D4!DRB4_ARATH

38

11

37

Dicer-like protein 4

At5g20320

sp!P84634!DCL4_ARATH

191

18

12

Ribonuclease 3-like protein 1
! DRB7.1

At1g80650

sp!Q9M8N2!RTL1_ARATH

23

1

3

Double-stranded RNA-binding protein 4

At3g62800

sp!Q8H1D4!DRB4_ARATH

38

11

34

Dicer-like protein 4

At5g20320

sp!P84634!DCL4_ARATH

191

17

10

Ribonuclease 3-like protein 1
! DRB7.1

At1g80650

sp!Q9M8N2!RTL1_ARATH

23

2

14

Table 1. Peptide fingerprints identified by MS/MS specific to DCL4-FHA and DRB4-YFP-FLAG
immunoprecipitation samples.

DRB7.1 interacts with DRB4 and indirectly with DCL4
To confirm the interaction between DRB7.1 and DRB4, we performed a Bimolecular
Fluorescence Complementation assay (BiFC) (Bracha-Drori et al., 2004) by transient
expression in Nicotiana benthamiana leaves. In this experiment, proteins of interest are coexpressed as fusions to YFP halves, and a fluorescent signal is only produced when the two
proteins interact and reconstitute an active fluorophore. The known interaction between DRB4
and DCL4 was used as a positive control (Nakazawa et al., 2007; Clavel et al., 2016), resulting
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in fluorescence complementation observed by confocal microscopy in a distinctive punctate
pattern in nuclei of cells co-expressing DRB4 and DCL4 fused to YFP halves (Figure 1A).

Figure 1. DRB7.1 interacts with DRB4 and DCL4. (A-E) Bimolecular fluorescence complementation
assay (BiFC) performed by transient expression in N. benthamiana leaves and imaged by confocal
microscopy. YFP signal emitted from reconstituted half-YFP fusions to the proteins indicated on panels
is shown together with Bright Field (Differential Interference Contrast) and an Overlay of channels. (F)
Western blot analysis of DRB7.1:DRB7.1-FHA following immunoprecipitation with anti-FLAG
antibodies from WT Col-0 or drb4-1 mutant plants. Immunoprecipitated DRB7.1 fusion protein is
detected with an HA antibody, and co-immunoprecipitated DCL4 and DRB4 are detected by native
antibodies. Total protein staining by Coomassie Blue is shown as a loading control for Input and
Supernatant (unbound fraction). Star indicates background band that cross-reacts with DCL4 antibody.
Arrow indicates DRB4 band, to distinguish from background cross-reacting bands. (G-H)
Colocalization of YFP signals from DRB7.1+DRB4 BiFC with DCL4-mCherry (G) and RDR6mCherry (H) performed by transient expression in N. benthamiana leaves and imaged by confocal
microscopy. Nucleus (N) and cytoplasm (C) are indicated. Arrowheads indicate nuclear foci, arrows
indicate punctate cytoplasmic signals. Scale bar = 10 µm.

Co-expression of DRB7.1 and DRB4 fused to YFP halves consistently produced fluorescent
signals localized in nuclear punctae (Figure 1B), similar to those observed between DRB4 and
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DCL4, but also in cytoplasmic punctae (Figure 1C, which shows a different focal plane along
the z-axis of the same sample shown in Figure 1B). Co-expressing DRB7.1 and DCL4 fusions
also yielded fluorescent punctae in nuclei (Figure 1D), demonstrating that these proteins
interact under BiFC experimental conditions. This pattern was different from that observed
with DRB7.1 and DRB4, because in addition to nuclear punctae, DRB7.1 and DCL4 also
displayed a diffuse signal throughout the nucleoplasm, while no cytoplasmic signals were
observed (Figure 1D). By contrast, co-expressing DRB7.1 and DCL2 fusions did not result in
fluorescence complementation (Figure 1E). This result serves as a negative control and
demonstrates the specificity of DRB7.1 interaction with DCL4 and DRB4.
To further confirm these interactions, we established transgenic plants expressing an
FHA fusion to DRB7.1 driven from its native promoter (DRB7.1:DRB7.1-FHA). The tagged
protein was immunoprecipitated with anti-FLAG antibodies from crude inflorescence extracts
and analyzed by western blotting to test for co-immunoprecipitation of endogenous DRB4 and
DCL4 proteins. In wild-type plants, both endogenous DRB4 and DCL4 were coimmunopurified with DRB7.1-FHA (Figure 1F), further confirming the interactions observed
by mass spectrometry and BiFC. To test if the interaction between DRB7.1 and DCL4 is
dependent on the presence of DRB4, immunoprecipitation experiments were repeated using
drb4-1 mutant plants expressing DRB7.1:DRB7.1-FHA. Interestingly, in drb4-1 plants, DCL4
did not co-immunoprecipitate with DRB7.1-FHA (Figure 1F), suggesting that the interaction
between DRB7.1 and endogenous DCL4 is dependent on DRB4 in Arabidopsis. Together,
these results demonstrate that DRB7.1 is a robust interactor of DRB4 and that DRB7.1 likely
interacts indirectly with DCL4 via a DRB4 “bridge”. In this case, the BiFC interaction can be
explained by endogenous DRB4 from N. benthamiana bridging the DRB7.1-DCL4
fluorescence complementation.
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The interaction between DRB7.1 and DRB4 colocalizes with markers of siRNA- and
dicing bodies
To characterize the discrete punctate localization of the DRB7.1 and DRB4 interaction
observed by BiFC, we performed colocalization by transient expression in N. benthamiana.
BiFC was performed together with markers of nuclear DCL4NLS-mCherry, which forms nuclear
dicing bodies together with DRB4 (Pumplin et al., 2016), and RDR6-mCherry, which localizes
in cytoplasmic siRNA bodies that are the likely source of dsRNA used to amplify the PTGS
pathway (Kumakura et al., 2009; Jouannet et al., 2012). BiFC signal between DRB7.1 and
DRB4 indeed colocalized in nuclear dicing bodies with DCL4 (Figure 1G). Interestingly, the
DRB7.1-DRB4 interaction also dynamically colocalized in the cytoplasm with RDR6mCherry (Figure 1H; Supplemental Movie S1, S2). These results demonstrate that DRB7.1
and DRB4 interact in sites likely to be enriched in dsRNA, and may function in the siRNAgenerating pathway.

DRB7.1 impairs in vitro dicing in a DRB4-dependent manner
To characterize the biochemical function of DRB7.1 in relation to siRNA processing involving
DRB4, we used the BYL in vitro system, which allows the efficient characterization of protein
overexpression on endogenous RNA processing activities. Similar to Arabidopsis cell extracts,
(Fukudome et al., 2011; Nagano et al., 2014; Qi et al., 2005), BYL processes dsRNA mainly
into 24- and 21nt siRNAs (Figure 2A-C MOCK -, lane 4, 7, 13 and Iki et al., 2017), most likely
relying on endogenous DCL3 and DCL4 activities, respectively. DRB7.1, DRB4, as well as
DRB2 used for comparison, were individually expressed in BYL by addition of corresponding
in vitro-transcribed mRNAs (See Supplemental Figure S2 for experimental outline). Lysates
containing the indicated proteins as well as the MOCK sample, corresponding to the lysate
with no addition of exogenous mRNA, were incubated together with exogenous radiolabeled
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artificial dsRNAs of 34 bp (34/36-nt duplex), 98 bp (98/100-nt duplex) or 510 bp (510/512-nt
duplex), each containing one blunt end and one 2-nt 3’ overhang.
Addition of dsRNA of all three sizes to DRB7.1-expressing BYL did not alter the small
RNA accumulation pattern relative to the MOCK control sample (Figure 2A-C, compare lane
3 to 4, lane 8 to 7, and lane 14 to 13), suggesting that DRB7.1 alone had no influence on

Figure 2. Combining DRB7.1 with DRB4 in BYL impairs endogenous dsRNA processing. (A-C)
DRB7.1, DRB7.1-HA, DRB4, DRB4-FLAG, DRB2 and DRB2-FLAG were in vitro translated in BYL,
mixed together and incubated for 15 minutes with 34/36-nt (A), or 30 minutes with 98/100-nt (B) and
510/512-nt (C) radiolabeled dsRNA substrates. RNA was extracted and separated on 15% native
polyacrylamide gel. MOCK samples (lysate with no addition of exogenous mRNA) represent the
endogenous processing activity of the lysate after addition of radiolabeled dsRNA and are used as a
baseline control. Normalized quantification of band intensity is displayed below the gel. Substrates and
siRNAs intensity values were normalized to Mock values.

endogenous processing activity. Incubation of DRB4-expressing BYL with 98- and 510-bp
substrates caused increased accumulation of 21-nt siRNAs, owing to the function of DRB4 to
promote DCL4 activity (Figure 2B, compare lane 9 to 7, and Figure 2C, compare lane 15 to
13). This result is consistent with previous BYL experiments (Iki et al., 2017) and also in vitro
assays showing that DRB4 facilitates DCL4 processing of longer dsRNA substrates
(Fukudome et al., 2011). Notably, DRB4 expression did not lead to accumulation of 21-nt
siRNAs from the 34 bp substrate, which only produces detectable 24-nt siRNAs in BYL
(Figure 2A, compare lane 5 to 4). This result is consistent with previous work showing that
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DCL4 does not process 30-bp dsRNA and only inefficiently processes 37-bp dsRNA (Nagano
et al., 2014).
Remarkably, incubation of dsRNA with a mixture of DRB7.1- and DRB4-expressing
BYL consistently led to a decreased accumulation of 24-nt siRNAs and a corresponding
increased accumulation of unprocessed longer dsRNA for all three substrate lengths (Figure
2A-C, compare lane 2 to 4, lane 10 to 7, and lane 16 to 13). These results suggest that the
DRB7.1/DRB4 complex can impair dicing, while neither DRB7.1 nor DRB4 alone impaired
processing activity. Furthermore, the combination of BYL expressing DRB7.1 and DRB4 did
not lead to an increased accumulation of 21-nt siRNAs from the 98-bp dsRNA (Figure 2B, lane
10) as observed for DRB4 alone (Figure 2B, lane 9), suggesting that DRB7.1 abolishes the
DCL4-stimulating activity of DRB4. DRB2-expressing BYL alone displayed a minor effect of
stabilizing 98-bp substrates, but did not impact processing of 510-bp or 34-bp substrates
(Figure 2A-C, compare lane 6 to 4, lane 11 to 7, and lane 17 to 13). Furthermore, combining
DRB2 and DRB7.1 in BYL did not display differing activities relative to DRB2 alone (Figure
2A-C, compare lane 1 to lane 6, 12 to 11, and lane 18 to 17). Taken together, these results show
that DRB7.1 can specifically function with DRB4 to impede production of 24-nt siRNAs and
abolish the increased production of 21-nt siRNAs.

DRB7.1 binds dsRNAs in BYL
Next, we examined the binding affinity of DRB7.1 and the complex formed by DRB7.1 and
DRB4 to dsRNA substrates in BYL. DRB7.1-HA, DRB4-FLAG or DRB2-FLAG fusion
proteins overexpressed in BYL were immunoprecipitated with either FLAG or HA antibodies
following incubation with radiolabeled dsRNA substrates. RNA bound to DRBs was extracted
directly after protein immunoprecipitation. These experiments were carried out after a shorter
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incubation with dsRNA relative to experiments shown in Figure 2, which minimized dsRNA
processing and thus provided more equal inputs.
DRB7.1 co-immunopurified 98- and 510-bp dsRNA (Figure 3B, compare lane 14 to
15, and Figure 3C, compare lane 23 to 24), demonstrating that DRB7.1 is likely a bona fide
RNA-binding protein with higher affinity for longer dsRNA and weak but detectable affinity
for 34-bp dsRNA (Figure 3A, compare lane 5 to 6). Immunopurified DRB4 demonstrated a
pattern similar to DRB7.1 and previous reports (Fukudome et al., 2011; Hiraguri et al., 2005),
with significant binding of 98- and 510-bp dsRNAs (Figure 3B, compare lane 11 to 10, and
Figure 3C, compare lane 20 to 19) and weak binding of 34 bp dsRNA duplex (Figure 3A,
compare lane 2 to 1).

Figure 3. Co-immunopurification of dsRNA with DRB7.1, DRB4 and DRB2. (A-C) DRB7.1-HA,
DRB4-FLAG and DRB2-FLAG were in vitro translated in BYL and combined as indicated (PROTEIN
INPUT, Bottom), then incubated with radiolabeled dsRNA substrates of various sizes. After 7 minutes
of incubation, RNA INPUT (Top) was extracted. For immunoprecipitation (IP), FLAG or HA magnetic
beads were added to the BYL mixes and incubated for 40 minutes at 4 °C, followed by washes. A
fraction of magnetic beads was used for protein extraction (PROTEIN IP, Bottom) and RNA was
extracted from the remaining sample (RNA IP, Top). RNA was separated on 15% native
polyacrylamide gel. Proteins were resolved on 12% SDS-PAGE gel.
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Combining DRB7.1 with DRB4 greatly increased the amount of co-precipitated 34and 98-bp dsRNA compared to the two proteins alone (Figure 3A and B, compare lanes 3 and
4 to lanes 2 and 5, and lanes 12 and 13 to lanes 11 and 14). Combining DRB7.1 and DRB4
with 510-bp dsRNA did not lead to enhanced co-precipitation of the substrate relative to DRB4
alone (Figure 3C, compare lane 21 to lane 20). This suggests that the DRB7.1/DRB4 complex,
compared with each protein alone, has increased affinity for shorter dsRNA, but not for the
510-bp dsRNA. It is important to note that the DRB7.1/DRB4 complex can impair dicing of
the 510-bp substrate, while DRB4 alone cannot (Figure 2), suggesting that this activity is not
solely due to binding affinity. In contrast, combining DRB7.1 with DRB2 did not enhance the
affinity of DRB2 to bind dsRNA (Figure 3A-C, compare lanes 8, 17, and 26 to 7, 16, and 25).
Western blotting demonstrated equal levels of protein input, and also confirmed the
interaction between DRB7.1 and DRB4 by reciprocal co-immunoprecipitation in BYL lysate
(Figure 3A-C). Protein analysis also revealed that the greater level of RNA co-precipitated by
HA immunoprecipitation is not due to preferential RNA binding by DRB7.1, but rather to
enhanced antibody affinity (Figure 3A, compare lanes 3 and 4 to 11 and 12) as evidenced by
the enhanced precipitation of DRB4-FLAG by immunoprecipitation with HA (indirect via
DRB7.1-HA, lane 4 and 12) relative to FLAG (direct, lane 3 and 11). Co-immunoprecipitation
of DRB2 was observed when DRB7.1 was immuno-precipitated, but not vice versa (Figure
3A-C), suggesting that this interaction is significantly weaker than that of DRB7.1 and DRB4
or an artifact of the immunoprecipitation from BYL. Our results demonstrate that DRB7.1 can
bind dsRNA and, taken together, show that DRB7.1 specifically partners with DRB4 and
impacts siRNA processing by associating with dsRNA substrates in vitro.
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DRB7.1 and DRB4 impair processing by RTL1 and RTL2
In addition to DCLs, plants also encode another class of RNase III proteins called RTLs. We
thus tested whether the effect of DRB7.1 and DRB4 to impair dsRNA processing was specific
to DCLs or was a more general mechanism that could additionally impair the RNase III activity
of RTL1 and RTL2.
Incubation of FLAG-RTL1-expressing BYL with 34- or 98-bp dsRNA substrates
resulted in strongly-decreased accumulation of both precursor and processed siRNAs
compared to the MOCK control sample (Figure 4A and B, compare lane 3 to 1 and lane 13 to
12). This in vitro observation corroborates previously-described effects of RTL1, which caused
a strong reduction but not a complete loss of siRNAs when expressed in transgenic plants;
moreover, fusing RTL1 to a FLAG epitope was shown to reduce its activity (Shamandi et al.,
2015). Combining either DRB7.1 or DRB4 with RTL1 did not impact its effect on dsRNA
processing following addition of 34- or 98-bp dsRNA (Figure 4A, compare lanes 4 and 5 to
lane 3 and Figure 4B, compare lanes 14 and 15 to lane 13). Remarkably, adding both DRB7.1
and DRB4 in combination with RTL1 led to a stabilization of the unprocessed substrate,
showing that the DRB7.1/DRB4 complex is able to impair RTL1 action on dsRNA (Figure 4A,
compare lane 6 to lane 3 and Figure 4B, compare lane 16 to 13). This stabilization did not
correlate with an increase in DCL-dependent siRNAs, suggesting that the portion of dsRNA
bound by DRB7.1/DRB4 does not become available to the DCL activity of BYL, as shown in
Figure 2.
In contrast to RTL1, incubation of RTL2-expressing BYL with 98-bp dsRNA led to the
accumulation of multiple intermediate-sized dsRNA not detected in the MOCK control, and
increased accumulation of 24-nt siRNAs (Figure 4B, compare lane 17 to 12), consistent with
the RTL2 function demonstrated by in vivo and in vitro assays (Comella et al., 2008; ElviraMatelot et al., 2016). Combining either DRB7.1 or DRB4 with RTL2 had no effect on RTL2
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processing (Figure 4B, compare lanes 18 and 19 to lane 17). However, when RTL2 was
combined with both DRB7.1 and DRB4, we observed an increased accumulation of
unprocessed dsRNA substrate and a reduction in the accumulation of the intermediate-sized
products as well as a reduction of 24-nt small RNAs (Figure 4B, compare lane 20 to lane 17).
These results show that the complex formed by DRB4 and DRB7.1 interferes with RTL2
activity on dsRNA. Notably, RTL2 did not affect stability or dicing of the 34-bp dsRNA
substrates (Figure 4A, compare lane 7 to lane 1), nor did RTL2 impact the ability of the
DRB7.1/DRB4 complex to impair dicing (Figure 4A, compare lane 10 to lane 2). Interestingly,
addition of both DRB7.1 and DRB4 with either RTL1 or RTL2 did not impair processing of
the 510-bp dsRNA substrate (Figure 4C), suggesting that the relative activity of RTL1 and
RTL2 on long dsRNA may be higher than that of the DRB7.1/DRB4 complex, and also that
this complex does not directly impair RTL enzymatic activity. These results show that in BYL,
DRB7.1 and DRB4 together, but not individually, can impair dsRNA processing by RTL1 and
RTL2, suggesting a general antagonistic function towards RNase III enzymes.

Figure 4. Combining DRB7.1 with DRB4 impairs dsRNA processing by RTL1 and RTL2 on shorter
dsRNA substrates. (A-C) DRB7.1, DRB4, FLAG-RTL1 and FLAG-RTL2 were in vitro translated in
BYL, mixed together as indicated and incubated for 15 minutes (A), 30 minutes (B) or 20 minutes (C)
with dsRNA substrates of indicated size. RNA was extracted and separated on 15% native
polyacrylamide gel. MOCK (- -) samples (lanes 1, 12 and 21) represent the endogenous processing
activity of the lysate after addition of radiolabeled dsRNA and is used as a control for processing pattern.
FLAG-RTL1 (- -) or FLAG-RTL2 (- -) are used as controls for respective RTL activity in this
experiment. (A) DRB7.1 mixed with DRB4 impairs processing of 34/36 RNA duplexes by FLAGRTL1. FLAG-RTL2 does not process 34/36 RNA duplexes. (B) DRB7.1 mixed with DRB4 impairs
processing of 98/100 RNA duplexes by FLAG-RTL1 and FLAG-RTL2. (C) Combining DRB7.1 and
DRB4 does not impede RTL1 and RTL2 dsRNA processing of 510/512-nt. Normalized quantification
of band intensity is displayed below the gel. Substrates and siRNAs intensity values were normalized
to Mock values.
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DRB7.1 is not required for siRNA accumulation in whole tissues
To analyze the biological role played by DRB7.1 and its potential to modulate dsRNA
processing in vivo, we set out to characterize drb7.1 mutant plants. No drb7.1 mutants were
available in the reference ecotype Columbia (Col-0), but an insertional mutant harboring a
transposon in the third exon of DRB7.1 is available in the Nossen (No-0) ecotype
(Supplemental Figure S1A). Real-Time quantitative PCR (RT-qPCR) analysis showed that
drb7.1-1 is a full knockout allele (Supplemental Figure S3A). drb7.1-1 mutants did not present
any evident morphological phenotypes and developed similarly to No-0 WT plants
(Supplemental Figure S3B). Northern blotting analysis of RNA extracted from drb7.1-1 and
No-0 WT inflorescence samples revealed comparable siRNA accumulation patterns from all
endogenous Inverted Repeats (IRs), tasiRNAs, DCL4- and DCL1-dependent miRNAs, and
DCL3-dependent siRNAs analyzed (Figure 5A). This result, consistent with a recent report
(Clavel et al., 2016), shows that loss of DRB7.1 does not alter small RNA accumulation. By
contrast, drb4 mutant inflorescence samples accumulated less DCL4-dependent tasiRNAs and
miR822, while they overaccumulated DCL3-dependent 24-nt siRNAs from IR71 relative to the
respective Col-0 WT control (Figure 5A) as previously reported (Pelissier et al., 2011).

DRB7.1 overexpression impacts accumulation of certain siRNA species
As drb7.1-1 mutant plants did not display a measurable phenotype, we investigated if
overexpression of DRB7.1 could impact the RNA silencing pathway. To this aim, DRB7.1
genomic sequence fusions to green fluorescent protein (GFP) or FHA were overexpressed from
the constitutive Cauliflower mosaic virus 35S promoter in the background of Col-0 WT plants.
Inflorescences of independent T2 lines were analyzed by northern blotting for effects on siRNA
production. The overexpression lines displayed a subtle yet consistent reduction in the
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accumulation of the DCL4-dependent miR822 (Figure 5B), suggesting an impairment of
dsRNA processing. These lines also showed an increase in DCL3-dependent 24-nt siRNAs
arising from inverted repeats IR71 and IR2039 (Figure 5B), similar to the effect observed in
drb4 mutants (Figure 5A). Because no changes in tasiRNAs were observed, this pattern
resembles a mild drb4 mutant phenotype and suggests that DRB7.1 may partially sequester

Figure 5. Effect of drb7.1-1 and DRB7.1 overexpression on siRNA accumulation. (A) Low molecular
weight RNA blot with RNA extracted from inflorescences of drb7.1-1 and No-0 control, and dcl4-2,
drb4-1 and Col-0 control. DCL2/DCL3-dependent IR71, DCL4-dependent miR822, TAS1 and 2,
DCL3-dependent SimpleHat and Rep2, and DCL1-dependent miR159 are shown. (B) Low molecular
weight northern blotting was performed on total RNA extracted from inflorescences of independent,
stable transgenic Col-0 WT plants expressing 35S:DRB7.1-GFP or 35S:DRB7.1-FHA. Two
independent samples from Col-0 WT control plants are included. DCL2/DCL3-dependent IR71 and
IR2039, DCL4-dependent miR822, TAS1 and 2, DCL3-dependent SimpleHat and Rep2, and DCL1dependent miR172 are shown. (C) Similar analysis as (B), but performed with batches of T1 plants and
with addition of DCL4-dependent TAS3. (A-C) U6 is included as a loading control. siRNA sizes are
indicated. The same northern blot membrane was stripped and rehybridized with different probes to
analyze multiple siRNA species. Normalized quantification of band intensity is displayed below the gel
image. Intensity values were normalized to U6 and are displayed as a ratio relative to Col-0 (wild-type)
sample. (D) Relative expression of DRB7.1, measured by RT-qPCR, of T1 pools. Average of two
biological replicates (batches) +/- standard deviation is shown. (E) Bisulfite sequencing PCR (BSP)
analysis of IR71 5’ region in all context (CG, CHG and CHH sites) in WT (Col-0) and DRB7.1 OX
lines. Error bars represent 95% confidence intervals, calculated using Wilson Score Interval. (F)
Confocal image of 35S:DRB7.1-GFP localization in a live root of Col-0 WT background. Arrow,
cytoplasmic punctae; N, nucleus. Scale bar = 10 µm.
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DRB4. Accumulation of the subset of DCL3-dependent siRNAs tested was not impacted,
contrasting with in vitro results when DRB7.1 and DRB4 were overexpressed together, but
consistent with in vitro overexpression of DRB7.1 alone.
Because the overexpressing lines displayed heterogeneous effects on siRNA
accumulation in different plants, we tested if these effects might depend on DRB7.1 expression
levels. Inflorescence populations from various pools of T1 plants expressing contrasting levels
of DRB7.1-GFP were analyzed. The batch of T1 plants expressing low levels of DRB7.1 (batch
2) did not alter siRNA accumulation relative to the WT control, while inflorescences from the
higher-expressing T1 batch (batch 1) displayed impaired accumulation of DCL4-dependent
miR822 and enhanced accumulation of DCL3-dependent 24-nt siRNAs from IR71 and IR2039
(Figure 5C and D). This demonstrates that impairment of DRB4 function by DRB7.1 occurs in
a dose-dependent manner.
The enhanced accumulation of 24-nt siRNAs from endogenous inverted repeat
sequences represents an interesting result, as these DCL3-dependent species guide the RNAdirected DNA methylation (RdDM) pathway (Matzke et al., 2014; Law and Jacobsen, 2010).
This prompted us to explore whether DRB7.1 overexpression can influence genome
methylation. We performed bisulfite sequencing to assay whether DNA methylation state
changes at the IR71 locus would result from the increase in 24-nt siRNAs derived from this
region. Interestingly, plants overexpressing DRB7.1 exhibited a significantly enhanced
methylation level in the CHH context relative to the WT Col-0 control (Figure 5E,
Supplemental Figure S4 and Supplemental Table T3), suggesting that DRB7.1 has the capacity
to play a biological role in the DNA methylation pathway.
Furthermore, confocal microscope imaging of roots from WT plants overexpressing
DRB7.1-GFP revealed a signal in abundant cytoplasmic bodies (Figure 5F). This localization
pattern is similar to the DRB4-dependent siRNA body localization of DRB7.1 expressed from
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the native promoter and of the DRB4 + DRB7.1 interaction (Figure 5 and Figure 1C and H).
These cytoplasmic siRNA bodies could thus represent sites where DRB4 is sequestered from
its role in the siRNA generation pathway, which likely occurs in the nucleus. These in vivo
results show that overexpressed DRB7.1 causes a dosage-dependent mild drb4 knockdown
phenotype and correlates with changes in DNA methylation.

DRB7.1 is expressed in a restricted pattern
Because DRB7.1 is not included in the widely-used Arabidopsis ATH1 GeneChip, its
expression was not characterized in the multitude of genome-wide studies characterizing
tissue-specific transcript expression during growth and development. We thus investigated the
DRB7.1 protein expression pattern and localization in Arabidopsis using a genomic coding
sequence translational fusion of DRB7.1 to GFP under the control of the native DRB7.1
promoter (DRB7.1:DRB7.1-GFP). Col-0 WT plants were transformed with the fusion
construct and the localization of DRB7.1-GFP in flowers, leaves and roots was analyzed by
epifluorescence and confocal microscopy.
A GFP signal was consistently detected only in floral meristems and in cells of the root
cap of multiple plant lines (Figure 6A and Supplemental Figure S5A), but we were unable to
detect GFP signal in the outer leaf cell layers (data not shown). For comparison, we also imaged
inflorescences and roots of DRB4:DRB4-YFP-FLAG reporter lines. DRB4-YFP localized in
the same tissues as DRB7.1-GFP, but in contrast was expressed additionally in a broad pattern
in inflorescences, including tissues surrounding meristems and broadly in root tips
(Supplemental Figure S5B). The restricted expression domain of DRB7.1-GFP in limited cells
of inflorescence meristems and root tips may therefore explain the lack of phenotype observed
in drb7.1-1 plants. Indeed, if DRB7.1 contributes to siRNA production only in these cells, an
effect could be diluted by the surrounding tissue and masked in whole tissue analyses.
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Figure 6. Expression pattern and localization of DRB7.1-GFP. (A) Confocal microscope images from
a single plane of inflorescence meristems from DRB7.1:DRB7.1-GFP expressing Col-0 WT plants
(Left and Middle) or a drb4-1 mutant plant (Right). Images depict GFP signal overlaid with chlorophyll
autofluorescence. Scale bar = 50 µm. (B-C) Close-up images of a single plane from inflorescence
meristems expressing the DRB7.1:DRB7.1-GFP fusion in Col-0 WT (B) or drb4-1 mutants (C) with
GFP signal (Middle), Chlorophyll autofluorescence (Right) and Overlay (Left) shown. Inset depicts
nucleus (N), nuclear foci (arrowhead) and cytoplasmic punctae (arrow). Scale bars = 10 µm.
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Punctate localization of DRB7.1 requires DRB4
In both inflorescences and roots of WT reporter plants, DRB7.1-GFP displayed a diffuse signal
in the cytoplasm with an additional bright punctate signal in the cytoplasm (arrows) and in the
nucleus (arrowheads) of a subset of cells (Figure 6B and Supplemental Figure S5A). This
observation is consistent with BiFC localization showing an interaction between DRB4 and
DRB7.1 in nuclear dicing bodies and cytoplasmic siRNA bodies (Figure 1B, C, G, and H).
To investigate whether DRB4 plays a role in DRB7.1 localization, DRB7.1:DRB7.1GFP was transformed into drb4-1 mutant plants. Intriguingly, the nuclear and cytoplasmic
punctate pattern was lost when DRB7.1-GFP was observed in two independent drb4 mutant
transgenic plant lines, although the tissue-specific pattern of diffuse cytoplasmic signal
remained the same as in WT plants (Figure 6B-C and Supplemental Figure S5C). To further
test whether loss of DRB4 eliminated DRB7.1-GFP foci, we analyzed multiple, independent
T1 transgenic plants by microscopy and compared expression levels of DRB7.1-GFP by
western blotting. This approach revealed that, despite varying expression levels in both
backgrounds, all WT plants displayed DRB7.1-GFP punctae, while no punctae could be
observed in drb4-1 mutants (Supplemental Figure S6A and B). As a final confirmation, a stable
transgenic DRB7.1-GFP drb4-1 mutant plant was backcrossed to Col-0 WT. In the F1 of this
cross, DRB7.1 punctae were restored coincidently to the addition of a WT DRB4 allele
(Supplemental Figure S5C). These results reveal the requirement of DRB4 to specify DRB7.1GFP localization in a punctate pattern and highlight that the interaction has a structural
relevance in Arabidopsis.

DISCUSSION
Our study characterizes DRB7.1, a dsRNA binding protein that interacts with DRB4,
and the implication of this protein complex in the small RNA biogenesis pathway. Multiple
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lines of evidence presented in this work suggest that DRB7.1 functions to antagonize dsRNA
processing by RNase III enzymes via two mechanisms: by direct dsRNA binding in complex
with DRB4, and by impairing the ability of DRB4 to function in siRNA biogenesis pathways
through sequestration.
In vitro results suggest an antagonistic mechanism, whereby formation of a
heteromeric DRB complex protects dsRNA from being processed by DCLs. This is highlighted
in particular by the 34-bp dsRNA, which was strongly bound by DRB7.1/DRB4 together but
not by each protein individually (Figure 3A, lanes 2-5), and corresponds to the length of DCL3
substrates in vivo. Notably, DRB4 bound similar amounts of 510-bp dsRNA with or without
DRB7.1 (Figure 3C, lanes 20 and 21), suggesting that the protective effect of the two-protein
complex cannot simply be explained by dsRNA binding affinity, but likely requires the
assembled complex to prevent DCLs from accessing dsRNA. This explanation is further
supported by the observation that DRB2 bound similar levels of 510-bp dsRNA as
DRB7.1/DRB4, but did not impair dicing (Figure 3C, lanes 21 and 26). In addition to impairing
production of 24-nt siRNAs by DCL3, DRB7.1 also impaired the ability of DRB4 to promote
DCL4 activity. The effect of DRB4 in enhancing production of 21-nt siRNAs from 98- and
510-bp dsRNA was lost when DRB7.1 was combined, suggesting that the DRB7.1/DRB4
complex does not promote DCL4-mediated siRNA biogenesis but instead functions as a
repressive complex.
Because drb7.1 mutant plants did not show detectable changes in siRNA production or
phenotypes connected to altered RNA silencing, this gene does not serve an essential role in
gene silencing in planta. DRB7.1 may still play a repressive role on dicing in a subset of cells
within the plant, in which case we propose that its restricted expression domain in inflorescence
meristems and root caps limits experimental observation of cell-specific siRNA production
effects. For example, if 24- and 21-nt siRNAs are slightly increased in a few cells of the drb7.1
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mutant, this difference would not be observed by analyzing whole tissues due to dilution by
the majority of cells, which never express DRB7.1. Overexpression of DRB7.1, meanwhile,
mimicked a mild drb4 mutant phenotype, suggesting that DRB4 could be partially sequestered
from its role in producing miR822 small RNAs and inhibiting biogenesis of 24-nt siRNAs from
inverted repeat dsRNA. This finding is consistent with in vitro BYL results that DRB7.1
prevents DRB4 from enhancing production of 21-nt siRNAs. Thus, in addition to dsRNA
binding in complex with DRB4, DRB7.1 could impact the silencing pathway by modulating
the amount of DRB4 available to function in the DCL pathway. Furthermore, the enhanced
accumulation of DCL3-dependent 24-nt siRNAs derived from the endogenous inverted repeat
observed in DRB7.1 overexpressing lines correlated with increased DNA methylation levels
in the CHH context at the IR71 locus (Figure 5E). Thus the alterations to siRNA accumulation
patterns mediated by DRB7.1 can exert downstream impacts on epigenetic marks, which could
function to fine-tune responses to environmental stresses (Matzke et al., 2014).
While DRB proteins are generally viewed as cofactors of DCLs that function to
promote or facilitate robust dicing of small RNAs, our conclusion about DRB7.1 acting as an
antagonist in the silencing pathway has precedents. For example, in an analogous pathway from
animals, the dsRNA-binding protein PACT impairs the activity of human Dicer to process presiRNAs (Lee et al., 2013). In plants, drb4 and drb7.2 mutants overaccumulate 24-nt siRNAs
from inverted repeats because the DRB7.2 protein interacts with DRB4 and sequesters inverted
repeat dsRNA, thus impairing its dicing by DCL3 (Montavon et al., 2016; Pelissier et al.,
2011). DRB7.1 overexpression therefore represses the repressive function of DRB4, indirectly
leading to an increase in 24-nt siRNAs from inverted repeats. Meanwhile, drb2 mutant plants
overaccumulate DCL3-dependent p4-siRNAs, which guide DNA methylation, while DRB2
overexpression can impair the accumulation of p4-siRNAs (Pelissier et al., 2011). Furthermore,
DRB2 overexpression antagonizes the DRB4 pathway through an unknown mechanism,
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resulting in a reduced accumulation of tasiRNAs and a leaf morphology phenotype which
mimicked drb4 mutants (Pelissier et al., 2011). Intriguingly, drb2 mutation showed reduced
accumulation of miR822 (Pelissier et al., 2011), suggesting that while DRB7.1 impaired
miR822 production, DRB2 promotes its biogenesis. Finally, drb7.2 ddm1 and drb4 ddm1
double mutants led to increased production of 24-nt epigenetically activated (ea)siRNAs,
which are otherwise predominantly 21-nt-long and DCL4-dependent in ddm1 single mutants
(Clavel et al., 2016; Creasey et al., 2014); thus, DRB4 and DRB7.2 can repress production of
24-nt easiRNA species in a similar manner to 24-nt inverted-repeat siRNA species.
Nonetheless, a major function of DRB2 and DRB4 is clearly in promoting biogenesis of small
RNAs (Pelissier et al., 2011; Eamens et al., 2012a; Reis et al., 2015; Adenot et al., 2006). By
contrast, no experiments revealed a role for DRB7.1 or DRB7.2 in directly promoting the
biogenesis of any small RNA, including small RNA sequencing performed on drb7.2 mutants
(Montavon et al., 2016). Thus, this clade of DRBs may have evolved to exert a purely
repressive function, both on dsRNA processing and on the function of DRB4. It should be
noted here that DRB3 and DRB5 do not appear to function in small RNA biogenesis, and thus
additionally function outside the standard paradigm of DRB proteins as DCL accessories
(Eamens et al., 2012b; Raja et al., 2014).
Comparing our results with DRB7.1 mutation and overexpression to previous
characterization of drb7.2 and drb7.1 (Clavel et al., 2016; Montavon et al., 2016) reveals that
DRB7.1 and DRB7.2, although closely related, are not functionally redundant. In addition to
their opposite effects on siRNA production from inverted repeats noted above, it has been
previously shown by using an inter-ecotype genetic cross that the double drb7.1 drb7.2 mutant
had no impact on the accumulation of a certain subset of DRB4 and DCL4-dependent siRNAs
tested (Clavel et al., 2016). Furthermore, DRB7.2 localizes in the nucleus and DRB4 interacts
with DRB7.2 or DCL4 in a mutually exclusive manner (Montavon et al., 2016). By contrast,
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DRB7.1 can interact simultaneously with DRB4 and DCL4, and localizes mainly in the
cytoplasm in a punctate pattern which colocalized with the siRNA body marker RDR6 in
heterologous expression experiments. Thus, investigating the structural basis guiding the
differing properties between DRB7.1 and DRB7.2 would be particularly informative.
While DRB proteins are well known to function in the DCL pathway, they have not
been studied in the context of different classes of RNase III enzymes. Here, we could
recapitulate RTL1- and RTL2-dependent dsRNA degradation effects in the BYL system
(Elvira-Matelot et al., 2016; Shamandi et al., 2015). We report that RTL2 has no effect on the
processing of 34-bp dsRNA in vitro. This finding is intriguing, as RTL2 was reported to impact
the processing of a restricted subset of PolIV/RDR2 products (Elvira-Matelot et al., 2016),
which are largely ~30-40 bp long (Zhai et al., 2015; Blevins et al., 2015). We therefore suggest
that the criteria enabling RTL2-sensitivity of a subset of Arabidopsis RdDM targets (ElviraMatelot et al., 2016) may be the production of PolIV/RDR2-dependent dsRNA precursors with
sizes on the longer end of the distribution. Indeed, Figure 4 demonstrates that RTL2 enhances
the accumulation of 24-nt siRNAs from 98-bp substrates, but not from 34-bp substrates,
arguing that its cellular role could be to target longer PolIV/RDR2 products and make them
more suitable substrates for DCL3. Further detailed characterization of RTL2 activities and
affinities will be necessary to understand their biological roles. The BYL system represents a
suitable approach toward this endeavour because various protein combinations can be tested
together with RNA substrates of varying length, sequence and/or structure, and the downstream
output of DCL3 can be measured simultaneously. Furthermore, we show that the
DRB7.1/DRB4 complex impairs RTL-mediated processing. This result highlights the general
ability of DRBs to antagonize dsRNA cleavage by RNase III enzymes. In vitro results showed
that the impairment of RTL1- and RTL2-mediated dsRNA cleavage did not lead to an increase
in siRNA production, which is expected as DCL activity was likewise impaired. It is
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conceivable, however, that DRB7.1/DRB4 could function in planta to sequester dsRNA away
from RTL activities in a restricted time or location, and that this dsRNA could later be released
and made available for dicing. In this way, dsRNA could be protected from RTL1-mediated
silencing suppression, or also from viral RNases, which can act as silencing suppressors
(Cuellar et al., 2009), and later be shunted into the DCL pathway.
In light of the broad and complex roles played by small RNAs in cellular regulation
and the increasing intricacy of the multiple pathways governing their biogenesis, it will be
important to further explore and define the biochemical and physiological contribution of RNA
binding protein complexes to dsRNA processing.
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MATERIALS AND METHODS
Plant material and growth conditions
Arabidopsis thaliana mutants dcl4-2 and drb4-1 in Col-0 ecotype and drb7.1-1 (RIKEN 151848-1) in No-0 ecotype were described previously (Adenot et al., 2006; Nakazawa et al.,
2007; Xie et al., 2005; Kuromori et al., 2004; Ito et al., 2002) and compared with their
respective WT controls. Plants were grown on Klasmann substrate 2 soil in a controlled
environment chamber (Kälte 3000) under the following conditions: 16 hours light/ 8 hours dark
(140 µmol m-2 s-1 constant light intensity), constant temperature of 21°C, RH 60%.

Plasmid construction and plant transformation
DRB7.1 reporter plasmids were constructed by fusing the full-length genomic coding sequence
of DRB7.1 to its endogenous promoter, or the cDNA sequence of DRB7.1 to the Cauliflower
mosaic virus 35S promoter, and fusing a 2XFLAG-2XHA (FHA) or GFP encoding sequence at
the 3¢ position in pB7GW34 vector (Karimi et al., 2005) using the MultiSite Gateway ThreeFragment Vector Construction Kit (Invitrogen). Cloning primers are listed in Supplemental
Table T1. Transgenic Arabidopsis were established by floral dip (Clough and Bent, 1998).
BiFC plasmids have been described previously (Clavel et al., 2016). Briefly, cDNA fragments
of DRB7.1, DRB4 and DCL2 were recombined into pBiFP1-4 vectors (Azimzadeh et al., 2008)
using Gateway Technology (Invitrogen). For DCL4, the cDNA sequence was fused to the
endogenous promoter and half YFP sequences in pB7GW34 (Karimi et al., 2005). DCL4mCherry and RDR6-mCherry reporters were constructed by fusing an mCherry encoding
sequence at the 3¢ position to the full-length genomic coding sequence of DCL4 or RDR6 under
the control of the 35S promoter for DCL4 or its endogenous promoter for RDR6 in the
pB7GW34 vector. Assembled vectors were introduced into Agrobacterium tumefaciens strain
GV3101 and transient expression in Nicotiana benthamiana was performed as described
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previously (de Felippes and Weigel, 2010). P38, an RNA silencing suppressor, was coexpressed to avoid silencing.

Immunoprecipitation
Fresh flower tissue from WT and transgenic Arabidopsis was ground in liquid nitrogen and
homogenized in lysis buffer (50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 10% glycerol, 0.1%
v/v NP40) containing the EDTA-free protease inhibitor cocktail tablet (Roche) and MG132 in
a buffer:tissue volume ratio of 3:1. Cell debris were removed by centrifugation for 15 minutes
at 3000 g, filtering through miracloth, and a subsequent centrifugation. The clarified lysate
(input) was then incubated for 4 hours with anti-FLAG M2 red agarose beads (Sigma) and
washed three times with 10 ml of lysis buffer. Proteins were eluted from agarose beads by
competition with 3XFLAG peptide (Sigma F4799) at 150 μg/ml in elution buffer (50 mM TrisHCl at pH 7.5, 150 mM NaCl) were subjected to western blot and mass spectrometry analyses.

Mass spectrometry analysis
Immunoprecipitated samples were analyzed by the Functional Genomics Center of the
University of Zurich (http://www.fgcz.ch/) using liquid chromatography electrospray
ionization coupled with tandem mass spectrometry (LC/ESI/MS/MS) detection method
following proteolytic digestion. Database searches were carried out using Mascot search
program (Swiss-Prot, all species). Results were visualized and analyzed using Scaffold
(Proteome Software). Parameters were set as follows, Protein Threshold: 99.0%, Min#
Peptides: 1, Peptide Threshold: 50%.
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Live-cell microscopy
Imaging was performed using a Zeiss 780 confocal laser scanning microscope with a 40X water
immersion objective (LD C-Apochromat 40X/1.1). Fluorescence data from live, unsectioned
tissues were acquired immediately after excision from the plant. Image data were analyzed and
contrasted using Fiji software (Schindelin et al., 2012) and assembled with Adobe Photoshop
CS6.

Protein analysis
Immunoprecipitation samples or proteins extracted from inflorescence tissue using TANAKA
protocol (Hurkman and Tanaka, 1986) were resolved by SDS-PAGE, then transferred onto an
Immobilon-P PVDF membrane (Millipore). Membranes were blocked with 5% milk in PBSTween-20 0.1% (PBST) for 40 minutes and incubated overnight at 4 °C with 1/5000 dilutions
of primary antibodies rabbit anti-DCL4, guinea pig anti-DRB4, rat anti-GFP (Chromotek), and
mouse anti-HA conjugated to horseradish peroxidase (Sigma). Membranes were washed four
times with PBST, incubated 1 hour at room temperature (except for anti-HA) in 5% milk with
horseradish peroxidase-conjugated secondary antibodies and washed four times with PBST.
Detection was performed using the ECL Plus Western Blotting Detection Reagents (GE
Healthcare) and ChemiDoc Touch Imager (Bio-Rad). Image data were analyzed with Image
Lab Software (Bio-Rad) and assembled in Adobe Photoshop CS6.

BYL in vitro translation
The tobacco BY-2 evacuolated protoplast lysate (BYL) was prepared as previously described
(Komoda et al., 2004; Ishibashi et al., 2006) and the membrane fraction was preserved.
DRB7.1, DRB4, DRB2, RTL1 and RTL2 coding sequences were amplified by PCR and cloned
into pSP64-poly(A) vector (Promega). HA/FLAG epitopes were added during PCR using
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primers with overhangs encoding tag sequences. Primers are listed in Supplemental Table T1.
Plasmids were linearized and mRNAs were in vitro transcribed using AmpliCap SP6 High
Yield Message Maker Kit (Cellscript). In vitro translation was carried out as previously
described (Ishibashi et al., 2006). Briefly, mRNAs (0.05 µg/µl or 120 nM) were mixed in BYL
with 10X translation substrate buffer (7.5 mM ATP, 1 mM GTP, 250 mM creatine phosphate,
0.8 mM spermine, Amino Acid Mixture (PROMEGA)), RiboLock RNase inhibitor (Thermo
Scientific), creatine kinase 10mg/ml (Roche) and Translation Reaction (TR) buffer (30 mM
HEPES-KOH, 80 mM KOAc, 1.8 mM Mg(OAc)2, 2 mM DTT, pH 7.4). Mixtures were
incubated 1-2 hours at room temperature. One species of mRNA was translated per reaction.

Preparation of dsRNA
Radiolabeled dsRNA was prepared as described previously (Iki et al., 2017). Briefly, 34/36-nt
dsRNA was prepared from two oligonucleotides (Gene Design). The 34-nt strand was endlabelled by incubation with [γ-32P]-dATP and T4 PNK (Thermo Scientific), whereas 36-nt
strand was end-phosphorylated without radiolabeling. Single stranded RNAs were annealed as
follows: guide and passenger strand were mixed together with 5X annealing buffer (Tris-HCl
(pH 7.6) 50mM, KCl 100mM, and MgCl2 5mM) and incubated for 2 minutes at 96 °C in a
thermomixer (Eppendorf), at which point the machine was turned off and ssRNAs were left to
anneal with decreasing temperature for 12 hours. 98/100- and 510/512-nt dsRNA substrates
were created by in vitro transcription of individual strands using SP6-Scribe Standard RNA
IVT kit (Cellscript) with [a-32P]-CTP, purified on mini Quick Spin RNA Columns (Roche) and
extracted with phenol:chloroform:isoamyl alcohol (PCI), followed by ethanol precipitation.
Annealing of single stranded RNA to obtain 98/100- and 510/512-nt dsRNA was achieved as
described for 34/36-nt dsRNA species. All three species of duplexes contain a 5¢ blunt end and
2-nt 3¢ overhang.
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dsRNA processing and binding assays
BYL containing in vitro-translated proteins were first mixed together in equimolar
combinations as indicated, and subsequently incubated at room temperature with 10 nM of
radiolabeled dsRNA with the addition of a 10X ATP-regenerating mix (75 mM ATP, 100 mM
MgCl2, 1 M Creatine Phosphate and 10 mg/ml Creatine Kinase). The reaction mixtures were
diluted 0.5-fold in TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0). RNA was extracted with
equal volume of PCI and separated on native 15% polyacrylamide gels. Gels were dried using
a Model 583 gel dryer (BioRad). Signals were detected using Typhoon FLA 9000 image
analyzer (GE healthcare). Band intensity quantification was performed using Fiji software
(https://fiji.sc/). Normalization is relative to the Mock controls (Supplemental Table T2).
For binding assays, BYL were mixed as indicated and one third of the solution was removed
as protein input sample. Remaining BYL was incubated at room temperature for 7 minutes
with radiolabeled dsRNA (3 nM of 34/36-nt, 15 nM of 98/100-nt or 9 nM of 510/512-nt) with
the addition of a 10X ATP-regenerating mix. A third of the volume was removed as RNA input
sample. Anti-FLAG (Sigma) and anti-HA (ThermoScientific) magnetic beads were added to
the remaining reaction mixture, incubated for 40 minutes at 4 °C, washed 3X with TR buffer
and resuspended in TE buffer. A fifth of the bead solution was taken as immunoprecipitated
protein sample. RNA was extracted from the remaining beads as immunoprecipitated RNA
sample.

RNA analysis
Arabidopsis inflorescences were frozen and ground. Total RNA was extracted using TRIzol
(Invitrogen) and resuspended in 50% formamide solution. Analysis of low molecular weight
RNA was performed with 15-20 µg of total RNA separated on a 17.5% polyacrylamide-urea
gel and electro transferred to a HyBond-NX membrane (GE Healthcare). Membranes were
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chemically crosslinked with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide-mediated
crosslinking (Pall and Hamilton 2008). DNA oligonucleotides complementary to U6, IR71,
miRNAs, tasiRNAs or heterochromatic siRNAs were end-labelled by incubation with [γ-32P]dATP and T4 PNK (Thermo Scientific). IR2039 probe was radiolabeled by incubation of gelpurified PCR fragments with [α-32P]-dCTP using the Prime-a-Gene labeling system
(Promega). After each probe was detected with a Typhoon FLA 9000 (GE Healthcare),
membranes were stripped twice with boiling 0.1% SDS buffer and rehybridized with a new
probe. Probe sequences are listed in Supplemental Table T1. Band intensity quantification was
performed using Fiji software (https://fiji.sc/). Each band was first normalized to its
corresponding U6 signal followed by normalization relative to Wild-Type (Col-0) sample
(Supplemental Table T2).
For Reverse Transcriptase quantitative PCR (qPCR), RNA was eluted in water following
TRIzol extraction, treated with DNaseI (Roche) and reverse-transcribed using Maxima FirstStrand cDNA synthesis kit (Thermo Scientific). qPCR was performed with a LightCycler 480
Instrument II (Roche) and KAPA SYBR Fast qPCR Kit (KAPA Biosystems). Ct values were
established by 2nd derivative max calculated on three technical replicates per sample. Relative
gene expression was calculated by DCt method using Actin2 or AT4G26410 as a control.
Results were displayed as the average of indicated biological replicates with indicated error
bars. qPCR primers are listed in Supplemental Table T1.

Bisulfite sequencing PCR (BSP)
Genomic DNA from wild-type seedlings as well as seedlings overexpressing DRB7.1 was
extracted using DNeasy Plant mini kit (Qiagen) and treated with the EZ DNA MethylationGold Kit (Zymo Research) according to the manufacturer’s instructions. Treated DNA was
amplified using modified PCR conditions (Henderson et al., 2010) and gel purified with

- 79 -

GeneJET Gel Extraction Kit (Thermo Scientific). Primers were designed according to
(Henderson et al., 2010) and are listed in Supplemental Table T1. PCR fragments were ligated
into pGEM-T easy vector and individual colonies were sequenced. DNA methylation analysis
was performed through the online software Kismeth (Gruntman et al., 2008)
(http://katahdin.mssm.edu/kismeth/revpage.pl). 95% confidence intervals were calculated
using Wilson score interval (Supplemental Table T3). Bisulfite-treated DNA fragments were
analyzed from 21 individual colonies from WT and 23 from DRB7.1 overexpressor lines, each
taken from two independent biological replicates and bulked for analysis.
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Supplemental Figure S1: Illustration of the DRB7.1 locus and functional domain comparison
of the different proteins used in this study.
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Supplemental Figure S4: Bisulfite sequencing PCR (BSP) methylation analysis of CG, CHG
and CHH on IR71.
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Supplemental Table T1: List of primers used in this study.
Supplemental Table T2: Raw data for band intensity quantification.
Supplemental Table T3: Bisulfite sequencing PCR analysis raw data.
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Supplemental Figure S1. (A) Illustration of the DRB7.1 locus. Above, exons depicted as blocks,
introns represented with lines, insertion site of drb7.1-1 indicated with arrowhead. Below, DRB7.1
amino acid sequence, with dsRBM colored in dark blue. (B) Functional domain comparison of the
different proteins used in this study. Abbreviations: dsRBM, double-stranded RNA binding motif;
DUF283, domain of unknown function; PAZ, Piwi Argonaute and Zwille domain; NLS, nuclear
localization signal. Domains are illustrated according to the UniProt database (Universal Protein
Resource, http://www.uniprot.org/).
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Supplemental Figure S2. Illustration of BYL experimental setup
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Supplemental Figure S3. Analysis of drb7.1 mutant plants. (A) Relative expression of DRB7.1
measured by qPCR in No-0 WT and drb7.1-1 mutant plants. Mean +/- standard error of the mean of
three biological replicates shown. (B) Images of three-week-old No-0 WT and drb7.1-1 plants grown
in soil under climate-controlled conditions.
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Supplemental Figure S4. Bisulfite sequencing PCR (BSP) methylation analysis of CG, CHG and CHH
on IR71. (A) Schematic representation of IR71 and the 5’ region amplified for methylation analysis.
Displayed are the location of primers used for BSP (grey arrowheads) and the 298-bp sequence on the
IR analyzed for DNA methylation pattern with highlighted cytosines. Note that the sequence exists as
an inverted duplication. (B) Dotplot illustration representing cytosine methylation pattern from WildType (Col-0) and DRB7.1 overexpression (OX) lines. Each row represents one independent sequenced
clone. Filled dots represent methylated cytosine and empty dots represent unmethylated cytosine.
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Supplemental Figure S5. Localization of DRB7.1 and DRB4. (A) Confocal image of a live root
transformed with DRB7.1:DRB7.1-GFP in Col-0 background demonstrates expression and localization
of DRB7.1. (B) Images of fluorescent signals from a DRB4:DRB4-YFP-FLAG transgenic root (Left,
overlay with bright field), or inflorescence meristems (Middle and Right, overlay with chlorophyll
autofluorescence). (C) Images of live roots transformed with DRB7.1:DRB7.1-GFP in drb4 mutant
background. All images are single sections along the z-axis. Nuclear punctae indicated with arrowhead.
Scale bars = 20 µm.
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Supplemental Figure S6. Localization of DRB7.1-GFP in drb4-1 mutant. (A) Localization of DRB7.1GFP and (B) expression levels determined by protein blotting detected with an anti-GFP antibody (@
GFP) in multiple, independent T1 transgenic lines in both Col-0 WT or drb4-1 mutant background.
Punctate localization highlighted with arrow. Scale bars = 10 µm.
(C) Representative confocal microscope image from an inflorescence meristem of F1 plants resulting
from a cross between DRB7.1:DRB7.1-GFP in drb4-1 mutant with Col-0 WT.

- 92 -

Supplemental Movie S1 & S2. Dynamic colocalization of RDR6-mCherry with DRB7.1+DRB4 BiFC.
Time-lapse series of YFP signals from DRB7.1+DRB4 BiFC and RDR6-mCherry performed by
transient expression in N. benthamiana leaves and imaged by confocal microscopy.

Supplemental Table T1. List of primers used in this study

Primers
DCL4_1-2_F ATG

GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTA ATGCGTGACGAAGTTGACTTG

DCL4_1-2_R NO STOP

GGGG AC CAC TTT GTA CAA GAA AGC TGG GTA GCAAAGGAATCCAGAATGCTTG

DCL4_1-2_F NO ATG

GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTA CGTGACGAAGTTGACTTGAGC

DCL4_1-2_R STOP

GGGG AC CAC TTT GTA CAA GAA AGC TGG GTA TCAGCAAAGGAATCCAGAATGC

DRB4_1-2_F ATG

GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTA ATGGATCATGTATACAAAGGTCAACTG

DRB4_1-2_R NO STOP

GGGG AC CAC TTT GTA CAA GAA AGC TGG GTA TGGCTTCACAAGACGATAGGC

DRB4_1-2_F NO ATG

GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTA GATCATGTATACAAAGGTCAACTGCA

DRB4_1-2_R STOP

GGGG AC CAC TTT GTA CAA GAA AGC TGG GTA TTATGGCTTCACAAGACGATAGGC

DCL2_1-2_F ATG

GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTA ATGACCATGGATGCTGATGC

DCL2_1-2_R NO STOP

GGGG AC CAC TTT GTA CAA GAA AGC TGG GTA GTCCAGGCTGTTCTTAAGTAAGTTCA

DCL2_1-2_F NO ATG

GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTA ACCATGGATGCTGATGCG

DCL2_1-2_R STOP

GGGG AC CAC TTT GTA CAA GAA AGC TGG GTA TTAGTAGTCCAGGCTGTTCTTAAGTAAGTTC

DRB7.1_1-2_F ATG

GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTA ATGGAGGATCAGGAAACGAAG

DRB7.1_1-2_R NO STOP

GGGG AC CAC TTT GTA CAA GAA AGC TGG GTA CTGATGCGGCTTTGTCTTC

DRB7.1_1-2_F NO ATG

GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTA GAGGATCAGGAAACGAAGCG

DRB7.1_1-2_R STOP

GGGG AC CAC TTT GTA CAA GAA AGC TGG GTA TTACTGATGCGGCTTTGTCTTC

NEYFP_1-2_F_ATG

GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTA ATGGTGAGCAAGGGCGA

NEYFP_1-2_R

GGGG AC CAC TTT GTA CAA GAA AGC TGG GTA GGCCATGATATAGACGTTGTGG

NEYFP_2r-3_F_ATG

GGGG ACA GCT TTC TTG TAC AAA GTG GGA ATGGTGAGCAAGGGCGA

NEYFP_2r-3_R_STOP

GGGG AC AAC TTT GTA TAA TAA AGT TGT TTAGGCCATGATATAGACGTTGTG

CEYFP_1-2_F_ATG

GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTA ATGGACAAGCAGAAGAACGG

CEYFP_1-2_R

GGGG AC CAC TTT GTA CAA GAA AGC TGG GTA CTTGTACAGCTCGTCCATGC

CEYFP_2r-3_F

GGGG ACA GCT TTC TTG TAC AAA GTG GGA GACAAGCAGAAGAACGGCAT

CEYFP_2r-3_R_STOP

GGGG AC AAC TTT GTA TAA TAA AGT TGT TTACTTGTACAGCTCGTCCATGC

RDR6_1-2_F

GGGG ACA AGT TTG TAC AAA AAA GCA GGC Tta ATGGGGTCAGAGGGAAATATG

RDR6_1-2_R

GGGG AC CAC TTT GTA CAA GAA AGC TGG GTc tcc GAGACGCTGAGCAAGAAACTTAG

RDR6_promoter_4-1r_F

GGGG ACA ACT TTG TAT AGA AAA GTT G GTCGTCATtcttcaaaactttctcc

RDR6_promoter_4-1r_R

GGGG AC TGC TTT TTT GTA CAA ACT TG tctcctgaaaaagaaacatactaaacaga

DRB7.1P_4-1r_F

GGGG ACA ACT TTG TAT AGA AAA GTT GGA CAATATTTGGTGATTGGGTCTTACTAGTT

DRB7.1P_4-1r_R

GGGG AC TGC TTT TTT GTA CAA ACT TGT CTTTCATATTACTACTCCTTGTCTAATTCCCA

DRB7.1_2r-3_F

GGGG ACA GCT TTC TTG TAC AAA GTG GGA ATGGAGGATCAGGAAACGAAG

DRB7.1_2r-3_R

GGGG AC AAC TTT GTA TAA TAA AGT TGT TTGAGATATTCTTGTTTTTTCCTTTTTTACA

DRB7.1_1-2_F ATG

GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTA ATGGAGGATCAGGAAACGAAG

DRB7.1_1-2_R NO STOP

GGGG AC CAC TTT GTA CAA GAA AGC TGG GTA CTGATGCGGCTTTGTCTTC

BYL
DRB7.1_F

actgac CTGCAG ATGGAGGATCAGGAAACGAAG

DRB7.1_R

actgac TCTAGA TTACTGATGCGGCTTTGTCTTC

DRB7.1-HA_R

actgac TCTAGA TCAAGCGTAATCTGGAACATCATATGGGTA CTGATGCGGCTTTGTCTTC

DRB2_F

actgacCTGCAGTTTGGTTTTCGAAATGTATAAGAACCAGCTACAAGAG

DRB2_R

actgacGGATCCTCTTCAAGGCATCAGATCTTTAGGTTCTCCAG

DRB4_F

actgacCTGCAGTTTAGATAGAGATGGATCATGTATACAAAGGTCAA

DRB4_R

actgacGGATCCGCATCAAAGATGATGATGTCGTTATGGCTTCACAAGACGATAG

RTL1_F

actgacCTGCAGCTCCTCAAACCCACCTCTTGTC

RTL1_R

actgacGTCGACTCGATATATCTAAAGGTCTCCG
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DRB7.1P_4-1r_R

GGGG AC TGC TTT TTT GTA CAA ACT TGT CTTTCATATTACTACTCCTTGTCTAATTCCCA

DRB7.1_2r-3_F

GGGG ACA GCT TTC TTG TAC AAA GTG GGA ATGGAGGATCAGGAAACGAAG

DRB7.1_2r-3_R

GGGG AC AAC TTT GTA TAA TAA AGT TGT TTGAGATATTCTTGTTTTTTCCTTTTTTACA

DRB7.1_1-2_F ATG

GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTA ATGGAGGATCAGGAAACGAAG

DRB7.1_1-2_R NO STOP

GGGG AC CAC TTT GTA CAA GAA AGC TGG GTA CTGATGCGGCTTTGTCTTC

BYL
DRB7.1_F

actgac CTGCAG ATGGAGGATCAGGAAACGAAG

DRB7.1_R

actgac TCTAGA TTACTGATGCGGCTTTGTCTTC

DRB7.1-HA_R

actgac TCTAGA TCAAGCGTAATCTGGAACATCATATGGGTA CTGATGCGGCTTTGTCTTC

DRB2_F

actgacCTGCAGTTTGGTTTTCGAAATGTATAAGAACCAGCTACAAGAG

DRB2_R

actgacGGATCCTCTTCAAGGCATCAGATCTTTAGGTTCTCCAG

DRB4_F

actgacCTGCAGTTTAGATAGAGATGGATCATGTATACAAAGGTCAA

DRB4_R

actgacGGATCCGCATCAAAGATGATGATGTCGTTATGGCTTCACAAGACGATAG

RTL1_F

actgacCTGCAGCTCCTCAAACCCACCTCTTGTC

RTL1_R

actgacGTCGACTCGATATATCTAAAGGTCTCCG

RTL2_F

actgacCTGCAGGTCTCTTTAGATTCTCTCTACC

RTL2_R

actgacGGATCCAATTTTACAAATGATACAAGACC

DRB2-FLAG_F

GATTACAAGGATGACGATGACAAGTGATGCCTTGAAGAGGATCC

DRB2-FLAG_R

CGTCATCCTTGTAATCGATCTTTAGGTTCTCCAGTCGCTC

DRB4-FLAG_F

GATTACAAGGATGACGATGACAAGTAACGACATCATCATCTTTGATGC

DRB4-FLAG_R

CGTCATCCTTGTAATCTGGCTTCACAAGACGATAGGC

FLAG-RTL1_F

ATGGACTACAAGGATGACGATGACAAGGGATCGCAACTCTCAAACGC

FLAG-RTL1_R

ATCGTCATCCTTGTAGTCCATAGAGACAAGAGGTGGGT

FLAG-RTL2_F

ATGGACTACAAGGATGACGATGACAAGGATCACTCTATCTCACCGGAG

FLAG-RTL2_R

ATCGTCATCCTTGTAGTCCATGGTAGAGAGAATCTAAAGAG

PSP64F

TACATATTGTCGTTAGAAC

PSP64R

TTTTTTTTTTTTTTGGGAGC

RT-qPCR
RT-qPCR_Actin2FP

GCACCCTGTTCTTCTTACCG

RT-qPCR_Actin2RP

AACCCTCGTAGATTGGCA

RT-qPCR_AT4G26410FP

GAGCTGAAGTGGCTTCAATGAC

RT-qPCR_AT4G26410RP

GGTCCGACATACCCATGATCC

RT-qPCR_DRB7.1_F3exon1-2

TGGAGGATCAGGAAACGAAG

RT-qPCR_DRB7.1_R3exon1-2

GGAATCTCTGCATTCCCACA

RT-qPCR_DRB7.1_F4exon2-3

GGGAATGCAGAGATTCCAAG

RT-qPCR_DRB7.1_R4exon2-3

CGATTTAGCTGAGCCTCTCC

Bisulfite Sequencing
IR71-bis-F

GTTGGTTATAATAATATTTCGTTGAGTTATAGTGTTT

IR71-bis-R

CTAATATTTAAAAATARCCATATARCCTATTATTA

Northern Probes
IR2039 (DNA)

2039 Forward primer

CTTCCAGACCTTCTCTACATGTGC

2039 Reverse primer

ATTCGCTCTCGTTTAATGGATGAC

IR71 oligo

TACCAGTATGTTATGCGTCCTA

miR822 oligo

CATGTGCAAATGCTTCCCGCA

Tas1(255) oligo

TACGCTATGTTGGACTTAGAA

Tas2(1511) oligo

AAGTATCATCATTCGCTTGGA

Tas3 oligo

TGGGGTCTTACAAGGTCAAGA

si1003 oligo

ATGCCAAGTTTGGCCTCACGGTCT

Rep2 oligo

GCGGGACGGGTTAGGCAGGACGTTACTTAAT

SimpleHat oligo

TGGGTTACCCATTTTGACACCCCTA

miR172 oligo

ATGCAGCATCATGAAGATTCT

miR159 oligo

TAGAGCTCCCTTCAATCCAAA

miR168 oligo

TTCCCGACCTGCACCAAGCGA

U6 oligo

AGGGGCCATGCTAATCTTCTC
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Supplemental Table T2. Raw data for band intensity quantification
Normalisation
1
0.9
0.2
0.1
0.1
0.2
1.1
1.0
1.0
0.7

BY2 34/36dsRNA endogenous dicer activity
Area Substrate Normalisation Area siRNAs Normalisation
DRB7.1+DRB2
30297.19448
1.0 46860.48737
1.0
DRB7.1+DRB4
56289.82547
1.9 37477.65895
0.8
DRB7.1
29688.44574
1.0 46592.55844
1.0
Mock
29965.44574
1.0 45522.75945
1.0
DRB4
31718.75945
1.1 45973.24473
1.0
DRB2
30738.88077
1.0 49123.38687
1.1
BY2 98/100dsRNA endogenous dicer activity
Mock
7555.563492
1 77185.89654
1
DRB7.1
7820.898016
1.0 75724.50314
1.0
DRB4
4500.563492
0.6 84576.62446
1.1
DRB7.1+DRB4
56009.53258
7.4 55103.63308
0.7
DRB2
26915.24473
3.6 76079.64527
1.0
DRB7.1+DRB2
26663.39549
3.5 74906.33157
1.0
BY2 510/512dsRNA endogenous dicer activity
Mock
35743.83052
1 79246.53258
1
DRB7.1
39750.97265
1.1 77917.41125
1.0
DRB4
34203.90159
1.0 81098.89654
1.0
DRB7.1+DRB4
45395.62951
1.3 74484.9676
0.9
DRB2
39644.16504
1.1 79166.51176
1.0
DRB7.1+DRB2
37281.36605
1.0 80502.70415
1.0

0.6
1
0.5
0.5
0.6
0.6
1.3
1.3
1.3
1.0 BY2 34/36dsRNA with RTLs
Mock
Mock DRB7.1+DRB4
1 FLAG-RTL1
0.9 FLAG-RTL1+DRB7.1
0.3 FLAG-RTL1+DRB4
0.3 FLAG-RTL1+DRB7.1andDRB4
0.3 FLAG-RTL2
0.3 FLAG-RTL2+DRB7.1
0.5 FLAG-RTL2+DRB4
0.5 FLAG-RTL2+DRB7.1andDRB4
0.5
0.5 BY2 98/100dsRNA with RTLs
Mock DRB7.1+DRB4
Mock
FLAG-RTL1
FLAG-RTL1+DRB7.1
FLAG-RTL1+DRB4
FLAG-RTL1+DRB7.1andDRB4
FLAG-RTL2
FLAG-RTL2+DRB7.1
FLAG-RTL2+DRB4
FLAG-RTL2+DRB7.1andDRB4

BY2 510/512dsRNA with RTLs
Mock
Mock DRB7.1+DRB4
FLAG-RTL1
FLAG-RTL1+DRB7.1
FLAG-RTL1+DRB4
FLAG-RTL1+DRB7.1andDRB4
FLAG-RTL2
FLAG-RTL2+DRB7.1
FLAG-RTL2+DRB4
FLAG-RTL2+DRB7.1andDRB4

21163.65537
42690.8219
11225.67262
10940.08683
10392.01576
38074.9224
29039.5965
29159.76807
27916.39549
45045.38687

1.0
2.0
0.5
0.5
0.5
1.8
1.4
1.4
1.3
2.1

45443.00209
39261.1026
6930.279221
6220.793939
6512.873629
9938.743687
48185.01071
46677.23254
45845.08178
32940.2031

1
0.9
0.2
0.1
0.1
0.2
1.1
1.0
1.0
0.7

69119.33662
67109.11479
24853.2153
28518.65895
23962.16504
41803.78384
26300.45794
25169.9346
22817.2153
42512.5412

1.0
1
0.4
0.4
0.4
0.6
0.4
0.4
0.3
0.6

18371.06097
30070.03153
15917.26198
15613.91021
16592.96046
18209.8219
38868.12341
38853.46656
39245.53763
31243.37468

0.6
1
0.5
0.5
0.6
0.6
1.3
1.3
1.3
1.0

83234.87215
87789.72139
5220.923882
5225.388348
5866.187338
5195.630988
4891.831998
4348.417785
4511.175144
4572.932504

1
1.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

30859.53763
26931.08178
9732.986327
9079.057395
8167.157900
8600.865007
14335.55844
15840.85996
16208.46656
14889.54625

1
0.9
0.3
0.3
0.3
0.3
0.5
0.5
0.5
0.5
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relative to Col-0

IR71_T2s
Col-0 (1)
Col-0 (2)
GFP3
GFP4
FHA4
1.0 FHA11
1.1 FHA12
2.0 IR2039_T2s
1.3 Col-0 (1)
Col-0 (2)
1 GFP3
1.0 GFP4
0.7 FHA4
FHA11
relative to Col-0 0.9
IR71_T2s
FHA12
1 Col-0
(1)
mir822_T2s
0.9 Col-0 (2)
Col-0 (1)
1.4 GFP3
Col-0 (2)
0.9 GFP4
GFP3
GFP4
FHA4
1 FHA4
1.0 FHA11
FHA11
1.1 1.0
FHA12
1.0 FHA12
2.0 IR2039_T2s
1.0 U6_T2s
1.3 Col-0
(1)(1)
Col-0
Col-0
(2)(2)
1 Col-0
1 1.0
GFP3
GFP3
GFP4
1.0 1.1
GFP4
FHA4
0.7 1.1
FHA4
FHA11
0.9 FHA11
1 FHA12
FHA12
1.0
TAS1_T2s
mir822_T2s
1.1
Col-0 (1)
Col-0
(1)(2)
0.9
Col-0
GFP3
Col-0
(2)
1 GFP4
GFP3
1.0 FHA4
GFP4
1.1 FHA11
1 1.0
FHA4
FHA12
1.0 FHA11
TAS2_T2s
1.0 FHA12
1 Col-0 (1)
Col-0 (2)
1.0 1.1
U6_T2s
1.1
GFP3
Col-0
(1)
GFP4
1 1.0
Col-0
(2)
FHA4
1.0 GFP3
1 FHA11
1.1 0.9
GFP4
FHA12
1.1 0.9
FHA4
REP2_T2s
0.9
Col-0 (1)
FHA11
Col-0 (2)
1 FHA12
GFP3
1.0 TAS1_T2s
GFP4
1.1 Col-0 (1)
FHA4
0.9 Col-0
(2)
FHA11
GFP3
FHA12
1 GFP4
mir172_T2s
Col-0 (1)
1.0 FHA4
Col-0 (2)
1.1 FHA11
GFP3
1.0 FHA12
GFP4
TAS2_T2s
FHA4
1 Col-0
(1)
FHA11
1.1 Col-0
(2)
FHA12
SimpleHat_T2s
1.1 GFP3
Col-0 (1)
1.0 GFP4
Col-0 (2)
FHA4
GFP3
1 FHA11
GFP4
0.9 FHA12
FHA4
0.9 REP2_T2s
FHA11
FHA12
0.9 Col-0
(1)
1
0.9
1.4
0.9

IR71_T1s
Col-0 (1)
Col-0 (2)
DRB7.1highexp
DRB7.1lowexp
IR2039_T1s
Col-0 (1)
Col-0 (2)
DRB7.1highexp
DRB7.1lowexp
mir822_T1s
Col-0 (1)
Col-0 (2)
DRB7.1highexp
DRB7.1lowexp
U6_T1s
Col-0 (1)
Col-0 (2)
DRB7.1highexp
DRB7.1lowexp
TAS1_T1s
Col-0 (1)
Col-0 (2)
DRB7.1highexp
DRB7.1lowexp
TAS2_T1s
Col-0 (1)
Col-0 (2)
DRB7.1highexp
DRB7.1lowexp
REP2_T1s
Col-0 (1)
Col-0 (2)
DRB7.1highexp
DRB7.1lowexp
mir159_T1s
Col-0 (1)
Col-0 (2)
DRB7.1highexp
DRB7.1lowexp
SimpleHat_T1s
Col-0 (1)
Col-0 (2)
DRB7.1highexp
DRB7.1lowexp
TAS3_T1s
Col-0 (1)
Col-0 (2)
DRB7.1highexp
DRB7.1lowexp

Pic size
relative to U6
54005.90516
1.95118
51599.07673
1.85082
78648.15999
2.77505
49639.41988
1.71537
23116.63456
25529.22035
46659.83052
31348.57569

0.83518
0.91572
1.64636
1.08330

41950.68838
42484.83052
30387.08178
40862.68838

1.51563
1.52390
1.07219
1.41208

27678.62594
27878.98990
28341.16147
28937.98990
30889.23254 1.115995881
30966.86858 1.110760063
30523.81833 1.07701367
31661.93965 1.094130579
28855.9899
29922.16147
32411.40411
31885.83914

1.042536937
1.073287145
1.143615943
1.101867796

28101.14066
27472.69701
30452.25335
27814.94827

1.015265018
0.985426556
1.074488545
0.961191443

37629.32442
37574.39549
41702.51681
40212.29499

1.359508399
1.347767463
1.471446992
1.389602219

41308.98128
44903.3158
47632.48737
43362.57926

1.492450578
1.610650743
1.680682262
1.498465491

54041.91378
51046.73001
47458.75083
48395.07316

1.952478201
1.831010743
1.674552078
1.672371624

Col-0 (2)
GFP3
GFP4
FHA4
FHA11
FHA12
mir172_T2s
Col-0 (1)
Col-0 (2)
GFP3
GFP4
FHA4
FHA11
FHA12
SimpleHat_T2s
Col-0 (1)
Col-0 (2)

Pic size
relative to U6
relative to Col-0
17692.71425
1.58423
1
17065.10765
1.61688
1.0
25617.09903
2.16241
1.4
22567.59293
1.95013
1.2
21896.37110
1.92148
1.2
26198.17009
2.25302
1.4
22294.51324
2.04986
1.3
18102.76450
17988.12846
33997.77670
27117.94827
18865.83557
26472.63456
Pic size
21764.87720

17692.71425
17065.10765

1.62095
1.70434
2.86984
2.34334
1.65554
2.27663
relative to
U6
2.00116

1.58423
1.61688

1.0
1.1
1.8
1.4
1.0
relative 1.4
to Col-0
1.2

13518.53048
25617.09903
14620.53048
22567.59293
12209.35891
11972.60155
21896.37110
12058.48023
26198.17009
7914.630988
22294.51324
6759.095454

1.21047
2.16241
1.38526
1.95013
1.03062
1.03459
1.92148
1.05817
2.25302
0.68065
2.04986
0.62146

18102.76450
11168.01576
17988.12846
10554.32947
33997.77670
11846.57211
11572.32947
27117.94827
11395.57211
18865.83557
11628.00714
26472.63456
10876.10765
21764.87720

1.62095
1.70434
2.86984
2.34334
1.65554
2.27663
2.00116

11019.92388
13518.53048
11868.87363
12038.92388
14620.53048
11541.80256
12209.35891
12419.26703
11972.60155
11224.50967
12058.48023
11927.97413

0.986739642
1.21047
1.124550229
1.016236914
1.38526
0.997362077
1.03062
1.089832691
1.03459
0.965299516
1.05817
1.096713505

1.0
1.1
1.0
1.0
1.1
1.0
1.1

6759.095454
10482.92388
10874.50967
11971.85281
11168.01576
11718.14571
10554.32947
11939.21677
11846.57211
11206.14571
11572.32947
11737.0452

0.62146
0.938655899
1.030336384
1.01057527
1.012600422
1.047706658
0.963720229
1.079158609

1
1.1
1.1
1.1
1.1
1.0
1.1

8406.409163
11628.00714
8062.23759
10876.10765
8576.994949
8635.066017
11019.92388
8494.501046
11868.87363
8132.572114
12038.92388
8572.773124

0.752721821
0.763879658
0.724006478
0.746182179
0.986739642
0.745421201
1.124550229
0.699395177
1.016236914
0.788220695

1
1.0
1.0
1.0
1.0
0.9
1.0

10299.02439
9988.195959
10482.92388
7743.953319
10874.50967
9202.681241

0.70713701
1.089832691
0.851674456
0.965299516
0.998343926
1.096713505
0.889969855
0.876497982
0.938655899
0.665974249
1.030336384
0.846137381

1
1.2
1.4
1.3
1.2
0.9
1.2

7914.630988

11395.57211

11541.80256
7897.31728
12419.26703
8988.852814
11224.50967
11826.95332
11927.97413

11971.85281

0.68065

0.997362077

1.01057527

1
1.1
0.9
0.9
0.9
0.6
0.5

1
1.0
1.4
1.2
1.2
1.4
1.3
1.0
1.1
1.8
1.4
1.0
1.4
1.2

1
1.2
1.3
1.2
1.0
1.0
1.0

1
1.1
0.9
0.9
0.9
0.6
0.5

1.0
1.1
1.0
1.0
1.1
1.0
1.1
1
1.1
1.1
1.1
1.1
1.0
1.1

13877.58074
11718.14571
15863.9447
11939.21677
19491.5513
11206.14571
16575.25841
11737.0452
14819.06602
13728.91526
13671.62237
8406.409163

1.242618297
1.012600422
1.503074614
1.047706658
1.6453326
0.963720229
1.432318225
1.079158609
1.30042317
1.180676542
1.257032645
0.752721821

8062.23759
8576.994949
8635.066017
8494.501046
8132.572114
8572.773124

0.763879658
0.724006478
0.746182179
0.745421201
0.699395177
0.788220695

1
1.0
1.0
1.0
1.0
0.9
1.0

7897.31728
8988.852814
11826.95332
10299.02439
9988.195959
7743.953319
9202.681241

0.70713701
0.851674456
0.998343926
0.889969855
0.876497982
0.665974249
0.846137381

1
1.2
1.4
1.3
1.2
0.9
1.2

13877.58074
15863.9447

1.242618297
1.503074614
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1
1.2

relative to Col-0
1
1.0
1.4
1.2
1.2
1.4
1.3
1.0
1.1
1.8
1.4
1.0
1.4
1.2
1
1.1
0.9
0.9
0.9
0.6
0.5

1.0
1.1
1.0
1.0
1.1
1.0
1.1
1
1.1
1.1
1.1
1.1
1.0
1.1

mutants
U6
Col-0
drb4-1
dcl4-2
No-0
drb7.1-1
mir159
Col-0
drb4-1
dcl4-2
No-0
drb7.1-1
IR71
Col-0
drb4-1
dcl4-2
No-0
drb7.1-1
mir822
Col-0
drb4-1
dcl4-2
No-0
drb7.1-1
TAS1
Col-0
drb4-1
dcl4-2
No-0
drb7.1-1
TAS2
Col-0
drb4-1
dcl4-2
No-0
drb7.1-1
SimpleHat
Col-0
drb4-1
dcl4-2
No-0
drb7.1-1
Rep2
Col-0
drb4-1
dcl4-2
No-0
drb7.1-1

Pic size

relative to U6

relative to Col-0

32650.78889
31731.13203
30158.64675
31921.30361
36983.39549
43062.1026
39077.78889
34876.52543
40037.61732
47422.48737

1.318868672
1.231528357
1.156435357
1.254260096
1.28226429

1
0.9
0.9
1.0
1.0

52058.77164
80316.0351
45203.4285
26752.02291
27395.90159

1.594410837
2.531143075
1.498854669
0.838061729
0.740762205

1
1.6
0.9
1
0.9

51145.39906
12350.95184
7918.119841
25498.2153
28912.78027

1.566436855
0.389237668
0.26254891
0.798783646
0.781777332

1
0.2
0.2
1
1.0

33343.85996
10736.69343
1409.033009
53059.28636
57355.40768

1.021226779
0.338364652
0.046720697
1.662190461
1.550842126

1
0.3
0.0
1
0.9

51271.1478
31082.4285
2145.124892
68306.84628
68717.6539

1.570288178
0.979556244
0.071128022
2.139851402
1.858067735

1
0.6
0.0
1
0.9

52327.5412
51476.76659
49347.76659
66775.43207
75046.62446

1.602642478
1.62227955
1.636272575
2.091876726
2.029197792

1
1.0
1.0
1
1.0

46067.36962
39584.97623
31881.07673
47224.55339
49364.2605

1.41091138
1.24751226
1.05711231
1.47940554
1.334768207

1
0.9
0.7
1
0.9

Supplemental Table T3. Bisulfite sequencing PCR analysis raw data displaying the number of clones
sequenced, the number of CG, CHG and CHH sites in the analyzed sequence and the percentage of
methylation in all context (CG, CHG, CHH) as well as the Wilson Score Intervals.
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CHAPTER 2: RTL4 is an unconventional RNA binding protein, which likely
interacts with RNA through its catalytically inactive RNaseIII domain and
can prevent RNA processing.

This chapter concerns results obtained on RTL4 protein until submission of the thesis, which
have been assembled into one manuscript. However, RTL4 characterization is still under
investigation.
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ABSTRACT
RNaseIII enzymes are responsible for the specific cleavage of double-stranded (ds)
RNA and consequently undertake essential regulatory roles in RNA metabolism. Two families
of RNaseIII are found in the model plant Arabidopsis thaliana: Dicer-Like (DCL) proteins,
which include four members, and RNase-THREE LIKE (RTL) proteins, which include five
members. As opposed to DCLs, RTL protein features and functions remain elusive. Here we
present experimental characterization performed on RTL4, the fourth member of the RTL
family, which only contains an RNaseIII domain. RTL4 was first identified in DCL4 and DRB4
immunoprecipitation assays, revealing a potential link with RNA metabolism and particularly
RNA silencing. However, protein sequence analysis conducted on RTL4 and orthologs
revealed conserved mutations on key residues important for RNA processing in RNaseIIIs,
suggesting that the protein might have lost its catalytic activity. In vitro assays performed in
tobacco cell lysate and in planta experiments with transient expression of the protein in tobacco
leaves later confirmed that RTL4 lacks endonucleolytic activity but edemonstrated that RTL4
can stably bind ss and dsRNA, likely through its catalytically inactive RNaseIII domain, and
can protect the dsRNA substrate from being processed by DCL proteins. RTL4 is predicted to
possess a signal peptide and we found that RTL4 was enriched in plant membrane fraction.
However, the role played by RTL4 in plants is still unclear as experiments to characterize the
gene function using artificial microRNA lines as well as lines overexpressing RTL4 did not
yield any molecular phenotype. We propose that RTL4 is an unconventional RNA binding
protein, which could play a role in RNA metabolism as part of a component of the
endomembrane system and the secretory pathway.
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INTRODUCTION
RNaseIII proteins are endoribonucleases that specifically recognize and cleave doublestranded (ds) RNA. Highly conserved in eukaryotes and bacteria, these enzymes play important
roles in regulating diverse biological processes, notably ribosomal RNA maturation, mRNA
splicing, RNA degradation, RNA decay, and small nuclear and nucleolar RNA as well as small
RNA processing (Court et al., 2013; Nicholson, 2013).
Dicer-Like (DCL) and RNase-THREE Like (RTL) proteins represent the two families
of RNaseIIIs found in Arabidopsis. DCL family members are involved in RNA silencing and
function at the biogenesis of the pathway, directing two regulatory levels: transcriptional gene
silencing (TGS) and post-transcriptional gene silencing (PTGSMargis et al., 2006; Fukudome
and Fukuhara, 2016; Bologna and Voinnet, 2014). DCL1 processes imperfectly folded stemloop structures transcribed from MIR genes, and generates miRNAs mainly involved in plant
growth and development (Liu et al., 2018). DCL2, DCL3 and DCL4 generate siRNAs by
cleavage of perfect and nearly-perfect complementary dsRNA molecules from various RNA
substrates. DCL2 produces 22-nt siRNAs and is involved in transitive PTGS. DCL2 has also
been shown to act hierarchically as a backup to DCL4 and DCL3 on RNA molecules generated
by endogenous dsRNA or transgene hairpins (Gasciolli et al., 2005; Moissiard et al., 2007;
Parent et al., 2015). DCL4 generates phased 21-nt trans-acting siRNAs (ta-siRNAs) following
a first miRNA-triggered cleavage of TAS transcripts and an amplification step by the RNAdependent RNA polymerase RDR6 (Allen et al., 2005; Gasciolli et al., 2005; Xie et al., 2005;
Yoshikawa et al., 2005; de Felippes et al., 2017). DCL4 can also exclusively process some
miRNAs termed young miRNAs (Rajagopalan et al., 2006; Fahlgren et al., 2007). Another
important feature of DCL4 is its involvement in processing exogenous viral RNAs as the
primary antiviral DCL in plants. However, DCL2 and DCL3 have also been shown to play a
part in this pathway or act redundantly of DCL4 (Bouché et al., 2006; Deleris et al., 2006;
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Zhang et al., 2015; Rodríguez-Negrete et al., 2009). DCL4 dsRNA binding partner DRB4 is
crucial for DCL4 activity to function properly and displays similar molecular phenotype as
dcl4 when mutated (Qu et al., 2008; Nakazawa et al., 2007; Fukudome et al., 2011). Besides,
DRB4 participates with DCL4 in antiviral defense (Jakubiec et al., 2012). DCL3 is involved in
transcriptional gene silencing (TGS) regulation and functions in RNA-directed DNA
methylation (RdDM) events, generating 24-nt siRNAs that will guide DNA methylation and
control chromatin reorganization (Law and Jacobsen 2010; Matzke and Mosher 2014). In
addition, DCL2, DCL3 and DCL4 have been shown to process RDR-independent long dsRNA
hairpin precursors arising from endogenous inverted-repeat (IR) loci and generate respectively
22-, 24- and 21-nt endogenous inverted-repeat-derived siRNAs termed endoIR-siRNAs
(Henderson et al., 2006).
Unlike DCL proteins, the functions played by the five Arabidopsis members of the RTL
family remain poorly understood and still await further characterizations. RTL1 and RTL2 are
the most characterized of the RTL enzymes and are both localized in the cytoplasm and nucleus
(Comella et al., 2007; Shamandi et al., 2015). RTL1 can cleave long perfect/nearly-perfect
dsRNA molecules before their processing by DCL2, 3, and 4. This is exemplified by plants
overexpressing RTL1 which accumulate a lower amount of siRNAs, whereas their level of
miRNAs remains unchanged. RTL1 also participates in plant antiviral defense and is targeted
by viral suppressors of silencing (VSRs) (Shamandi et al., 2015). Biochemical features
governing RTL1 processing activity have also been investigated in vitro and in planta and its
RNaseIII activity has been shown to be regulated by glutathionylation of a cysteine in the
double-stranded RNA binding domain (dsRBD) (Charbonnel et al., 2017). RTL2 cleaves the
3’ external transcribed spacer (ETS) of the 45S pre-rRNA (Comella et al., 2007) and can
additionally influence siRNA accumulation by processing long dsRNA precursors into shorter
fragments, an action that will either increase or reduce the accumulation of endogenous siRNAs
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and can influence DNA methylation (Elvira-Matelot et al., 2016). RTL3 is not characterized at
all but the expression of RTL3 has never been detected in plant tissues tested (Comella et al.,
2007). Concerning RTL4, rtl4 mutant was identified in a screen used to determine mutants
defective in female gametophyte polar nuclei fusion and is reported to be gametophytic lethal
(Portereiko et al., 2006), but the molecular function and cell biology aspects of the protein are
still unknown. Arabidopsis RTL5 is also not characterized but RNC1, a maize homolog which
shares 80% sequence identity with RTL5, has been shown to be involved in intron splicing in
maize chloroplasts (Watkins et al., 2007).
This study describes a set of cellular and biochemical characterizations performed on
RTL4,

which

we

found

associated

with

RNA

silencing

components

during

immunoprecipitation experiments. Intriguingly, RTL4 amino acid (aa) sequence displays
unique and specific conserved mutations on the RNaseIII signature motif, which would suggest
that the protein lost its conventional catalytic activity and potentially acquired a new function.
Therefore, to investigate the biochemical properties of RTL4, we established an in vitro assay
by expression of the protein in a tobacco cell-free lysate and tested its endonuclease activity by
addition of dsRNA substrate. We found that RTL4 has lost the conventional RNaseIII catalytic
activity but, interestingly, displays RNA-binding affinity instead. These observations were also
confirmed in planta when transiently overexpressing RTL4 together with an RNA hairpin
substrate and a GFP messenger RNA. We further showed that RTL4 displays a punctate
subcellular localization pattern and found the protein enriched in the endomembrane fraction.
This study has extended our knowledge on cell biology and biochemical aspects of RTL4 and,
according to our observations, we will then discuss potential molecular functions that could be
assumed by RTL4 in plants.
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RESULTS
Identification of RTL4 through DCL4 and DRB4 immunoprecipitation
To uncover new actors involved in regulating RNA silencing, we performed
immunoprecipitation on two core proteins of the pathway, DCL4 and DRB4, and analyzed coimmunoprecipitates for the presence of potential binding partners using mass spectrometry data
analysis. To do so, Arabidopsis dcl4-2 and drb4-1 mutant plants were transformed with native
promoter-driven fusions of DCL4 and DRB4 genomic coding sequences fused, respectively, to
FLAG and HA epitopes (FHA) for DCL4 or a yellow fluorescent protein (YFP)-FLAG epitope
for DRB4 as outlined in Tschopp et al 2017. Immunoprecipitation was performed on transgenic
plant

crude

extracts

using

FLAG

antibodies.

As

a

negative

control,

FLAG-

immunoprecipitation was also conducted simultaneously on non-transgenic wild-type (WT
Col-0) plant extracts. In total, three independent IP experiments were performed.
Immunoprecipitates and co-immunoprecipitates were analyzed by liquid chromatography
electrospray ionization coupled with tandem mass spectrometry (LC/ESI/MS/MS). Peptide
spectra obtained were compared against the TAIR10 database. Only proteins found in DCL4
and DRB4 co-immunoprecipitates and not found in WT (Col-0) co-immunoprecipitates were
considered as potential interactors (Table 1). The well-established interaction between DCL4
and DRB4 served as a positive control. Indeed, DRB4 was specifically present in all DCL4 coimmunoprecipitates and vice-versa for DCL4 in all DRB4 co-immunoprecipitates (Table 1).
Also, consistent with previous reports (Tschopp et al., 2017; Montavon et al., 2017; Clavel et
al., 2016), we found DRB7.1 and DRB7.2 specifically in DRB4 co-immunoprecipitates. These
results demonstrate that our IP protocol allows us to efficiently immunopurify and coimmunopurify proteins with known interacting partners involved in RNA silencing. In
addition, we identified another interesting candidate, AT1G24450, named RTL4 for RNAseIIIlike protein 4, specifically found in all DCL4 and DRB4 co-immunoprecipitates while no
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peptide corresponding to this protein was found in WT co-immuprecipitates (negative control,
Table 1), suggesting that RTL4 might play a role in RNA silencing or at the crossroads of this
pathway.
Experiment

Identified
Protein

Accession
Number

Molecular Weight
kDa

Exclusive Unique
Peptide Count

Percent (%)
Coverage

DCL4 IP.1

DCL4

AT5G20320

191

66

43

DRB4

AT3G62800

38

14

63

RTL4

AT1G24450

21

2

14

DCL4

AT5G20320

191

56

38

DRB4

AT3G62800

38

10

50

RTL4

AT1G24450

21

3

18

DCL4

AT5G20320

191

57

37

DRB4

AT3G62800

38

12

55

RTL4

AT1G24450

21

3

15

DCL4

AT5G20320

191

66

37

DRB4

AT3G62800

38

21

65

RTL4

AT1G24450

21

5

26

DCL4

AT5G20320

191

52

36

DRB4

AT3G62800

38

7

32

RTL4

AT1G24450

21

4

25

DRB4

AT3G62800

38

17

66

DCL4

AT5G20320

191

41

32

DRB7.1

AT1G80650

23

2

15

DRB7.2

AT4G00420

21

2

13

RTL4

AT1G24450

21

3

20

DRB4

AT3G62800

38

16

66

DCL4

AT5G20320

191

35

25

DRB7.1

AT1G80650

23

2

20

DRB7.2

AT4G00420

21

2

13

RTL4

AT1G24450

21

3

18

DRB4

AT3G62800

38

14

57

DCL4

AT5G20320

191

31

22

DRB7.1

AT1G80650

23

2

14

DRB7.2

AT4G00420

21

3

16

RTL4

AT1G24450

21

2

14

DCL4 IP.2

DCL4 IP.3

DCL4 IP.4

DCL4 IP.5

DRB4 IP.1

DRB4 IP.2

DRB4 IP.3

Table 1. Mass spectrometry analysis of proteins found in DCL4-FHA and DRB4-YFP-FLAG
immuno/co-immunoprecipitates.
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RTL4 in silico analysis revealed conserved mutations in the RNaseIII catalytic motif
As a predicted RNaseIII-encoding gene, RTL4 represents an appealing candidate when
looking for protein-coding genes potentially associated with RNA metabolism. RTL4 belongs
to the RNAse THREE-like (RTL) protein family, which includes 5 members, RTL1 to 5, in
Arabidopsis (Figure 1, Supplemental Figure S1 for sequence alignment). Domain prediction
analysis showed that members of this family display at least an RNaseIII domain (two for
RTL3 and RTL5). In addition, RTL1 to 3 possess one or several dsRNA binding motifs
(dsRBDs), which relate them to conventional RNaseIII enzymes like E. coli and A. aeolicus
Ribonuclease3. On the contrary, RTL4 and RTL5 distinguish themselves from canonical
RNaseIII proteins by consisting of only RNaseIII domains without possessing any additional
DRBM domain. Moreover, it is highly probable that the two proteins have lost their catalytic
activity and do not function as endonucleases anymore due to the lack of essential catalytic
residues in their amino acid sequence. Indeed, similar to its maize homolog, Arabidopsis RTL5
contains two (likely) catalytically inactive RNaseIII domains and a predicted chloroplast transit

Figure 1. RTL family protein domains
Schematic representation and domain comparison of RTL1, RTL2, RTL3, RTL4 and RTL5.
Alternative names for RTL4 and RTL5 found in the literature are given in small characters.
Abbreviations: RNaseIII, Ribonuclease III domain; DRBM, Double-stranded RNA Binding Motif;
SP, Signal Peptide; CTP, Chloroplast transit peptide. Red crosses depict a predicted RNaseIII noncatalytic domain.
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peptide (Watkins et al., 2007). Concerning RTL4, the small protein (191 aa) only contains one
RNaseIII domain as well as a predicted signal peptide at its N-terminal part (Figure 1).
Sequence alignment between RTL4 and the two demonstrated active enzymes of the family
RTL1 and RTL2 (Shamandi et al., 2015; Comella et al., 2007; Elvira-Matelot et al., 2016)
strongly suggested that RTL4, like RTL5, is a catalytically inactive protein (Figure 2). Indeed,
its RNaseIII domain lacks all negatively charged residues functioning in the catalytic domain
(Figure 2, highlighted in orange), notably the highly conserved glutamic acid residues E108
and E204 (numbered according to the consensus sequence) which are crucial for binding
divalent metal ion cofactors required for proper endonucleolytic activity (Figure 2, highlighted
in orange and underlined by the blue arrows). It has been shown that enzymes lacking those
two acidic residues display impaired endonucleolytic activity (Weimei Sun et al., 2004;
Dasgupta et al., 1998; Sun and Nicholson, 2001). The fact that RTL4 RNaseIII domain is
depleted from these important residues prompted us to hypothesize that RTL4 might not be a
catalytically active enzyme.
AthRTL4
AthRTL1
AthRTL2
consensus

AthRTL4
AthRTL1
AthRTL2
consensus

1 MATLRFTLLLLVFVVGIFFSFSSVSHVRATSEIN-----------------LRIEP--FS
1 ------------------------MGSQLSNAIDGK------------DNTKTI-----G
1 ----------MDHSISPEYNFPAITRCSLSNSLPHRPPSPLPSSADIHRFYNSLSPSAPS
1
.
.
. . ... ... . .
.. .
.

42
20
51
61

SPF---ATDLAKLQTQIGYKFNNINLLRRAMTHASFSQENN---KALSIFGTHIIETAVS
SADPDQLMEIESLEKILNYKFKDKSLLLKAFTDASYVDDKSESYELLELLGDSILNMGII
VPVSSEMESMEAVEKILNYKFSNKSLLKEAITHTSCTD--FPSYERLEFIGDSAIGLAIS
..
. ... ......*** ...**..*.*..*....
... *...*.... ....

AthRTL4
AthRTL1
AthRTL2
consensus

96 LQFLAKDIDISSKALGRLISEVSNVESS--C---------------ALDGDRL------G
80 YDFIKLYPKEAPGPLTKLRAVNVDTEKLARVAVNHQLYSYLRHKKPLLEEQILEFVEAME
109 NYLYLTYPSLEPHDLSLLRAANVSTEKLARVSLNHGLYSFLRRNAPSLDEKVKEFSEAVG
121
.. .. . .. *..*.. .. .*..... ... ....... . *.. .... ....

AthRTL4
AthRTL1
AthRTL2
consensus

133
140
169
181

AthRTL4
AthRTL1
AthRTL2
consensus

-----------------------------------------------------------193 MKSHP--MTELNEMCQKRNLKLTSKDTWEENQTY--CFHIEDKFVGCGHHPVKKETARNF
226 LQKQPQPVSMLFKLCHKHKKRIDI-KNWKDGNVSIAVIYLDDELLASGRA-ENKDIARLI
- 109 241 .
. .. . .. .. ..
. . .
... .. ..
.. ..

LGKIIRVSTKTDASNSAILCTGFRAIFGAIAIDAGTVDEAIKVFWKVHGARAGRLVSMLK---YPLHSNGLLKVPKVLADIVESTIGAIFMDCNS----TETVWKVIKPLLEPIIHLDK
KEDDLSVSYGGLVKAPKVLADLFESLAGAVYVDVNF---DLQRLWVIFRGLLEPIVTLDD
.
. ... .... ...*....... **...* ..
. .*.. ...........

AthRTL4
AthRTL1
AthRTL2
consensus

133
140
169
181

LGKIIRVSTKTDASNSAILCTGFRAIFGAIAIDAGTVDEAIKVFWKVHGARAGRLVSMLK---YPLHSNGLLKVPKVLADIVESTIGAIFMDCNS----TETVWKVIKPLLEPIIHLDK
KEDDLSVSYGGLVKAPKVLADLFESLAGAVYVDVNF---DLQRLWVIFRGLLEPIVTLDD
.
. ... .... ...*....... **...* ..
. .*.. ...........

AthRTL4
AthRTL1
AthRTL2
consensus

-----------------------------------------------------------193 MKSHP--MTELNEMCQKRNLKLTSKDTWEENQTY--CFHIEDKFVGCGHHPVKKETARNF
226 LQKQPQPVSMLFKLCHKHKKRIDI-KNWKDGNVSIAVIYLDDELLASGRA-ENKDIARLI
241 .
. .. . .. .. ..
. . .
... .. ..
.. ..

AthRTL4
AthRTL1
AthRTL2
consensus

-----------------------------------------------------------249 AAKNAIDNFAKFFGDL-------------------------------------------284 AAKEALRKLSEVFPVEMVIDEDSVEIQLTHAKTKLNEICLKKKWPKPIYSVEEDRSSVQG
301 ... ..
.

AthRTL4
AthRTL1
AthRTL2
consensus

----------------------------------------------------------------------------------------------344 KRFVCSAKIKITEEKTLYMKGDEQSKIKKAESSSAYHMIRALRKSHYL
361

Figure 2. Multiple sequence alignment of RTL1, RTL2 and RTL4.
Conserved amino acids are shaded. RNaseIII consensus signature motif has been annotated in red.
Blue arrows indicate key catalytic residues. Acidic residues (aspartate, glutamate) involved in
coordinating divalent cation binding have been colored in orange. Basic residues (arginine, lysine)
in RTL4 sequence also conserved in orthologs (see Supplemental Figure S2) have been colored in
green. Ath, Arabidopsis thaliana.

RTL4 lacks endonuclease activity but can bind both dsRNA and ssRNA in vitro
To test if RTL4 possesses ribonuclease activity and can process dsRNA, we set out to
characterize the biochemical features of the protein using Nicotiana tabacum cultivar Bright
Yellow-2 evacuolated lysate (BYL), an in vitro system which allows us to methodically
characterize RTL4 potential processing activities by in vitro translation of the protein in the
lysate and subsequent addition of exogenous radiolabelled artificial long dsRNA (Figure 3AB). This method was previously used to reproduce the processing activity of other members of
the RTL family in vitro (Tschopp et al., 2017). As RTL4 is predicted to possess a peptide signal
at its N-terminal part which will undergo proteolytic cleavage, and because it is not clear how
this could interfere with the function of the protein in the lysate, we constructed and in vitro
transcribed two RTL4 mRNA versions: RTL4-HA and DRTL4-HA. RTL4-HA refers to the fulllength mRNA which, after in vitro translation in the lysate, produces a full-length HA-tagged
protein containing the peptide signal (abbreviated RTL4). DRTL4-HA refers to the truncated
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mRNA form depleted from the peptide signal sequence which, after in vitro translation in the
lysate, produces a truncated HA-tagged protein without the peptide signal (abbreviated DRTL4;
see Materials and Methods for cloning strategy). Besides, both constructs were fused to the
sequence of an HA tag for protein detection, as no RTL4-specific antibody is available. We
expressed the full and truncated protein in the lysate (BYL) but also in a cleared cytoplasmic
fraction of the lysate (S15), in which BYL was filtered several times through columns to
remove small molecules, and the membranous fraction was pelleted by centrifugation at 15’000
g and discarded. The purpose of working with both BYL and S15 fractions is to measure the
effect of RTL4 in the lysates with and without including the membrane fraction, as RTL4 might
be associated with endomembranes and the secretory pathway through its targeting peptide
signal sequence. Both BYL and S15 yield adequate and comparable production of RTL4 and
DRTL4 proteins (Figure 3C). Interestingly, we observed a small shift in size between RTL4
and DRTL4 in S15 but not in BYL (Figure 3C), which suggests that in S15, RTL4 peptide
signal remains attached to the protein whereas the signal is cut from the protein in BYL. We
then tested the processing activity of RTL4 and DRTL4 lysates by addition of exogenous
radiolabeled long 2-nt 3’ overhang dsRNA substrate and used MOCK and RTL1 lysates as
controls (Figure 3D). MOCK refers to the BYL or S15 lysate without addition of exogenous
mRNA for protein expression and is used as a control for the endogenous processing activity
of the lysates. Indeed, adding long dsRNA to the MOCK lysate results in the processing of the
substrate and the accumulation of 24- and 21-nt siRNAs due to endogenous dicing activities
relying most likely on DCL3 and DCL4 (Iki et al., 2017) (Figure 3D). RTL1-expressing lysate
was included as a positive control for measuring processing activity of an RNaseIII-like protein
since it has been shown that incubating long dsRNA substrate with RTL1 leads to the
processing of both long and small arising dsRNA species (Tschopp et al., 2017), results which
were reproduced in our assay (Figure 3D). Incubation of long dsRNA substrate in both RTL4-
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and DRTL4- expressing lysates did not stimulate any endonucleolytic activity but,
interestingly, resulted in stabilization of the long dsRNA substrate and a correlated decreased
accumulation of endogenously processed siRNAs in both BYL and S15 (Figure 3D),
suggesting that RTL4 can protect the substrate from endogenous processing activities, possibly
by binding to the dsRNA. Intriguingly, the stabilization effects of RTL4 on the long dsRNA
substrate were stronger in S15 compared to BYL, whereas we did not observe a significant
difference on the effect of the truncated DRTL4 between BYL and S15 (Figure 3D), which
could be related to the affinity of the protein with the membranes (RTL4 displays a peptide
signal). In this case, RTL4 in the membrane fraction (BYL) might not be completely
free in solution compared to DRTL4 and thus have restricted access to the RNA substrate.
As we hypothesized according to our observations on the lack of key catalytic residues
in the protein sequence, the results obtained in Figure 3D strongly suggest that RTL4 lost its
capacity to cleave dsRNA. Nevertheless, previous studies using E. coli RNaseIII mutants
displaying reduced affinity for Mg2+, and therefore catalytic defects, have shown that the
catalytic activity can be rescued in vitro with a higher range of Mg2+ or Mn2+ concentrations
than the physiological one (~1mM) (Robertson et al., 1968; Weimei Sun et al., 2004; Sun and
Nicholson 2001; Dasgupta et al., 1998). We next examined if we could also stimulate the
catalytic activity of RTL4 and DRTL4 by increasing the Mg2+ and Mn2+ concentration in the
lysates (Figure 3E). At 5mM, RTL4 and DRTL4 did not exhibit any endonucleolytic activity
either with Mg2+ or Mn2+. However, we could observe a higher accumulation of 21- and 24-nt
siRNAs with Mg2+ showing that the endogenous activity of DCL proteins was increased by the
higher concentration of divalent cations. On the contrary, increasing Mn2+ content in the lysate
impairs DCLs activity, as we observed a higher accumulation of the substrate RNA and a lower
accumulation of the small processed RNAs. Interestingly, both RTL4- and DRTL4- expressing
lysates displayed a high accumulation of the RNA substrate in this condition, which suggests
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that, with the DCLs being less active on the long dsRNA, they have access to and can stabilize
more substrate.

Figure 3. RTL4 lacks endonuclease activity but impairs endogenous dsRNA processing and
associates with ss and dsRNA in vitro.
(A)(B) Schematic representation of translated proteins and experiment conducted. (C) Westernblotting experiment with anti-HA antibody showing protein content of in vitro translated RTL4-HA
(RTL4) and DRTL4-HA (DRTL4) in BYL and S15 lysates. MOCK corresponds to the lysates
without addition of mRNA for protein expression. Coomassie brilliant blue staining (Coomassie in
the figure) serves as protein loading control. (D) Incubation of 32P-labeled dsRNA substrate in
MOCK-, RTL4-, DRTL4- and RTL1- expressing BYL and S15 lysates to measure the effect of
RTL4 and DRTL4 on dsRNA. MOCK lysate serves as a control for the endogenous dsRNA
processing activity of the lysate. RTL1-expressing lysate serves as a positive control for measuring
the endonucleolytic activity of an RNaseIII protein in the lysate. (E) Same as in (D) but testing the
effect of RTL4 and DRTL4 on dsRNA with addition of different concentrations of MgCl2 and
MnCl2. (F) Gel mobility-shift assay of 32P-labeled 98/100 dsRNA or 100 ssRNA incubated for 10
minutes in MOCK-, RTL4- and DRTL4- expressing BYL and S15 lysates. Black and grey arrows
highlight the two main shifts.

Although RTL4 is purely made of a single RNaseIII domain and does not possess a
dsRNA binding domain, results obtained in Figure 3D and 3E imply that RTL4 could bind
RNA substrates or indirectly associate with other proteins that can bind the dsRNA. To further
test the affinity of RTL4 and DRTL4 with RNA, we performed a gel mobility shift assay where
we incubated either a long dsRNA or a long ssRNA in RTL4- and DRTL4- expressing BYL
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and S15 lysates (Figure 3F). A single shift was observed when incubating ds- or ss-RNA
substrates in both RTL4- and DRTL4-expressing BYL lysates (Figure 3F, highlighted by black
arrow), whereas two different shifts are visible in RTL4- and DRTL4-expressing S15 lysates,
with a higher shift for RTL4 compared to DRTL4 (Figure 3F, highlighted by grey and black
arrows). This is likely due to the fact that RTL4 still has its peptide signal attached in S15
(Figure 3C).
Taken together, these results suggest that RTL4 has lost the specific endonucleolytic
activity of RNaseIII proteins but has the capability of binding RNA and can prevent RNA
substrate from being processed into 21- and 24-nt siRNAs.

RTL4 binds RNA and influences processing activity in planta
To further assess if RTL4 can bind dsRNA and therefore influence RNA processing in
planta, we performed transient assays by agroinfiltration of several transgene constructs into
wild-type Nicotiana benthamiana leaves (Figure 4A). A 35S:GFFG transgene, which
expresses an inverted repeat (IR) RNA hairpin, was infiltrated together with another transgene,
35S:GFP5, and constructs expressing either the full FLAG- and HA-tagged (FHA) version of
RTL4 (UBQ10:RTL4-FHA) or the truncated one DRTL4 (UBQ10:DRTL4-FHA). Leaves
infiltrated only with 35S:GFFG and 35S:GFP5 were used as a control for endogenous RNA
processing activity and called MOCK. As previously reported (Bortolamiol et al., 2007;
Himber et al., 2003), those leaves accumulated 21- and 24-nt siRNAs presumably processed
by DCL4 and DCL3 from the GF hairpin and GFP5 mRNA (Figure 4B). Consistent with the
in vitro results obtained in BYL and S15 lysates (Figure 3), leaves infiltrated with 35S:GFFG,
35S:GFP5 and either the full or truncated RTL4 construct accumulated less siRNAs, showing
that RTL4 can efficiently impair processing in vivo as it does in vitro (Figure 4B). Furthermore,
both RTL4 and DRTL4 forms run at the same size in the protein gel supporting the idea that
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the N-terminal part of RTL4 is a signal peptide which is cleaved off the protein. Interestingly,
RTL4 wild-type form accumulate to a greater extent compared to the truncated one, suggesting
that DRTL4 is less stable in tobacco leaves than its wild-type counterpart.

Figure 4. Transient assay performed in Nicotiana benthamiana leaves infiltrated either with
UBQ10:RTL4-FHA or UBQ10:DRTL4-FHA together with 35S:GFFG hairpin and 35S:GFP5.
(A) Schematic representation of experiment conducted. (B, bottom) Western-blotting experiment
with anti-HA antibody showing RTL4-FHA (RTL4) and DRTL4-FHA (DRTL4) protein content and
(top) low molecular weight northern blot showing small RNA accumulation in Tobacco leaves. (CD) RTL4-FHA and DRTL4-FHA were immunoprecipitated from leaf crude extracts using HA
antibody, and subsequent RNA extraction was performed on RTL4-FHA and DRTL4-FHA
immunoprecipitates. (C) Western blot experiment showing INPUT and IP protein content. (D)
Northern blot experiment showing INPUT and IP RNA content. The same blot was stripped and
hybridized twice with the GF probe and P probe. siRNAs are indicated by open triangle. Coomassie
brilliant blue staining (Coomassie in the figure) serves as protein loading control. U6 probe serves
as RNA loading control for low molecular weight northern blot. Gel stained with ethidium bromide
(EtBr staining) before the transfer serves as a loading control for the INPUT RNA and displays RNA
sizes according to commercial RNA ladder.
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Next, we examined the RNA-binding capacity of RTL4 and performed
immunoprecipitation (IP) on RTL4 and DRTL4 from leaf crude extracts followed by
subsequent RNA extraction. Immunoprecipitation performed on extracts from leaves only
infiltrated with 35S:GFFG and 35S:GFP5 served as a negative control (Figure 4C and 4D). A
protein analysis experiment comparing the INPUT fractions to the IP fractions shows that we
were able to efficiently immunoprecipitate RTL4 but very inefficiently immunoprecipitated
DRTL4, likely due to the lower stability of the truncated protein compared to the wild-type
form as observed previously (Figure 4B). Remarkably, subsequent RNA extraction from
MOCK-, RTL4- and DRTL4 immunoprecipitates showed that long GFFG dsRNA substrates
(GF probe) but also GFP5 mRNAs (P probe) were immunoprecipitated together with RTL4
and, to a lower extent, with DRTL4 (Figure 4D). Furthermore, as in Figure 4B, we also
observed a reduced accumulation of small RNA species in the INPUT fractions from leaves
expressing RTL4 and DRTL4, visible at the bottom of the membrane (Figure 4D). This
supports the idea that RTL4 is binding to long RNA substrates and can protect those from being
processed by other RNaseIII proteins.
These results demonstrate that RTL4 likely binds dsRNA and can impair RNA
processing activity in planta. It also shows that RTL4 not only binds artificial perfect
complementary non-coding dsRNA (as in BYL experiments or the GFFG hairpin RNA) but
can also bind structural mRNA like the GFP5 mRNA.

Sequence conservation and structural prediction draws a potential model for RTL4
dsRNA binding and recognition
We have shown that RTL4 lacks endonuclease activity but can bind dsRNA. This result
is intriguing knowing that RTL4 is only made of a catalytically inactive RNaseIII domain and
does not possess a dsRBD domain. Also, two other members of the RTL family, RTL1 and
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RTL2, were shown to lose their endonucleolytic activity after depletion of their dsRNAbinding motif, arguing for a lack of substrate specificity and recognition for their RNaseIII
domain (Charbonnel et al., 2017; Shamandi N., Doctoral dissertation). We further investigated
RTL4 sequence mutations and performed structure prediction of the protein in an attempt to
gain insight into the mechanism by which RTL4 could recognize and bind dsRNA. RTL4
predicted structure, which resembles that of an RNaseIII domain unit, was superimposed over
the solved crystal structure of Aquifex aeolicus RNaseIII dimer in complex with dsRNA (Gan
et al., 2006) (Figure 5). Besides the dsRBD domain, the RNaseIII catalytic valley, which
contains the canonical RNaseIII signature motif and is negatively charged for proper
coordination of divalent metal ions, has been shown to play an important role in substrate
recognition and scissile-bond selection (Figure 5A and 5C). However, without bound divalent
cations to enhance dsRNA binding (Li and Nicholson 1996; Sun and Nicholson 2001),
RNaseIII active center remains negatively charged and is unlikely to accommodate dsRNA
(Blaszczyk et al., 2004). RTL4 “catalytic valley” is depleted from key negatively charged
residues (Figure 2), which likely prevents the protein from coordinating divalent cations and
therefore to process dsRNA. Instead of negatively charged residues, RTL4 displays positively
charged residues, notably K105 and R204 (Figure 2 numbered according to consensus
sequence; Figure 5B and 5C). Owing to the RNA phosphate backbone’s strong negative
electrostatic field, these substitutions from negatively to positively charged amino acids in
RTL4 sequence may result in more favorable electrostatic interactions between the protein and
the RNA substrate. RTL4 orthologs are also found in other flowering plants (angiosperms) and,
except for a variable N-terminal part, their amino acid sequence is well-conserved, strongly
across dicot plants and less in monocots, represented by Zea mays (maize) and Oryza sativa
(rice; Supplemental Figure S2). Interestingly, the replacement of two negatively charged amino
acids by two positively charged amino acids, K or R96 and R172 (Supplemental Figure S2,
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numbered according to consensus sequence), is fully conserved among both dicot and monocot
plants, supporting the idea that these residues are important for RTL4 functional role.
Moreover, two RNA-binding motifs (RBM) have been identified in the bacterial RNaseIII
domain (Blaszczyk et al., 2001; Gan et al., 2006). Although the two sequences of RTL4
overlapping A. aeolicus and E. coli RBMs displayed few homoloty with the bacterial ones, we
also found two conserved basic amino acids, K124 and K158, specific to RTL4 sequence and
conserved in dicots but not in monocot plants, which could be involved in RNA binding due
to their optimal localization in the RBMs (Figure 2, Supplemental Figure S2 and S3). Based
on these observations, we propose that, in RTL4, both the positively charged amino acids
present in the “catalytic valley” and the two RBMs are involved in RNA binding.

Figure 5. Graphic representation of RTL4 structure prediction (magenta), superimposed on the
solved crystal structure of Aquifex aeolicus RNaseIII (yellow and orange for each monomer). (A)
Representation of A. aeolicus RNaseIII dimer in complex with dsRNA (blue). (B) Representation
of A. aeolicus RNaseIII monomer. (C) Close-up view on RNaseIII catalytic valley with the canonical
RNaseIII signature motif (orange) and the corresponding region in RTL4 sequence (green).
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Accumulation of small RNAs is not affected in Arabidopsis RTL4 artificial miRNA lines
and RTL4 overexpressing lines
Results above gave us a better understanding of RTL4 biochemical properties. We next
started to investigate the biological function of RTL4 in Arabidopsis and particularly if the
protein can influence RNA processing and therefore impair accumulation of small RNA in
vivo. rtl4 mutants are presumably lethal, as rtl4/RTL4 plants are impeded in both female and
male gametophyte formation, with a very poor viability of their gametes (Portereiko et al.,
2006). Because of the rtl4/RTL4 phenotype, we generated Arabidopsis thaliana plants
transformed with an artificial miRNA construct (Schwab et al., 2006) targeting the endogenous
RTL4 in order to assess what would be the effects of knocking down RTL4 in the plant. (Figure
6A). RT-qPCR analysis showed that RTL4 transcripts were still detectable but substantially
reduced (~4.5-fold) in flowers and siliques of the transgenic plants (Figure 6B). However, we
were unable to measure the effects at the protein level, given the lack of an RTL4-specific
antibody. Surprisingly, these plants did not display any pronounced developmental
phenotypes; they showed neither above-average lethality nor defects in fertility and developed
like wild-type Arabidopsis plants. Northern blot analysis was performed to further investigate
the accumulation pattern of a set of small RNAs in these respective lines, including some small
RNAs affected in dcl4 and drb4 mutants, as RTL4 was identified in both DCL4- and DRB4immunoprecipitates. None of the artificial miRNA lines displayed a measurable molecular
phenotype, as they all accumulated the set of small RNAs tested at the same level of the wildtype plant, referred to as Col-0 (Figure 6C). We also analyzed the accumulation of small RNA
species in Arabidopsis thaliana seedlings overexpressing (OX) RTL4 and DRTL4 fused to
GFP (UBQ10:RTL4-GFP and UBQ10:DRTL4-GFPFigure 7A). Again, we did not observe an
impairment in the accumulation of small RNA in RTL4 OX lines compared to wild-type (Col-
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0Figure 7B). We concluded that RTL4 did not impede processing of the set of the small RNA
that we tested.

Figure 6. Analysis of RTL4 artificial miRNA lines.
(A) RTL4 artificial miRNA design and target site. (B) Relative expression of RTL4 in three RTL4
artificial miRNA lines (16.4, 16.9 and 19.4) and wild-type (Col-0) plants (_F denotes flower bud
samples, _S denotes silique samples), measured by RT-qPCR. Average of three batches of biological
replicates +/- standard deviation is shown. (C) Northern-blotting experiment showing accumulation
of different types of small RNAs in wild-type (Col-0) and transgenic (16.4, 16.9, 19.4, drb4, dcl4)
Arabidopsis flower buds and siliques. U6 serves as loading control. Same blots have been stripped
and probed several times.
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Figure 7. Analysis of RTL4-overexpressing lines.
(A) Relative expression of RTL4 in four RTL4-overexpressing lines (OXRTL4 line 5, OXRTL4
line 12, OXDRTL4 line 5 and OXDRTL4 line 6) and wild-type (Col-0) plants, measured by RTqPCR. Average of three technical replicates is shown. (B) Northern-blot analysis showing
accumulation of different types of small RNAs in wild-type (Col-0) and transgenic (OXRTL4 and
OXDRTL4) Arabidopsis seedlings. U6 serves as loading control. Same blots have been stripped and
probed several times.
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RTL4 expression pattern and localization in Arabidopsis
To gain deeper insight on the cell biology aspect of RTL4, we set out to characterize
RTL4 subcellular localization and tissue expression in Arabidopsis by using confocal
microscopy and the GUS reporter system. We fused the genomic coding sequence of RTL4 to
GFP and put the translational fusion under the control of the native RTL4 promoter
(RTL4:RTL4-GFP). The same was done to obtain a reporter GUS (RTL4:RTL4-GUS) as well
as just combining RTL4 promoter sequence with GUS (RTL4:GUS). Arabidopsis thaliana
wild-type plants were transformed with the different constructs and we assessed RTL4-GFP
localization as well as GUS expression. Concerning RTL4-GFP localization, we observed a
weak punctate signal in the roots (Figure 8A) but failed to image RTL4-GFP localization in
the leaves, floral meristems and siliques, where the background signal for GFP is strong. These
results suggest that RTL4 expression is not strong enough in these tissues to be discriminated
from the background signal by confocal microscopy. We also assessed RTL4-GFP localization
in roots when the full protein is overexpressed under the control of the ubiquitin 10 promoter
(OX lines used in Figure 7) and could observe the same pattern of localization as with the
endogenous promoter (punctea), albeit more pronounced (Supplemental Figure S4).
Subsequently, we characterized RTL4 expression pattern using GUS reporter fusions.
RTL4:RTL4-GUS reporter plants displayed GUS activity in root meristems and root
vasculature, in the veins of young seedlings and rosette plants, as well as in plant abscission
zones and developing seeds (Figure 8B). Intriguingly, few RTL4:GUS reporter plants displayed
GUS activity and a weak signal could be observed only in the vasculature of young plants
(Figure 8C). Previous studies have shown that promoter control is sometimes not sufficient for
bona fide gene expression, which can rely on cis regulatory elements present in intragenic
sequences (Sieburth and Meyerowitz 1997; Weise et al., 2008). This could likely be the case
for RTL4 expression and explain why we observed a stronger and broader GUS activity when
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including the full coding sequence of RTL4. We then compared our results with expression
data obtained from the GENEVESTIGATOR software, a search engine for gene expression
which incorporates thousands of public RNAseq and microarray experiments (Hruz et al.,
2008). The top 20 hits concerning RTL4 expression pattern were in agreement with our GUS
expression observations, with the abscission zones being the top hit (Supplemental Figure
S5A). Further searches were also made to investigate RTL4 expression pattern during seed
development using the web-based tool “Gene Networks in Seed Development” (Supplemental
Figure S5B) (Belmonte et al., 2013). It showed that RTL4 is expressed in embryo and different
seed tissues throughout seed development. From our observations and the corresponding data
from GENEVESTIGATOR and SeedGeneNetwork, we conclude that RTL4 displays a
punctate localization pattern in the cell and is rather expressed broadly in the plant than in a
very specific tissue.

Figure 8. Subcellular localization and expression pattern of RTL4.
(A) Two confocal microscope images from a single plane of root meristems from RTL4P:RTL4-GFP
-expressing plants. Images depict GFP signal (top), differential interference contrast (DIC) channel
(middle) and overlay (bottom). Scale bar = 10 µm. (B) and (C) RTL4P:RTL4-GUS and RTL4P:GUS
expression pattern in diverse Arabidopsis tissues.
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RTL4 N-terminus undergoes proteolytic cleavage and the protein associates with
membranes
We then decided to investigate the potential association of RTL4 with endomembranes
due to the presence of a predicted signal peptide at its N-terminal part. Interesting observations
were made when performing conventional protein extraction on silique crude extracts from
transgenic plants expressing N- and C- terminal FLAG- and HA- (FHA)-tagged RTL4 under
the control of the endogenous promoter (RTL4P:FHA-RTL4 or RTL4P:RTL4-FHA constructs;
Figure 9A). Indeed, western blot analysis revealed two specific bands with an N-terminaltagged RTL4 migrating at higher molecular weight compared to the C-terminal-tagged RTL4
(Figure 9A). The same observation was made when performing IP on both N- and C-terminal
FHA-tagged RTL4 from seedling crude extracts (Figure 9B). These results support the idea
that RTL4 possesses a peptide signal and that full-length RTL4 is converted into a mature
cleaved form. In that case, adding a tag at the N-terminus of RTL4 would protect the N-terminal
part of the protein from being cleaved off. Therefore, the band obtained for N-terminal FHARTL4 represents the full-length protein and the one obtained for C-terminal RTL4-FHA the
mature cleaved form.
The presence of a signal peptide at the N-terminus of RTL4 implies that the N-terminal
part of the protein is cleaved co-translationally alongside the entry of the protein in the ER
lumen and that RTL4 can be further targeted in the secretory pathway. To examine the presence
of RTL4 within the endomembrane system, we performed isolation of microsomal-type
membranes using ultracentrifugation (Brodersen et al., 2012) and sample density (Abas and
Luschnig 2010) experiments. Membrane fractionation by ultracentrifugation was performed
on silique extracts from transgenic plants expressing N- and C-terminal FHA-tagged RTL4
under the control of the endogenous promoter. Western blot analysis demonstrated that Cterminal-tagged RTL4 is present in the pellet fraction, whereas N-terminal-tagged RTL4 is not.

- 124 -

However, we also did not distinguish a clear band for N-terminal-tagged RTL4 in either of the
input or supernatant fractions, which prevents us from making conclusive remarks on Nterminal-tagged RTL4 in this experiment (Figure 9C). Subsequently, membrane fractionation
using sucrose gradient density was performed on crude extracts from whole mature transgenic
plants ectopically expressing C-terminal GFP-tagged RTL4 and DRTL4 called OXRTL4-GFP
or OXDRTL4-GFP, respectively (UBQ10:RTL4-GFP or UBQ10:DRTL4-GFP constructs).
Western blot analysis revealed that RTL4-GFP is almost exclusively found in the membrane
fraction (pellet), whereas DRTL4-GFP is not. This observation suggests that the N-terminus of
RTL4, probably the signal peptide, is important for the accurate targeting of the protein within
the ER lumen. Furthermore, RTL4-GFP and DRTL4-GFP migrated at the same size, supporting
the idea that C-terminal-tagged RTL4 is further processed into a mature form (Figure 9D).
Interestingly, N-terminal-tagged RTL4 and DRTL4-GFP appear to be less stable than the Cterminal-tagged protein in Arabidopsis, as both forms accumulated to a lower level compared
to C-terminal-tagged RTL4 (Figure 9), which could reflect a faster turnover of the protein when
the latter is mislocalized and corresponds to what has been previously observed in Nicotiana
benthamiana leaves (Figure 4B and 4C).
Next, we performed transient assay experiments in Nicotiana benthamiana leaves
where we co-expressed RTL4-GFP together with some mCherry-tagged membrane and RTL4GFP, as well as DRTL4-GFP with P-Body marker (Supplemental Figure S6A and S6B). RTL4
did not colocalize together with trans-golgi, cis-golgi, multivesicular body or endosomal
markers, but did colocalize along the ER. Interestingly, RTL4 did not colocalize with P-body
marker, whereas DRTL4 did colocalize with or next to the P-bodies arguing for the full RTL4
protein to be compartmentalized inside the cytoplasm or retained at the endomembranes,
whereas the truncated form could be free in the cytoplasm and would accumulates in foci rich
in RNA. Taken together, these results suggest that RTL4 is compartmentalized within the
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cytoplasm or retained at the endomembrane system, and that its N-terminus is subject to
proteolytic cleavage.

Figure 9. RTL4 is found in membrane fraction and its N-terminus is subject to proteolytic cleavage.
Western blot analysis using HA antibody showing N- and C-terminal FHA-tagged RTL4 content
(A) in Arabidopsis siliques following protein extraction and (B) in Arabidopsis whole mature plant
after HA immunoprecipitation. (C) Western blot analysis using HA antibody showing N- and Cterminal FHA-tagged RTL4 content in Arabidopsis siliques after membrane fractionation by
ultracentrifugation. (D) Western blot analysis with GFP antibody showing RTL4-GFP and DRTL4GFP content in Arabidopsis whole plant after membrane fractionation using sucrose gradient
density. UGPase is a soluble cytoplasmic protein and serves as a positive control for the soluble
fraction. SMT1 belongs to Arabidopsis membrane proteome and serves as a positive control for the
pellet/membrane fraction. Full-length RTL4 and mature RTL4 as well as truncated DRTL4 are
indicated by closed circle and open square. Coomassie brilliant blue staining serves as protein
loading control except for (D), where UGPase and SMT1 serve as loading control.
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DISCUSSION
This study represents the first biochemical and functional characterization of RTL4, a
member of Arabidopsis RNAse THREE-Like protein family. We first identified RTL4 in coimmunoprecipitates of RNA silencing factors DCL4 and DRB4, suggesting that RTL4 might
be involved in RNA silencing or at least could play a role in RNA metabolism (Table 1).
Intriguingly, RTL4 amino acid sequence analysis revealed that RTL4 RNaseIII domain lacks
key negatively charged residues functioning in the catalytic domain and required for proper
endonucleolytic activity through association with divalent metal ion cofactors (Figure 2). In
vitro and in planta assays further confirmed that RTL4 lost its endonucleolytic cleavage
activity but demonstrated that RTL4 can bind both perfectly complementary dsRNA and
structural mRNA (Figure 3, Figure 4). Furthermore, RTL4 binding capacity impeded RNA
processing as displayed by stabilization of long RNA substrate and a correlated decrease in
small RNA accumulation in vivo and in planta. Interestingly, key negatively charged residues
in the RTL4 catalytic valley were substituted by positively charged amino acids, strongly
conserved among RTL4 orthologs, and additional positively charged amino acids were
identified in the two RNaseIII RBMs, which could explain the emerging RNA-binding affinity
of the protein (Figure 5, Supplemental Figure S2 and S3). Still, the biological function of
RTL4, as well as its potential relationship with the RNA silencing machinery, remains a
mystery. Indeed, investigations performed until now on lines overexpressing RTL4 and
artificial microRNA lines did not yield any morphological or molecular phenotypes, as the
lines developed like wild-type plants and the general accumulation of small RNA tested was
also comparable to that of a wild-type plant (Figure 6 and Figure 7). Nevertheless, in order to
build up on the potential biological role of RTL4, we investigated its subcellular localization
and expression pattern in Arabidopsis. We showed that RTL4 displays a punctate localization
pattern (Figure 8) and our observations made on RTL4 expression, with some accumulation
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observed at abscission zones, root meristems and vasculature, in correlation with microarray
data analysis repositories, showed that RTL4 is rather widely expressed in the plant and does
not localize in only a particular tissue (Figure 8, Supplemental Figure S5). More important, we
demonstrated that RTL4 N-terminal signal peptide is subject to proteolytic cleavage and that
RTL4 is likely targeted to the ER and can subsequently enter the secretory pathway (Figure 9).

Composed of only one non-catalytically active RNaseIII domain, RTL4 is quite unique
among plant proteins. In Arabidopsis RNaseIII families, all DCL proteins possess two
functional RNaseIII domains along an array of other conserved domains, whereas the two
characterised RTL proteins, RTL1 and RTL2, possess one functional RNaseIII domain and one
or two dsRNA-binding domains. RTL3, which has not been characterized yet, displays two
RNaseIII and three DRBM domains. Only Arabidopsis RTL5, also not characterized but highly
similar in sequence to maize RTL5, partly resembles RTL4 such that its two RNaseIII domains
are likely catalytically inactive (Watkins et al., 2007). However RTL5, like DCL proteins,
displays two RNaseIII units and probably functions as a monomer, forming an intramolecular
pseudodimer (Zhang et al., 2004), whereas RTL4, like RTL1 and RTL2, possesses only one
RNaseIII unit and could function as a homodimer as is the case for RTL1 and RTL2 (Comella
et al., 2007; Charbonnel et al., 2017), as well as for conventional bacterial RNaseIII (March
and Gonzalez 1990; Blaszczyk et al., 2001). Importantly, RTL4 retains some hydrophobic
amino acids in its non-catalytic valley, which have been shown to be essential for the
homodimerization of RNaseIII proteins (Blaszczyk et al., 2001). Alternatively, RTL4 might
also operate as a single unit as the protein lacks the conventional E37 residue (corresponding
to E105 in Figure 2 according to consensus sequence), which might be important for
dimerization (Gan et al., 2006). Still, the monomeric or dimeric behavior of RTL4 remains to
be tested.
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Besides, RTL4 RNA-binding capability is intriguing, as conventional RNaseIII
domains per se usually display weak affinity with dsRNA substrates and rely on a
complementary dsRBD to strongly bind RNA. Indeed, dsRBD-depleted RTL1 and RTL2
displayed a lack of endonucleolytic activity, showing that their dsRNA-binding motif is
important for substrate recognition and that their fully functional RNaseIII domain is not
capable to process dsRNA on its own and is thus probably unable to stably bind dsRNA
(Charbonnel et al., 2017; Shamandi N., Doctoral dissertation). Also, the E. coli truncated
RNaseIII form lacking its dsRBD does not exhibit detectable activity in vivo and its binding to
RNA substrate was too weak to be detected by gel shift or filter-binding assays in vitro (Sun et
al., 2001). These results, compared to our observations made on RTL4 binding capacity,
support the idea that the catalytically inactive RNaseIII domain of RTL4 displays a higher
binding affinity for the dsRNA substrate than a stand-alone functional RNaseIII domain. We
postulate that this increasing affinity might be totally or partly linked to the loss of essential,
negatively charged residues coincident with the specific presence of newly-conserved,
positively charged amino acids in strategic regions of the protein, such as the catalytic valley
and the two RBMs of RNaseIII (Figure 5, Supplemental Figure S2 and S3). Therefore, having
those additional positive residues in regions shown to be important for protein-RNA interaction
could increase ionic interactions between the protein and its negative RNA substrate as well as
strengthen their interaction. This interaction between the side-chain of positive residues and
the RNA 5ʹ-phosphate bond has been shown in other RNaseIIIs (Liang et al., 2014; Mickiewicz
et al., 2017). Introduction of point mutations by alanine scanning mutagenesis followed by
binding assay may help decipher the RNA-binding contribution of these 4 positive residues.
Nevertheless, as the binding experiments were performed either in vitro in a plant lysate
mixture or in planta in tobacco leaves, there is still the possibility that RTL4 does not bind
directly to the RNA substrate but instead associates with another binding protein. However,
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immunoprecipitation performed on RTL4-FHA from Arabidopsis plant crude extracts would
argue against this hypothesis, as we did not identify any potential strong candidates as RNAbinding partner proteins in RTL4 co-immunoprecipitates (Supplemental Table ST1).

The biological function of RTL4 is still unknown, although the strong conservation of
the protein among flowering plants argues for a maintained dominant role (Supplemental
Figure S2). Arabidopsis rtl4 mutation was reported as being male and female gametophytic
lethal with only ~5% propagation of the heterozygous rtl4/RTL4 genotype from the maternal
side, where non-fusion of the two polar nuclei was observed in rtl4 female gametophyte
(Portereiko et al., 2006). However, RTL4 direct implication in male and female gametophyte
development or the fact that abortion occurs because RTL4 is actually needed at a subsequent
step in plant development or in other important processes is not defined at all. We did not
observe obvious developmental defects in our RTL4 artificial miRNA lines even though we
managed to reduce RTL4 transcript accumulation up to ~4.5-fold. This observation was
somewhat surprising knowing the lethal phenotype of rtl4. Nevertheless, a comparable
observation was made in a study reporting the effect of the ER-localized proteins Bip1 and
Bip2, also involved in polar nuclei fusion in Arabidopsis and for which a complete null allele
bip1-4 bip2-1 double mutants phenotype is lethal, whereas a bip1-1 bip2-1 double homozygous
mutant resulting from a cross between a bip1-1 knock-down allele with the bip2-1 null allele
developed like a wild-type plant and did not display any fertility defects (Maruyama et al.,
2010). In our case, we propose that the remaining RTL4 transcripts still represent a pool of
substrates big enough to translate the minimum amount of RTL4 proteins needed by the plants
(which we were unable to assess due to the fact that we do not possess RTL4-specific
antibodies). We will thus always select plants reaching a decent threshold of protein “by
default” when growing seeds. Engineering inducible artificial miRNA lines or hypomorphic

- 130 -

alleles using the CRISPR gene editing technique could help overcome this bottleneck.
Overexpressing RTL4 in Arabidopsis also did not display any differing developmental
phenotypes compared to wild-type plants. RTL4 could not only be beneficial during plant
development, but also serve as an important component in case of external perturbations like
environmental stresses or be used by the plant to fight against virus invasion. Thus, the
importance of RTL4 would not rely on the direct contribution of RTL4 to plant development
and metabolism at steady-state conditions, but rather depends on the fact that the gene must be
fully functional in plants for survival “in case of”. For example, RTL4 could also bind viral
RNA and favor their degradation or even prevent the translation of viral proteins by binding
their RNA precursors. Alternatively, RTL4 might be involved in sensing and regulating stress
responses. Therefore, we should also expose our transgenic plants to abiotic and biotic stress
or challenge them with virus infections in addition of studying their phenotype at steady-state
conditions.

The compartmentalization of RTL4 within the endomembrane system is also a peculiar
observation (Figure 9), as the presence of RNA binding proteins and their potential function in
the endomembrane compartments or as part of the secretion system is very poorly documented
to our knowledge. Another possibility would be that RTL4 signal peptide is not fully cleaved
off the protein and will anchor RTL4 on the ER membrane towards the cytoplasm. Indeed, the
prediction

of

signal

peptide

cleavage

using

signalP

web-based

tool

(http://www.cbs.dtu.dk/services/SignalP/) is rather weak and the fully cleaved form observed
in our experiments could be an artifact due to the homogenization of plant extracts in the buffer
and a better access of protease proteins to RTL4. Also, the protease inhibitor cocktails used in
these experiments are efficient against the activity of serine proteases but not aspartyl proteases
and further experiments with addition of pepstatin could help decipher if these proteins are the
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ones responsible for the cleavage of RTL4 signal peptide. Nevertheless, in line with what was
proposed before, it is possible that RTL4 could play the role of a chaperone in the
endomembrane system to, for example, shuttle RNA from cell to cell or outside the cell. RTL4
can also serve as an RNA sensor in the ER membrane or lumen, which would be important for
maintaining a certain homeostasis and during stress or virus infection. Alternatively, RTL4
might play a role in senescence, cell death or any events that cause the ER to collapse. RTL4
punctate localization pattern observed with confocal microscopy (Figure 8) could therefore
represent endomembrane bodies in the cell where RTL4 accumulates and retains diverse RNA
substrates. Also, it might be of interest to point out that RTL4 and RTL5, the two only RTL
proteins known to have lost their RNaseIII catalytic activity but displaying instead RNA
binding affinity (for RTL5, this is inferred from its very close maize homolog), are
compartmentalized in the cell. RTL4 in the endomembrane system as demonstrated and RTL5,
which harbors a chloroplast transit peptide, in the chloroplast stroma (Watkins et al., 2007).

Likewise, the involvement of RTL4 in RNA silencing is still very puzzling and needs
further explorations, as we did not observe a molecular phenotype on the subset of small RNAs
that we tested (Figure 6 and Figure 7) or at least not in the tissues and steady-state conditions
tested. We first identified RTL4 in all DCL4 and DRB4 co-immunoprecipitates following
immunoprecipitation of the two proteins from Arabidopsis crude extracts. However, we were
unable to confirm the interaction of RTL4 with both proteins using the bimolecular
fluorescence complementation technic (MA. Tschopp, Master Dissertation) or by western
blotting analysis following RTL4 immunoprecipitation (data not shown). We also did not find
any traces of DCL4 or other proteins involved in silencing when performing
immunoprecipitation on RTL4 and barely found a peptide count for DRB4 when lowering
down our protein threshold parameters to 89.0% (see Materials and Methods section). Knowing
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the endomembrane compartmentalization of RTL4, it would make sense to speculate that the
protein does not interact with DCL4 and DRB4, which are both reported to be cytoplasmic and
nuclear. Therefore, finding RTL4 in DCL4 and DRB4 IP fractions could be an artifact due to
the release of RTL4 in the homogenized plant extract while performing IP. The “free” RTL4
would then unspecifically bind some dsRNA substrates also bound by DCL4 and DRB4 in the
lysate. Further use of a commercial RNaseIII enzyme during immunoprecipitation would shed
light on this potential transient association. Interestingly, we exclusively found RTL4 in DCL4
and DRB4 co-immunoprecipitates but never in DCL1, DCL2 and DCL3 IP fractions
(unpublished data, Dr. Emanuel Devers, RNA biology group, ETH Zürich). Knowing that
DCL4 and DRB4 localize both in the nucleus and cytoplasm and that DCL1, DCL2, and DCL3
are exclusively found in the nucleus (Jakubiec et al., 2012; Pumplin et al., 2016) but all these
proteins are homogenized in the solution in crude extracts, this would argue in favor of a more
specific binding of RTL4 on “cytoplasmic” substrates bound by DCL4 and DRB4. In addition,
some silencing mechanisms have been documented to be associated with the endomembrane
system. A recent study combining next-generation sequencing approaches together with
cellular fractionation investigated the membrane-cytosol partitioning of small RNAs and
messenger RNAs and demonstrated that ribosomes and the ER play a role in siRNA biogenesis
(Li et al., 2016). Besides, the endoplasmic reticulum membrane-associated protein AMP1 has
been shown to intervene in miRNA-mediated translational inhibition but lack RNA cleavage
activity (Li et al., 2013). Consequently, given its endomembrane localization, RTL4 could
potentially be involved in such membrane-related processes like translational inhibition.

A key step in understanding the molecular function of RTL4 would be to identify its
RNA substrates. Further immunoprecipitation of RTL4 from the endomembrane fraction
followed by next-generation sequencing analysis performed on bound RNA (for example
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RIP/CLIP experiments) should shed light on the type of RNA targets that are bound by the
protein and could potentially reveal, in line with our observations on the biochemistry and cell
biology of the protein, in which pathway RTL4 is involved, as well as its regulatory role
towards RNA metabolism as part of the endomembrane system and the function it plays in
plants.
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MATERIALS AND METHODS
Plant material and growth conditions
Arabidopsis thaliana mutants dcl4-2 and drb4-1 in Col-0 ecotype were described previously
(Nakazawa et al., 2007; Xie et al., 2005; Adenot et al., 2006) and compared with their
respective Col-0 wild-type control. Plants were grown on Klasmann substrate 2 soil in a
controlled environment chamber (Kälte 3000) under the following conditions: 16 hours light/
8 hours dark (140 µmol m-2 s-1 constant light intensity), constant temperature of 21 °C, RH
60%.

Plasmid construction and plant transformation
Primers used for cloning are listed in Supplemental Table 2. DCL4:DCL4-FHA and
DRB4P:DRB4-YFPFLAG transgenic plants have been described previously (Jakubiec et al.,
2012; Tschopp et al., 2017). 35S:GFFG and 35S:GFP5 constructs were described before
(Himber et al., 2003; Haseloff et al., 1997). Membrane markers were kindly provided by Yvon
Jaillais (Jaillais et al., 2008). P-body marker was kindly provided by Dominique Gagliardi
(University of Strasbourg). Concerning RTL4 reporter plasmids (RTL4P:RTL4-FHA,
RTL4P:RTL4-GFP,

RTL4P:RTL4-GUS,

UBQ10:RTL4-FHA,

UBQ10:DRTL4-FHA,

UBQ10:RTL4-GFP and UBQ10:DRTL4-GFP), the MultiSite Gateway Three-Fragment Vector
Construction Kit (Invitrogen) was used in order to fuse (i) the full-length genomic sequence of
RTL4 to its endogenous promoter and the coding sequence (CDS) of RTL4 to the Arabidopsis
Ubiquitin 10 constitutive promoter (UBQ10) and (ii) either a 2XFLAG-2XHA (FHA), HA,
EGFP tag or GUS encoding sequence at the 3¢ position in p*7m34WG vector (Karimi et al.,
2005). RTL4P:FHA-RTL4 was obtained by fusing the 2XFLAG-2XHA (FHA) encoding
sequence to RTL4 endogenous promoter and the full-length genomic sequence of RTL4 at the
3¢ position in p*7m34WG vector. RTL4P:GUS was obtained by using the MultiSite Gateway
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Two-Fragment Vector Construction Kit (Invitrogen) and fusing the GUS-encoding sequence
to RTL4 endogenous promoter in p*7m24WG (Karimi et al., 2005). Design of artificial
miRNAs was performed using Web MicroRNA Designer 3 web application (WMD3,
http://wmd3.weigelworld.org/cgi-bin/webapp.cgi?page=Home;project=stdwmd)

and

the

artificial miRNAs were engineered into the endogenous miR319a precursor backbone
according to the “Cloning of artificial miRNAs” procedure developed by Rebecca Schwab
available on the same website (Schwab et al., 2006; Ossowski et al., 2008). MultiSite Gateway
Two-Fragment Vector Construction Kit (Invitrogen) was used to fuse the engineered miRNA
precursor backbones containing the artificial miRNAs to the Cauliflower Mosaic Virus
(CaMV) 35S constitutive promoter. Assembled Gateway vectors were introduced into
Agrobacterium tumefaciens strain GV3101. Arabidopsis transgenic plants were obtained by
floral dip transformation (Clough and Bent 2008).

Immunoprecipitation
Concerning DCL4- and DRB4- FLAG immunoprecipitation (Table 1), fresh flower tissue from
transgenic and wild-type Arabidopsis plants was ground in liquid nitrogen and homogenized
in lysis buffer (50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 10% glycerol, 0.1% v/v NP40) with
addition of MG132 and the EDTA-free protease inhibitor cocktail tablet (Roche) in a
buffer:tissue volume ratio of 3:1 for 20 minutes at 4 °C on a rotating wheel. The lysate was
clarified by centrifugation (15 minutes, max. speed) and filtered through miracloth, then
incubated for 4 hours with anti-FLAG M2 red agarose beads (Sigma). The beads were washed
three times with lysis buffer. Protein elution was performed by competition with 3XFLAG
peptide (Sigma F4799) at 150 μg/ml in elution buffer (50 mM Tris-HCl at pH 7.5, 150 mM
NaCl). Elution solutions were used directly for mass spectrometry analysis.
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As for RTL4-HA and HA-RTL4 immunoprecipitation (Figure 9B, Supplemental Table T1),
fresh flower tissue or seedlings from transgenic and wild-type plants was ground in liquid
nitrogen and homogenized in lysis buffer (50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 10%
glycerol, 0.1% v/v NP40) with addition of MG132 and the EDTA-free protease inhibitor
cocktail tablet (Roche) in a buffer:tissue volume ratio of 4:1 for 20 minutes at 4 °C on a rotating
wheel. The lysate was clarified by centrifugation (15 minutes, max. speed) and filtered through
miracloth, then incubated for 3 hours with Pierce anti-HA magnetic beads (Thermo Fisher
Scientific). The beads were washed two times with lysis buffer and one time with elution
buffer. The beads were directly used for mass spectrometry and western blot analysis.
Concerning RTL4- and DRTL4-HA immunoprecipitation experiment performed in transient
assay (Figure 4D), frozen leave tissue of Nicotiana benthamiana was ground into fine powder
and homogenized in the same lysis buffer as described above, then RTL4- and DRTL4-HA
were immunoprecipitated using also the same procedure.
INPUT fractions correspond to the clarified lysate after filtration through miracloth and before
beads incubation. Supernatant fractions correspond to the remaining lysate after beads
incubation and removal. The IP fractions correspond to the washed beads.

Mass spectrometry analysis
Samples were analyzed by the Functional Genomics Center of the University of Zurich
(http://www.fgcz.ch/). Following proteolytic digestion, liquid chromatography electrospray
ionization coupled with tandem mass spectrometry (LC/ESI/MS/MS) was used as peptide
detection method. Database searches were performed using Mascot software (Arabidopsis
specific

database

araport11).

Scaffold

Proteome

Software

(http://www.proteomesoftware.com/products/scaffold/) was used to visualize and analyze
protein and peptide identification. Parameters were set as follows: Protein Threshold, 99.0%;
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Min# Peptides, 1; Peptide Threshold, 95%. Lowering down Protein Threshold parameter to
89% allowed for the identification of DRB4 peptide.

RTL genes accession number
RTL1 (AT4G15417), RTL2 (AT3G20420), RTL3 (AT5G45150), RTL4 (AT1G24450), RTL5
(AT4G37510)

Protein sequences and alignments
A. thaliana, RTL1, RTL2, RTL3, RTL4, RTL5 and E. Coli Ribonuclease3 amino acid
sequences

were

retrieved

from

the

Universal

Protein

Resource

(Uniprot,

http://www.uniprot.org/) databases. Entry identifiers are the following: A. thaliana, RTL1
(F4JK37), RTL2 (Q9LTQ0), RTL3 (Q9FKF0), RTL4 (Q9FYL8), RTL5 (Q9SZV0); E. Coli
Ribonuclease3 (P0A7Y0). Protein sequences for RTL4 plant orthologs were retrieved from
The National Center for Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.gov/)
databases and their accession number are as follow: A. lyrata (XP_002893449.1), C. sativa
(XP_010499173.1), C. rubella (XP_006305681.1), E. salsugineum (XP_006415803.1), B.
rapa (XP_009113796.1), R. sativus (XP_018449637.1), T. hassleriana (XP_010533502.1), F.
vesca (XP_004298928.1), P. persica (XP_007209655.1), G. max (NP_001236767.1), L.
japonicas (AFK47329.1), M. truncatula (XP_003608942.1), V. vinifera (XP_002280078.2),
P. euphratica (XP_011044330.1), T. cacao (XP_007036165.2), J. curcas (XP_012080098.1),
R. communis (XP_015579860.1), Z. mays (NP_001146877.1), O. sativa (XP_015630425.1).
Multiple

alignment

of

protein

sequences

was

performed

using

T-coffee

(http://tcoffee.crg.cat/apps/tcoffee/do:regular) choosing the multiple method: clustalw_msa.
Shading of the multiple sequence alignment according to the amino acid conservation was
made through BoxShade (https://embnet.vital-it.ch/software/BOX_form.html), with the
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following parameters: Output format, RTF_new; Consensus line, Consensus line with
symbols; Fraction of sequences, 0.5; Input sequence format, Other; fasta_aln result file from
T-Coffee was used to paste the sequences. Annotations and colors were made directly in
Microsoft Word.

BY-2 lysate in vitro assay
The tobacco cell-free lysate was prepared as previously described (Komoda et al., 2004;
Ishibashi et al., 2006). BYL corresponds to the lysate in which the membrane fraction was
preserved and S15 corresponds to the lysate (supernatant) in which membrane fraction was
depleted by centrifugation at 15’000 g. RTL4 and DRTL4 coding sequences were amplified by
PCR (with addition of HA epitope tag sequence during PCR using primers with overhangs) and
cloned into pSP64-poly(A) vector (Promega). Primers are listed in Supplemental Table T2.
FLAG-RTL1 construct has been previously described (Tschopp et al., 2017). In vitro
transcription of the mRNAs and in vitro translation of the proteins in the lysates were carried
out as previously described (Ishibashi et al., 2006; Tschopp et al., 2017; Iki et al., 2017).
Preparation of radiolabelled 98/100 dsRNA substrate was performed as described previously
(Iki et al., 2017; Tschopp et al., 2017). RTL4-HA-, DRTL4-HA- and FLAG-RTL1-expressing
lysates containing in vitro-translated proteins were subsequently incubated at room
temperature with 15 nM of radiolabeled 98/100 dsRNA substrate with the addition of a 10X
ATP-regenerating mix (75 mM ATP, 100 mM MgCl2, 1 M Creatine Phosphate and 10 mg/ml
Creatine Kinase) and addition of 1 mM or 5 mM MgCl2 or 5mM MnCl2 when testing the effects
of increasing divalent cation concentration. For processing assay, after 20 minutes, the reaction
mixtures were diluted 0.5-fold in TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) and RNA
extraction was performed with equal volume of PCI. For gel-shift assay, after 10 minutes, the
reaction mixture was directly loaded on a gel. RNA molecules were separated on native 15%
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polyacrylamide gels (processing assay) and 4% polyacrylamide gels (gel-shift assay). Gels
were subsequently dried with a Model 583 gel dryer (BioRad) and radioactive signals were
detected using a Typhoon FLA 9000 image analyzer (GE healthcare).

Transient assay in Nicotiana benthamiana leaves
Transient expression experiment in Nicotiana benthamiana leaves was performed as
previously described (de Felippes and Weigel 2010). Briefly, an overnight culture of
Agrobacterium tumefaciens cells containing the construct of interest was centrifuged at 3000
g for 15 minutes and resuspended in MES/MgCl2 buffer (10 mM MES [pH 5.8], 10 mM MgCl2)
with addition of 200 µM acetosyringone, then incubated for four hours at room temperature. A
final concentration corresponding to optical density (OD) of 0.5 at 600 nm was assessed and
leaves of N. benthamiana were then infiltrated with the bacterial solutions using a syringe. The
leaves were harvested four days after infiltration, frozen in liquid nitrogen and ground into a
fine powder with a mortar. The leaf powder was then used to perform protein and RNA
extraction or immunoprecipitation followed by RNA extraction.

Protein structure prediction and visualization
RTL4 protein structure prediction was performed using the online Phyre2 web portal
(http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index)

for

protein

modelling,

prediction and analysis (Mezulis et al., 2015) with the following parameter: modelling mode
intensive. The crystal structure of Aquifex aeolicus RNaseIII complexed with product of
dsRNA

processing

was

retrieved

from

PDB

(protein

data

bank)

resource

(https://www.rcsb.org/) and corresponds to the following PDB ID: 2ez6. Protein structure
visualization and superimposition of the PDB files was performed using UCSF Chimera
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(https://www.cgl.ucsf.edu/chimera/), an extensible program for interactive visualization and
analysis of molecular structures (Pettersen et al., 2004).

RNA extraction
Except for BY-2 lysate experiments (described above), total RNA was isolated from frozen
tissues ground to fine powder by using TRIzol reagent (ThermoFisher Scientific) extraction
according to the manufacturer’s instructions. For the immunoprecipitation experiment
performed in transient assay (Figure 4D), RNA was isolated from INPUT and IP fraction in
solution using TRIzol reagent.

Quantitative reverse transcription PCR (RT-qPCR)
RT-qPCR primers are listed in Supplemental Table T2. Following treatment with DNaseI
(ThermoFisher Scientific), reverse-transcription was performed using Maxima First-Strand
cDNA synthesis kit (ThermoFisher Scientific). Quantitative PCR (qPCR) was performed using
KAPA SYBR Fast qPCR Kit (KAPA Biosystems) with gene-specific primers and employing
a LightCycler 480 Instrument II (Roche). 2nd derivative max method was used to assigned Ct
values calculated on three technical replicates per sample. Relative gene expression was
calculated by DCt method comparing genes of interest to ACTIN2 (AT3G18780) for artificial
miRNA lines and EXP10 (AT4G26410) for lines overexpressing RTL4. For RTL4 artificial
miRNA lines, results are represented as the average of the indicated biological replicates with
error bars. For lines overexpressing RTL4, results are displayed as the average of the three
technical replicates.
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Northern-Blot
Northern blotting analysis of low molecular weight RNA was performed with 5-30 µg of total
RNA resuspended in 50% formamide. RNA was separated on a 17.5% polyacrylamide-urea
gel in 0.5X TBE buffer and electrotransferred to a HyBond-NX membrane (GE Healthcare).
Membranes

were

chemically

crosslinked

with

1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide-mediated crosslinking (Pall and Hamilton 2008). Membranes were then prehybridized in PerfectHyb plus hybridization buffer (Sigma-Aldrich) for 30 minutes at 42 °C
before addition of the DNA probes (listed in Supplemental Table 2). Oligonucleotide probes
were end-labelled by incubation with [γ-32P]-dATP (Hartmann Analytic) and T4 PNK
(ThermoFisher Scientific). PCR-amplified probes were radiolabelled by incubation of the gelpurified PCR fragments with [α-32P]-dCTP using the Prime-A-Gene kit (Promega).
Membranes were probed overnight at 42 °C and washed three times at 50 °C for 15 minutes
with 2X SSC, 2% SDS solution. Radiolabelled signals were detected by phosphor-imaging
scanning with a Typhoon FLA 9000 (GE Healthcare). Membranes were stripped twice with
0.1% SDS boiling solution and subsequently re-hybridized with a new probe. As for RNA
extracted from the immunoprecipitation experiment performed in transient assay (Figure 4D),
RNA from INPUT (1 μg) and IP (161 ng) fractions was separated on a 5% polyacrylamideurea gel. The gel was stained with ethidium bromide to visualize the loading of INPUT RNA
and the different RNA sizes given by the ladder mix (Low Range ssRNA ladder, New England
BioLabs). RNA was then electrotransferred to a HyBond-NX membrane and the same
procedure as described above was followed.

Live-cell microscopy
Fluorescence signals from live tissues were collected immediately after excision from the plant
using a Zeiss 780 confocal laser scanning microscope with a 40X water immersion objective
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(LD C-Apochromat 40X/1.1). Fiji software (Schindelin et al., 2012) was used to analyze and
contrast imaged fluorescence signals. Image data were assembled using Adobe Photoshop and
Illustrator CS6.

GUS staining
Roots, seedlings, leaves, flowers and siliques were harvested and placed in Ferri/Ferro solution
(100 mM phosphate buffer pH 7.0, 0.1% Silwet detergent, 4 mM ferrocyanide, 4 mM
ferricyanide) for vacuum infiltration for 20 minutes at room temperature in order to remove the
air trapped in the tissue. The samples were subsequently placed in a new Ferri/Ferro solution
with addition of X-GLUC to a final concentration of 1 mg/ml. Vacuum infiltration was
performed for 20 minutes at room temperature followed by overnight incubation at 37 °C. The
samples were then washed and dehydrated through a series of ethanol dilutions (50%, 70%,
90%). Imaging was performed using fluorescence stereo zoom microscope AxioZoom V16
(Zeiss).

Protein analysis
BYL and S15 protein producing-lysates, protein samples obtained during immunoprecipitation
experiments and membrane fractionation as well as total proteins extracted from Nicotiana
benthamiana leave and Arabidospsis thaliana silique tissues ground in liquid nitrogen using
TANAKA protocol (Hurkman and Tanaka 1986) were resolved by SDS-PAGE and then
electrotransferred onto an Immobilon-P PVDF membrane (Millipore). Membranes were
blocked with 5% non-fat dried milk in PBS-Tween-20 0.1% (PBST) for 45 minutes followed
by addition of primary antibodies for overnight incubation at 4 °C with constant shaking.
Primary antibody dilutions were the following: 1/5000 rat anti-GFP (Chromotek), 1/5000
mouse anti-HA conjugated to horseradish peroxidase (Sigma), 1/500 rabbit anti-SMT1, 1/5000
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rabbit anti-UGPase. Membranes were then washed four times with PBST and subsequently
incubated (except for HRP-conjugated anti-HA) 1 hour at room temperature in 5% milk PBST
with horseradish peroxidase (HRP)-conjugated anti-rabbit secondary antibodies (Sigma) at
1/10000 dilution and HRP-conjugated anti-rat secondary antibodies (Cell Signalling) at 1/5000
dilution and then washed again four times with PBST. Detection was performed using ECL
Plus Western Blotting Detection kit (GE Healthcare). Finally, membranes were stained with
Coomassie blue to assess protein loading. Image data were analyzed with Image Lab Software
(Bio-Rad) and assembled in Adobe Photoshop CS6.

Membrane fractionation
Isolation of the endomembrane fraction from silique tissues with ultracentrifufation was
performed as previously described (Brodersen et al., 2012). Briefly, 500 μl of tissue ground
into a fine powder were homogenized in 1 ml of microsome buffer (50 mM MOPS, pH 7.6;
0.5 M Sorbitol, 10 mM EDTA, 0.5% polyvinyl pyrrolidone, protease inhibitor cocktail
(Roche), 1μM MG132), filtered through miracloth and centrifuged 10 minutes at 8000 g and 4
°C (INPUT). Solutions were subsequently centrifuged at 100000 g for 30 min in a Beckman
TLA-100 rotor and separated into supernatant and pellet fractions. An additional wash with
microsome buffer followed by an additional centrifugation at 100000 g for 30 minutes was
performed on the pellet fraction. The pellets were resuspended in PBS. 20μl solutions were
loaded on the gel for each sample. Isolation of the endomembrane fraction from whole plant
tissues without ultracentrifugation was performed according to the protocol developed by
Lindy Abas and Christian Luschnig (Abas and Luschnig 2010). Briefly, 100 mg of tissue
ground into a fine powder were homogenized in 150 μl of 2X extraction buffer (EB200 mM
Tris–HCl (pH 7.5), 50% (w/w, 1.62 M sucrose), 10% glycerol, 20 mM EDTA (pH 8.0), 20
mM EGTA (pH 8.0), 10 mM KCl) with addition of 2 mM DTT, complete protease inhibitor
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(Roche) and MG132 (1:10000). Samples were centrifuged at 600 g for 3 minutes at 4°C and
the supernatant was transferred to a fresh 1.5 ml Eppendorf tube. The remaining pellet was
homogenized again in ½ of the initial EB volume (75 μl) and centrifuged at 600g for 3 minutes
at 4°C. The supernatant from this second extraction was combined with the first supernatant
and the solution was centrifuged one last time at 600g for 3 minutes at 4°C and the finale
supernatant was kept as the cleared homogenate and 10% volume was taken as Input. The
samples were diluted with water to reach a final sucrose concentration of 0.35-0.4 M,
subsequently divided into several aliquots of ⩽200 μl and centrifuged at 21000 g for 2 hours
at 4 °C. The supernatant was kept as the soluble fraction. The membrane pellets were washed
with 150 μl of 0.4X EB and re-centrifuged at 21000 g for 45 minutes at 4 °C. The supernatant
from this wash step was discarded and pellets represent the microsomal fraction. 10 μl of Input
and 20 μl of Soluble and Pellet fraction were loaded on the gel.
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Supplemental Figure S1. Multiple sequence alignment of RTL1, RTL2, RTL3, RTL4 and RTL5.
Conserved amino acids are shaded. RNaseIII consensus signature motif has been annotated in red. Basic
residues (arginine, lysine) in RTL4 sequence also conserved in orthologs (see Supplemental Figure S2)
have been colored in green. Ath, Arabidopsis thaliana.
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ISSKALGRLISEVSNVESSCALDGDRLGLGKIIRVSTKTDASNSAILCTGFRAIFGAIAI
ISSKALRRLIAQVSNVESSCALDGDRLGLGKIIRVSPKTDASNSAILCAGFRAIFGAIAI
VSSKALNRLIAQVSKVESSCALDGGRLGLGKIIRVSPKTDASNSAILCSGFRAIFGAIAV
ISSKALGRLIAEVSNVDSSCALDGGRLGLGKIIRVSPKTDASNSAILCAGFRAIFGAIAI
ISSKVLAHLISDVANVDSSCALDGNRLGLERIIRVSPKTDASNSAIVCAGFRAIFGAIAT
TSSKALTRLIAEVSNVESSCALDGNRLGLERVIRVSPKTDASNSGIVCGGFRAIFGAVAT
TSSKALTRLIAEVSSVESSCALDGNRLGLERVIRVSPKTDASNSAIVCGGFRAIFGAVAV
VSSKELNRLISEVSNVNSSCALDGKRLGLQKIIRVSHKTDASNSVIICGAFRAIFGAIAT
ISAKEMNRHISEISKVESSCAADGLRLGLHKVVRVSPKTDSSSPAVVCGAFRAVFGAIAL
ISAKELNRRVSEISKVESSCAADGLRLGLHKVVRVSPKTDSSTPLVVCGAFRAIFGAIAI
LSSKELNRRLSQITNVDSSCAVDGTRLGLHKVVRVSPKTNSSAPAVVCGAFRAIFGAVAI
ISAKELNRRLSQVSNVESSCAVDGVHLGLHKVVRVSPKTNSSAPAVVCGAFRAIFGAIAI
ISAKELNRRLSLISNVDSSCAVDAKRLGLHKVVRVSPKTNSSSTAVVCGAFRSIFGAISL
ASAKDLNRRISEISQVESSCAVDAMRLGLQKVIRVSPKTNASTPAVVCGAFRAIFGAIAM
ISPKDLNRWISENAKVDTSCAVDGMRLGLHRVVRVSPKTNSTAPAVVCSAFRAIFGAIAI
MSPKELNNLILEITKVDSSCAVDGTRLGLQKVVRVSRKTAPSSPTIVCGAFRAIFGAIAL
ISSKVLNRRLSEISKVETSCAVDGMRLGLHEVVRVSSKTNSTAPLVVCGAFRAIFGAIAI
ISSKELNRRIAEISKVETSCAVDGMRLGLDKVVRVSYKTNSTAPAVVCGAFRALFGAIAI
AAPSAVSRAASEAA-SGPACARAGARIGIPDVVRVSGQTSAAAPTVVCSALRALVGAVAV
ASASAVSRRARDAS-GEAACVAAAARVGIPSIVRVAAGTKPTAPPVVCGALRALIGAVAV
........ ..........*.... ..*. ...**...*... ....*...*...**...
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AthR4
AlyR4
CsaR4
CruR4
EsaR4
BraR4
RsaR4
ThaR4
FveR4
PpeR4
GmaR4
LjaR4
MtrR4
VviR4
PeuR4
TcaR4
JcuR4
RcoR4
ZmaR4
OsaR4
consensus

165
164
161
158
162
139
163
161
160
160
162
153
153
173
154
164
162
161
153
152
181

DAGTVDEAIKVFWKVHGARAGRLVSMLDTGMVDEAIKVFWKVHGDRPGRLVSMLDAGTVDKAINVFWKVHGDTAGRLVSMLDAGIVDDATKVFWKVHGDRAGRLVSMLDSGMVDEAIKVFWKVHGDRAGKLVSTLDSGTVDEAIKVFWKVHGAGAARLVSVLDSGLVDEAMKVFWRVHGGPGGRLVVSML
DAEMVDDAIKVFWKVHGGQTGKVVSA-DVGKSDDAGSIFWAVHGGEAGGVTSI-DVGKSDDAGSYFWGVHGGQVGGALAM-DTGKSDDAGNVFWNLHGGGDLGVAVALDTGKSDDAGNVFWTIHGVGDVGVAAALDTGSSEAAGNVFLTVHGR-DLGVYAAMDTGKSDDAGKVFWSVHGSEVGGAAAL-DTRKVDNASSVFWKVHGSEVGREMVM-DSTNTDEAGNIFWSIHSGKAQRAVSL-DTGKSDDAGSVFWGIRAGEAG--KALAL
DTGKSDDAGSVFWGVHSHNTISGKATAF
DANSTDAAGEVFWRLHALTSSAAVAAVDANSTHAAEEVFWKLHVLTAASAKAAM*.. ...*. .*..... ..... ..

Supplemental
FigureS2.
1. Multiple
Multiple sequence
Supplemental
Figure
sequence alignment
alignment of
ofArabidopsis
Arabidopsisthaliana
thalianaRTL4
RTL4with
withorthologs
orthologsin Angiosperms.
Conserved amino acids are shaded. RNaseIII consensus signature motif has been annotated in red. Basic residues in
in Angiosperms.
RTL4 sequence (arginine, lysine) which replace acidic residues in RNaseIII sequence have been colored in green. Ath,
Conserved amino acids are shaded. RNaseIII consensus signature motif has been annotated in red. Basic
Arabidopsis thaliana; Aly, Arabidopsis lyrata; Csa, Camelina sativa; Cru, Capsella rubella; Esa, Eutrema
residues (arginine, lysine) conserved in RTL4 sequence among orthologs have been colored in green.
salsugineum; Bra, Brassica rapa; Rsa, Raphanus sativus; Tha, Tarenaya hassleriana; Fve, Fragaria vesca; Ppe,
Ath, Arabidopsis thaliana; Aly, Arabidopsis lyrata; Csa, Camelina sativa; Cru, Capsella rubella; Esa,
Prunus persica; Gma, Glycine max; Lja, Lotus japonicas; Mtr, Medicago truncatula; Vvi, Vitis vinifera; Peu, Populus
Eutrema salsugineum; Bra, Brassica rapa; Rsa, Raphanus sativus; Tha, Tarenaya hassleriana; Fve,
euphratica; Tca, Theobroma cacao; Jcu, Jatropha curcas; Rco, Ricinus communis; Zma, Zea mays; Osa, Oryza sativa.
Fragaria vesca; Ppe, Prunus persica; Gma, Glycine max; Lja, Lotus japonicas; Mtr, Medicago
truncatula; Vvi, Vitis vinifera; Peu, Populus euphratica; Tca, Theobroma cacao; Jcu, Jatropha curcas;
Rco, Ricinus communis; Zma, Zea mays; Osa, Oryza sativa.
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Supplemental Figure S3. RTL4 conserved positively charged amino acids. Graphic representation
of RTL4 structure prediction (magenta), superimposed on the solved crystal structure of Aquifex
aeolicus RNaseIII (yellow and orange for each monomer). Representation of A. aeolicus RNaseIII
monomer including a close-up view on RNaseIII catalytic valley and the two RBMs with the
corresponding region and amino acid in RTL4 sequence highlighted in green.
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Supplemental Figure S4. RTL4 localization in roots of plants overexpressing RTL4-GFP.
Localization of GFP signal visualize by confocal microscopy. Images from a single plane of root
meristems from UBQ10:RTL4-GFP expressing plants are depicted with GFP signal (left),
differential interference contrast (DIC) channel (right) and overlay (right). Scale bar = 10 µm.
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Supplemental Figure S5: RTL4 anatomy expression profiles retrieved from microarray database
collections.
(A) RTL4 expression pattern in the wild type Arabidopsis plant retrieved from GENEVESTIGATOR
atlas of transcript expression (https://www.genevestigator.ethz.ch/). Results are given as boxplot on
a log2 scale. Expression values are displayed as the average RTL4 expression in a particular tissue
across all selected samples (indicated on the right of the graph). The error bars represent the lowest
and highest datum still within 1.5 of the interquartile range from the lower and upper quartile. Values
outside this range are represented as stars (outliers). (B) RTL4 expression pattern in Arabidopsis
developing seed retrieved from web-based tool “Gene Network in Seed Development”
(http://seedgenenetwork.net/arabidopsis). PEN, Peripheral endosperm; GSC, General seed coat;
CZE, Chalazal endosperm; CZSC, Chalazal seed coat; MCE, Micropylar endosperm; S, Suspensor;
EP, Embryo proper. Colors corresponding to average signal intensities are given on the right.
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Supplemental Figure S6. RTL4 colocalization with membrane markers and P-body markers.
(A) Colocalization of RTL4-GFP signal with diverse mCherry-based endomembrane markers and
(B) colocalization of RTL4-GFP and DRTL4-GFP signal with P-body markers following transient
expression in N. benthamiana leaves and imaged by confocal microscopy. Images are from a single
plane of leave, except for images showing P-body markers, which are maximum intensity projection
images. Scale bar = 10 µm.
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Experiment

Identified
Protein

Accession
Number

Molecular Weight
kDa

Exclusive Unique
Peptide Count

Percent (%)
Coverage

RTL4 IP

RTL4

AT1G24450

21

8

46

ASPG1

AT3G18490

53

2

6.8

ATGSL1

AT5G35630

47

2

6.7

ATTRM7B

AT4G25730

92

2

3.8

ATBG_PPAP

AT5G42100

45

1

4.2

ATSCI1

AT1G79200

19

1

7.5

RPL27A

AT1G23290

16

1

10

ATVAB3

AT1G20260

54

1

2.1

RPS24B

AT5G28060

15

1

20

ATRH3

AT5G26742

81

1

1.9

RPL19

AT5G47190

25

1

4.8

ATGLDP1

AT4G33010

115

1

0.77

DRB4

AT3G62800

38

1

2.8

RTL4 IP
Filtering with
lower
parameters

Supplemental Table T1: Mass spectrometry analysis of proteins found in RTL4-FHA immuno/coimmunoprecipitates. RTL4, RNase THREE-like 4; ASPG1, aspartic protease in guard cell 1;
ATGSL1, glutamine synthetase like 1; ATTRM7B, tRNA methyltransferase 7B; ATBG_PPAP,
beta-1,3-glucanase; ATSCI1, stigma/style cell cycle inhibitor; RPL27A, 60S ribosomal protein
L27A; ATVAB3, V-ATPase B subunit 3; RPS24B, 40S ribosomal protein S24-2; ATRH3, DEADbox ATP-dependent RNA helicase 3; RPL19, ribosomal protein L19; ATGLDP1, glycine
decarboxylase P protein 1; DRB4, double-stranded RNA binding protein 4.
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Cloning Primers
RTL4_1-2_F

GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTA ATGGCGACTCTTCGTTTCACT

RTL4noTMH_1-2_F

GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTA ATG AGTGAAATCAATCTCAGGATCGAA

RTL4_1-2_R NO STOP

GGGG AC CAC TTT GTA CAA GAA AGC TGG GTA CAACATAGAGACTAGTCTTCCAGCTC

RTL4_1-2_F NO ATG

GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTA GCGACTCTTCGTTTCACTCTACTTC

RTL4_1-2_R

GGGG AC CAC TTT GTA CAA GAA AGC TGG GTA TTACAACATAGAGACTAGTCTTCCAGCTC

RTL4P_4-1r_F

GGGG ACA ACT TTG TAT AGA AAA GTT GGA gtgagtcatcctctgattctttctg

RTL4P_4-1r_R

GGGG AC TGC TTT TTT GTA CAA ACT TGT agttgaaccttagtgttcttcacttga

RTL4_2r-3_F

GGGG ACA GCT TTC TTG TAC AAA GTG GGA ATGGCGACTCTTCGTTTCACT

RTL4_2r-3_R

GGGG AC AAC TTT GTA TAA TAA AGT TGT TTACAACATAGAGACTAGTCTTCCAGCTC

RTL4_2r-3_R (3'UTR)

GGGG AC AAC TTT GTA TAA TAA AGT TGT ataacaagtaaatgatgatgggatccc

Primers artificial microRNA
mir319A_1-2_F

GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTA acaaacacacgctcggac

mir319A_1-2_R

GGGG AC CAC TTT GTA CAA GAA AGC TGG GTA catggcgatgccttaaataaaga

amiRTL4_3_I_F

GATAGGAAAATGGTTCGATCCTC TCTCTCTTTTGTATTCC

amiRTL4_3_II_R

GAGAGGATCGAACCATTTTCCTA TCAAAGAGAATCAATGA

amiRTL4*_3_III_F

GAGAAGATCGAACCAATTTCCTT TCACAGGTCGTGATATG

amiRTL4*_3_IV_R

GAAAGGAAATTGGTTCGATCTTC TCTACATATATATTCCT

RT-qPCR primers
Rtl4RT-qPCR_F1_exon1-3

CGTCGTCGGGATCTTCTTCT

Rtl4RT-qPCR_R1_exon1-3

ACGGCGAAGAAGGTTGATGT

Rtl4RT-qPCR_F2_exon3

CCTCATGTGCTCTTGACGGA

Rtl4RT-qPCR_R2_exon3

TGGCTTCATCAACCGTTCCA

RT-qPCR_Actin2FP

GCACCCTGTTCTTCTTACCG

RT-qPCR_Actin2RP

AACCCTCGTAGATTGGCA

RT-qPCR_AT4G26410_F

GAGCTGAAGTGGCTTCAATGAC

RT-qPCR_AT4G26410_R

GGTCCGACATACCCATGATCC

Primers BYL
Rtl4HAPSP64polyA_R

actgac GGATCC tcaAGCGTAATCTGGAACATCATATGGGTA CAACATAGAGACTAGTCTTCCAGCTCG

Rtl4PSP64polyA_F

actgac CTGCAG ATGGCGACTCTTCGTTTCACT

Rtl4PSP64polyA_R

actgac GGATCC TTACAACATAGAGACTAGTCTTCCAGCTC

Rtl4noTMHPSP64polyA_F

actgac CTGCAG ATG AGTGAAATCAATCTCAGGATCGAA

PSP64F

TACATATTGTCGTTAGAAC

PSP64R

TTTTTTTTTTTTTTGGGAGC

Northern Probes
IR71 (DNA)

GF (GFP5 DNA)

P (GFP5 DNA)

IR71 Forward primer

CTGCAACATGGTCACTTATATAAACC

IR71 Reverse primer

TGTAGAGAAACATGAGAGAAATCACG

GF Forward primer

agtaaaggagaagaacttttcact

GF Reverse primer

ttccgtcctccttgaaatcga

P Forward primer

acatcctcggccacaagttg

P Reverse primer

tcatgtttgtatagttcatccatg

miR822 oligo

CATGTGCAAATGCTTCCCGCA

Tas1(255) oligo

TACGCTATGTTGGACTTAGAA

si1003 oligo

ATGCCAAGTTTGGCCTCACGGTCT

Rep2 oligo

GCGGGACGGGTTAGGCAGGACGTTACTTAAT

SimpleHat oligo

TGGGTTACCCATTTTGACACCCCTA

siR02 oligo

GTTGACCAGTCCCGCCAGCCGAT

miR319 oligo

AGGGAGCTCCCTTCAGTCCAA

miR159 oligo

TAGAGCTCCCTTCAATCCAAA

miR395 oligo

GAGTTCCCCCAAACACTTCAG

mir160 oligo

TGGCATACAGGGAGCCAGGCA

mir163 oligo

ATCGAAGTTCCAAGTCCTCTTCAA

U6 oligo

AGGGGCCATGCTAATCTTCTC

Supplemental Table T2: List of primers used in this study.
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CONCLUSION
To gain further insights into the molecular mechanisms underlying small RNA
biogenesis and therefore associated to the control of gene expression in Arabidopsis thaliana,
we set out to identify and characterize new additional proteins that could form a complex with
two well-defined members of the small RNA processing machinery, DCL4 and DRB4, and
therefore regulate their activity. Immunoprecipitation experiments followed by mass
spectrometry analysis allowed us to identified two potential protein partners, DRB7.1 and
RTL4. We further showed that DRB7.1 was also involved in modulating small RNAs
biogenesis and that plants overexpressing the protein displayed enhanced accumulation of
siRNAs from an endogenous inverted repeat that correlated with enhanced DNA methylation
at the specific locus, suggesting a biological impact for DRB7.1 in the regulation of epigenetic
marks. As for RTL4, we demonstrated that the RNaseIII protein lost its catalytic activity but
can stably bind RNA and is endomembrane-localized. However, the involvement of RTL4 in
the silencing pathway is still not defined and we cannot exclude the possibility that the specific
identification of RTL4 in DCL4 and DRB4 immunoprecipitates was actually an artifact of the
protein, which will end up binding the same RNA substrates as DCL4 and DRB4 due to the
homogenization of plant extracts for the immunoprecipitation experiment. Nevertheless, as an
RNA-binding protein, RTL4 may, if not involved in silencing, play a role in an alternate or
competitive RNA pathway and therefore also be implicated in the regulation of gene
expression, which is strongly supported by the reported lethal phenotype of the rtl4 mutant
(Portereiko et al., 2006) and the robust conservation of the protein among flowering plants.
Although the two proteins somehow diverge in their molecular and cell biology and do
not seem to be implicated in the same pathways, a common feature between DRB7.1 and RTL4
is that both proteins bind RNA substrates. As RTL4 involvement in silencing remains to be
deciphered, we have therefore extended the following general discussion towards the topic of
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RNA-binding proteins instead of exclusively concluding on the proteins in the RNA silencing
pathway.

OUTLOOK AND GENERAL DISCUSSION
Proteins are the molecular factotums of biology, in charge of executing and regulating
an astounding amount of fundamental biochemical operations in the cell. RNA, rather than
being a passive information carrier, is also a key regulatory molecule responsible for mediating
cellular and metabolic processes as exemplified by the small regulatory RNAs involved in
diverse RNA silencing pathways. Therefore, a tightly orchestrated cross-regulation between
RNA and proteins is an absolute requirement for fine-tuning gene expression and can operate
via the association of RNA molecules with several RNA-binding proteins. Understanding the
forces that shape the formation of ribonucleoprotein complexes as well as their modulation and
the downstream effect that these complexes exercise on gene expression and cellular regulation
remains a recurrent objective in the field of molecular biology. Particularly, knowing the
universality and plasticity of RNA binding proteins (RBPs) and the related important molecular
mechanisms that these proteins are involved in, it is of interest to decipher the biological role
played by such typical proteins and their implication in regulating RNA metabolism, being
used as regulators by RNA or being regulated by RNA. This thesis identified two new players
in RNA metabolism, DRB7.1 and RTL4, and made its small contribution towards this
endeavor. We showed that DRB7.1 participates in small RNA biogenesis and forms a complex
of proteins with DRB4, with which it can bind dsRNA. We also contributed to decipher RTL4
cell biology and its biochemical properties by showing that RTL4 is an unconventional RNA
binding protein and likely regulates RNA metabolism as part of a component in the
endomembrane system. However, further approaches are needed in order to better comprehend
the cellular processes in which these two proteins are involved. Identifying target RNA
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substrates of DRB7.1 and RTL4 by using next-generation sequencing technology following
protein IP could help better decipher in which regulatory pathway these proteins participate.
Also, looking for potential binding on exogenous RNA after virus infection will be of particular
interest to discern if DRB7.1 and RTL4 play a part in plant defenses in addition to their
prospective role in plant development and metabolism. Additionally, identifying other
potential protein partners of DRB7.1 and RTL4 after immunoprecipitation might also be of
interest to better determine in which pathway they could be implicated. Knowing the
involvement of RTL4 in the secretory pathway, such immunoprecipitation experiments must
be performed after isolation of the endomembrane fraction. Another very instructive
investigation will be to study the interaction of DRB7.1 and RTL4 with their RNA substrates,
both structurally and biochemically. How does DRB7.1, with one dsRNA binding domain bind
dsRNA compared to its interactor, DRB4, which posseses two dsRNA binding domains? How
does DRB7.1 in complex with DRB4 bind dsRNA? Which motifs or amino acids in the two
proteins allow for protein-protein interaction and which ones are responsible for the interaction
with the RNA? Do DRB7.1 and DRB4 change their conformations when interacting together?
We could also design experiments where we swap the unique dsRNA binding domain of
DRB7.1 with one of the two dsRNA binding domains of DRB4 and vice-versa or where we
add an additional dsRNA-binding domain to DRB7.1 (as DRB7 proteins only have one as
opposed to the rest of DRBs, all of which have two dsRNA-binding domains) and observe how
this can affect RNA binding as well as protein-protein interaction and complex formation.
Concerning RTL4, which is a non-catalytically active RNaseIII, we could learn more about the
property of a functional RNaseIII domain and its processivity towards RNA by attempting to
“re-engineer” RTL4 sequence into a more canonical RNaseIII and observe the related effects
on RNA cleavage. Here, we could also consider performing site-directed mutagenesis
experiments and generate different versions of RTL4 with re-integration of the key acidic
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residues or other amino acids identified as being important and investigate to what extent we
could recover its catalytic activity. Also, what are the amino acids responsible for the RNAbinding activity of RTL4? Does modifying the basic residues in RTL4 sequence impair its
RNA-binding capacity? Does RTL4 need to form a homodimer in order to properly bind RNA?
If so, which amino acids are responsible for the dimerization?
With this thesis, we have also shown that the tobacco cell-free lysate (BY-2) represents
an informative alternative in vitro system that could be used to decipher the different
biochemical properties of diverse uncharacterized candidate proteins or complexes of proteins
on RNA binding and RNA processing activity. The BY-2 lysate has already been successfully
used in previous studies to gain deeper insights into mechanisms underlying RNA silencing
such as RISC assembly (Iki et al., 2010; 2012), AGO loading (Ye et al., 2012; Endo et al.,
2013), RISC-mediated translational repression (Iwakawa and Tomari 2013) and viral
replication (Komoda et al., 2004). We and colleagues showed that, in addition, it is an efficient
and biologically relevant system to study and characterize the processing and binding activities
of several proteins and a complex of proteins on various dsRNA substrates, either relater or
unrelated to the silencing pathway (Iki et al., 2017; Tschopp et al., 2017). In addition to the
biochemical characterization of two previously uncharacterized proteins, DRB7.1 and RTL4,
we were also able to reproduce the described endogenous activity of RTL1, which fully
processed all kinds of long and short dsRNAs (Shamandi et al., 2015) and RTL2, which process
eslong dsRNA substrates into shorter dsRNA fragments of ~30-nts in the lysate (Elvira-Matelot
et al., 2016; Comella et al., 2007). We also showed that DRB4-expressing lysates accumulate
higher contents of 21-nt siRNAs, likely due to its association with the endogenous DCL4 in
the lysate, as it has been shown that DRB4 is required for the proper processing activity of
DCL4 in vivo (Nakazawa et al., 2007). These observations strongly support the idea that BY2 lysate could be further used to assess the processing activity and binding capacity of some
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additional sets of uncharacterized proteins with the potential to cleave or bind RNA. This fast,
easy-to-use and efficient eukaryotic system is particularly well-suited compared to prokaryotic
systems, where protein expression could lead to protein misfolding, protein aggregation or
toxicity. Of course, as any in vitro system, BY-2 has its limitations and results obtained must
be further transferred to and confirmed in a more biological context. Another limitation we
face with such a system is that we cannot completely rule out the possibility that our protein of
interest is forming a complex with another group of endogenous proteins in the lysate.
However, we could add a crosslinking step to the procedure and further perform a western
blotting experiment to observe if the protein runs at the expected size or higher. Alternatively,
BY-2 lysate experiments could be employed as a screening system on a multitude of protein
combinations and with diverse substrates to isolates promising candidate proteins and further
test their properties by using a regular in vitro approach combined with the expression and
purification of the recombinant proteins.
Nevertheless, we strongly believe that the BY-2 system could be used to address the questions
on the structure and biochemical properties of DRB7.1 and RTL4 that we raised above. Indeed,
once generated, we could express the different mutated versions of the two proteins in the
lysate, then monitor their binding capacity after the addition of diverse RNA substrates, and
gain further insights into their RNA-binding properties as well as into the biochemical
hallmarks regulating the association of these proteins with RNA molecules.
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