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RNA binding proteins (RBPs) control the fate and expression of a transcriptome. Despite this fundamental importance, our
understanding of plant RBPs is rudimentary, being mainly derived via bioinformatic extrapolation from other kingdoms. Here,
we adapted the mRNA-protein interactome capture method to investigate the RNA binding proteome in planta. From
Arabidopsis thaliana etiolated seedlings, we captured more than 700 proteins, including 300 with high confidence that we
have defined as the At-RBP set. Approximately 75% of these At-RBPs are bioinformatically linked with RNA biology,
containing a diversity of canonical RNA binding domains (RBDs). As no prior experimental RNA binding evidence exists for the
majority of these proteins, their capture now authenticates them as RBPs. Moreover, we identified protein families harboring
emerging and potentially novel RBDs, including WHIRLY, LIM, ALBA, DUF1296, and YTH domain-containing proteins, the
latter being homologous to animal RNA methylation readers. Other At-RBP set proteins include major signaling proteins,
cytoskeleton-associated proteins, membrane transporters, and enzymes, suggesting the scope and function of RNA-protein
interactions within a plant cell is much broader than previously appreciated. Therefore, our foundation data set has provided
an unbiased insight into the RNA binding proteome of plants, on which future investigations into plant RBPs can be based.

INTRODUCTION For instance, there are hundreds of Arabidopsis thaliana genes
that encode proteins exhibiting one or more canonical RBD, such
as RNA recognition motif domains (RRM; 197 proteins), K ho-
mology domains (KH; 28 proteins), cold shock domains (CSD; five
e proteins), DEAD-box helicase domains (nine proteins), Pumilio
et al., 2015). Even though such posttranscriptional gene reg- RNA binding repeats (PUF; 26 proteins), Like-Sm domains (LSM;
ulation events are ubiquitous across all kingdoms of life, rela- 36 proteins), Zinc finger CCCH-type (C-x8-C-x5-C-x3-H; 5 pro-
tively littleis known about RNA-proteininteractionsin plants and teins), and p’)entatricopeptide repeat proteins (PPR; ~4:”>0 pro-
hovy these events impact the fate and expression of the Tcran— teins) (Silverman et al., 2013). However, to date, only afew of these
scriptome. In_ste‘ad, much of the research on posttranscriptional proteins have been functionally characterized. Examples include
gene regulation in plants has focused on the role of small RNAs the RRM-containing GLYCINE-RICH RNA BINDING PROTEINS

(SRNAS),’ which has .been driven by J,[he develgpment of ne'xt- (GR-RBPs), which have beenimplicated in mediating responses to
generation sequencing methodologies, enabling the relative various stresses such as cold, salinity, and drought (Kim et al.,

ease of identification of SRNAs and their targets (Ma et al., 2015). 2007a; Kim et al., 2007b; Kwak et al., 2005; Lorkovi¢, 2009) and in

By comparison, the cohort of RBPs of a plant cell remainstobe o, 1ating circadian rhythm (Nolte and Staiger, 2015). Similarly,
explored. CSD proteins and RNA helicases have been shown to be in-

K”,OW'edﬂ?e Of RBPs in .plants come§ .mainly from targgted volved in abiotic stress responses (Jung et al., 2013). Proteins with
studies on individual proteins or from bioinformatic predictions known RBDs also play important roles in plant developmen-

baged on seq.uenc.e. homology With canonigal RNA binding do- tal processes such as flowering time (Macknight et al., 1997;
mains (RBDs) identified in other kingdoms (Silverman et al., 2013). Schomburg et al., 2001), floral morphogenesis (Lorkovi¢, 2009;

Jungetal., 2013), embryogenesis (Tripuranietal.,2011), as well as

The diverse and dynamic interactions with RNA binding proteins
(RBPs) govern the life of cellular RNA, including its processing,
modification, cellular localization, translation, and decay (Singh

1These authors contributed equally to this work. ovule development and cell size homeostasis (Bush et al., 2015).
2 Address correspondence to tony.millar@anu.edu.au or thomas.preiss@ Nevertheless, for the vast majority of bioinformatically predicted
anu.edu.au. plant RBPs, there is no experimental evidence for their RNA

The author responsible for distribution of materials integral to the findings binding activity or their molecular function. Additionally, which
presented in this article in accordance with the policy described in the . s . .

Instructions for Authors (www.plantcell.org) is: Anthony A. Millar (tony. non<.:e'1non|cal RBDs e.X|St in plan.ts remains to be determined,
millar@anu.edu.au). awaiting a global, unbiased experimental approach that can de-

www.plantcell.org/cgi/doi/10.1105/tpc.16.00562 termine the cohort of plant RBPs (Silverman et al., 2013).
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Recently, a method termed “mRNA interactome capture” was
developed that canidentify the portion of cellular proteomes that is
bound to polyadenylated RNA (Castello et al., 2012; Baltz et al.,
2012). The method uses irradiation of live cells with short-wave UV
light (254 nm), which, unlike formaldehyde, is known to selectively
cross-link proteins in direct contact to RNA, but does not induce
protein-protein cross-links (Greenberg, 1979; Dreyfuss et al.,
1984; Wagenmakers et al., 1980; Pashev et al., 1991; Suchanek
et al.,, 2005). Following cell lysis, cross-linked mRNA-protein
complexes are isolated using oligo(dT) beads under stringent
conditions, prior to RNase treatment and protein identification by
mass spectrometry (MS). mRNA interactome capture has been
performed on arange of mammalian cell lines (Castello et al., 2012;
Baltz et al., 2012; Beckmann et al., 2015; Kwon et al., 2013; Liao
etal., 2016), Caenorhabditis elegans (Matia-Gonzalez et al., 2015),
Drosophila melanogaster (Wessels et al., 2016; Sysoev et al.,
2016), and Saccharomyces cerevisiae (Beckmann et al., 2015;
Mitchell et al., 2013; Matia-Gonzalez et al., 2015). These studies
have revealed unexpectedly high numbers of diverse RBPs in
eukaryotic cells, indicating that many unforeseen RNA-based
regulatory mechanisms have yet to be elucidated.

Here, we detail the successful adaption of mRNA interactome
capture to a living, intact plant. Using Arabidopsis etiolated
seedlings as source material, we identified 300 Arabidopsis
proteins as RNA binding and present another set of over
400 proteins as candidate RBPs, underscoring the prevalence
of RNA binding and RBD diversity within the plant proteome.
Corroborating our approach, many known RBPs were isolated,
along with a multitude of bioinformatically predicted RBPs,
providing the first direct experimental evidence of their in vivo
RNA binding activity. Moreover, we identified potential novel
plant RBDs and a diverse set of proteins not previously asso-
ciated with RNA biology, including proteins involved in signaling
pathways, cytoskeletal organization, and membrane transport.
Our study thus reports a method of broad utility in plant re-
search, as well as providing an experimental census of the
Arabidopsis MRNA binding proteome as a unique resource for
future research into RBP function in plants.

RESULTS AND DISCUSSION

Development of an mRNA Interactome Capture Protocol for
Arabidopsis Seedlings

Four-day-old etiolated seedlings were chosen as source material
for mRNA interactome capture (Figure 1A). To adapt the original
protocol (Castello et al., 2012) for use with plant material, we
increased the dosage of 254-nm UV light to three cycles of irra-
diation at 150 mJ/cm? (Au et al., 2014), to establish cross-links
(CLs) between proteins and RNA. This did not appreciably in-
crease RNA degradation compared with lower UV dosages or
a non-cross-linked (noCL) control sample (Supplemental Figure
1A). Snap-frozen seedlings were ground in liquid nitrogen and
thawed into lysis buffer that was adapted for use in plants by
supplementing with 3-mercaptoethanol and polyvinylpyrrolidone
40, which increased the efficiency of RNA isolation (Supplemental
Figure 1B). Lysates were further passed through a shredding

column to clear the lysate and two rounds of capture on oligo(dT)
beads were performed to maximize RNA recovery (Supplemental
Figure 1C). Finally, proteins were released from the beads and
treated with RNase. Analysis of aliquots taken before and after the
oligo(dT) capture (referred to as input and eluate, respectively) by
SDS-PAGE and silver staining showed purification of adistinct set
of proteins in the CL eluate but not the noCL control sample (Figure
1B). Immunoblot analysis confirmed that this set of proteins
contained known RBPs such as ARGONAUTE1 (AGO1) and the
chloroplast RBP CP29A, whereas the non-RBP, inositol phos-
phatase FIERY1/SAL1 protein (Robles et al., 2010), was absent
(Figure 1C). Together, this demonstrated that the modified mRNA
interactome capture protocol could efficiently and selectively
purify plant RBPs.

Identification of an Arabidopsis mMRNA Binding Proteome

Three independent biological replicates for both CL and noCL
eluate samples were prepared for analysis by quantitative MS
using the SP3 (single-pot solid-phase-enhanced sample prepa-
ration) method (Hughes et al., 2014). Scatterplots comparing
CL/noCL fold changes between biological replicates showed
reproducibility (Supplemental Figure 1D). Together, this identified
746 proteins in the eluates, and for 333 of these, a CL/noCL ratio
was determined in at least two out of three replicates. Nine pro-
teins were enriched in the noCL sample and were not considered
for further analysis, while 324 proteins were enriched in the CL
sample. Of the latter, 300 proteins were enriched at a false
discovery rate (FDR) <1% and were defined as the Arabidopsis
RBP set (At-RBPs; Figure 1A; listed in Supplemental Data Set 1),
a designation to indicate our highest confidence set of potential
RBPs. The 24 proteins enriched at a higher FDR and those
413 proteins without a CL/noCL ratio (i.e., “nonquantified”) were
defined as “candidate At-RBPs” (Figure 1A; listed in Supplemental
Data Set 1). Although candidate At-RBPs did not pass these
stringent statistical criteria, their features are nevertheless ex-
amined below as they likely contain additional RBPs that warrant
further investigation. The quality of all interactome MS data was as
expected; only 0.26% of peptides contained two missed trypsin
cleavage sites and the minimum peptide length found was seven
amino acids (Supplemental Data Set 2). MS analysis was also
performed on two independent input samples, which identified
8264 proteins (termed input proteome).

Interactome Capture Enriches for Proteins Related to
RNA Biology

Compared with the input proteome, both At-RBPs and candidate
At-RPBs were enriched for RNA-related Gene Ontology (GO)
terms and canonical RBDs (Figures 1D and 1E). Based on GO
annotations, 75% of At-RBPs had prior experimentally de-
termined or predicted links to RNA biology (Figure 1D). The re-
maining 25% had no known or predicted function in RNA biology
and therefore represent novel RBPs in Arabidopsis. Similarly,
~80% of the At-RBPs contained known RBDs (based on Pfam
and Interpro annotations and previous mRNA interactome data
sets; Castelloetal.,2012; Beckmannetal.,2015; Liao et al., 2016),
while the other 20% did not (Figure 1E). The candidate At-RBP
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Figure 1. mRNA Interactome Capture in Arabidopsis.

(A) Overview of the mRNA interactome capture procedure in Arabidopsis and categorization of interactome proteins.
(B) and (C) RNA-protein complexes from CL and noCL samples isolated by oligo(dT) capture were treated with RNases, separated by SDS-PAGE, and
analyzed by silver staining (B) and immunoblot (C) alongside input samples. Results are representative of three independent interactome capture ex-

periments.

(D) and (E) Annotations of At-RBPs and candidate At-RBPs compared with the input proteome according to functional characteristics (RNA biology)

(D) and RBDs (E).

(F) and (G) The most significantly over- and underrepresented GO terms for molecular function in At-RBPs (F) and candidate At-RBPs (G) compared

with the input proteome.

grouping also showed these enrichments, albeit at a lower level;
46% of them were classified as “linked to RNA biology” and 48%
of proteins had recognized RBDs (Figures 1D and 1E). Multiple
molecular function GO terms were enriched among At-RBPs and
candidate At-RBPs, the majority of which were associated with
RNA, nucleic acid binding, or translation (Figures 1F and 1G).
Similarly, Biological Process (Supplemental Figures 2A and 2B)
and Cellular Component (Supplemental Figures 2C and 2D) GO
terms referred to a range of processes and components typically
associated with RNA, such as translation and the ribosome, as
well as splicing and several types of RNA granules.
Approximately 25% of At-RBPs lack known functions in
RNA biology, a proportion similar to other mRNA interactomes
(Beckmann et al., 2015). However, the number of 300 proteins that
qualify as At-RBPs is less than what had been observed in the
two other mRNA interactomes on multicellular organisms, i.e.,
C. elegans (594 proteins) and Drosophila (476 proteins) (Matia-
Gonzalez et al., 2015; Wessels et al., 2016). This may suggest the
presence of fewer RBP networks in plants compared with animals,

but a lower UV cross-linking efficiency for plants due to their
abundant UV-absorbing pigments is a more likely explanation,
although we tried to reduce this using etiolated seedlings.

Next, we investigated the conservation of RBPs across the
major eukaryotic kingdoms. Two hundred proteins of the
At-RBP set were predicted to have orthologs in human, mouse,
and/or yeast (Supplemental Figure 3A) as determined by the
InParanoid database (Sonnhammer and Ostlund, 2015). Of
these, 64 proteins were only found in the At-RBP set (discussed
below), while 136 proteins have been detected as RBPs in other
mRNA interactomes including several without prior association
to RNA binding (Supplemental Figure 3A and Supplemental
Data Set 1). Such strong overlap strengthens the confidence
that most of the At-RBPs are bona fide RBPs. Finally, 52 At-
RBPs were present in interactomes of all three kingdoms
(Supplemental Figure 3B). This group mainly comprises proteins
involved in mRNA translation, splicing, and helicase activity
(Supplemental Data Set 1), all of which are core eukaryotic
RNA functions.
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Biophysical Properties of Captured Proteins Are
Characteristic of RBPs

Next, we examined the biophysical and amino acid sequence
features of captured proteins (Figure 2). We used the properties of
the input proteome as a reference for diverse proteins, whereas
input proteins with the GO annotation “RNA binding” were used as
a reference for expected properties of known/predicted RBPs.
These two groups were compared with the properties of At-RBPs,
At-RBPs without known RBDs, and candidate At-RBPs. All five
groupings spanned the full range of protein sizes, with some
tendency toward larger proteins among the At-RBPs with un-
known RBDs (Figure 2A). Proteins within the RBP groupings range
from high to low abundance with bias toward higher abundance for
At-RBPs and At-RBPs with unknown RBD compared with the
input proteome and proteins with the GO annotation RNA binding
(Figure 2B). This tendency was also observed in previous studies
(Castello et al., 2012; Liao et al., 2016) and is not surprising as
At-RBPs are selected based on their CL/noCL enrichment ratios
and their associated statistical significance levels (FDR values),
the latter of which are dependent on sample sizes (i.e., protein
abundances).

Compared with the input proteome, all four groups showed
significantly increased proportions of residues in intrinsically
disordered regions (Figure 2C), which have been linked to protein-
protein, protein-DNA, and protein-RNA interactions (Wright and
Dyson, 2015; Calabretta and Richard, 2015). Furthermore, all four
RBP sets exhibited significant shifts toward a more alkaline iso-
electric point and a lower hydrophobicity compared with the input
proteome (Figures 2D and 2E). This is also reflected in their amino
acid composition. Hydrophobic and aromatic amino acids such as
leucine, isoleucine, and valine, as well as amino acids with ali-
phatic side chains such as tryptophan and phenylalanine, which
have all been shown to have low propensity to bind RNA (Jeong
etal.,2003; Lejeune et al., 2005), were depleted relative to the input
proteome (Figure 2F; Supplemental Figure 4B). Cysteine also
showed strong depletion, which is consistent with its low pro-
pensity to bind RNA (Lejeune et al., 2005) and its depletion in
intrinsically disordered regions (Theillet et al., 2013; Williams et al.,
2001). By contrast, proline is enriched in all four RBP sets, in
agreement with its strong enrichment in disordered regions
(Theillet et al., 2013; Williams et al., 2001). Furthermore, positive
and polar amino acids such as arginine, glutamine, asparagine,
and histidine, which have a high propensity to bind RNA, were
enriched among all RBP sets (Figure 2F; Supplemental Figure 4A).
The smallest amino acid glycine, which can form a strong in-
teraction with the nucleotide guanine (Lejeune et al., 2005), also
showed strong positive enrichment (Supplemental Figure 4A).
Overall, the At-RBPs showed the strongest biases in these fea-
tures. At-RBPs without known RBDs and candidate At-RBPs also
followed these trends albeit to a lesser extent. Taken together,
these findings mirror those reported for other mRNA interactomes
(Castello et al., 2012; Liao et al., 2016) and indicate that mRNA
interactome capture strongly enriched for bona fide plant RBPs.

Enriched amino acid motifs among the At-RBPs mostly consist
of disordered, low complexity sequences. In particular, we found
many arginine-glycine (RG)-rich motifs (Figures 2H and 2K to 2M),
including RGG/RG motifs, which are involved in multiple RNA-

related processes (Thandapani et al., 2013). Furthermore, we
found GYG and poly(Q) motifs (Figures 2G and 2P), which can
promote RNA-protein granule formation (Jarvelin et al., 2016).
Other enriched motifs include the RGFGF (Figure 2I) and the
FVGGL (andrelated) motifs (Figures 2J, 2N, and 20), which are part
of the RNP1 and RNP2 consensus sequences of RRM domains,
respectively (Lorkovi¢ and Barta, 2002).

Interactome Capture Identifies a Diverse Set of Proteins
with a Range of Recognized RBDs

Next, we grouped At-RBPs based on their annotated protein
domains (Figures 3A and 3B). mRNA interactome capture iden-
tified a broad array of proteins with known RBDs, covering more
than 30 different known types. Of these, proteins containing RRM
domains constituted the largest class (80 in the At-RBPs and
50 within candidate At-RBPs); thus, we captured the majority of
the 197 bioinformatically predicted RRM domain proteins in
Arabidopsis (Silverman et al., 2013). Similarly, of the 28 predicted
KH domain proteins (Silverman et al., 2013), 19 have been de-
tected in the At-RBPs (seven proteins) and candidate At-RBPs
(12 proteins) (Figure 3A), indicating that the majority of RRM and
KH domain proteins are expressed and bound to poly(A) RNA in
the seedling. Proteins harboring diverse canonical RBDs, such
as the Nuclear Transport Factor 2 (NTF2), LSM, PUF, and La
domains, were all readily captured (Figure 3A). Additionally,
multiple zinc-finger proteins were identified as RNA binding
(Figure 3A), including those subtypes known to interact with RNA,
such as zf-CCCH, zf-CCHC, and zf-C2H2 (Ciftci-Yilmaz and
Mittler, 2008), as well as others such as zf-RanBP, which has been
shown to interact with RNA in humans (Nguyen et al., 2011;
Vandevenneetal.,2014), but not in plants. Within these zinc-finger
protein classes, 10 proteins not previously associated with RNA
binding have been identified (Supplemental Table 1), expanding
our knowledge on zinc-finger containing RBPs.

Other canonical RBPs detected include AGO proteins that
contain PAZ and PIWI domains (Figure 3A). Both AGO1 and AGO2
were detected in the At-RBP set and AGO4 in the candidate
At-RBP set. This report of successful UV cross-linking of AGO
proteins to mMRNA in plants provides the basis for future determi-
nation of sRNA targets via methods such as immunoprecipitation
followed by high-throughput sequencing (HITS-CLIP), a long es-
tablished method in animal cells yet to be applied in plants (Chi et al.,
2009). Lastly, we have captured many canonical RBP families
that are involved in responses to various abiotic stresses in-
cluding GR-RBPs, CSD proteins, tudor-SN proteins, and DEAD
box RNA helicases (Figure 3A) (Kim et al., 2007b; Kwak et al.,
2005; Lorkovi¢, 2009; Jung et al., 2013; Frei dit Frey et al., 2010).

Limited Capture of Mitochondrial and Chloroplastic RBPs in
Etiolated Seedlings

Consistent with previous studies (Castello et al., 2012; Liao et al.,
2016), we found multiple cytoplasmic ribosomal proteins (RPs)
within the plant mRNA interactome (27 proteins of the large and
32 of the small ribosomal subunit; Supplemental Data Set 1).
Several RPs are known to be in direct contact with mRNA (Pisarev
et al., 2008) and a number of RPs also have extraribosomal
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Figure 2. Biophysical and Sequence Features of Captured Protein Sets.

(A) to (E) Density of protein length (A), density of log,, iBAQ values (as measure of protein abundance) (B), proportion of amino acid residues in disordered
regions (C), isoelectric point (pl) (D), and hydrophobicity (HI) (E) were analyzed for At-RBPs (green), proteins from the input proteome with “GO RNA binding”
(light purple), At-RBPs with unknown RBD (light orange), candidate At-RBP (blue), and input proteome (red). The significance of differences between RBP
subsetsin (A) and (C) to (E) was tested by the Kolmogorov-Smirnov test. This showed that protein size distribution (A) does not differ between all five groups.
Compared with input proteome, all four subsets are significantly different in disordered region (C), isoelectric point (D), and hydrophobicity (E) (P < 0.001).
Significance of differences in panel (B) was tested by a two-sided t test and found that all RBP subsets except for GO RNA binding are significantly different
from the input proteome.

(F) Log, enrichment of amino acid groups in At-RBPs (green), proteins from the input proteome annotated as “RNA binding” (light purple), At-RBPs with
unknown RBD (light orange), and candidate At-RBP (blue) compared with the input proteome. The significance of enrichment/depletion was tested by
two-sample test for population proportion. Amino acid groups that are significantly (P <0.001) enriched/depleted compared with the input proteome are
marked with asterisks. Number of proteins in each RBP set: input proteome n = 8246, GO RNA binding (input proteome) n = 339, At-RBPs n = 300,
candidate At-RBPs n = 437, and At-RBPs (unknown RBD) n = 61.

(G) to (P) Ten most enriched amino acid motifs in At-RBPs relative to the input proteome as analyzed by the DREME software (part of the MEME suite).

functions in mRNA regulation (Warner and Mclintosh, 2009). The translatable transcripts in these organelles not harboring a poly(A)
capture of polyadenylated rRNA processing intermediates tail (Chang and Tong, 2012). Likewise, only 18 PPR proteins were
(Sikorski et al., 2015) is also likely to have contributed to the detected in the interactome (six in At-RBPs and 12 in candidate
isolation of cytoplasmic RPs. By contrast, only one chloroplastic At-RBPs), out of the 60 PPR proteins identified in the input pro-
and one mitochondrial RP were captured despite a total of teome (Figure 3A). Again, this poor ratio of interactome/input
46 mitochondrial and chloroplastic RPs being present in the input proteome of PPR proteins is possibly explained by their mito-
proteome. This stark contrast in the capture of cytoplasmic and chondrial and chloroplastic location (Colcombet et al., 2013).
mitochondrial/chloroplastic RPs is consistent with most mature, Although known chloroplast RBPs such as CP29A, CP31A, and
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Figure 3. Recognized and Unknown RBDs Identified by mRNA Inter-
actome Capture.

(A) Number of proteins harboring domains associated with RNA binding in
At-RBPs (green), candidate At-RBPs (blue), or only identified in the input
proteome (white).

(B) Number of proteins harboring domains not associated with RNA
binding in At-RBPs (green), candidate At-RBPs (blue), or only identified in
the input proteome (white).

CP31B were strongly enriched by interactome capture, CP29A
has also been shown to interact with nuclear mMRNAs (Gosai et al.,
2015), so it is not certain that this RBP is being captured from the
organelle. With regards to the PPR proteins, there were only 60 in
the input proteome, a fraction of the 450 predicted PPR proteins in
Arabidopsis (Silverman et al., 2013). Again, this strongly contrasts
to other RBD classes (RRM; 160 in the input proteome of the
predicted 197; Silverman et al., 2013); therefore, the lack of PPRs
in general may reflect that the etioplasts have yet to differentiate.
Hence, the results may be considerably different in light-grown
seedlings.

Interactome Capture Provides Experimental Evidence of
RNA Binding Activity for Many Predicted and Emerging
Plant RBPs

Although ~80% of the At-RBP set are annotated to contain ca-
nonical RBDs and RNA-related GO terms, this is primarily based
on in silico predictions and not yet on experimental evidence. For
example, although a diverse range of RRM proteins have been
shown to interact with RNA in vivo (Bannikova et al., 2013; Leder
etal., 2014; Xing et al., 2015; Zhang et al., 2015), the vast majority
of captured RRM proteins have neither a previously demonstrated
RNA binding activity nor a known biological function. Another

example is the family of CTC-interacting domain (CID) proteins,
which bind to the C-terminal domain of poly(A) binding proteins via
their poly(A) binding protein interacting motif 2 (PAM2) (Bravo
et al.,, 2005). CID proteins are categorized into four groups based
on their other domains (Bravo et al., 2005). Until now, only CID12,
which contains PAM2 and RRM domains, has been shown to
interact with RNA in vitro (Hecht et al., 1997). We have identified
CID12 as well as CID1, 3, 4, 7, 8, 10, and 11 in the At-RBPs and
candidate At-RBPs (Figure 4A) and thus provide evidence of their
RNA binding activity in vivo for the first time.

Similarly, plant PUF proteins are largely only predicted to bind
RNA. Of the 25 family members in Arabidopsis, only PUM2 and
PUM5 have been experimentally demonstrated to bind RNA
(Francischini and Quaggio, 2009; Huh et al., 2013; Huh and Paek,
2014). Here, we provide evidence that PUM1-6, all of which belong
to group | with the strongest sequence similarity to the Drosophila
PUF domain (Francischini and Quaggio, 2009), bind to RNA in vivo
(Figure 4A). Most of the other PUF proteins were not present in the
input proteome, suggesting that PUF1-6 are the major players of
this family in early Arabidopsis growth and development.

Other predicted RBPs include the NTF2 protein family that
contains an NTF2 domain, which is required for protein-protein
interactions (Ribbeck et al., 1998; Fribourg et al., 2001), but has
been shown to interact with RNA in humans (Katahira et al., 2015).
In Arabidopsis, 18 proteins are predicted to contain NTF2 domains;
these proteins can be classified into two groups: group | proteins,
which contain both NTF2 and RRM domains; and group |l proteins,
which only have NTF2 domains. We have identified six out of eight
group | proteins in the At-RBP set and one among the candidate
At-RBPs (Figure 4A), thereby verifying their RNA binding activity.

We also captured both Arabidopsis homologs of Barentsz
(BTZ; also known as METASTATIC LYMPH NODE51 [MLN51])
harboring the Btz domain (Figure 4A), which is a known RBD in
animals (Bono et al., 2006). Barentsz, elF4A3, Y14, and Mago
Nashi (MAGO) form the core of the exon-junction complex (EJC).
The EJC is deposited on nascent mRNA at splice junctions and
functions in subsequent mRNA utilization (Nyikoé et al., 2013). In
addition to the Barentsz homologs, we identified elF4A3 and Y14
in the At-RBPs and MAGO among the candidate At-RBPs (Figure
4A). In humans, direct contact with RNA has been shown for BTZ
and elF4A3 by protein-RNA co-crystal structural analysis (Bono
et al., 2006). Additionally, the EJC also serves as a mark for
nonsense-mediated decay (NMD) (Kim et al., 2001). Other com-
ponents of NMD include UP-FRAMESHIFT proteins (UPF1-3), all
three of which have been identified in the At-RBP set (Figure 4A).
While the role of plant UPF1 as activator of NMD is relatively well
studied, UPF2 and UPF3 are less well characterized and the
molecular mechanism of NMD in plants is still poorly understood
(Dai et al., 2016). Further examples of protein families that are
annotated as RBPs with little experimental evidence in plants
include MEI2-like proteins, La-related proteins, BRUNO-LIKE
proteins, and others listed in Figure 4A. Many members of these
protein families had not been shown to function as plant RBPs.

YTH Domain-Containing Proteins

Also strongly captured were YT521-B homology (YTH) domain-
containing proteins. There are 13 YTH proteins in Arabidopsis
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Figure 4. mRNA Interactome Capture Provides Experimental Evidence of RNA Binding for Many Predicted Arabidopsis RBPs.

(A) Members of predicted Arabidopsis RBPs families identified as At-RBPs (green), candidate At-RBPs (blue), or only in input proteome (black). Proteins with
prior experimental evidence of RNA binding are underlined; proteins not detected in the input proteome are in italic.

(B) Arabidopsis YTH domain proteins identified in input proteome, At-RBPs, candidate At-RBPs, and schematic representation of annotated domains.
CPSF30 gives rise to two transcripts, a longer one containing a YTH domain and a shorter one without this domain.

(C) Meta-transcript analysis showing enrichment of m®A sites within a 100-nucleotide window upstream, and depletion of m®A sites downstream of
polyadenylation sites, based on PAC sites from Wu et al. (2011) (left panel) and cleavage sites from Sherstnev et al. (2012) (right panel). Effect sizes are given
as log4o-transformed odds ratios (OR) and are shown by the red lines; the red shaded areas show 95% confidence intervals of the log,-transformed ORs.
Statistical significance of the enrichment/depletion at the FDR = 0.001 level is denoted by the top blue bars.

(D) Arabidopsis Alba domain family members identified in input proteome, At-RBPs, candidate At-RBPs, and schematic representation of annotated

domains.

(Li et al., 2014), which show distinct developmental expression
patterns and responses to stress and include the 11 evolutionary
conserved C-terminal domain (ECT) family proteins (Ok et al.,
2005). Ten of the eleven ECT proteins were captured here, eightin
the At-RBP set and two in the candidate At-RBPs (Figure 4B). The
mammalian YTH proteins YTHDF1-3 and YTHDC1 were recently
shown to bind the epitranscripomic mark N6-methyladenosine
(m®A), impacting mRNA splicing, export, translation, or turnover
(Schumann et al., 2016; Schwartz, 2016). YTH domains bind m®A
in a cage of aromatic amino acids that is conserved among all

Arabidopsis YTH domain proteins (Fray and Simpson, 2015). The
fact that all these proteins only have the YTH domain in common
(Figure 4B) makes this domain a strong candidate for an RBD also
in plants.

A further YTH domain protein in the At-RBP set is the Cleavage
and Polyadenylation Specificity Factor 30 (AtCPSF30), which
functions as part of a larger complex in mRNA 3’ end formation
(Hunt et al.,, 2012). Analyses with mutant Arabidopsis plants
deficient in CPSF30 indicated roles in stress responses (Zhang
et al., 2008), immunity, and programmed cell death (Bruggeman
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et al., 2014), as well as demonstrating altered mRNA 3’ end
cleavage site choice in a large number of genes (Thomas et al.,
2012). Interestingly, Arabidopsis expresses two CPSF30 protein
variants from a single gene due to alternative mRNA 3’ end for-
mation: a shorter form of ~28 kD that harbors three zinc finger
domains and is homologous to yeast and mammalian CPSF30
and alongerform of ~70 kD that adds a YTH domain and is unique
to plants (Hunt et al., 2012; Delaney et al., 2006). These ob-
servations, together with evidence that m®A is enriched near 3’
ends of Arabidopsis mRNAs (Luo et al., 2014; Wan et al., 2015;
Bodi et al., 2012), led to recent speculation about a role of m®A in
governing mMRNA 3’ end formation in plants (Fray and Simpson,
2015; Chakrabarti and Hunt, 2015; Burgess et al., 2016). To for-
mally investigate such a link, we obtained Arabidopsis data on
mPA site distribution (Wan et al., 2015) and 3’ end cleavage and
polyadenylation maps (polyadenylation cluster [PAC] sites from
Wau et al. [2011] and cleavage site from Sherstnev et al. [2012]) and
performed spatial colocation analyses. Indeed, we found an en-
richment of m®A sites within a 100-nucleotide window upstream of
mRNA 3’ ends (Figure 4C). No such enrichment was seen in
mammals where mPA peaks were examined in a 50-nucleotide
window upstream of known poly(A) cleavage sites, but no sig-
nificant association was found (Meyer et al., 2012). Cleavage and
polyadenylation regions in plant MRNAs consist of three signals:
far upstream elements and near upstream elements (NUEs;
equivalent to the mammalian AAUAA motif), as well as sequences
immediately surrounding the cleavage site (Loke et al., 2005;
Thomas et al., 2012). We detected maximally enriched meA
abundances at around —45 nucleotides relative to PAC and
cleavage sites (Figure 4C), which lies upstream of the NUE (—13 to
—30 nucleotides) at the 3’ boundary of the far upstream element
region (—50to —130 nucleotides). Similar to mammalian CPSF30,
which binds to regions near the AAUAA motif (Chakrabarti and
Hunt, 2015), AtCPSF30 has a role in the function of the NUE
(Thomas et al., 2012), suggesting complementary roles of RNA
binding through its zinc finger and YTH domains, perhaps con-
veying an m®A dependence for a subset of MRNA 3’ end cleavage
sites that should be tested in future work.

Alba Domain-Containing Proteins

Another example is the Alba domain-containing protein family,
where we identified four Alba proteins among the At-RBPs and the
fifthamong the candidate At-RBPs (Figure 4D), which accounts for
all Alba proteins of Arabidopsis. Supporting this, an Alba protein
(At1g76010) was recently found to be one of the most enriched
proteinsinan RNA-affinity chromatography experiment, providing
evidence that Alba proteins can bind RNA in plants (Gosai et al.,
2015). Currently, nothing is known about the molecular or func-
tional role of Alba proteins in plants. Alba proteins are widely
distributed in Archaea where they are a major component of
chromatin and involved in transcriptional repression through
binding to DNA, but are also know to interact with RNA (Bell et al.,
2002; Jelinska et al., 2005; Forterre et al., 1999; Guo et al., 2003).
They are structurally similar to prokaryotic translation initiation
factor 3 (Aravind et al., 2003) and have been reported to play arole
in translational control in multiple eukaryotes (Mani et al., 2011;
Gissot et al., 2013; Mair et al., 2010), so there is precedent for

proteins containing this domain to bind RNA. Interestingly, the
Alba gene family of the protozoan parasite Trypanosoma brucei
share a similar structure to that in Arabidopsis, where there are
members encoding small proteins that only contain the Alba
domain, and members encoding longer proteins with a C-terminal
region rich in RGG boxes (Figure 4D; Subota et al., 2011). These
motifs are known to promote RNA binding (Thandapani et al.,
2013) and are often found in combination with other RBDs
(Castello et al., 2012). Thus, they might function synergistically
with the Alba domain to facilitate RNA-protein interactions.

WHIRLY-Domain Proteins

Another group includes WHIRLY (WHY) domain-containing pro-
teins, which form a small family of single stranded DNA binding
proteins localized to organelles where they maintain genome
stability (Krause et al., 2005; Cappadocia et al., 2010; Marechal
et al., 2009). In maize (Zea mays), the chloroplast-localized WHY1
has been shown to bind to both DNA and a subset of plastid RNAs
invivo (Prikryl et al.,2008). Here, we identified all three Arabidopsis
WHY proteins as At-RBPs (Figure 5A), denoting these proteins as
a family of RBPs in Arabidopsis.

Proteins with Potential Novel RNA Binding Activity in Plants

About one-sixth of the At-RBPs have neither recognized RBDs
nor annotated roles in RNA biology. Many of these are plant
specific, where they are only found in the At-RBPs but not in other
mRNA interactomes, or have no identified orthologs in other
kingdoms (Supplemental Figure 3A).

DUF1296-Domain Proteins

One example is a group of largely uncharacterized proteins with
the Domain of Unknown Function 1296 (DUF1296). The Arabi-
dopsis genome encodes eight proteins containing DUF1296
domains: seven kinase-related proteins of unknown func-
tion and a G-BOX TRANSCRIPTION FACTOR-INTERACTING
PROTEIN1 (GIP1), which is involved in regulating the activity of
transcription factors involved in plant development (Lee et al.,
2014; Shaikhali, 2015). We identified three kinase-related pro-
teins among the At-RBPs and GIP1 as well as another kinase-
related protein in the candidate At-RBPs (Figure 5B). The only
domain that is common to these proteins is an N-terminal
DUF1296 domain (Figure 5B), suggesting that this domain might
be a novel RBD in plants.

LIM-Domain and Cytoskeletal Proteins

We have identified several proteins containing the LIM domain,
which consists of tandem zinc-finger structures. LIM domains are
present in a wide range of eukaryotic organisms and have been
shown to mediate protein-protein interactions (Kadrmas and
Beckerle, 2004). We have captured four of the six Arabidopsis LIM
genes in our RBP sets (Figure 5C). LIMs function in cytoskeleton
organization by binding to actin filaments (Papuga et al., 2010; Ye
and Xu, 2012), but have no known role in RNA binding. RNA
transport along the cytoskeleton is a major mechanism of mMRNA
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Figure 5. Novel Arabidopsis RBPs.

(A) to (C) Novel families of Arabidopsis RBPs: Whirly proteins (A), DUF1296 proteins (B), and LIM proteins (C).
(D) lllustration of diverse functions of potential noncanonical RBPs in Arabidopsis.

localization and requires motor proteins that move the RNA
cargo in form of ribonucleoprotein (RNP) particles along the
cytoskeletal tracks (Bullock, 2011; Gagnon and Mowry, 2011;
Jansen, 1999). Despite some well-studied examples in Dro-
sophila and yeast (Bullock, 2011), relatively little is known
abouthow RNPs are connected to the motor proteinsin plants.
LIM proteins might carry out this connecting role in plants thereby
mediating mRNA transport along actin filaments. LIM proteins
are not the only cytoskeletal proteins among the At-RBPs, as we
have also captured actin and tubulin (Supplemental Table 2;
Figure 5D), which form microfilaments and microtubules, re-
spectively, the major components of the cytoskeleton. Actin is
also present in the nucleus where its function is less well studied
(Falahzadeh et al., 2015). Interestingly, in animals, nuclear actin
was found to be part of hnRNPs, proteins that are involved in
mRNA processing, export, localization, and stability (Hofmann,
2009), but no such functional role is known of nuclear actin in
plants.

Aquaporins

Curiously, we have also identified a subset of aquaporin proteins,
which belong to the well-studied family of major intrinsic proteins
(Figure 5D; Supplemental Table 2). These proteins form trans-
membrane channels that transport water, other small solutes,
and gases (Quigley et al., 2002; Bielaet al., 1999; Gaspar, 2003;
Holm et al., 2005; Uehlein et al., 2003), but there are no reports
of aquaporins transporting or interacting with RNA. We found
the plasma membrane intrinsic proteins (PIPs) PIP2;1, PIP2;2,
and PIP2;7 among the At-RBPs and PIP1;1, PIP1;2,and PIP1;3,
as well asthetonoplastintrinsic protein TIP1;2, in the candidate
At-RBPs. Considering the ever expanding types of substrates
assigned to aquaporins (Maurel et al., 2015), it is intriguing to
speculate that RNAs may also travel through aquaporins,
similar to protein assisted cell-to-cell transport of RNA during
virus infection (Pefia and Heinlein, 2012).

Signal Transduction and Transcriptional Control

Other examples of well-characterized proteins identified as
At-RBPs include several plant-specific proteins involved in major
signal transduction pathways of etiolated seedlings (Supplemental
Table 2; Figure 5D). First, we captured ETHYLENE-INSENSITIVE2
(EIN2), which is a classic ethylene signaling protein expressed
strongly in etiolated seedlings, in which ein2 mutants display the
triple response of reduced apical hook formation and elongated
hypocotyl and roots. Independently validating our mRNA inter-
actome data, EIN2 has recently been shown to bind to EIN3
BINDING F-BOX1 (EBF1) and EBF2 mRNAs in the presence of
ethylene, thereby promoting their translational repression and
activating ethylene responsive genes (Li et al., 2015; Merchante
et al.,, 2015). Another signaling protein among the At-RBPs is
PHYTOCHROME A (PHYA), the primary red-light photoreceptor in
seedlings that mediates many aspects of seedling deetiolation in
response to light (Casal et al., 2014). PHYA has no previous as-
sociation with RNA binding, but widespread changes in alternative
splicing were observed in phyA phyB double mutants (Shikata et al.,
2014) and PHYB has recently been found to regulate translation
of mRNAs in the cytosol (Paik et al., 2012). Finally, the blue light
receptor PHOTOTROPIN1 (PHOT1), which is required for the in-
hibition of hypocotyl growth during deetiolation, was also detected
by interactome capture. Similar to PHYA, PHOT1 has not been
ascribed an RNA binding function; however, it is required for blue-
light-mediated mRNA destabilization (Folta and Kaufman, 2003).
Such interactions raise the possibility that these photoreceptors
regulate posttranscriptional events via RNA binding functions, or
conversely, particular RNAs maybe regulating these receptors.

A number of proteins in the At-RBP set have also been impli-
cated in transcriptional control (Figure 5A; Supplemental Table 2).
First, PURA1 (PURIN-RICH ALPHA1) and AtNFXL1 are Arabi-
dopsis homologs of known human transcription factors. PURA1
has been shown to interact with the 5’ region of many Arabidopsis
genes (Tremousaygue et al., 1999) and AtNFXL1 is a NF-X1 type
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zinc finger protein. Additionally, MULTIPROTEIN BRIDGING
FACTOR 1A, a highly conserved transcriptional coactivator
(Tsuda et al., 2004), is found in the At-RBP set as well as in
human, mouse, and yeast interactomes (Supplemental Data Set
1). Anumber of transcription factors were previously identified in
mammalian mRNA interactomes (Liao et al., 2016), setting up
intriguing possibilities of RNA binding being involved in the
regulation of transcription.

Stress-Related Proteins

We have also captured several stress responsive proteins that
have no RNA-related GO annotations, such as HEAT SHOCK
PROTEIN 90.2 (HSP90.2; AT5G56030), which was identified in
the At-RBPs, and HSP70.1 and HSP40, which was found in the
candidate At-RBPs (Figure 5D). These proteins are highly con-
served molecular chaperones involved in protein folding, stability,
and activation (Wang et al., 2004). RNA binding roles are not
unprecedented for HSPs as mammalian HSP70 is able to bind to
the 3’ untranslated region of labile mRNAs (Henics et al., 1999) and
NbHSP90 of Nicotiana benthamiana can interact with Bamboo
mosaic virus genomic RNA, enhancing its replication (Huang et al.,
2012). Moreover, HSP90 is involved in RNA interference in human
and yeast (Wang et al., 2013) and has been captured in human,
animal, and yeast mRNA interactomes (Supplemental Data Set 1).
Therefore, this protein is possibly a conserved RBP, although
a direct RNA binding function remains to be determined.

Another example is ANNEXIN4 (ANN4), which is a member of
a multiprotein family of Ca?*-dependent membrane binding pro-
teins (Laohavisit and Davies, 2011; Figure 5D; Supplemental
Table 2). ANN4 is involved in osmotic stress and ABA signaling
in a Ca2*-dependent manner (Lee et al., 2004), but has no prior
association with RNA binding.

Enzymes

Finally, we captured a number of metabolic enzymes such as
RAFFINOSE SYNTHASES6, which is involved in carbohydrate
metabolism (Fujiki et al., 2001) (Figure 5D). Additionally,
S-ADENOSYLMETHIONINE SYNTHASE4 (METK4) was cap-
tured, along with its closely associated homolog METK3 that
was present in the candidate At-RBP set. DNA topoisomerase
type IA, CATALASE-3, PEROXIDASEG9, and the SNF1-RELATED
PROTEIN KINASE 2.5 (SRK2G) were also present in the At-RBP
set (Figure 5D; Supplemental Table 2). Recent mRNA interactome
data in higher eukaryotes revealed the striking aspect that many
enzymes bear RNA binding functions (Castello et al., 2012;
Beckmannetal.,2015; Liao et al., 2016; Matia-Gonzélez et al.,
2015). Elucidating such interactions may lead to the discovery
of novel RNA-based regulatory mechanisms.

Limitations, Challenges, and Opportunities of mMRNA
Interactome Capture

Our study presents a system-wide, in vivo analysis of proteins
bound to mRNA in plants. We identified 300 proteins with high
confidence (FDR below 1%), which gives a snapshot of the extent
of RNA-protein interactions occurring in etiolated seedlings. As

the biological role is unknown for the vast majority of these
At-RBPs, itis clear that our knowledge of posttranscriptional gene
regulation of a plant is superficial at best. There has been great
variability in the capture of different families of Arabidopsis RBPs,
ranging from ~65% capture of the predicted RRM and KH domain
containing proteins, to only 4% capture of the predicted 450 PPR
proteins (Silverman et al., 2013). Many reasons likely underlie
this variability; we have shown that strong variability exists in
expression of the different RBP families in etiolated seedlings, but
other reasons such as strength, stability, and regulation of RNA
binding likely all contribute to the efficiency of capture. Further-
more, RBPs not bound to poly(A) RNA will not be captured by this
method, where the method would require modification to capture
RBPs bound to particular subsets of RNAs, such as those from
organelles. Additionally, to gain a more complete picture of RNA-
protein interaction in plants, multiple interactomes will need to be
performed on different developmental stages and under variable
environmental conditions. One immediate aim will be to determine
how efficient this methodology is on tissues rich in UV-absorbing
molecules, to get an idea of how widely applicable it will be re-
garding different plant tissues.

The 300 proteins in the At-RBP set passed stringent statistical
criteria. The proteins needed a CL/noCL ratio in at least two of the
three biological replicates with an FDR <1%. For determining each
ratio, at least two unique peptides per protein were required, which
had to be detected in both CL and noCL samples (ratio count
CL/noCL of at least 2; Supplemental Data Set 1). Therefore,
proteins that are only detected in the CL samples will not be in
the At-RBP set, even though such proteins are being strongly
enriched by interactome capture. Hence, some of the highest
enriched RBPs by interactome capture maybe within the “can-
didate At-RBP” set.

Detection of proteins in the noCL samples implies that the ionic
conditions used in the washes (including denaturing agents and
chaotropic detergents) have not removed all noncovalently linked
proteins or dissociated all protein-protein interactions. However,
further increasing the stringency of the washing conditions of the
poly(A) RNA-oligo(dT) bead samples would likely be counter-
productive, first by decreasing the number of proteins detected in
the noCL samples, and therefore excluding these from the At-RBP
set, and second, by negatively impacting the yield of the poly(A)
capture. Currently, the frequency of false-positives of mRNA
interactome capture is unknown; extensive validation of RNA
binding by alternative experimental means will need to be un-
dertaken, especially for novel RBPs identified in this study that
have not been previously associated with RNA.

Curiously, we found nine proteins enriched in the noCL
sample, although only two of these were significantly enriched
(Supplemental Data Set 1 and Supplemental Figure 1D). Both
proteins were highly abundant in our sample as determined by
their abundance in the input proteome (data not shown) and likely
represent the background noise of the methodology. Why they are
enriched in the noCL sample is hard to explain, but one possibility
is that these proteins are UV light labile and have been significantly
degraded in the CL sample by UV treatment.

Nevertheless, we envision that our study will help facilitate the
development of other methods based on UV cross-linking such as
CLIP and variations thereof, long-standing and widely utilized
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methodologiesinanimal cells (Ule etal.,2003), but rarely appliedin
plants (Zhang et al., 2015). Such methodologies will be important
in elucidating the RNA targets of RBPs, uncovering RBP networks
to give insights into the true scope of posttranscriptional gene
regulation in plants.

METHODS

Plant Growth

Arabidopsis thaliana ecotype Columbia (Col-0) seeds were sown on plates
containing half-strength Murashige and Skoog medium and stratified in the
dark at 4°C for 48 h. Plates, wrapped in aluminum foil, were then placed into
22°C growth cabinets for 4 d.

mRNA Interactome Capture
UV Cross-Linking

For in vivo cross-linking, plates of 4-d-old etiolated seedlings were placed
on ice and irradiated in a Stratalinker (Stratagene) with 254-nm UV light at
150 mJ/cm?2. The irradiation was performed three times with a 1-min pause
in between treatments. Seedlings were harvested immediately after irra-
diation and frozen in liquid N,. Seventy plates (h X w: 90 X 15 mm) were
used per replicate.

Lysis and Oligo(dT) Capture

Frozen tissue was then ground into fine powder in liquid N, and re-
suspended in lysis buffer (20 mM Tris HCI, pH 7.5, 500 mM LiCl, 0.5%
LiDS, 1 mM EDTA, 0.02% Nonidet P-40, 5 mM DTT, 2.5% [w/v] poly-
vinylpyrrolidone 40, 1% [v/v] B-mercaptoethanol, and 1X EDTA-free
Roche protease inhibitor). The lysate was cleared by passing it through
a QlAshredder column (Qiagen), centrifuging for 2 min at 14,000 rpm.
noCL seedlings were processed side-by-side as a control. Aliquots from
the lysate (input) were taken for quality controls (silver stain, immunoblot)
and for protein identification by MS (referred to as input proteome).

RNA-protein complexes were isolated using oligo(dT),; magnetic
beads (beads from 500 plL original bead suspension; New England
Biolabs), by incubating for 1 h at 4°C on a rotator [lysate should not be
frozen before oligo(dT) capture]. Beads were collected on a magnet and
washed twice with 1 mL of lysis buffer, followed by two washes with 1 mL
of buffer | 20 mM Tris HCI, pH 7.5, 500 mM LiCl, 0.1% LiDS, 1 mM EDTA,
0.02% Nonidet P-40, and 5 mM DTT), buffer Il (20 mM Tris HCI, pH 7.5,
500 mM LiCl, 1 mM EDTA, 0.02% Nonidet P-40, and 5 mM DTT), and
buffer IIl (20 mM Tris HCI, pH 7.5, 200 mM LiCl, 1 mM EDTA, and 5 mM
DTT) for 5 min at 4°C on a rotator. RNA-protein complexes were eluted
by incubating the beads with 200 pL of elution buffer (20 mM Tris HCI,
pH 7.5, and 1 mM EDTA) at 50°C for 3 min. After elution, oligo(dT) beads
were reactivated in lysis buffer according to the manufacturer's recom-
mendations, a second round of oligo(dT) capture was performed for each
sample, and the two eluates were combined.

RNase Treatment and Protein Extraction

The eluate was supplemented with one-quarter volume of 5x RNase buffer
(50 mM Tris HCI, pH 7.5, 750 mM NaCl, 0.25% Nonidet P-40, and 2.5 mM
DTT) and treated with 0.11 pg RNase A (Sigma-Aldrich) and 0.035 units of
RNase T1 (Sigma-Aldrich) at 37°C for 1 h. Proteins were extracted using
trichloroacetic acid (TCA)/acetone precipitation: 3 volumes of TCA/acetone
solution (13.3% [w/v] TCA and 0.07% [w/v] DTT in acetone; chilled at —20°C)
were added and samples were incubated at —20°C ovemight. Samples
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were then centrifuged at 4°C for 15 min at 14,000 rpm, supernatant was
removed, and the protein pellet was washed by adding 1 mL washing
solution (0.07% DTT in acetone; chilled at —20°C), vortexing and in-
cubation at —80°C for at least 30 min. After repeating the centrifugation
and wash steps, the protein pellet was dried in a SpeedVac for 2 min
and resuspended in solubilization buffer (8 M urea, 0.5% SDS, 1% DTT,
and 35 mM HEPES, pH 7.5). Samples were sonicated twice for 30 s,
centrifuged for 10 min at 14,000 rpm, and the supernatant containing the
proteins was transferred to a new tube. An aliquot (20%) was taken for
protein analysis (silver staining and immunoblot) and the remainder of
the eluate was used for mass spectrometry.

SDS-PAGE, Silver Staining, and Immunoblot

For SDS-PAGE, protein samples in 1 X NUPAGE LDS sample bufferand 1%
NuPAGE reducing reagent (Thermo Fisher) were loaded on NUPAGE Novex
4-12% Bis-Tris protein gels (Thermo Fisher) and electrophoresed at 130 V
for 2 hin 1X MES buffer (Thermo Fisher). For silver staining, the gel was
fixed in 50% methanol and 5% acetic acid for 30 min, followed by a wash
with 50% ethanol and a second wash with 30% ethanol, each for 5 min.
After a wash with water for 10 min, the gel was sensitized with 0.02%
sodium thiosulfate for 60 s and washed three times with water for 30 s
each. The gel was then placed in silver solution (6 mM silver nitrate and
0.0185% formaldehyde) for 20 min followed by three washes with water
for 30 s each. The gel was developed with 2% sodium carbonate, 0.0185%
formaldehyde, and 0.0004% sodium thiosulfate. The developing reaction
was stopped with 5% acetic acid. All solutions were prepared freshly and
all procedures were performed on a rocking platform at room temperature.

When restaining was necessary, the gel was incubated in destain so-
lution (prepared by mixing two solutions, 30 mM potassium ferricyanide
and 100 mM sodium thiosulfate, at equal volume immediately prior to use)
until gels were clear again; typically this occurred within 10 min. The gel was
then washed with water to remove any yellow color. The gel was then
restained as described above.

For immunoblot, gels were electroblotted onto nitrocellulose membrane
(GE Healthcare Life Sciences). The membrane was blocked in 5% nonfat
milk in 1X PBST (1x PBS with 0.2% Tween 20) for 30 min at room tem-
perature, followed by incubation with primary antibodies in 5% nonfat milk
in 1X PBST on arotating wheel at 4°C overnight. The membrane was then
washed three times with 1 X PBST, for 5 min each atroom temperature. The
membrane was incubated with secondary antibody in 5% nonfat milkin 1x
PBST for 1 h at room temperature. Protein signals were detected using
Super Signal Femto chemiluminescent reagent (Pierce), visualized on an
ImageQuant LAS 4000 system (GE Healthcare Life Sciences). Primary
antibodies used were anti-CP29A (kind gift from Christian Schmitz-
Linneweber), anti-AGO1 (Agrisera; AS09-527), and anti-SAL1 (kind
gift from Barry Pogson). An anti-rabbit HRP-conjugated antibody
(AP132P; EMD Millipore) was used as secondary antibody.

MS for mRNA Interactome Samples
Sample Preparation Using SP3

For reduction and alkylation of the samples, 1 pnL 200 MM DTT in 200 mM
HEPES was added to the eluates followed by incubation at 56°C
for 30 min. After placing the samples on ice for 2 min, 2 uL of 400 mM
iodoacetamide in 200 mM HEPES (pH 8.5) was added and samples were
incubated at 24°C for 30 min in the dark. Then, 2 wL of 200 mM DTT was
added followed by incubation at room temperature for 5 min.

For protein cleanup and digestion, 2 pL of Sera-Mag bead mix (Thermo
Scientific) was added to the eluates followed by the addition of 5 wL 5%
formic acid. After ensuring that samples were acidic, acetonitrile was
added to a final concentration of 50% and the samples were incubated for
8 min at room temperature. Samples were then placed on a magnetic rack



2446 The Plant Cell

and incubated for 2 min at room temperature. The supernatant was re-
moved and samples were washed by adding 200 pL 70% ethanol and
incubation for 15 s on the magnetic rack. The wash was repeated once
followed by the addition of 180 pL acetonitrile and incubation on the
magnetic rack for 15 s. The supernatant was removed and samples were
air-dried for 30 s. Samples were then taken off the rack and digested by
adding 800 ng of trypsin in 50 mM HEPES (pH 8) and incubating at 37°C for
14 h.

After the digest, beads were resuspended by pipetting and samples
were placed on a magnetic rack. Dimethyl labeling was performed by
adding 1 p.L of formaldehyde (CH,O for light; 3CD,O for heavy) and 1 pL of
sodium cyanoborohydride (NaBH,CN for light; NaBD;CN for heavy)
followed by incubation on a magnetic rack for 30 min at room tem-
perature. One microliter of the respective formaldehyde and sodium
cyanoborohydride solutions were added again for more efficient la-
beling and samples were incubated for another 30 min at room tem-
perature onthe magnetic rack. After that, 1 pL of quench mix was added
and samples were incubated for 5 min at room temperature. Samples
were then taken off the magnetic rack and beads were resuspended by
pipetting. Acetonitrile was added to the samples to a final percentage of
95% or higher, and samples were mixed by pipetting followed by in-
cubation off the magnetic rack for 8 min atroom temperature and further
2 min on the magnetic rack at RT. After removal of the supernatant,
samples were washed by adding 180 L of acetonitrile and incubation
for 15 s on magnetic rack. The wash was repeated once, supernatant
was removed and beads were air-dried for 30 s. The beads were then
resuspended in 9 pL of 2% DMSO and sonicated in a water bath for
5 min. Finally, samples were placed on a magnet, and the supernatant
was recovered to a new tube, acidified with 1 uL of 10% formic acid,
and used for MS.

Liquid Chromatography-Tandem MS Analysis

Samples were analyzed on an LTQ-Orbitrap Velos Pro mass spectrometer
(Thermo Scientific) coupled to a nanoAcquity UPLC system (Waters).
Peptides were loaded onto a trapping column (nanoAcquity Symmetry
C18, 5 wm, 180 um X 20 mm) at a flow rate of 15 pL/min with solvent A
(0.1% formic acid). Peptides were separated over an analytical column
(nanoAcquity BEH C18, 1.7 pm, 75 pm X 200 mm) at a constant flow of
0.3 pL/min using the following gradient: 3% solvent B (acetonitrile and
0.1% formic acid) for 10 min, 7 to 25% solvent B within 210 min, 25 to
40% solvent B within 10 min, and 85% solvent B for 10 min. Peptides were
introduced into the mass spectrometer using a Pico-Tip Emitter (360 um
outer diameter X 20 um inner diameter, 10 um tip; New Objective). MS
survey scans were acquired from 300 to 1700 m/z at a nominal resolution of
30,000. The 15 most abundant peptides were isolated within a 2D window
and subjected to tandem MS (MS/MS) sequencing using collision-induced
dissociation in the ion trap (activation time, 10 ms; normalized collision
energy, 40%). Only 2+/3+ charged ions were included for analysis.
Precursors were dynamically excluded for 30 s (exclusion list size was set
to 500).

MS for the Input Proteome of Etiolated Seedlings
Sample Preparation

Proteins were extracted from aliquots (500 pL) saved fromthe input by TCA/
acetone extraction as described above, and protein pellets were re-
suspended in 40 pL of 50 mM Tris-HCI, pH 8, 1% SDS, and 1X protease
inhibitor. Samples were digested with 2 pL (25 units/uL) benzonase for
45 min at 37°C. Samples were prepared for MS using SP3 as described
above, except that the protein digestion was performed with trypsin/LysC,
at 2 ug per sample at 37°C overnight.

High pH Reverse-Phase Offline Fractionation

Offline high pH reverse-phase fractionation was performed using an Agilent
1200 Infinity HPLC system equipped with a quaternary pump, degasser,
variable wavelength UV detector (set to 254 nm), peltier-cooled auto-
sampler, and fraction collector (both set at 10°C for all samples). The
column was a Gemini C18 column (3 pm, 110 A, 100 x 1.0 mm; Phe-
nomenex) with a Gemini C18, 4 X 2.0-mm SecurityGuard (Phenomenex)
cartridge as a guard column. The solvent system consisted of 20 mM
ammonium formate (pH 10.0) as mobile phase (A) and 100% acetonitrile as
mobile phase (B). The separation was accomplished at a mobile phase flow
rate of 0.1 mL/min using the following linear gradient: 100% A for 2 min,
from 100% Ato 35% Bin59 min, to 85% Binafurther 1 min,and heldat85% B
for an additional 15 min, before returning to 100% A and reequilibration for
13 min. Thirty-two fractions were collected along with the LC separation that
were subsequently pooledinto 10 fractions. Pooled fractions were dried under
vacuum centrifugation, reconstituted in 10 pL 0.1% formic acid, and then
stored at —80°C until liquid chromatography-mass spectrometry analysis.

Liquid Chromatography-Mass Spectrometry Analysis for
Input Proteome

Peptides in the pooled fractions were separated using the nanoAcquity
ultra-performance liquid chromatography (UPLC) system (Waters) fitted
with a trapping (nanoAcquity Symmetry C18, 5 pm, 180 pm X 20 mm) and
an analytical column (nanoAcquity BEH C18, 1.7 um, 75 pm X 200 mm).
The outlet of the analytical column was coupled directly to a LTQ (linear
trap quadrupole) Orbitrap Velos Pro (Thermo Fisher Scientific) using the
Proxeon nanospray source. Solvent Awas water and 0.1% formic acid, and
solvent B was acetonitrile and 0.1% formic acid. The samples (7.5 L out of
10 plL for input proteome analysis) were loaded with a constant flow of
solvent A at 5 uL/min onto the trapping column. Trapping time was 6 min.
Peptides were eluted via the analytical column with a constant flow of
0.3 pL/min. During the elution step, the percentage of solvent B increased
in alinear fashion from 3 to 7% in 10 min, then increased to 25% in 100 min
and finally to 40% in a further 10 min. The peptides were introduced into the
mass spectrometer (Orbitrap Velos; Thermo) via a Pico-Tip Emitter (360 um
OD X 20 pm ID, 10-wm tip; New Objective), and a spray voltage of 2.2 kV
was applied. The capillary temperature was set at 300°C. Full-scan MS
spectra with mass range 300 to 1700 m/z were acquired in profile mode in
the FT (Fourier transform) with resolution of 30,000. The filling time was set
at maximum of 500 ms with limitation of 1.0 X 106 ions. The most intense
ions (up to 15) from the full scan MS were selected for sequencing in the
LTQ. Normalized collision energy of 40% was used, and the fragmentation
was performed after accumulation of 3.0 X 104 ions or after filling time of
100 ms for each precursor ion (whichever occurred first). MS/MS data were
acquiredin centroid mode. Only multiply charged (2+, 3+, and 4+) precursor
ions were selected for MS/MS. The dynamic exclusion list was restricted
to 500 entries with maximum retention period of 30 s and relative mass
window of 10 ppm. In order to improve the mass accuracy, a lock mass
correction using the ion (m/z 445.12003) was applied.

Peptide Identification and Quantification

Raw data were processed using MaxQuant (version 1.4.1.2) (Cox and
Mann, 2008). MS/MS spectra were searched against the UniProt Arabi-
dopsis database (input proteome and interactome capture: version 05/06/
2015 including 54,193 entries) concatenated to a database containing
protein sequences of common contaminants. Enzyme specificity was set
to trypsin/P, allowing a maximum of two missed cleavages. Cysteine
carbamidomethylation was set as fixed modification, and methionine
oxidation and protein N-terminal acetylation were used as variable mod-
ifications. For the mRNA interactome study, the required modifications for
the dimethyl labeling were added as variable modification (DimethyLys0,



DimethyNter0, DimethylLys8, and DimethyINter8). The minimal peptide
length was set to sixamino acids and a minimum of one unique peptide was
required for the identification. The mass tolerances were set to 20 ppm for
the first search, 6 ppm for the main search, and 0.5 D for product ion
masses. FDRs for peptide and protein identification were set to 1%. Match
between runs (time window 2 min) and requantify options were enabled, as
well as the IBAQ function. Protein quantification was based on razor and
unique peptides where at least two unique peptides needed to be detected
in both CL and noCL (ratio count CL/noCL of at least 2).

Definition of mRNA Interactome Proteins

Statistical analysis for CL/noCL enrichment of protein groups quantified in
at least two out of three biological replicates was performed using an em-
pirical Bayes moderated t test within the R/Bioconductor package limma
(Smyth, 2004). P values were adjusted for multiple testing using the method of
Benjamini-Hochberg. The UniProt accession numbers of each protein group
were converted into Arabidopsis gene IDs. Where multiple gene IDs applied,
the gene ID corresponding to the majority protein ID was used. Proteins with
a CL/noCL enrichment >0 at an FDR below 1% were defined as At-RBPs,
whereas proteins with an FDR >1% and proteins where no CL/noCL ratio
could be determined were defined as candidate At-RBPs.

Bioinformatic Analyses
GO Analyses

TAIR (version 10) ATH_GO_GOSLIM.txt .gz (version 2015-08-02) down-
loaded from https://www.arabidopsis.org/ was used for GO annotations.
Enrichment of GOMF, GOBP, and GOCC categories was analyzed for
At-RBPs and candidate At-RBPs compared with the background of proteins
identified from the input proteome using fisher.test (Fisher’s exact test), and
multiple testing was performed using p.adjust with the Benjamini and
Hochberg method in the R package (R Core Team, 2015). GO terms with
Benjamini and Hochberg P value < 0.05 were defined as enriched/depleted.

Classification of RNA Biology Status and Protein Domains

The RNA biology status and RBDs of At-RBPs and candidate At-RBPs
were classified as described by Beckmann et al., (2015).

Analysis of Biophysical Properties and Sequence Features

Analyses of disordered regions, length of proteins, hydrophobicity, and
amino acid composition were performed as described by Castello et al.
(2012). Hydrophobicity for each amino acid residue was obtained from
https://www.cgl.ucsf.edu/chimera/docs/UsersGuide/midas/hydrophob.
html. Isoelectric point was calculated using the IsoelectricPoint module
in the Biopython package (http://biopython.org/DIST/docs/api/Bio.
SeqUltils.IsoelectricPoint-pysrc.html). Distribution biases for the se-
quence features and biophysical properties were evaluated using R
packages, adk.test (Anderson-Darling k-sample test), and ks.test (two-
sample Kolmogorov-Smirnov test). Protein abundance distribution plots
of the different RBP sets are based on median iBAQ values from the input
proteome data.

Analysis of amino acid motif enrichment in At-RBPs relative to the input
proteome was performed using DREME (discriminative regular expression
motif elicitation) (Bailey, 2011), which is part of the MEME suite (version
4.11.2, available from http://meme-suite.org/index.html). DREME analysis
was performed using an E-value threshold of 0.1 and allowing for motif
widths between 3 and 12 amino acids.
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Conservation of At-RBPs

Thelist of predicted orthologs between plant and human, mouse, and yeast
were obtained from InParanoid (version 8.0) (Sonnhammer and Ostlund,
2015). Thelist of two-way predictions (A. thaliana-H. sapiens, A. thaliana-M.
musculus, and A. thaliana-S. cerevisiae) were downloaded from http://
inparanoid.sbc.su.se/download/. InParanoid uses a clustering method
based on genome-wide pairwise sequence similarity matches to identify
putative orthologous proteins between two species and predicts ortholog
groups, where each group contains one (the highest sequence similarity
matches) or more (with high pairwise similarity matches relative to the best
pair) pairs, including those in-paralogs within a defined cutoff value
(Sonnhammer and Ostlund, 2015). We included all pairs in each group,
which may include more than one combination (in-paralogs), i.e., all plant
proteins that are predicted orthologs to either human, mouse. oryeast. The
list of mMRNA interactome proteins were obtained from Baltz et al. (2012)
(HEK293, H. sapiens), Kwon et al. (2013) (MESC, M. musculus), Liao et al.
(2016) (HL-1, M. musculus), and Beckmann et al. (2015) (HuH-7, H. sapiens;
S. cerevisiae).

Meta-Transcript Analysis of Arabidopsis m°A and Poly(A) Sites

RNAModR (Evers et al., 2016) was used to perform a meta-transcript
analysis of published m®A (Wan et al., 2015) and polyadenylation sites
(PAC sites from Wu et al. [2011]; cleavage sites from Sherstnev et al.
[2012)). In a first step, all reported mPA and polyadenylation sites were
mapped to a custom reference transcriptome; the latter was constructed
by collapsing all TAIR10-based transcript isoforms per gene and keeping
the transcript isoform with the longest coding sequence and longest
coding sequence-adjoining 5'/3’ untranslated regions. RNAModR then
evaluates transcript-level spatial enrichment of m®A and suitable null
sites relative to polyadenylation sites using multiple Fisher’s exact tests
to calculate odds ratios

OR — N(mSA) N(mCA)
N(”U//) at distance d N(”“”)

everywhere else

and test against a null hypothesis corresponding to OR = 1. Here, d cor-
responds to the minimum distance between an m6A or null site and all
polyadenylation sites in the same transcript

d = mind(m°A, PAC))
1

The total number of m®A and null sites, respectively, at distance d is de-
noted by N.

Resulting P values were corrected for multiple hypotheses testing using
the method of Benjamini and Hochberg (Benjamini and Hochberg, 1995).
Suitable null sites were constructed within RNAModR from the genomic
loci of all nonmethylated adenosines in transcripts that contain at least one
m°eA site.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the accession numbers
listed in Supplemental Data Set 1.

Supplemental Data

Supplemental Figure 1. Optimization of the Arabidopsis mRNA
interactome capture protocol.

Supplemental Figure 2. GO enrichment analysis of At-RBPs and
candidate At-RBPs.
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Supplemental Figure 3. Conservation of RBPs across kingdoms.

Supplemental Figure 4. Analysis of amino acid enrichment/depletion
in the Arabidopsis mRNA interactome.

Supplemental Table 1. Zinc-finger proteins not associated with RNA
binding identified by mRNA interactome capture.

Supplemental Table 2. Examples of noncanonical RBPs identified by
mRNA interactome capture.

Supplemental Data Set 1. Arabidopsis mRNA interactome.

Supplemental Data Set 2. Peptides identified by mRNA interactome
capture.
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NOTE ADDED IN PROOF

During the revision of this manuscript, another article (Marondedze et al.,
2016) using mRNA interactome capture on Arabidopsis was published.
Here, interactome capture was performed on a variety of cell types,
mainly suspension cell cultures of roots from Arabidopsis (Columbia-0)
and Landsberg erecta, and to a lesser extent on 4-week-old Arabidopsis
leaves. In terms of classes or families of proteins, there is not a tight
overlap between the two data sets. For instance, unlike our data set, they
identified many more enzymes of intermediate metabolism as poten-
tially RNA binding but did not identify classes such as DUF1296 or
WHIRLY proteins.

Marondedze, C., Thomas, L., Serrano, N.L., Lilley, K.S., and Gehring, C.
(2016) The RNA-binding protein repertoire of Arabidopsis thaliana. Sci.
Rep. 6: 29766.



