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ABSTRACT

Ribosome biogenesis is an essential process initiated in the nucleolus. In eukaryotes, multiple ribosome
biogenesis factors (RBFs) can be found in the nucleolus, the nucleus and in the cytoplasm. They act in
processing, folding and modification of the pre-ribosomal (r)RNAs, incorporation of ribosomal proteins
(RPs), export of pre-ribosomal particles to the cytoplasm, and quality control mechanisms. Ribosome
biogenesis is best established for Saccharomyces cerevisiae. Plant ortholog assignment to yeast RBFs
revealed the absence of about 30% of the yeast RBFs in plants. In turn, few plant specific proteins have
been identified by biochemical experiments to act in plant ribosome biogenesis. Nevertheless, a complete
inventory of plant RBFs has not been established yet. We analyzed the proteome of the nucleus and
nucleolus of Arabidopsis thaliana and the post-translational modifications of these proteins. We identified
1602 proteins in the nucleolar and 2544 proteins in the nuclear fraction with an overlap of 1429 proteins.
For a randomly selected set of proteins identified by the proteomic approach we confirmed the
localization inferred from the proteomics data by the localization of GFP fusion proteins. We assigned the
identified proteins to various complexes and functions and found about 519 plant proteins that have a
potential to act as a RBFs, but which have not been experimentally characterized yet. Last, we compared
the distribution of RBFs and RPs in the various fractions with the distribution established for yeast.
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Introduction ) . . ) o1
been assigned in plants by bioinformatics means. In

Ribosome biogenesis is a cellular process essential for viabil-
ity of all pro- and eukaryotes. Ribosome maturation
involves pre-rRNA processing, modification and folding as
well as the incorporation of ribosomal proteins (RP).' In
eukaryotes, the 18S, 5.8S and 25/28S rRNAs are transcribed
as a single pre-rRNA,** whereas the 5S rRNA is transcribed
separately.® Pre-rRNA processing and folding requires a
multitude of proteinaceous and RNA ribosome biogenesis
factors (RBFs).”> Genetic and proteomic studies have identi-
fied around 255 proteins functioning in ribosome biogenesis
in the yet best studied eukaryotic model organism Saccharo-
myces cerevisiae.”> Recent approaches have also targeted the
inventory of RBFs in humans and plants.”'" While the ini-
tial analysis by Wild and co-workers has focused on the
confirmation of an RBF-like function of human proteins
with similarity to yeast RBFs (153 factors),” the subsequent
study by Tafforeau and coworkers identified 286 nucleolar
human RBFs, from which 74 do not have a yeast homolog.®
In parallel, orthologues of more than 200 yeast RBFs have

turn, about 30% of the yeast RBFs could not be assigned
in plant genomes.'®"' Considering the 2 findings that
(i) human RBFs without homology to yeast RBFs have been
identified and that (ii) not all yeast RBFs are identified in
plant genomes favors the existence of plant specific RBFs.
The major steps of ribosome biogenesis occur in the nucleus
and the nucleolus,'>"> whereas only final steps in the biogenesis
of both subunits occur in the cytoplasm.> Although it has been
established that ribosome biogenesis is not the only function of
the plant nucleolus."* It can be expected that most of the RBFs
can be found in the nucleus and the nucleolus.”> While the prote-
ome of the mammalian nucleolus has been explored in detail in
organisms like human or mouse,*#'*>'® not much is known about
this compartment in plants. In the one available proteomic analy-
sis of Arabidopsis thaliana nucleoli 217 proteins were identified,
including ribosomal, exon junction complex, non-ribosomal and
even non-nucleolar proteins.'>* It could be demonstrated that
some proteins redistribute under stress from the nucleus to the
nucleolus (e.g., RSZp22; eIF4A-IIT; STRS1).>'* In addition to
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ribosome biogenesis, the nucleolar compartment contributes to
other processes like the nonsense-mediated mRNA decay
(NMD) pathway in plants.'***** However, the knowledge about
the diversity of the processes in the plant nucleolus and about the
plant nucleolar proteome per se is still sparse.

We analyzed the proteome of cytoplasm, nucleus and nucle-
olus of A. thaliana. By this we could confirm the previously
detected proteins®® and extended the proteome of the A. thali-
ana nucleolus. We discuss the detection of RBFs, RPs, spliceo-
somal proteins and of proteins involved in NMD. Beside
components of known complexes, we identified 319 A. thaliana
proteins having characteristics that make a function in ribo-
some biogenesis possible, but the function of these proteins is
not yet experimentally confirmed. We compare the distribution
of the RBFs and RPs in the different sub-compartments with
the distribution described for yeast. In general, we observe that
plant RPs are found in compartments that suggest an earlier
assembly than in yeast, whereas the distribution of plant RBFs
in the various compartments by large parallels the regime
established for yeast ribosome biogenesis. In addition, we con-
firmed RP phosphorylation in all 3 compartments and realized
acetylation of RPs only in the nucleus and nucleolus, but not in
the cytoplasm.

Results
Isolation of the nucleolus and proteomic analysis

We established a protocol for nucleolus isolation from cell cul-
ture as a prerequisite to analyze the proteome of the according
fractions (Fig. 1A; Methods). We separated the cell lysate in
cytoplasm and nucleus. Subsequently, the nucleus was further
fractionated into nucleus and nucleolus. To judge the quality of
the fractionation we used antibodies against several proteins
whose localization is established (Fig. 1B). Using antibodies
against Toc33 and Toc75, 2 components of the chloroplast
translocon,”” we realized a presence of chloroplast proteins in

A [A. thaliana cell culture]
I

B cyr nu nO

[ ——
(" Grinding in liquid N, | T 41'“%33
ey g o
[Cytoplasm-CYT)ﬁ | Nucleus-NU J i 4! aelF1A
Snninationlv Q 6 I;J alSG1
&)
C SN onoe
ECYT ONU HENO Oli=—" —
5 1,0 Z|[W & | aRPLS
0,8 o
22 o= o o

CHL MIT CYT N/C ALL NO

Figure 1. Strategy of cell fractionation. (A) Scheme of A. thaliana cell culture frac-
tionation indicating the abbreviation of the fraction used subsequently. (B) The iso-
lated cellular fractions were subjected to SDS-PAGE followed by western blotting
with the indicated antibodies recognizing proteins from chloroplasts (CHL), mito-
chondria (MIT), cytosol (CYT), nucleus and cytosol (N/C), from all compartments
(ALL) and from the nucleolus (NO). (C) The quantification of the western blots is
shown including the standard deviation between samples and factors.

the nuclear / nucleolar fraction below 10% when compared to
the cytoplasmic fraction (Fig. 1B, C). The analysis of the distri-
bution of the mitochondrial porin VDAC?*® or cytosolic pro-
teins (eIF1A, Lsgl)*’ yielded a protein abundance of about 40-
50% in the nucleus, while their abundance was reduced to 10%
in the nucleolar fraction when compared to the cytoplasmic
fraction (Fig. 1B, C). Proteins with dual localization in cyto-
plasm and nucleus showed a comparable abundance in the
cytoplasm and nucleus, whereas they were largely depleted
from the nucleolar fraction (~10%; RPL15, RPL5, NOB1).2%*
In contrast, proteins expected to be present in the nucleolus
were highly enriched in this fraction (ENP1, FIB).*>*

From our analysis we became confident that proteins found
to be exclusively or highly enriched in the nucleolar fraction
can be assigned as nucleolar proteins. Subsequently, we deter-
mined the proteome of the 3 fractions. All proteins were hydro-
lysed with trypsin and the peptides labeled during tryptic
digestion using '°O and 'O containing water. The peptide
pairs exhibiting a differential ratio were interrogated via nano-
LC-MS/MS mass spectrometry (MS). MS allows a comparative
and relative quantitation by peptide counting of changes in
protein abundances between 2 compared samples. We com-
pared the fractions of '°O-labeled cytoplasm vs. '*O-labeled
nucleus, '°O-labeled nucleus vs. '®*O-labeled cytoplasm, '°O-
labeled cytoplasm vs. '*0-labeled nucleolus, '°O-labeled nucle-
olus vs. '®*O-labeled cytoplasm, '°O-labeled nucleus vs. '*O-
labeled nucleolus and '°O-labeled nucleolus vs. '*O-labeled
nucleus for 3 independent replicates.’’ Proteins were assigned
to a certain fraction in case of detection in 2 of the 3 replicates
(see material and methods).

Applying the described criteria we identified 2762 different
proteins in the 3 fractions (Fig. 2A, B; Table S1). In total, we
identified 2544 proteins in the nucleus and 1602 proteins in the
nucleolar fraction (Fig. 2B). As expected from the marker anal-
ysis (FIB, Fig. 1B), the overlap between the nuclear and nucleo-
lar fraction is large with 1429 proteins. In addition, the overlap
of the nuclear and cytoplasmic proteome (1322 proteins)
exceeds the overlap between the nucleolar and cytoplasmic pro-
teome (780 proteins), especially as the majority of the latter
proteins are present in all 3 fractions. Comparison of all pro-
teins found in here with the 217 proteins previously identified
in the nucleolar fraction (Fig. 2C, atNOPdb, left)*° yielded a re-
discovery rate of 85% (Fig. 2C, right) with the largest discrep-
ancy for the proteins subsequently assigned as nuclear proteins
in the earlier dataset.

Nuclear protein complexes of A. thaliana

We identified 161 proteins of the 267 orthologues and co-
orthologues to yeast RBFs in our proteomic set (Fig. 2D, left
numbers).'”'" Additionally, 4 orthologues to yeast RBFs were
found only in one of the replicas in the according fraction and
were excluded from the analysis. In total, the proteins represent
133 different yeast RBFs. As expected, all except of one RBF
ortholog were found in the nucleus and nucleolus, but 42 are
also present in the cytoplasm. Only the ortholog to RLI1 was
found exclusively in the cytoplasmic fraction (Table S2), which
is consistent with its function in the quality control function of
this protein.*>
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Figure 2. Classification of identified proteins. (A) Shown is the procedure of data
processing. Identified proteins are listed in Table S1, identified co-orthologues to
RBFs in yeast and humans in Table S2; to RPs in Table S4 and spliceosomal proteins
in Table S5. For each pool the number of proteins is indicated and the according
figure is referred to. The protein accessions of identified orthologues to proteins
deposited in nucleolar database for human (NoPDB) are listed in Table S6, the
sequences orthologous to other yeast and human proteins (yhP) are listed in
Table S7,8. (B) Shown is the number of proteins discovered in the 3 different frac-
tions. (C) Shown is the number of proteins in the 3 different compartments in the
atNOPdb (left) and the number thereof found in our proteomic study (right). (D)
Shown is the number of proteins identified in the 3 different fractions analyzed by
proteomics with ortholog search to yeast RBFs (left) or human RBFs (right). The num-
ber outside the Venn-diagram gives the co-orthologues identified in the A. thaliana
genome but not found here. (E, F) Shown is the proportion of found RPs (E) and
splicing factors (F) in the various fractions. CYT, cytosol; NU, nucleus; NO, nucleolus.

Furthermore, we assigned (co-)orthologues to human
RBFs.® 179 A. thaliana proteins are orthologous to 152 human
RBFs (Fig. 2A; Table S3). All of the (co-)orthologues assigned
to the human RBFs were detected in our proteome (Fig. 2D;
right numbers). Again, only one protein (TUFM ortholog) was
found exclusively in the cytoplasmic fraction. It is assigned as a
translation elongation factor and thus, the functional assign-
ment correlates with the detected localization. In combination,
only 246 (co-)orthologues to yeast and human RBFs have been
identified, because some of the plant proteins are orthologues
of both, yeast and human RBFs.

We also investigated the distribution of the RPs in our
proteomic data set. We identified 138 of the 239 RP paralogues
assigned in A. thaliana (Fig. 2E).'"* Worth mentioning, 3
additional RPs (RPL10A, RPS15C and RPL26B) were detected
once in one of the fractions analyzed and were, therefore, omit-
ted in our assignment. However, we detected at least one (co-)
ortholog of all RPs except RPL29, L31, L39, L40, L41, S29 and
S30. Interestingly, studies focusing on the ribosomal proteome
had difficulties to detect 129, 139, L41, $29 and S30 as well.”
Two RPs have only been detected in the nucleolus according to

RNA BIOLOGY 443

our procedure, while 26 were only identified in the nucleus or
nucleus/nucleolus fraction (Table S4). Manual inspection
revealed that other orthologues to 18 of these proteins have
been found in the cytoplasmic fraction, while RPL17, RPL28,
RPL36 and RPS28 are only found in the nucleus/nucleolus frac-
tion according to the quality criteria applied (Table S4).

It has been discussed that the nucleolus plays an important
function in NMD of mRNA.'* We detected several proteins
involved in this process in plants - UPF1 (At1g33980) and UPF3
(At5g47010)** in the nucleolar and the nuclear fraction, and
UPF2 (At2g39260)* in the nucleolar fraction - while SMG7
(At5g19400) was only once detected in the nucleus and SMG7-
like (At1g28260)° was not found. Moreover, the exon junction
complex (EJC) appears to be required for intron-based
NMD.*>*” Four of the 6 components involved in this process
were indeed observed in the nucleolar and the nuclear fractions
(found: Mago, At1g02140; Y14, Atlg51510; elF4A3, At3g19760;
Barentsz2, Atl1g15280; not found: Barentsz1, At1g80000; PYM,
Atlgl11400). Thus, based on the proteomic analysis, a function
of the nucleolus in NMD appears to be likely.

A third complex for which the discovery of proteins was
inspected is the spliceosome. Previously, 154 (co-)orthologues
to 95 factors were experimentally or bioinformatically identi-
fied.® We observed 86 of these proteins representing 67 differ-
ent factors; the vast majority as expected in the nucleus
(Fig. 2F; Table S5). Six additional proteins (representing co-
orthologues to one additional factor) were detected once in one
of the 3 fractions (Table S5).

In summary, 446 proteins found in either of the fractions and
351 proteins found in the nucleolar fraction have previously
been assigned by various means as factor to be involved in ribo-
some biogenesis, splicing or non-mediated mRNA decay.

Acetylation and phosphorylation of identified proteins

Within our dataset we also have information about protein
acetylation. To judge the specificity at first we analyzed the
acetylation of histones, which are known to be exclusively acet-
ylated in the nucleus. Indeed, we observed acetylation of 6
histones exclusively in the nucleus or nucleolus, but not in the
cytoplasm (Table 1). In addition, for one Histone superfamily
protein we observed an evidence for phosphorylation (Table 1).

Next, we inspected the acetylation of other proteins. To
ensure the specificity we only considered proteins for which a
specific acetylated peptide was observed in at least 2 out of the
3 replicates. Based on this criterion we observed 28 acetylated
proteins (Table 2). For only 3 proteins acetylation was observed
in the cytoplasmic fraction.

We observed 6 acetylated chaperones of the Hsp70 and
Hsp90 family. It is known that acetylation of Hsp70 and Hsp90
is a mechanism of chaperone deactivation and in humans is
required for autophagosome creation.”*' In addition, we found
3 acetylated proteins that are orthologues to human or yeast
RBFs. AT1G07920 is assigned as ortholog to the human transla-
tion elongation factor EF-1 o and AT5G11240 as ortholog to the
human WDR43, a protein that was classified as RBF.® Further-
more, AT4G25630 is an ortholog to the yeast RBF Nopl.'®"
Moreover, 12 RPs were found to be acetylated, but this acetyla-
tion was exclusively found in the in the nuclear fraction.
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Table 1. Histone acetylation. Shown are all Histones identified. Given is the tentative name, the ATG number, the identification (x) in cytoplasm (CYT), nucleus (NUC) or
nucleolus (NOC) as well as the number of replicas in which acetylation was observed. In case that acetylation (A) or phosphorylation (P) is observed, the last column gives
the number and the modified amino acid in the 3 letter code. Numbers in bold show detection in ®0 and '20 samples.

Localization Modification
Protein function ATG a1 NUC NOC a1 NUC NOC Modified AA
Histone superfamily protein AT1G07660 X X 4 1 A Lys-32/92
Histone B2 AT5G22880 X X X 3 A Lys-28/67/93
Histone deacetylase 2B AT5G03740 X X 1 2 A Lys-123/287
Histone deacetylase HDT4 AT2G27840 X
Histone deacetylase HD2A AT3G44750 X X 2 1 A Lys-12
Histone superfamily protein AT1G01370 X X
Histone H2A 6 AT5G59870 X X
Histone H2A 7 AT5G27670 X X 2 1 A Lys-129
Histone acetyltransferase AT5G56740 X X
Histone superfamily protein AT3G09480 X X
Histone superfamily protein AT1G21970 X
Histone deacetylase 2B AT5G22650 X X X 1 A Lys-15
Histone superfamily protein AT1G09200 X 1 P Thr-108

Furthermore, we inspected the occurrence of phospho-
peptides. However, it needs to be mentioned that neither
the purification procedure nor the experimental set up was
optimized to protect proteins against dephosphorylation,
e.g. by the addition of sodium orthovanadate. It is well
known that phosphoproteins are unstable during tissue

extraction and protein isolation.** Therefore, we considered
every protein for which at least one phosphopeptide was
observed (Table 3). Moreover, we might miss a phosphory-
lation signal in some cases or fractions, because the phos-
phoproteins have been degraded during protein isolation.
Nevertheless, we detected 30 phosphoproteins. In contrast

Table 2. Protein acetylation in the different fractions. Shown are all proteins for which one acetylated peptide was observed in a certain cellular compartment at least in 4
of 6 replicas. Given is the tentative function, the ATG number, the identification (x) in cytoplasm (CYT), nucleus (NUC) or nucleolus (NOC) as well as the number of replicas
in which acetylation was observed. In case that acetylation is observed, the last column gives the number and the modified amino acid in the 3 letter code. A-Orthologue
to protein in hNoPDB, B-Orthologue to human RBF, C-Orthologue to yeast RBF. Numbers in bold show detection in '°0 and '80 samples.

Localization Acetylation
Protein function ATG (@) NUC NOC (@) NUC NOC Modified AA
HSP70 At3g09440 X X X 4 4 Lys-74/91/113/163/191/252/284/
334/429/430/440

HSP70 At5g02500 X X X 5 4 Lys-56/74/91/163/191/252/334/
363/429/430

BIP-Hsp70 At5g42020 X X X 4 Lys-87/160/172/191/219

BIP-HSP70 At5928540 X X X 4 Lys-87/160/172/191/219

mtHSC70-1 At4g37910 X X X 4 Lys-120/174/187/431

HSP90 At5g56030 X X X 4 Lys-45/417/449/456/653

Histone At1g07660 X X 4 Lys-32/92

Elongation factor® At1907920 X X X 6 5 Lys-172/179/261/318/392/417

ATP carrier1 At3g08580 X X X 4 Lys-95/105/116/136/323/374

RNA helicase At3922330 X X X 4 Lys-165/445

Aldolase® At3g52930 X X X 4 Lys-24/38/87/103/106/196/285/
316/338/357

EIF3e® At3g57290 X X X 5 Lys-5

Nucleoside At4g09320 X X X 4 Lys-106

diphosphate
kinase

NOP1¢ At4g25630 X X X 4 Lys-115/125/153/287

Transducin® At5g11240 X X 5 Lys-7

Cobalamin At5g17920 X X X 4 Lys-28/47/166/173/189/259/286/
372/400/426

RPS2 At2g41840 X X X 4 Lys-206/232

RPS4 At2g17360 X X X 4 Lys-80/134

RPS5 At1956070 X X X 4 Lys-628/633/751/830

RPPO At3g09200 X X X 4 Lys-148/151

RPP2A At2g27710 X X X 5 Lys-2/44/49

RPP2A At2927720 X X X 5 Lys-24/49

RPL4 At3g09630 X X X 4 Lys-148/187/312/365

RPL4 At5g02870 X X X 4 Lys-149/188/266/313

RPL5b At5g39740 X X X 4 Lys-58

RPL9 At1g33120 X X X 4 Lys-128/144

RPL11 At2g42740 X X X 4 Lys-37/51

RPL15 At4g16720 X X X 4 Lys-83/93
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Table 3. Protein phosphorylation in the different fractions. Shown are all proteins for one at least one phosphorylated peptide was observed in any of the replicas. Given
is the tentative function, the ATG number, the identification (x) in cytoplasm (CYT), nucleus (NUC) or nucleolus (NOC) as well as the number of replicas in which phosphor-
ylation was observed. In case that phosphorylation is observed, the last column gives the number and the modified amino acid in the 3 letter code. A-Orthologue to pro-
tein in hNoPDB, B-Orthologue to human RBF, C-Orthologue to yeast RBF, D-Protein without ortholog in yeast or human, esplicing factor. Numbers in bold show detection

in '®0 and '®0 samples.

Localization Phosphorylation
Protein function ATG (@) NUC NOC (a1) NUC NOC Modified AA
ADL6? At1g10290 X X X 1 2 4 Ser-533/639/837;
Thr-532
Histone At1g09200 X 1 Thr-108
PDR7¢ At1g15210 X X 1 Thr-893
atNTT2¢ At1g15500 X X X 1 4 Ser-588/589
PGM3 At1923190 X X X 1 Thr-56
Thiamin binding® At1924180 X X X 4 Thr-369/Tyr-372
MOS2 At1933520 X X X 1 1 Tyr-51
pre-mRNA processing 40A° At1g44910 X X X 2 Ser-387
ADL3¢ At1g59610 X X X 1 4 3 Ser-533/844; Thr-
532
ABC transporter® At1g59870 X X X 1 Thr-920
CCAR1® At2g03150 X 3 Ser-906
DNA binding protein® At2933620 X X 2 2 Ser-313
Clathrin® At3g08530 X X X 1 1 Thr-67; Ser-77
HD2AY At3g44750 X X 1 1 Ser-103
Aldolase® At3g52930 X X X 1 Tyr-169
Ubiquitin At4g23040 X X 1 Ser-362
FPR4¢ At4g25340 X X 2 1 Ser-209
Chromatin silencing® At4g31880 X X 1 2 3 Thr-289
Tubulin® At4g38680 X X 1 Ser-14
atNADP At5g11670 X X X 1 1 Thr-139
TUA3? At5919770 X X X 1 Ser-379
ADL1¢ At5g42080 X X 1 Ser-168
DNA Pol® At5g64420 X X X 1 Ser-44
14-3-3 kappa At5g65430 X X X 1 1 Ser-70/71
RPPO at3g09200 X X X 1 Ser-305
RPP1 at1g01100 X X X 1 1 Ser-102
RPP1 at4g00810 X X X 1 1 Ser-103
RPP1 at5g47700 X X X 2 Ser-103
RPP2A at2g27710 X X X 1 Ser-105
RPP2A at2927720 X X X 1 Ser-105

to acetylation, which was mostly observed for proteins in
the nuclear fraction, phosphoproteins were equally abun-
dant in all fractions. Six of the phophoproteins are RPs that
have been identified as phosphoproteins before.*> In con-
trast, the previously reported phosphorylation of RPS6 and
RPL13* has not been detected in here, most likely due to
the before mentioned reasons. Moreover, phosphorylation
of RPs was exclusively identified in the nuclear fraction.

Among the identified phosphoproteins in the nucleus
and in the cytoplasm are the ATP:ADP antiporter (atNTT2,
AT1G15500) and the atNADP-malic enzyme 2 (atNADP;
AT5G11670), which are involved in photosynthesis and cal-
vin cycle.** While our results confirmed the earlier deter-
mined phosphorylation site of the atNTT2 (Ser-588/589),
for atNADP we identified a phosphorylation site (Thr-139)
distinct from the previously described site of phosphoryla-
tion at the N-terminus.** Interestingly, for atNTT2 we
found acetylated peptides as well, but only in the nuclear
fraction.

Classification of proteins identified in A. thaliana

The human database NoPDB contains a larger number of pro-
teins compared to the A. thaliana nucleolar database.'®'® Thus,
we analyzed the orthologous groups of the remaining 2316

identified proteins to the human nucleolar proteins. We
detected 361 (co-)orthologues in NoPDB from the 2316 A.
thaliana proteins (Fig. 2A; Table S6), 63% of them are found in
the nucleolus.

We found 921 proteins (55% proteins found in the
nucleolus) that are orthologues to yeast or human proteins
not present in NoPDB (Fig. 2A; Table S7, S8). This might
reflect the distinct structural and functional properties of
the plant nucleolus.'>'? 79 proteins thereof have a domain
characteristic for RNA binding or processing (Table S8),
but only for 35% of these the function is experimentally
confirmed (Table S8).

“Plant specific” proteins identified in the nucleolus of A.
thaliana

For 1034 of the 2316 detected A. thaliana proteins no ortho-
logues to human or yeast proteins could be identified (Fig. 2A).
Seventy of these “plant specific” proteins were detected in the
nucleolar fraction only (Fig. 3A; Table S9). Twenty-five of these
70 proteins are proposed to be involved in transcription, chro-
matin remodelling, and histone activity or at least in DNA or
RNA binding supported in part by experimental evidence
(Fig. 3B). In addition, for 22 of the nucleolar “plant specific”
proteins a function could not be proposed. Seventeen of the
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Figure 3. Plant specific nucleolar proteins. (A) Shown is the distribution of proteins
without orthologues in yeast and human in total numbers. (B-D) Classification of
proteins found exclusively in the nucleolar fraction (B; Table S9), in nucleolar and
nuclear fraction (C; Table S10) and in the 3 fractions analyzed (D; Table S11). Total
number is given in gray, protein function confirmed by publication is shown in
white (UN, unknown; M&E, metabolism and enzymatic function; TF, transcription
factor and regulation activity; C&H, chromatin remodeling, histone and histone
modification; D&R, DNA/RNA binding or processing; S&D, signal transduction and
protein degradation; C&C, definition of intracellular structures and proteins of the
cytoskeleton; M&V, membrane proteins and proteins involved in vesicular trans-
port; 00, proteins of other organelles).

“plant specific” nucleolar proteins are assigned as metabolic
enzymes, signal transduction modules or proteases and 6 are
assigned as proteins of the cytoskeleton, membranes or other
organelles, which is in agreement with the low contamination
rate observed by immunodetection (Fig. 1).

In total, 258 “plant specific” proteins are found in both,
nucleus and nucleolus (Fig. 3A). 88 of these proteins are of
unknown function, while 69 of them are globally categorized as
RNA/DNA binding or modifying (Fig. 3C; Table S10). 59
“plant specific” proteins of these 2 compartments are classified
as enzymes or signal transduction or protein degradation mod-
ules, but for the majority this assignment is not yet supported
by experimental evidence (Fig. 3C; gray bar vs. white bar). In
addition, 41 of the “plant specific” proteins identified are
assigned as proteins of the cytoskeleton or are involved in defi-
nition of cellular structures (C&C), as membrane or vesicular
transport proteins (M&V), or as proteins of other organelles.
However, 7 of 13 C&C proteins are related to microtubule
function and 4 in nuclear structure definition, while among the
membrane proteins 3 nucleoporins are found. Worth mention-
ing, most of the proteins of other organelles are membrane pro-
teins of chloroplasts.

Analyzing the 191 “plant specific” proteins found in all 3
fractions (Fig. 3D; Table S11) shows that the majority of the
proteins is assigned as enzymes or unknown (M&E: 56;
unknown: 44), whereas 35 are DNA and RNA binding and
processing proteins. As expected, in the pool of “plant specific”
proteins identified in all fractions we observed a drastically
larger portion of proteins from other organelles (OO, 11%) in
comparison to the other 2 analyzed proteome sub-pools.

In total, we identified 148 “plant specific’ proteins of
unknown function in the nucleolus, irrespective whether the

protein was found in another fraction as well (Fig. 3B-D).
Moreover, 68 “plant specific” proteins in the nucleolus are pro-
posed to function in RNA/DNA binding or processing, 35 in
signal transduction and 68 “plant specific” proteins in the
nucleolus are classified as enzymes. None of these proteins has
yet been characterized.

Cellular distribution of “plant specific” nucleolar proteins

By mass spectrometry we identified “plant specific” proteins.
We analyzed the subcellular localization of a randomly selected
set of these proteins to confirm the identified localization and
to justify the prediction of putative RBFs based on their nucleo-
lar identification. We cloned the CDS of selected proteins in a
reporter for expression with N-terminal or C-terminal GFP
fusion and analysis in A. thaliana protoplasts (Fig. 4A-E). We
confirmed that Fibrillarin2 fused to mCherry can be used to
monitor nucleolar localization (Fig. 4F). In addition, based on
the AT3G22520 detected in the nucleolus by proteomics and
AT5G19440 found in all 3 fractions we demonstrate that N- or
C-terminal GFP fusion yielded a comparable result and that
the protein distribution as judged from the GFP fluorescence is
consistent with the proteomic analysis (Fig. 4A). In total, we
analyzed 15 proteins (Fig. 4A-E). For additional 6 proteins
we observed the same distribution by fluorescence microscopy
as by mass spectrometry (Fig. 4B), namely for AT2G19385
a nucleolar localization (panel 1), for AT1G45170 and
AT5G14610 a nuclear/nucleolar localization (panel 2 and 3),
for AT3G11270 and AT2G25970 a nuclear localization (panel
4 and 5) and for AT4G17720 in the cytosol and nucleus (panel
6). Note, while expression of GFP-AT1G45170 we observed a
small portion of GFP only (Fig. 4G), which most likely accounts
for the weak cytosolic signal observed.

For two proteins detected in all fractions by proteomic
means, we realized a less complex distribution (Fig. 4C).
Expression of AT1G14900-GFP yields GFP fluorescence in the
nucleus and nucleolus only, while expression of GFP-
AT1G70770 yields GFP fluorescence in the cytosol and in the
nucleus but not in the nucleolus (Fig. 4D). For three proteins
we observed GFP signal in all fractions, while the proteins were
not found in all fractions by proteomic means (AT1G29250,
nucleolus; AT2G34160, nucleolus; AT3G62560, cytosol and
nucleus). Finally, for 2 proteins we found different localiza-
tions, while AT3G27280 was found in the nucleus and nucleo-
lus by proteomic means, we realized a cytosolic and nuclear
GFP signal (Fig. 4E). However, we noticed a significant portion
of GFP in this case, which might account for the cytosolic GFP
signal (Fig. 4G). For AT4G32720 we realized a nuclear / nucle-
olar distribution by GFP fluorescence analysis, while the pro-
tein was only detected in the cytosolic fraction (Fig. 4F).

Thus, for more than 50% of all analyzed proteins we
observed the exact same result by proteome analysis of the
fractions and by analysis of the protein distribution in cells
by expression of GFP fusion proteins. For about 30% we
realized an overlap of the 2 different approaches, because
for about 10% the existence in all fractions was not con-
firmed, while for 20% we found the protein in all fractions
by analysis of the distribution of the GFP fusion protein.
Only for about 10% we observed a distinct result between
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Figure 4. Intracellular distribution of identified proteins in A. thaliana protoplasts. A. thaliana protoplasts were co-transformed with Fibrillarin-mCherry (A-F) and plasmids
coding GFP fusions of indicated genes (A-E) or ENP1-GFP coding plasmid (F). The GFP fluorescence (first panel) and mCherry fluorescence (second panel) were merged
with the chlorophyll autofluorescence (third panel). Representative images of at least 3 independent transformations are shown. In (A) examples for N- and C-terminal
GFP fusions are shown, in (A, B) examples with identical distribution observed by MS-analysis and in vivo analysis are presented, in (C) examples with reduced cellular dis-
tribution, in (D) examples with more complex cellular distribution and in (E) examples with a different cellular distribution observed by GFP fusion when compared to MS
analysis is shown. (G) A. thaliana protoplasts from A to E were harvested, lysed and proteins subjected to Western Blot analysis with antibodies against GFP. The star marks
free GFP, which is particularly dominant for AT3G27280.

GFP fluorescence analysis and proteome determination after
fractionation. Considering that GFP fluorescence analysis
can also be error prone, we conclude that by large the local- We identified 1602 proteins in the nucleolar fraction (Fig. 2). 56
ization determined by MS analysis is confirmed. of them have been previously deposited in the atNOPdb'® data

Discussion
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base (Fig. 2), while 32 proteins have been found in the analysis of
nuclear proteome before and after cold stress** and 20 proteins
have been found in a study of the nuclear matrix*® (Table S13).
Based on the immunostaining (Fig. 1), the analysis of the distri-
bution of some identified proteins (Fig. 4) and the detection of
organellar and membrane proteins (Fig. 3B-D), the 822 proteins
identified in the nucleolar as well as nuclear/nucleolar fraction
are very likely nucleolar proteins, while the localization of the
780 proteins found in all 3 fractions remains to be confirmed by
further experiments. Inspecting the identified proteins, 446 pro-
teins in total and 351 proteins of the nucleolar fraction were
assigned as RBFs, RPs, spliceosomal proteins or proteins
involved in NMD based on existing reports'>'"**~® or based on
orthology to human RBFs® (Fig. 2; Table S3). We identified 75%
of the assigned spliceosomal proteins, which could either mean
that our protein detection rate in the nucleus is about 75% or
that not all factors are required for a functional spliceosome in
cell cultures. We provide confirmatory evidence for the earlier
proposal that the nucleolus acts in NMD'*** and found 246 co-
orthologues to either yeast or human RBFs. Inspecting the other
identified proteins, additional RBFs might be present among the
about 600 proteins of not yet assigned function.

Inspecting ribosome assembly in A. thaliana one can con-
sider the orthologues to yeast and human RBFs*'®'" (Fig. 2;
Table S3), because existing experimental evidence suggests that

many of them are functionally related.®®>*”** However, in the
not yet experimentally analyzed proteins identified here RBFs
might be present as well, because the investigation of mamma-
lian RBFs revealed that some have an ortholog in yeast but with
distinct function or do not have a yeast ortholog at all.* Conse-
quently, at least the not yet characterized RNA binding pro-
teins, plant specific nucleolar proteins of unknown or proteins
with signaling function (kinases etc.), as well as proteins of
unknown function orthologous to human proteins of the
NoPDB">'® could be considered as putative RBFs for future
experiments (> 380; Table S6, S8-S11).

Based on our discovery of proteins in the 3 fractions we can
now propose a first model of the timing of ribosome assembly
in plants considering the (co-)orthologues to yeast and human
RBFs. Almost all (except of 5 RBFs) proteins identified in A.
thaliana and classified as (co)orthologues to RBFs could be
assigned to different pre-ribosomal complexes based on litera-
ture evidence via the ortholog in human or yeast (Fig. 5).%'"
The assigned localization of plant RBFs is by large in good
agreement with the observed distribution of the yeast
RBFs.>>*”*® Interestingly, some RBFs proposed to act in the
nucleolus in yeast are only found in the nucleus/cytosol (Fig. 5,
green), while the RBFs Diml, Pnol, Mrt4 and Sdol are
expected to be in the cytoplasm based on the yeast system, are
either found in the nucleolar or in the nucleolar and nuclear
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Figure 5. Distribution of RBFs and RPs in A. thaliana. Shown is a scheme of ribosome biogenesis (left) to indicate the compartments. The compartment in which the
according orthologues to yeast or human RBF or RP were found (Table S1) was used to extract the localization. Results for co-orthologues were unified and the name of
the yeast (first choice) or human ortholog is depicted. The assignment of RBFs from yeast and human to different complexes was extracted from literature (for human:
early = p90S, small = p40S and large = p605S).%"" RBFs are color coded according the localization of the function in yeast (red letter: cytosol, blue: export complex, violet:
nuclear, green: nucleolar; black, no assignment).



fraction (Fig. 5, red). Summerizing, our results suggest that
most of the plant RBFs are assembeled with the preribosomal
complexes in the nucleolus, even those acting in the cytoplasm.
However, the distribution of the RBFs suggests that the overall
assembly mechanism is conserved between mammals,® fungi®
and plants* (Fig. 5).

Similarly, it is widely accepted that many RPs associate very
early with the rRNAs during ribosome assembly.“#* In yeast,
only RPS10, S26, L10, 124, 129, L40, L42, PO, P1 and P2 are dis-
cussed to assemble as late as in the cytosol.>*® Consistently,
most of the RPs identified here are found in the nucleolus as
well (Fig. 5). L29 and L40 are not identified in here and RPL42
is not assigned in A. thaliana.!** In turn, we identified S10,
§26 and L24 in the nucleus and L10, PO, P1 and P2 even in the
nucleolus (Fig. 5). RPL10, PO and P2 have been detected in the
nucleolus in the previous study.”” Remarkably, PO and P2 are
found to be acetylated in the nuclear fraction (Table 2), and evi-
dence is provided that they are phosphorylated in the nucleolus
and the nucleus (Table 3), but both modificatons are not
detected in the cytoplasmic fraction. At stage it is discussed
that N-terminal acetylation of cytosolic ribosomal proteins
observed in eukaryotes controls the translational activity of the
ribosome,***" but nothing is known about the function of RP
acetylation in the nucleus.

Although distinction of the maturation path exist between
A. thaliana and S. cerevisiae, many essential processing steps
are overlapping.*’ Three processing events mark the initiation
of the maturation cascade, namely processing in the 5" ETS of
the pre-rRNA, as well as cleavage in ITS1 (A, or A;) and at By
in the 3’-ETS to terminate transcription (Fig. 6). The enzymes
involved in the 5'-ETS processing are not yet fully discovered,
but it is experimentally documented that atXRN2 is involved in
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Figure 6. Orthologues to rRNA processing enzymes identified in A. thaliana.
Shown is the primary transcript of the rRNA is shown.* The enzymes assigned to
act in rRNA processing in yeast were extracted from literature and assigned to the
side of action.”*** The enzymes for which no ortholog was identified in A. thaliana
are shown on top, the enzymes to which orthologues are assigned which have not
been found in our study are shown in the middle and the enzymes for which the
orthologues have been identified in here are shown on the bottom. The color
code on the bottom is: green/blue/orange arrow - cleavage in the nucleolus/
nucleus/cytosol; the color of the letters and frames indicate the fraction in which
the ortholog was identified according to Fig. 4. Xrn2 is highlighted in cyan as it is
involved in 5'ETS maturation in plant but was not found in here. a...MRP RNAse
component, b...Exosomal component.
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this process in A. thaliana.”> Remarkably, we did not identify
this enzyme in our proteomic analysis. In yeast, Rntl was iden-
tified as central processing enzyme for By, >>* however, an
ortholog to Rntl was not identified in the proteome of A. thali-
ana.'”'' In turn, the A. thaliana ortholog of Rcll, which is
likely involved in A, cleavage in yeast,”>>* was found in the
nuclear and nucleolar fraction. This suggests that A, cleavage
might occur in the nucleolus of plants although Aj; cleavage is
discussed as the main route to separate for small and large ribo-
somal subunit maturation in ITS1.*’ Subsequently, 18S and
5.85-25S maturation take independent routes. For 40S matura-
tion only the action of Nobl is required for D-cleavage in the
cytosol, which is confirmed for A. thaliana.®® In line, Nob1 was
identified in both, the nucleoplasm and the cytosol.

For the maturation of the rRNAs of the large ribosomal sub-
unit several steps are required. For processing of the 3" ETS the
function of Rex1/RNH70 is essential in yeast.”>* While an
ortholog exists in the proteome of A. thaliana, the protein was
not identified in here. Processing at the 5’ region of 5.8S requires
the action of the RNAse MRP, as well as of Rail, Ratl, Rrpl7
and Xrnl/Keml (Fig. 6).”>** Orthology searches established the
existence of orthologues to Pop4, Pop5 and RPP1 of the RNase
MRP,'*!" but the proteins were not found in our proteomic
analysis. In turn, orthologues of Rail, Ratl, Rrpl7 and Xrnl/
Keml exist,'>"" but only Ratl and Xrnl/Keml were found in
the nucleolar and nuclear fraction. This is consistent with the
proposed nucleolar occurrence of this activity.'"' While the
enzyme for cleavage at C, is not yet identified, it is described
that the exosome Rex1-3 and finally, in the cytoplasm, Ngl2 are
involved in 3’ maturation of the 5.8S in yeast.”>** Orthologues
to the key enzymes of the exosome, namely Rrp44/Dis3, and
Rrp6'®"" have been observed in the nucleolar and nuclear frac-
tion, although the action is discussed to take place in the nucleo-
plasm in yeast.>* In turn, while orthologues to Rex1 and Rex2
have been described,'®'! the 2 proteins have not been discovered
in our proteomic study. Moreover, an ortholog to Ngl2 is not
established.'™"" Maturation of the 5’ region of the 255 rRNA
requires the action of Rail, in addition to the above mentioned
Ratl, Rrp17 and Xrn1/Keml in the nucleoplasm.”>** Thus, while
5" maturation of the rRNA is yet to be discovered in general, the
plant enzymes catalyzing the 3'ETS processing, the A; cleavage
and the final processing of the 3’ region of the 5.8S remain to be
identified. Whether the enzymes involved in these processes are
among the proteins identified in here in the nucleolar fraction
remains to be experimentally approached as such function can-
not be inferred by bioinformatics strategies. For example, RNT1
is characterizes by a so called Ribonuclease III domain, which is
present in 8 proteins in A. thaliana (Dicer like (DCL1-4):
AT1G01040, AT3G03300, AT3G43920, AT5G20320; RNAs III
like (RTL1-3): AT4G15417, AT3G20420, AT5G45150; unknown
function: AT4G37510) not found in our study. For the 4 DCLs a
dicer like function is established.” While RTL2 is globally
expressed, RTL1 is exclusively expressed in roots and RTL3 was
not found to be expressed under standard growth conditions.>
For RTL2 (AT3G20420) an initial study suggested a function in
3’ ETS processing,”> which was subsequently questioned and a
function in double-stranded RNA cleavage was discovered,
which might hold true for RTL1 as well.”” Thus, the function of
RTL1/2, which are only similar but not orthologous to RNT1,
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remains to be clarified. Finally, the protein of unknown function
(AT4G37510) is only expressed in the mature rosette, but not in
pollen or embryonic tissues,”® which questions in function in the
essential process of ribosome biogenesis. Therefore, the plant
enzymes involved in 3'ETS maturation of the pre-rRNA need to
be experimentally discovered.

In summary, the plant RBF/RP assembly path according
to the sub compartments of the cell parallels by large the
one in yeast and mammals, but some distinctions are
observed, particularly with respect to RP assembly. Thus,
while we estbalish an initial inventory and assembly mode,
plant specific RBFs, the function of post-translational modi-
fications and reason for the distinct RP assembly needs to
be investigated in future to understand the ribosome bio-
genesis pathway in plants.

Materials and methods
Cell culture growth and fractionation

Arabidopsis thaliana cell culture was grown in 1x MS salts, 3%
(w/v) sucrose, 1 mg/L 2,4 dichlorophenoxyacetic acid, 4 mg/L
nicotinic acid, 4 mg/L pyridoxine hydrochloride, 40 mg/L thia-
mine hydrochloride, 400 mg/L myo-inositol at 25°C and
150 rpm in the dark and passaged weekly. The cell fractionation
method was accomplished as established™ with the following
modifications: 40 mL of cell culture was ground in liquid nitro-
gen, resuspended in HNB buffer (5% Sucrose, 5% Glycerol,
25 mM HEPES (pH 7,5), 25 mM NaCl, 5 mM MgCl,, 1 mM
EDTA (pH 8,0), 2 mM CaCl, and 10 wl/ml Plant Protease
Inhibitor Cocktail (PIC, Sigma)) and incubated on ice for 15
minutes. One percent Nonidet-P40 (final concentration) was
added to the homogenate and vortexed vigorously. A cushion
of 10% sucrose in HNB was laid under the homogenate and
centrifuged at 2150 x g (4°C, 10 min). The supernatant con-
tained the cytoplasmic fraction. The pellet (nucleus) was resus-
pended in NEB500 buffer (5% Glycerol, 25 mM HEPES (pH
7,5), 500 mM NaCl, 1 mM EDTA (pH 8,0), 0,1% {3-mercaptoe-
thanol, 0,2% NP-40, 10 wl/ml PIC). After incubation for
15 min at 4°C and centrifugation at 2150 x g the pellet was
resuspended in NEB500 buffer and sonified (Bandelin, Sono-
puls, HD70; 30 sec with a cycle of 5 sec on and 5 sec off with an
amplitude of 20%). After incubation on ice for 15 min the lysate
was centrifuged at 20.800 x g and the supernatant containing
the nuclear extract was removed.

Antibody generation and western blot analysis

The primary antibodies Fib (Fibrillarin monoclonal antibody
38F3, Thermo Scientific) and VDAC1 (voltage-dependent
anion-selective channel protein 1 polyclonal antibody, Agri-
sera) were diluted 1:400 and 1:1000, respectively, in 1% w/v
non-fat milk powder in 1x PBST. The ateIF4A antibody
(Thermo Scientific) was diluted 1:4000. Antibodies against
atENP1, atNOBI, atLSGI, atRPL5, atRPL15, atRPSIO0,
atTOC33 and atTOC75-V were described previously.*”>*%¢!
The different fractions were directly resuspended in cracking
solubilisation buffer (5% (w/v) SDS, 8 M urea, 40 mM Tris-
HCI pH 6.8, 0,1 mM EDTA, 0,4 mM mL~" bromophenol blue,

147 mM B-mercaptoethanol, 1 mM PMSEF). After incubation at
60°C for 10 min the protein amount was quantified by amido
black protein quantification®® and equal amounts were loaded
onto SDS-PAGE, which was used for western blot.*>** Immu-
nodetection was performed by standard protocols.®”

Mass spectrometric analysis

Each sample (2 mg/ml) has been tryptically digested by using
either normal water (*°*0) or '®0-enriched water (Sigma,
329878, 97%) according to well established protocols.”" All
samples were digested overnight (37°C) with trypsin (Promega)
in a ratio of 1:25. Digestion was stopped with 1% acetic acid
and the peptide solution was desalted with C-18 ZipTip
(Millipore) following the manufacturer’s instructions. Pairwise
combination of digested samples has been performed by the
following scheme: fractions of '°O-labeled cytoplasm vs. '*O-
labeled nucleus, °0-labeled nucleus vs. 30-labeled cytoplasm,
'°0-labeled cytoplasm vs. '*O-labeled nucleolus, '°O-labeled
nucleolus vs. '*O-labeled cytoplasm, '®O-labeled nucleus vs.
'80-labeled nucleolus and '°O-labeled nucleolus vs. '*O-labeled
nucleus.

LC-MS/MS measurements have been performed as already
described.®® In brief, reverse phase separation of tryptic pepti-
des before mass spectrometric analyses was performed on a
Proxeon Easy nano-LC system with a binary buffer system con-
sisting of 0.1% acetic acid, 2% acetonitrile in water (buffer A)
and 0.1% acetic acid in 100% acetonitrile (buffer B). Peptide
separation was achieved using a linear gradient of buffer B
from 5 up to 25% within 35 min. MS data were generated using
the Orbitrap Velos MS equipped with a nano-electrospray ion
source (PicoTip Emitter, New Objective). After a first survey
scan (r = 60,000) MS/MS data were recorded for the 20 highest
mass peaks in the linear ion trap at a collision-induced energy
of 30%. The exclusion time to reject masses was set to 60 s and
the minimal ion signal for MS/MS was 2000.

Proteins were initially identified by searching against an
A. thaliana specific database (n = 35386) generated from
TAIR10%” using the SEQUEST algorithm v3.5 (Sorcerer
v4.04, Sage-N Research Inc.). Search parameters were
10 ppm Parent mass tolerance and 0.6 Da for fragment ion
mass tolerance. Carbamidomethylation modification of cys-
teins (457 amu), methionine oxidation (+16 amu), C-ter-
minal '*O-modification (+2 amu), phosphorylation (+80
amu) and acetylation (4+42 amu) were specified as variable
modifications. Peptides were annotated on a false positive
rate of 0.59% calculated by the Peptide Prophet algorithm.
For protein assembling and grouping Trans-Proteomic Pipe-
line (v4.4.0, Protein Prophet) was used, whereas only pro-
teins with at least 2 significant peptides were considered for
identification and Sequest identifications required at least
XCorr scores of greater than 2.5 for double and 3.0 for tri-
ple charged ion. Additionally, Scaffold (version Scaf-
fold_4.2.0, Proteome Software Inc.) was used to group
pairwise comparison and validate MS/MS based peptide and
protein identifications. Peptide identifications were accepted
if they could be established at greater than 95.0% probabil-
ity by the Peptide Prophet algorithm with Scaffold delta-
mass correction.®® Protein identifications were accepted if



they could be established at greater than 95.0% probability
and contained at least 2 identified peptides. Protein proba-
bilities were assigned by the Protein Prophet algorithm.®
Proteins that contained similar peptides and could not be
differentiated based on MS/MS analysis alone were grouped
to satisfy the principles of parsimony.

Pairwise fractionation measurements were used meaning
nucleus-nucleolus, nucleus-cytoplasm and nucleolus-cytoplasm
fractions were labeled differently (O'® / O'®). For each pair of
fractions 6 independent replicates were analyzed, in which the
labeling was switched for 3 independent cell culture replicates
to exclude a bias by the label.

Identification of acetylation and phosphorylation
modification

Proteins were identified as described above with search parame-
ters: 10 ppm parent mass tolerance and 1.0 Da for fragment ion
mass tolerance. Peptides were annotated on a false positive rate
of 0.57% for acetylation modification and a false positive rate of
0.52% for phosphorylation modification calculated by the Pep-
tide Prophet algorithm. Peptide identifications were accepted if
the peptide thresholds were greater than 95.0%. Protein identifi-
cations were accepted if the protein thresholds were greater than
95.0% and contained at least 2 identified peptides. The replicas,
where a modification either acetylation or phosphorylation was
observed, was count and written in the tables see result section.
To assure an accurate peptide and phosphorylation site assign-
ment, identifications proofed by using a combination of
SEQUEST X-Corr score calculation and fragmentation pattern
validation (Scaffold, Proteome Software Inc.). Phosphorylated
peptides containing incomplete b- or y-ion fragmentation pat-
terns were manually inspected and validated using Excalibur
QUAL BROWSER software (Thermo Scientific). Finally, identi-
fied and confirmed phosphorylated peptides were cross-checked
by using PhosPhAt 4.0 and SwissProt databases for already
described phosphorylation sites (see Table S15; S16).

Peptide identification

Mass spectrometric results were analyzed by ‘Scaffold” and pep-
tides identified were used for protein identification.”® Informa-
tion for A. thaliana proteins were extracted from TAIR10.%
‘Scaffold’ was used to define the fraction (nucleus, nucleolus,
cytoplasm) in which each protein was detected based on the
pairwise fractionation measurements. We used the following
filter criteria: (i) Only proteins with a p-value (protein identifi-
cation probability) > 95% in each replicate were considered.
(ii) Each pairwise comparison including 6 replicates we filtered
for fractions showing a signal in at least 3 replicates. (iii) Signals
of pairwise fractions were compared to exclude false positives
due to missing pairwise fraction data. This overlapping experi-
mental approach ensures a second verification step excluding
indistinct signals for one or more fractions.

Assignment of homologs

After assignment of all detected proteins via MS/MS to the
different Arabidopsis thaliana fractions, the existence of all
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proteins identified in the Arabidopsis (AtNoPDB)' and
human nucleolar database (NoPDB)'® or in previous stud-
ies**® was analyzed. Next, Arabidopsis RBF (co-)ortho-
logues to yeast RBFs’ ' identified based on HaMStR”" and
OrthoMCL”?;  Arabidopsis ribosomal proteins co-)ortho-
logues identified by the same approach or literature
search;'">* Arabidopsis spliceosomal proteins®® or Arabidop-
sis proteins involved in NMD'* identified in our study were
extracted. For the remaining Arabidopsis proteins, orthology
to yeast and human proteome was assigned by global analy-
sis using OrthoMCL’? and InParanoid”’ as previously estab-
lished.” In brief: protein sequences of Arabidopsis, yeast
and human proteome were downloaded and used for pair-
wise ortholog search via InParanoid (Arabidopsis - yeast;
Arabidopsis - human) and detection of clusters of ortho-
logues via OrthoMCL. Both approaches were used to build
merged clusters of (co-)orthologues from yeast, human and
Arabidopsis. Cluster of orthologous sequences containing
Arabidopsis protein identifier detected via MS/MS were
extracted, Arabidopsis proteins detected via MS/MS showing
no (co-)ortholog for human or yeast in one of both
approaches were selected as plant specific and used for
domain architecture analysis.

Functional domain analysis

For domain architecture analysis the Pfam database (Ver-
sion 26.0)”> and the PfamScan’® and HMMER”’ were used.
Protein family scan from Pfam was performed to predict
functional domains of proteins. The whole Arabidopsis pro-
teome fasta file was scanned for functional domains. In
addition, 336 different Pfam domains involved in RNA
binding or processing’>’® were selected to identify proteins
with a RNA binding domain as putative RNA binding fac-
tors or RBFs. The description of the 336 different Pfam
domains is deposited in the Pfam database (http://pfam.
sanger.ac.uk/).

Analysis of protein distribution in protoplasts

The sequence of each chosen gene was amplified from A.
thaliana cDNA using specific oligonucleotides (Table S14)
and cloned in the pRTdS vector system to generate N-ter-
minal GFP fusions for expression analysis in protoplasts. A.
thaliana protoplast isolation, transformation and visualiza-
tion by Confocal Laser Scanning Microscopy (CLSM) were
carried out like described.®'
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