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Protein arginine methylation plays a critical role in differen-
tial gene expression through modulating protein-protein and
protein-DNA/RNA interactions. Although numerous proteins
undergo arginine methylation, only limited information is
available on how protein arginine methyltransferases (PRMTs)
identify their substrates. The human PRMT5 complex consists
of PRMT5, WD45/MEP50 (WD repeat domain 45/methylo-
some protein 50), and pICln and catalyzes the symmetrical
arginine dimethylation of its substrate proteins. pICln recruits
the spliceosomal Sm proteins to the PRMT5 complex for
methylation, which allows their subsequent loading onto
snRNA to form small nuclear ribonucleoproteins. To under-
stand how the PRMT5 complex is regulated, we investigated
its biochemical composition and identified RioK1 as a novel,
stoichiometric component of the PRMT5 complex. We show
that RioK1 and pICln bind to PRMTS5 in a mutually exclusive
fashion. This results in a PRMT5-WD45/MEP50 core struc-
ture that either associates with pICln or RioK1 in distinct com-
plexes. Furthermore, we show that RioK1 functions in analogy
to pICln as an adapter protein by recruiting the RNA-binding
protein nucleolin to the PRMT5 complex for its symmetrical
methylation. The exclusive interaction of PRMT5 with either
pICIn or RioK1 thus provides the first mechanistic insight into
how a methyltransferase can distinguish between its substrate
proteins.

Posttranslational modifications regulate the localization,
stability, and catalytic activity of proteins. In recent years,
protein arginine methylation has emerged as a common
theme to modulate protein-protein and/or protein-nucleic
acid interactions (1). The enzymes catalyzing this posttransla-
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tional modification, protein arginine methyltransferases
(PRMTs),* have accordingly been implicated in the regulation
of diverse processes ranging from DNA damage repair and
transcriptional regulation to RNA splicing (2, 3). So far, nine
PRMTSs are known in humans and are classified into two ma-
jor types based on substrate and reaction product specificity
(4). Type I and II PRMTs catalyze the formation of mono-
methylarginines, but only type I PRMTs catalyze the formation
of asymmetric dimethylarginines (1). Type Il PRMTs, on the
other hand, catalyze the formation of symmetric dimethyl-
arginines and encompass PRMTS5 (5), PRMT7 (6), and
PRMT?9 (7).

Most insight has been gained into the function of PRMTS5,
whose substrate proteins include myelin basic protein (8),
histones (9), and the spliceosomal Sm proteins (10, 11).
PRMTS fulfils its role in methylation of Sm proteins within a
trimeric complex, termed the PRMT5 complex, containing
PRMT5, WD45/MEP50, and pICln (chloride channel nucleo-
tide sensitive 1A) (10, 12, 13). Although newly synthesized Sm
proteins can be spontaneously incorporated into U small nu-
clear ribonucleoproteins in vitro (14), this process depends on
the cooperate action of the PRMT5 complex and the SMN
(survival of motor neuron) complex iz vivo (13, 15). The
PRMT5 complex symmetrically dimethylates the Sm proteins
B/B’, D1, and D3 within an arginine/glycine-rich “RG-box”
(arginine and glycine rich protein region) motive (10, 11, 16),
which enhances their affinity for the SMN complex (17, 18).
Subsequently, the SMN complex, composed of SMN and
Gemins2-8 (components of gems number 2— 8), facilitates
the loading of methylated Sm proteins onto snRNA, resulting
in the formation of the small nuclear ribonucleoprotein core
(13,15,19-22).

Even though the role of PRMTS5 in small nuclear ribonucle-
oprotein biogenesis is relatively well understood, the roles of
WD45/MEP50 and pICln are only beginning to emerge.
WD45/MEP50 associates with various PRMT5 substrates
(23), but its functional role within the PRMT5 complex re-
mains unclear. The other component of the PRMT5 complex,
pICln, originally described as component of ion channels (24),
directly binds Sm proteins (10, 11, 25) and most likely acts as

*The abbreviations used are: PRMT, protein arginine methyltransferase; aa,
amino acids.
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an Sm chaperone (26). Furthermore, silencing of pICln ex-
pression has been reported to be essential for motor neuron
outgrowth in zebrafish, resembling spinal muscular atrophy,
which is the phenotypic manifestation of reduced SMN pro-
tein levels in humans (27, 28).

Here, we have investigated the composition of the PRMT5
complex at a biochemical level. We identified the Rio domain-
containing protein RioK1 as a novel component of the
PRMTS5 complex, which interacts directly with PRMT5 in a
stoichiometric manner. Interestingly, RioK1 and pICln bind
to the N terminus of PRMTS5 in a mutually exclusive fashion.
Our data thus redefine the PRMT5 complex into a core com-
plex consisting of PRMT5 and WD45/MEP50, which either
interacts with pICln or RioK1. Although pICln recruits Sm
proteins, RioK1 recruits nucleolin for its symmetrical methyl-
ation to the PRMT5 complex. The mutually exclusive interac-
tion of two adapter proteins with PRMT5 thus provides the
first mechanistic hint at how a methyltransferase can distin-
guish between its substrate proteins.

EXPERIMENTAL PROCEDURES

¢DNA Constructs—Plasmids encoding full-length cDNAs
corresponding to the open reading frames of PRMT5, WD45/
MEP50, and pICln have been described previously (11). The
full-length open reading frames of RioK1, RioK2, RioK3, and
nucleolin were amplified by PCR using the following primers:
RioK1, 5'-CGGACGTCGACATATGGACTACCGGCGGCT-
TCTCATG-3" and 5'-CTGATGCGGCCGCCTATTTGCCT-
TTTTTCGTCTTGGC-3; RioK2, 5'-GTTGGATCCATGG-
GGAAAGTGAATG-3' and 5'-CATCTCGAGTTATTCTCC-
CCAAAAG-3'; RioK3, 5'-GTTGGATCCATGGATCTGGT-
AGGAG-3' and 5'-CATCTCGAGCTATTCATCATATAG-
3'; and nucleolin, 5'-AGGAATTCATGGTGAAGCTCGCG-
3" and 5'-CTGCTCGAGCTATTCAAACTTCG-3' from a
human brain cDNA library and subcloned into pEGEX6P-1
(GE Healthcare) and pHA vector (an N-terminal HA tag
containing derivate of pCDNA3.1, Invitrogen). Trunca-
tions of PRMTS5 (aa 1-291, 5'-GGATGGATCCATGGCG-
GCGATGGCG-3' and 5'-GCACTCTCGAGACGGTTCT-
GGCTTAAG-3'; aa 295-637, 5'-CATGGGATCCAATGC-
CTATGAACTC-3" and 5'-GCATCTCGAGCTAGAGGC-
CAATGGTATATG-3’), RioK1 (aa 1-120, 5'-GTAGAAT-
TCATGGACTACCGGCG-3' and 5'-CATCTCGAGTCA-
ATTAATTTTATTCTC-3'; aa 121-242, 5'-GATGCGGC-
CGCAATTTAGATAAGC-3" and 5'-CATCTCGAGTCA-
CATTTTCCTAGGGT-3'; and aa 1-242, 5'-CGGACGTC-
GACATATGGACTACCGGCGGCTTCTCATG-3' and
5'-CGTGCGGCCGCTCACATTTCCTAGGG-3'),
and nucleolin (aa 648 -710, 5'-CAGGAATTCATGGGTG-
AAGGTGGCTTC-3" and 5'-CTGCTCGAGCTATTCAA-
ACTTCG-3'") were generated by PCR and subcloned into
pEGEX6P-1 and pHA, respectively.

RNA Interference—Cellular levels of RioK1 in HEK293T
cells were reduced by transfection of a mixture of two double-
stranded 21-nt-long siRNAs (sequences, 5'-GAGAAGGAUG-
ACAUUCUGUTT-3' and 5'-ACAGAAUGUCAUCCUUCU-
CTT-3'). Both specific siRNAs as well as a scrambled siRNA
control were purchased from IBA Nucleic Acids Synthesis,
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Gottingen, Germany) and transfected with Oligofectamine™
(Invitrogen) following the protocol of the manufacturer.
Silencing of RioK1 was assayed by Western blotting of cell
extracts 8, 24, 48, and 72 h after transfection using RioK1 spe-
cific antibodies.

Liquid Chromatography-Mass Spectrometry Analysis—
Sample preparation was performed according to a modified
protocol (29, 30). Nano-LC-MS/MS analyses were accom-
plished on an LTQ XL (Thermo Scientific, Dreieich, Ger-
many) coupled to an Ultimate 3000 nano-HPLC system (Di-
onex, Idstein, Germany). Peptides were preconcentrated in
0.1% TFA on a 100-um inner diameter custom-made RP trap-
ping column (HydroRP, 2-cm length, 4-um particle size) (31)
and subsequently separated on a custom-made 75-um inner
diameter RP column (HydroRP, 15-cm length, 2-um particle
size) by applying a 40-min binary gradient (solvent A, 0.1%
TEA; solvent B, 0.1% TFA and 84% acetonitrile) ranging from
5 to 50% of solvent B at a flow rate of 250 nl/min. MS acquisi-
tion as well as data processing and analysis were performed as
described elsewhere (32).

Recombinant Proteins and in Vitro Protein Binding Assays—
Expression and purification of GST-tagged fusion proteins
were carried out as described previously (33). [**S]methi-
onine-labeled proteins were produced using the TNT-T7
Quick Coupled Transcription/Translation system (Promega,
Mannheim, Germany). In vitro translated proteins were incu-
bated with ~2 ug purified GST-fusion proteins, immobilized
on a glutathione-Sepharose resin, and allowed to bind in lysis
buffer (50 mm Tris/HCI, pH 7.5, 200 mm NaCl, 0.01% IGEPAL
CA-630, 1 mm dithiothreitol, 5 mm EDTA, 5 mm EGTA, 1
mg/ml bovine serum albumin) at 4 °C for 1 h. After washing
the resin three times with lysis buffer, bound proteins were
eluted by boiling in 2X SDS sample buffer, resolved by SDS-
PAGE, and analyzed by Coomassie staining. Labeled proteins
were detected by autoradiography of the dried gel.

Preparation of Cell Extracts, Antibodies, and
Immunoprecipitations—All cell lines were obtained from the
ATCC and cultured in appropriate media. Total cell extract
was prepared as described previously (11). Cytoplasmic and
nuclear extracts were prepared following a protocol of Dig-
nam et al. (34). Antibodies against PRMT5 and WD45/
MEP50 were raised by injection of recombinant full-length
human proteins into rabbits. Antibodies against RioK1 were
raised by injection of recombinant RioK1 comprising aa
1-242. Antibodies were affinity-purified on columns with the
respective covalently linked antigen. The anti-SmB/D1/D3
antibody Y12 was kindly provided by J. Steitz (Yale Univer-
sity). SmB/B’ antibody was kindly provided by R. Lithrmann
(Max Planck Institute of Biophysical Chemistry), and PRP4
(pre-mRNA processing protein 4) antibody was a kind gift of
B. Laggerbauer (Biocenter of the University of Wiirzburg).
Antibodies recognizing pICln and unrip (unr interacting
protein) have been described previously (33). SYM10 anti-
body and nucleolin antibody were purchased from Milli-
pore (Schwalbach, Germany). Immunoprecipitations were
carried out in HeLa or HEK293T extract, using antibodies
covalently linked to protein A-Sepharose. Precipitated
complexes were washed extensively with buffer containing
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50 mm Tris/HCI, pH 7.5, 200 mm NaCl, 0.01% IGEPAL CA-
630, 5 mm EDTA, and 5 mM EGTA and eluted by boiling in
SDS sample buffer. Samples were resolved by SDS-PAGE
and further analyzed by silver staining, Coomassie staining,
or Western blotting.

Glycerol Gradient Centrifugation and Analytical Size Exclu-
sion Chromatography—250 ml of HeLa extract was layered on
a 10-30% glycerol gradient and centrifuged for 16 hin a
SW60Ti rotor (4 °C at 24,000 rpm, Beckman Coulter Optima
L-80 XP). Gradients were automatically fractionated from
bottom to the top and analyzed by SDS-PAGE and Western
blotting. Analytical size exclusion chromatography was
achieved by fractionating HeLa extract on a Superdex 200 HR
10/300 gel filtration column (GE Healthcare) after incubation
with purified recombinant pICln or RioK1 protein (2 h at
4. °C). Obtained fractions were separated by SDS-PAGE and
further analyzed by Western blotting. For calibration of the
column, a molecular weight standard from GE Healthcare was
used.

Immunofluorescence Microscopy—HeLa cells grown on
cover slides in DMEM and 10% FCS were washed once in
PBS, fixed with 3% paraformaldehyde for 7 min, and per-
meabilized in 0.2% Triton X-100/PBS for 5 min on ice. Af-
ter blocking with 2% BSA in PBS, cells were incubated for
1 h with affinity-purified polyclonal rabbit anti-RioK1 anti-
body. Following staining with rhodamine-conjugated sec-
ondary anti-rabbit antibodies, cells were analyzed with a
63X oil immersion lens on a Zeiss Axiovert 200 M micro-
scope. HeLa cells transfected with an N-terminal GFP-
RioK1 fusion were directly analyzed 48-h posttransfection
without fixation.

In Vitro Methylation Assay—Purified recombinant sub-
strate proteins were incubated with the PRMT5 complex (im-
munoprecipitated by anti-WD45/MEP50 antibody from HeLa
extract) in 30 ul PBS and 2 ul [*H]S-adenosyl methionine for
2 h at 37 °C. The reaction was stopped by boiling in 2X SDS-
sample buffer and analyzed by Coomassie staining and radi-
ography of the dried gel.

Recombinant Protein Pulldown Assay, Competition Assay—
For recombinant precipitation assays from HeLa extracts,
purified GST-tagged RioK1, and truncations thereof, RioK2,
RioK3, pICln, and GST (~10 ug) were covalently cross-linked
to glutathione-Sepharose by dimethyl pimelimidate dihydro-
chloride and incubated with HeLa extract for 1.5 h. The ma-
trix was washed extensively, and bound proteins were eluted
by boiling in 2X SDS sample buffer and analyzed by Coomas-
sie staining.

To analyze the competition of pICln and RioK1, the
PRMTS5 complex was immunoprecipitated from HeLa extract
by anti-WD45/MEP50 antibody. Identical amounts of the
precipitated complex immobilized to protein A-Sepharose
were incubated with increasing amounts of recombinant
pIClIn or RioK1 (0.1 to 10 ug) for 1 h at 4 °C on a head-over-
tail rotator. The matrix was washed extensively in incubation
buffer (1X PBS, 0.01% IGEPAL), and bound proteins were
analyzed by SDS-PAGE and Western blotting.
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RESULTS

RioK1 Is a Novel Stoichiometric Component of Human
PRMT5 Complex—To identify novel regulators of the PRMT5
complex, we performed immunoprecipitations of PRMT5
from HelLa lysate (Fig. 14). Among the well characterized
components of the PRMT5 complex, pICln, WD45/MEP50,
and PRMTS5 itself, we identified a novel protein, RioK1, of
~90 kDa in size via mass spectrometry. To analyze whether
RioK1 is a constitutive component of the human PRMT5
complex, we generated polyclonal antibodies against all com-
ponents of this complex, including RioK1. Immunoprecipita-
tions with these antibodies performed from HeLa extract ro-
bustly pulled down PRMT5 and WD45/MEP50. Interestingly,
although PRMT5 and WD45/MEP50 were always present in
stoichiometric amounts in all immunoprecipitations, pICln
and RioK1 were only clearly enriched in the corresponding
immunoprecipitations (Fig. 1B). This finding indicates that
only a part of the methyltransferase complex might be associ-
ated with pICln and/or RioK1. Furthermore, only immuno-
precipitations of pICln but not RioK1 co-precipitated notable
amounts of Sm proteins (Fig. 1B, lane 4). To further analyze
protein composition of the complex, immunoprecipitations of
Fig. 1B were analyzed by Western blotting. Although pICln
and RioK1 were clearly enriched in their corresponding pre-
cipitations, all complex components could be detected
(Fig. 1C).

To strengthen that RioK1 is part of the human PRMT5
complex, we fractionated HeLa cytosolic extract by size exclu-
sion chromatography and assayed the obtained fractions by
immunoblotting. As shown in Fig. 1D, RioK1 and pICln partly
co-migrated with the core components of the PRMT5 com-
plex including PRMT5 and WD45/MEP50 in the so called 20
S complex at 700 to 400 kDa (10). Yet, RioK1 was separated in
a more diffuse pattern, ranging from 700 to 200 kDa, indicat-
ing its participation in complexes other than the PRMT5
complex. Similar results were obtained when cell lysates were
fractioned using glycerol gradients (data not shown). pICln, in
addition, associates with the SMN complex (700 kDa to 1
MDa) and with Sm proteins in the so called 6 S complex (10).

To analyze whether RioK1 is a ubiquitous protein, we ex-
amined its expression in different cell lines. RioK1 was pres-
ent in all analyzed immortalized cell lines, although at differ-
ent amounts (Fig. 1E). The expression in HS68 primary
fibroblasts was low but detectable after longer exposure of the
gel (data not shown). Next, we were interested whether RioK1
indeed participates in the PRMT5 complex in the different
cell lines. To this end, we immunoprecipitated RioK1 from
MCF7, HEK293T, and HS68 extract with specific antibodies
and analyzed for co-precipitation of PRMTS5 (Fig. 1F). In all of
the cell lines tested, PRMT5 co-immunoprecipitated with
RioK1, indicating that RioK1 is a ubiquitous component of
the PRMT5 complex.

RioK1 Is an Exclusively Cytoplasmic Protein—To analyze
the subcellular localization of endogenous RioK1, we assayed
its localization in comparison with the other PRMT5 complex
components by immunofluorescence in HeLa cells. Although
RioK1 was predominantly cytoplasmic, PRMT5 and WD45/
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FIGURE 1. RioK1 is a novel stoichiometric component of the human PRMT5 complex. A, the PRMT5 complex was immunoprecipitated from Hela ex-

tract using anti-PRMTS5 antibodies covalently coupled to protein A-Sepharose, resolved via SDS-PAGE, and visualized by silver staining. Normal rabbit serum
(NRS) coupled to protein A-Sepharose was used as control (lane 2). The asterisk-marked band at ~90 kDa was excised and identified as RioK1 by mass spec-
trometry (lane 3). HC and LC represent the heavy and light chain of co-eluted antibodies. Lane 7 shows protein standard (M). B, the PRMT5 complex was im-
munoprecipitated from Hela extract using antibodies directed against PRMTS5 (lane 2), WD45/MEP50 (lane 3), pICIn (lane 4), RioK1 (lane 5), or normal rabbit
serum (NRS) as control (lane 6). The precipitated complex components were analyzed by SDS-PAGE and silver staining. Note that protein content was nor-
malized to PRMTS5, explaining the different intensities of co-precipitated pICIn in A (lane 3) and B (lane 2). C, the PRMT5 complex was immunoprecipitated
similarly to B, resolved by SDS-PAGE, and analyzed by Western blotting using the indicated antibodies. D, HeLa total cell lysate (TCL) was separated by gel
filtration chromatography, and fractions were analyzed by Western blotting. £, total protein extracts were generated from MCF7 (breast cancer cell line),
Hela (cervix carcinoma cell line), Kelly (neuroblastoma cell line), NEC8 (testicular tumor cell line), HEK293T (embryonic kidney cell line), MelHo (melanoma
cell line), and HS68 (primary foreskin fibroblast cell line) and normalized to B-actin (lowest panel). Expression of RioK1 and the PRMT5 complex components
PRMT5, WD45/MEP50, and plCln were analyzed by immunoblotting with specific antibodies as indicated. F, to analyze whether RioK1 is part of the PRMT5
complex in different cell lines, RioK1 was immunoprecipitated from MCF7, HEK293T, and HS68 extracts. Co-precipitation of PRMT5 complex components
was assessed by Western blotting with specific antibodies as indicated (lanes 3-5). Normal rabbit serum was used as control (lanes 6-8).

MEP50 were evenly distributed between cytoplasm and nu-
cleus. For pICln, in contrast, we observed a predominantly
nuclear localization (Fig. 24). A cytoplasmic localization of
RioK1 was not only observed for the endogenous protein but
also after overexpression (Fig. 2B). To biochemically analyze

AV N
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the distribution of the components of the PRMT5 complex,
HelLa cells were biochemically separated into a nuclear and a
cytoplasmic fraction and analyzed by Western blotting (Fig.
2C). PRMTS5 and WD45/MEP50 were present in the cyto-
plasm and nucleus but were clearly enriched in the cytoplas-
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FIGURE 2. RioK1 is an exclusively cytoplasmic protein. A, Hela cells were grown on coverslips, fixed, permeabilized, and stained with antibodies against
PRMT5, WD45/MEP50, plCin, and RioK1. DAPI was used to visualize DNA in the nucleus (upper panel). Cytoplasmic localization of RioK1 was confirmed by
merge of DAPI and rhodamin channels. B, GFP-RioK1 was overexpressed in HeLa cells for 48 h and compared with GFP expression for control (lower panel).
C, Hela cells were fractionated into total cell lysate (TCL, lane 1), cytoplasmic extract (CPE, lane 2), and nuclear extract (NE, lane 3). The fractions were ana-

lyzed by Western blotting using the indicated antibodies.

mic fraction, whereas the Sm adapter protein pICln showed a
slight enrichment in the nucleus. In stark contrast and in line
with immunofluorescence analysis, RioK1 was exclusively
present in the cytoplasmic fraction. Unrip, the pre-mRNA
processing factor PRP4, and Sm proteins were used as con-
trols and confirmed the proper separation of cellular com-
partments. From these data, we conclude that RioK1 is the
only component of the PRMT5 complex that localizes exclu-
sively to the cytoplasm.

RioK1 Directly Interacts with PRMTS5 Complex via its N
Terminus—W e next investigated which component of the
PRMTS5 complex binds RioK1. To this end, in vitro translated,
[3°S]methionine-labeled RioK1 was incubated with the GST-
tagged fusion proteins of PRMT5, WD45/MEP50, and pICln
in an interaction assay. RioK1 interacted exclusively with
PRMTS5, but not with WD45/MEP50 or pICln (Fig. 34). GST-
tagged RioK1, immobilized on glutathione-Sepharose and in
vitro translated PRMT5 and truncations thereof, were utilized
in interaction assays to assess the interacting regions of
PRMTS5 and RioK1. This revealed that the N-terminal part of
PRMTS5 (aa 1-291) interacts with RioK1 (Fig. 3B). Further
analysis with truncated versions of RioK1 (aa 1-120, 1-242,
121-242, and 227-568) indicated that this interaction is
probably mediated via amino acids 1-242 of RioK1, where aa
1-120 contribute to the major interaction compared with aa
121-242 (Fig. 3C, compare Fig. 3C, lanes 3, 4, 5, and 6).
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The region aa 1-242 comprises the so called Rio domain of
RioK1 (Fig. 4E). We were therefore interested whether the
other two members of the Rio family are likewise able to bind
to the PRMTS5 complex. To this end, we performed pulldown
assays from HeLa lysates using recombinant GST-tagged Rio
proteins (Fig. 3D). Of the Rio proteins, only GST-RioK1 was
able to precipitate the PRMT5 complex, but not RioK2 or
RioK3. The identity of the precipitated proteins was ensured
by mass spectrometry, which did not yield any PRMT5 pep-
tides in the pulldowns with GST-RioK2 or GST-RioK3 (Fig.
3D and data not shown). Instead, GST-RioK2 associated
mainly with proteins of the 40 S ribosome as has been de-
scribed previously (35— 40), whereas no particular protein
family was enriched in the GST-RioK3 precipitations. Taken
together, only RioK1 is capable to bind to the PRMT5
complex.

RioK1 and pICln Compete for Binding to PRMT5—To eluci-
date the role of RioK1 in the composition of the PRMT5 com-
plex, pulldowns from HeLa extract using recombinant GST-
RioK1 and GST-pICln were performed. In both cases, PRMT5
and WD45/MEP50 were robustly precipitated (Fig. 4A4). Yet,
RioK1 did not precipitate pICln and vice versa, as deduced
from Coomassie staining (Fig. 44) and mass spectrometric
analysis (data not shown). This finding indicated that RioK1
and pICIn might bind to the same site in PRMT5 and thus
compete for binding. To address this issue, we performed in
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FIGURE 3. RioK1 directly interacts with PRMTS5 via its very N-terminal region. A, in an interaction assay, in vitro translated, radioactively [**S]methionine-
labeled RioK1 was incubated with GST-tagged PRMTS5 (lane 2), WD45/MEP50 (lane 3), pICIn (lane 4), and GST (lane 5) bound to GSH-Sepharose. After exten-
sive washing, the precipitated proteins were eluted with sample buffer, resolved by SDS-PAGE, and visualized by Coomassie staining. The in vitro translated
protein was visualized by autoradiography of the dried gel. For comparison, 10% of in vitro translated RioK1 was loaded (lane 6). B, GST-tagged truncations
of RioK1 comprising aa 1-242 (lanes 2-4), aa 227-568 (lanes 5-7), aa 1-120 (lanes 8 -10), or GST (lanes 11-13) bound to GSH-Sepharose were incubated with
in vitro translated, [**SImethionine-labeled full-length (fl), N-terminal (nt; aa 1-291), or C-terminal (ct; aa 295-637) versions of PRMT5 in an interaction assay.
For comparison, 10% of in vitro translated proteins were loaded (lanes 14-16). The interaction assay was analyzed as described in A. C, GST-PRMTS5 (lanes
2-6) and GST (lanes 7-11) bound to GSH-Sepharose were incubated with an in vitro translated, [**Slmethionine-labeled version of RioK, including full-
length RioK1, aa 1-242, aa 227-568, aa 1-120, and aa 121-242. For comparison, 10% of in vitro translated RioK1 was loaded (lanes 12-16). D, GST-tagged
plCIn (lanes 2 and 3), RioK1 (lanes 4-6), GST alone (lanes 7 and 8), RioK2 (lanes 9 and 10), or RioK3 (lanes 11 and 12), covalently cross-linked to GSH-Sepharose
were incubated with or without Hela extract in a pulldown assay. As a control, non-cross-linked protein was analyzed by SDS-PAGE. After extensive wash-
ing, the precipitated proteins were eluted from the matrix by sample buffer, resolved by SDS-PAGE, visualized via Coomassie staining, and analyzed by
mass spectrometry. Note, that lanes containing non-cross-linked, recombinant proteins exhibit degradation products of these proteins.

vitro competition assays using PRMT5 complex immunopuri-
fied from HeLa cell extract with anti-WD45/MEP50 antibod-
ies. The immobilized complex was then incubated with rising
amounts of purified recombinant pICln and N-terminal

RioK1 protein, respectively (Fig. 4B and supplemental Fig. S1).
Recombinant pICIn and RioK1 efficiently displaced their en-
dogenous counterparts from the PRMT5 complex, indicating
that recombinant pICln and RioK1 were correctly folded and
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B, in a competition assay, the PRMT5 complex was immunoprecipitated with anti-WD45/MEP50 antibodies from Hela cell extract. The purified complex was
incubated with increasing amounts (0.1 to 10 ng) of GST-tagged RioK1 (aa 1-242, left panel) or pICin (right panel). The complex composition was afterward
analyzed by Western blotting using the indicated antibodies. C, HeLa cell extract was incubated with GST (20 ug, upper panel), GST-RioK1 (20 ug, middle
panel), or GST-pICln (<20 ug, lower panel) and was afterward fractionated by size exclusion chromatography. The collected fractions were analyzed by
Western blotting with the indicated antibodies. D, GST-tagged pICIn (lanes 2—4) or GST (lanes 5-7) immobilized on glutathione-Sepharose were incubated with
in vitro translated, [>*SImethionine-labeled, full-length PRMT5 or truncations thereof in an interaction assay. After extensive washing, the precipitated pro-
teins were eluted from the matrix in loading buffer, resolved by SDS-PAGE, Coomassie stained, and visualized by autoradiography. For comparison, 10% of
in vitro translated proteins were loaded (lanes 8 -10). E, schematic overview of the interacting domains of PRMTS5, RioK1, and plCln. Interactions are indi-
cated by arrows. Interacting domains are colored black. fl, full length; nt, N-terminal; ct, C-terminal; TCL, total cell lysate.
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specifically interacted with PRMT5. Indeed, recombinant
pICln displaced endogenous RioK1 from the PRMT5 com-
plex, whereas recombinant RioK1 correspondingly displaced
endogenous pICln. GST alone, on the other hand, did not
displace either endogenous RioK1 or pICln from the PRMT5
complex (supplemental Fig. S1). Importantly, the 1:1 stoichi-
ometry of PRMT5:WD45/MEP50 was not disturbed by either
treatment.

To investigate the competition between RioK1 and pICln in
a carrier-free situation, we incubated HeLa extract with re-
combinant, purified RioK1 or pICln, followed by gel filtration
chromatography (Fig. 4C). Western blotting of the fractions
revealed that, upon addition of recombinant RioK1 to the ex-
tract, pICln was excluded from the high molecular mass
PRMT5 complex migrating in the range of 700 —400 kDa. In
turn, when the extract was incubated with recombinant
pICln, endogenous RioK1 no longer co-migrated with the
PRMTS5 complex. Mock-treated (GST) extract was separated
and analyzed as control.

The previous data raised the possibility that RioK1 and
pICIn may compete for the same binding site in PRMT5. To
this end, we investigated whether pICln binds to the N termi-
nus of PRMTS5, just as RioK1. Interaction assays utilizing
GST-tagged pICln and in vitro translated PRMT5 and trunca-
tions thereof revealed that pICln bound to the N terminus of
PRMTS5 (Fig. 4D). These findings further substantiated that
both proteins, RioK1 and pICln, utilize the same binding site
within the PRMTS5 protein (Fig. 4E).

RioK1 Interacts with PRMTS Methylation Substrate
Nucleolin—As shown above, RioK1 competes with pICln for
binding to PRMT5. We thus asked whether this differential
interaction might influence methylation of Sm substrate pro-
teins, which are recruited to PRMT5 by pICln (10, 11). To
assess whether PRMT5 methylation activity is influenced by
varying amounts of RioK1 or pICln, the PRMT5 complex was
immunoprecipitated with antibodies directed against the in-
dividual components of the complex. The anti-RioK1 and
anti-pICln immunoprecipitations were thus enriched for
RioK1 and pICln, respectively, allowing for the investigation
of the influence of these proteins on PRMT5 methylation ac-
tivity. Equal amounts of the methyltransferase were incubated
with recombinant, purified SmD1 substrate protein and [*H]-
labeled S-adenosyl methionine (Fig. 54). In this set of experi-
ments, no difference in methylation activity was detectable in
regard to Sm protein methylation. Furthermore, similar data
were obtained by in vitro methylation assays with the PRMT5
complex, precipitated from HeLa cells overexpressing pICln
(data not shown).

If, as the previous experiment suggests, RioK1 does not
function as a direct regulator of Sm-protein methylation, it
may function as an adapter molecule, recruiting substrate
proteins to the methylosome that are distinct from those re-
cruited by pICln. To address this possibility, we carried out
anti-RioK1 immunoprecipitations and GST-RioK1 pulldowns
from HeLa extract followed by mass spectrometry (supple-
mental Fig. S2 and data not shown). Both approaches identi-
fied a very similar array of proteins as candidate interaction
partners of RioK1 including mainly RG-box-containing,
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methylated proteins like hnRNPs, histones, or nucleolin
(for a detailed list of identified proteins refer to supple-
mental Table 1).

Nucleolin is involved in the synthesis and maturation of
ribosomes, whereas arginine methylation of nucleolin is
regarded as a prerequisite for its interaction with RNA
(41-44). To prove the specificity of the protein-protein
interactions identified in the immunoprecipitation and
GST pulldown assays, we carried out in vitro interaction
assays of [**S]methionine-labeled, in vitro translated
nucleolin with GST-tagged components of the PRMT5
complex (Fig. 5B). Nucleolin interacted only with the C
terminus of RioK1, suggesting that RioK1 recruits nucleo-
lin to the PRMT5 complex.

To confirm the interaction between nucleolin and the
PRMT5 complex in cells, we performed anti-nucleolin immu-
noprecipitations from HEK293T cell extracts (Fig. 5C). In-
deed, RioK1 co-immunoprecpitated with nucleolin. Interest-
ingly, although PRMT5 and WD45/MEP50 were likewise
present in the anti-nucleolin immunoprecipitations, we were
not able to detect pICln. This data strongly indicated that the
RioK1-containing PRMT5 complex can associate with
nucleolin.

To investigate whether nucleolin is a PRMT5 substrate, an
in vitro methylation assay was performed with PRMT5 com-
plex immunoprecipitated from HeLa cells with the RG-box of
nucleolin (44) as substrate (Fig. 5D). The known PRMTS5 sub-
strates SmD1 (10, 11) and NFAR® were used as positive con-
trols. hnRNPU was used as negative control to ensure speci-
ficity of methylation, as hnRNPU is asymmetrically
methylated by PRMT1 (45, 46). Compared with SmD1 and
NFAR, nucleolin was by far the most efficient PRMT5 sub-
strate. Taken together, these data indicate that RioK1 recruits
nucleolin to the PRMT5 complex for methylation.

To elucidate whether RioK1 is required for symmetrical
arginine methylation of nucleolin in cells, we analyzed the
methylation status of nucleolin after transfection of
HEK293T cells with siRNA oligonucleotides targeting
RioK1. Although RioK1 protein levels were already severely
reduced 8 h after siRNA transfection, PRMT5, WD45/
MEP50, and pICln protein levels were not affected by the
knockdown of RioK1 (Fig. 5E). We then subjected extracts
48 and 72 h after transfection with RioK1 siRNAs to immu-
noprecipitation with anti-nucleolin antibody. Although the
total amount of nucleolin was not affected by RioK1 siRNA
treatment, symmetrically methylated nucleolin remarkable
declined concomitantly with decreasing RioK1 protein lev-
els, as detected by Western blotting with the methylation-
specific antibody SYM10 (Fig. 5F). This finding clearly in-
dicates that RioK1 specifically promotes the symmetrical
methylation of nucleolin by recruiting it to the PRMT5
complex.

5 G. Guderian, C. Peter, J. Wiesner, A. Sickmann, K. Schulze-Osthoff, U. Fis-
cher, and M. Grimmler, unpublished data.
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FIGURE 5. RioK1 interacts with the PRMT5 methylation substrate nucleolin. A, the PRMT5 complex was immunoprecipitated (/P) from HeLa lysate with
the indicated antibodies and incubated with recombinant SmD1/D2 in a methylation assay with [*H]S-adenosyl methionine at 37 °C for 2 h. The reaction
was stopped by the addition of sample buffer, and the eluted proteins were resolved by SDS-PAGE and Western blotting. HeLa total cell lysate (TCL) was
used as control. Amido Black staining of the PVDF membrane was used to visualize equal loading of SmD1/D2. The identity of the precipitated proteins was
ensured via immunoblotting. The methylated species of SmD1/D2 were visualized via autoradiography. Normal rabbit serum (NRS) was used as control for
immunoprecipitation. B, GST-tagged members of the PRMT5 complex were incubated with in vitro translated, [>*SImethionine-labeled nucleolin in an inter-
action assay (lanes 2-7). The precipitated proteins were visualized by autoradiography and Coomassie staining. For comparison, 10% of in vitro translated
nucleolin was loaded (/ane 8). Note that bands visible in the Coomassie staining below the expected molecular mass of the recombinant, GST-tagged pro-
teins represent degradation products of these proteins. Lane 1 shows protein standard (M). C, nucleolin was specifically immunoprecipitated from HEK293T
extract, and the precipitates were analyzed for the presence of PRMT5 complex components by immunoblotting with the respective specific antibodies
(lane 2). Normal mouse serum (NMS) was used for control immunoprecipitation (lane 3). Lane 1 shows total extract of HEK293T. D, in an in vitro methylation
assay of GST-SmD1 (lane 2), SmD1/D2 heterodimer (lane 3), the RG-boxes of NFAR (aa 476 -2102, lane 4), hnRNP U (aa 677-824, lane 5), nucleolin (aa 648 -
710, lane 6), or GST (lane 7) were incubated with [*H]S-adenosyl methionine. The reaction was stopped by the addition of sample buffer and resolved by
SDS-PAGE. The methylated proteins were visualized by autoradiography. Note that bands visible in the Coomassie staining below the expected molecular
weight of the recombinant, GST-tagged proteins represent degradation products of these proteins. E, HEK293T cells were treated with siRNAs against RioK1
and harvested at the indicated time points and analyzed by immunoblotting for indicated proteins. F, cell extracts obtained in £ were used for antinucleolin
immunoprecipitations and analyzed for the presence of symmetrically methylated nucleolin by immunoblotting with SYM10 antibody.
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FIGURE 6. Model of PRMT5 substrate recognition through RioK1 and
pICIn. Schematic view of the mutually exclusive interaction of PRMT5 with
RioK1 or plCIn, which results in either the recruitment of nucleolin by RioK1

or Sm proteins by plCIn for subsequent methylation by the PRMT5 complex.

DISCUSSION

The PRMT5 complex has been described to consist of
PRMT5, WD45/MEP50, and pICln in a 1:1:1 stoichiometry
(10-12). Here, we have used immunoprecipitation and in
vitro binding experiments to study the composition and regu-
lation of the PRMT5 complex.

We identified RioK1 as a novel component of the human
PRMT5 complex. Interestingly, RioK1 and pICln both bind to
PRMTS5, utilizing the same binding site within the methyl-
transferase. The competitive binding of RioK1 and pICln and
our detailed analysis of the PRMT5 complex by precipitating
all complex components with the respective antibodies re-
vealed the existence of different PRMT5 complexes in vivo. A
PRMTS5 core-complex that was precipitated by PRMT5 and
WD45/MP50 antibody encompasses WD45/MEP50 and
PRMTS5 (Fig. 6). This core complex then binds pICIn or RioK1
to form distinct subcomplexes. Importantly, both trimeric
complexes (PRMT5-WD45/MEP50-RioK1 and PRMT5-
WD45/MEP50-pICln) are composed of a 1:1:1 stoichiometry
and capable to recruit specific substrate proteins (Fig. 6).

RioK1 might therefore function to recruit substrate pro-
teins to the PRMT5 complex, analogous to pICln (10, 11).
Indeed, RioK1 binds PRMT5 with its N terminus, which
leaves its C terminus free to serve as a recruitment platform
for a variety of predicted and validated protein arginine meth-
ylation substrates which have been identified as RioK1-inter-
acting proteins in this study (see supplemental Table 1 for
details). RioK1 mainly interacts with RG-box containing,
methylated proteins such as hnRNPs, histones, or ribosomal
proteins, e.g. the very recently identified new PRMT5 sub-
strate protein RPS10 (47), suggesting RioK1 to be a more gen-
eral adapter protein than pICln.

Nucleolin is recruited to the PRMT5 complex by RioK1 for
methylation in this manner as well. This also explains how
PRMTS5 regulates the localization of nucleolin in vivo as de-
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scribed previously (48). Association of nucleolin with the ex-
clusively cytoplasmic RioK1 could trap nucleolin in the cyto-
plasm and concomitantly facilitate its methylation by PRMT5.
Interestingly, nucleolin is known to be required for early
rRNA processing (41-43), and methylation of its RG-box
modulates its interaction with nucleic acids (44). This impli-
cates a role for the RioK1-PRMT5 complex in rRNA process-
ing and goes in line with the ascribed function of its yeast
homolog, Riolp in rRNA processing (49).

Mutually exclusive binding of pICln and RioK1 to PRMT5
should have immediate consequences for the methylation of
its substrates. Oscillations in the ratio of RioK1-bound to
pICln-bound PRMTS5 should result in altered methylation of
Sm proteins. Even though this is not the case in vitro, recruit-
ment of distinct substrates to the different PRMT5 complexes
might well occur in vivo, especially considering the important
role of pICln as chaperone of Sm proteins (26). Indeed, excess
pICln inhibits the methylation activity of PRMT5 toward his-
tones and interestingly, lack of pICln leads to the SMN dis-
ease phenotype (27). A corollary of this model is that mecha-
nisms exist to alter RioK1 and/or pICln protein levels or
change their affinity for PRMT5 and thereby impart spatial
and temporal control over substrate specificity of the PRMT5
complex. Indeed, yeast Riolp is degraded at the G,/S transi-
tion of the cell cycle in a casein kinase 2 (CK2)-dependent
manner (50). This, together with the fact that human RioK1 is
a CK2 substrate in vitro® suggests that a similar mechanism
may control RioK1 protein levels in human cells.

In summary, we present RioK1 as a novel, stoichiometric
component of the human PRMT5 complex. Importantly,
RioK1 and pICln associate with PRMT5 in a mutually exclu-
sive fashion, which allows for the recruitment of distinct
methylation substrates such as nucleolin and Sm proteins,
respectively. The work presented here not only redefines the
PRMT5 complex, but also raises interesting new questions.
Future research should focus on how RioK1 influences meth-
ylation of e.g. nucleolin, histones, or Sm proteins in vivo and
how the interaction of RioK1 and pICln with PRMT5 is con-
trolled by posttranslational modification.
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