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Abstract: Ribosomes, the catalytic machinery required for protein synthesis, are comprised of 4 ribosomal RNAs and
about 80 ribosomal proteins in mammals. Ribosomes further interact with numerous associated factors that regulate their
biogenesis and function. As mutations of ribosomal proteins and ribosome-associated proteins cause many diseases, it is
important to develop tools by which ribosomes can be purified efficiently and with high specificity. Here, we designed a
method to purify ribosomes from human cell lines by C-terminally tagging human RPS9, a protein of the small ribosomal
subunit. The tag consists of a flag peptide and a streptavidin-binding peptide (SBP) separated by the tobacco etch virus
(TEV) protease cleavage site. We demonstrate that RPS9-Flag-TEV-SBP (FTS) is efficiently incorporated into the ribo-
some without interfering with regular protein synthesis. Using HeLa-GFP-G3BP1 cells stably expressing RPS9-FTS or, as
a negative control, mCherry-FTS, we show that complete ribosomes as well as numerous ribosome-associated proteins are
efficiently and specifically purified following pull-down of RPS9-FT'S using streptavidin beads. This tool will be helpful for
the characterization of human ribosome heterogeneity, post-translational modifications of ribosomal proteins, and changes
in ribosome-associated factors after exposing human cells to different stimuli and conditions.
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INTRODUCTION with the large ribosomal subunit and targets aberrant
nascent polypeptides for proteasomal degradation [3].
Other well-known examples include the fragile-X-
mental retardation protein (FMR1), which associates
with polysomes and represses translation of a subset
of mRNAs, and nucleophosmin (NPM1), a chaperone
of ribosomal proteins [4,5]. Under stress conditions,
when cellular defense mechanisms induce translation
suppression, many cellular proteins interact with the
small ribosomal subunit, either directly or indirectly,

The ribosome is a macromolecular complex that is
required for one of the core biological processes -
protein synthesis. Ribosomes are essential for all living
organisms, and have become considerably larger during
evolution [1]. The small 40S and the large 60S subunits
of the mammalian ribosome together are comprised
of four different ribosomal RNAs (rRNAs) and about
80 ribosomal proteins (RPs) [2]. Additionally, there

are many ribosome-associated proteins (RAPs), col-
lectively referred to as the ribo-interactome, which
aid ribosome biogenesis and quality control, as well
as translation regulation, specificity and fidelity. For
example, listerin, an E3-ubiquitin ligase, associates
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within cytoplasmic condensates called stress granules [6].

Mutations and malfunction of RPs lead to devel-
opmental abnormalities and many diseases, including
Diamond-Blackfan anemia, Shwachman-Diamond
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syndrome and X-linked dyskeratosis congenita [7].
Likewise, mutations and dysregulation of ribosome-
associated proteins (RAPs) cause numerous diseases
including different types of cancer [8,9]. Therefore, it
is important to gain a detailed understanding of ribo-
some composition and the complex ribo-interactome.
Recent studies revealed that ribosomes are heterogenous,
suggesting that ribosome subpopulations are dedicated
to the translation of specific mRNAs [10-12]. Along
with the composition of the ribosome and its inter-
actome, posttranslational modifications (PTMs) play
an important role in regulation of ribosome function.
For example, under stress conditions small ribosomal
subunits undergo prolyl hydroxylation at RPS23, which
leads to altered translation of a subset of mRNAs [13].

In order to explore the mammalian ribo-interac-
tome, ribosome heterogeneity and ribosomal PTMs,
an efficient method for enrichment of RPs and RAPs is
required. While several methods have been developed
to this end, selective ribosome purification remains
a challenge. Mass spectrometry of fractions after
ultracentrifugation, enriched with in RPs and RAPs,
as well as many non-related proteins, was performed
[14], including similar work [2]. Affinity purification
strategies proved to be more specific and were used
in mouse models and mouse embryonic cells [15,16].
However, there is still no system for efficient affinity
purification of ribosomes in human cell lines. One
study tried to address this question by tagging RPS9
with HaloTag, but probably, due to the size of the tag,
RPS9 was not efficiently incorporated into ribosomes,
thus not allowing effective purification [17].

We have developed a new approach for purifying
ribosomes and RAPs in human cell lines. A protein of
the small ribosomal subunit, RPS9, was tagged with
Flag-TEV-SBP, which allowed efficient pulldown of the
ribosome and convenient detection of the RPS9 protein.
Our system can be used in any human cell line, provid-
ing many options for its utilization and application.

MATERIALS AND METHODS

Cell culture

Human embryonic kidney cells, HEK293, HeLa and
HeLa-GFP-G3BP1[18] cells were cultured in Dulbeccos
modified Eagle’s medium (DMEM,; Sigma-Aldrich, USA)
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supplemented with 10% fetal bovine serum (Biochrom,
UK), 2 mM L-glutamine, 100 U/mL penicillin and 0.1
mg/mL streptomycin (all PAN Biotech, Germany).
Cells were grown at 37°C and 5% CO,,.

Plasmid cloning

For cloning of RPS9 into TOPuro-Flag-TEV-SBP, the
cDNA of RPS9 was amplified from total RNA from
HEK293 cells using MMLV RT (Promega, USA) for
reverse transcription, followed by PCR amplification
using Q5 DNA polymerase (NEB, USA) together with
primers G3505 (5-GAGGATCCCCACCATGCCAGTG-
GCCCGGAGCTGGG-3") and G3506 (5'-CTCTCGA-
GATCCTCCTCCTCGTCGTCTCC-3'), and the PCR
product of 603 bp length was digested with BamH1 and
Xhol, and ligated into the BamH1 and Xhol sites of
TOPuro-Flag-TEV-SBP (p3373) using T4 DNA ligase
and rapid ligase buffer (both from Fermentas, USA).
The resulting plasmid TOPuro-RPS9-FTS (p3402)
was verified by Sanger sequencing.

For cloning of pcDNA3-RPS9-FTS (p3438), TO-
Puro-RPS9-FTS (p3402) was digested with Kpnl and
Bcll, and the 775-bp fragment containing RPS9-Flag-
TEV-SBP was ligated into the Kpnl and BamH]1 sites
of pcDNA3 (p2000). The resulting plasmid pcDNA3-
RPS9-FTS (p3438) was verified by Sanger sequencing.

To generate pcDNA3-mCherry-FTS (p3460), the
Flag-TEV-SBP sequence was first cloned as a KpnI-
BclI fragment from TOPuro-Flag-TEV-SBP (p3373)
into the Kpnl and BamHTI sites of pcDNA3 (p2000),
giving the pcDNA3-Flag-TEV-SBP plasmid. The
mCherry sequence was isolated by BamHI digestion
from pcDNA3-mCherry-CDK1r (p3454), and ligated
into the BamHI site of pcDNA3-Flag-TEV-SBP. In
pcDNA3-Flag-TEV-SBP, the stop-codon between
mCherry and the FTS tag was removed via site-di-
rected mutagenesis using primers G3795 (5'-GAG-
GATCCACGCGTCCAGTGTGGTG-3') and G3796
(5-TTCTCCCCCATGCAGGTC-3'). The resulting
plasmid pcDNA3-mCherry-FTS (p3460) was verified
by Sanger sequencing.

Generation of stable cell lines

Cells (1.5 x 10°) were seeded in one well of a 6-well plate.
After 24 h, HeLa-GFP-G3BP1 cells were transfected with
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pcDNA3-RPS9-FTS (p3438) or pcDNA3-mCherry-FTS
(p3460) using TurboFectin (Origene, USA) according
to the manufacturer’s manual. The next day, cells were
split into two 15-cm dishes and selection was started
by the addition of geneticin/G418 (Gibco, USA) at
a final concentration of 400 pug/mL. After 10 days of
selection, a serial dilution of the mass culture was
made to obtain single clones. On average, 0.5 cells were
seeded per well in a 96-well plate. Once the clones had
grown into larger colonies, they were transferred to
24-well plates and grown until confluency. Screening
for RPS9-FTS-positive clones was performed by im-
munofluorescence microscopy using anti-Flag antibody
in combination with fluorescence. Mass cultures of
HeLa-GFP-G3BP1 cells transfected with mCherry-FTS
were grown under selection pressure and subjected to
fluorescence-activated cell sorting (FACS) to obtain a
population of mCherry-FTS-positive cells.

Immunofluorescence

Cells were seeded onto glass coverslips and left over-
night. The following day, cells were fixed and permea-
bilized with ice-cold methanol for 3 min, washed with
phosphate buffered saline (PBS) and blocked with
3% bovine serum albumin (BSA) in PBS for 1 h at
room temperature. Coverslips were then incubated
with rocking for 1 h at room temperature or over-
night at 4°C with the primary antibody against Flag
diluted in PBS containing 0.1% sodium azide. Cells
were washed with PBS three times for 5 min before
incubation for 1 h at room temperature with donkey
anti-mouse Cy3-coupled secondary antibody (Jackson
ImmunoResearch Laboratories, USA), diluted 1:1000
in PBS and Hoechst dye (1:10000, Sigma, USA). After
washing again three times for 5 min, coverslips were
mounted onto glass slides using a solution of 14%
polyvinyl alcohol (P8136, Sigma) and 30% glycerol in
PBS. Microscopy was performed on a Leica DM 5000
Microscope using a 20x or 40x dry objective.

Streptavidin pull-down

HeLa GFP-G3BP1-RPS9-FTS and HeLa-GFP-G3BP1-
mCherry-FTS cells were seeded in 15-cm dishes, 3 x
106 cells per dish. After 24 h, cells pellets were collected
and lysed in 750 uL Nonidet-40 (NP-40) lysis buffer
(150 mM NaCl, 1% NP-40, 50 mM Tris, 10% glycerol, 1
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mM MgCl,, 1 mM dithiothreitol (DTT)) supplemented
with Complete Protease Inhibitor Cocktail (Roche,
Switzerland). The samples were tumbled for 30 min at
4°C before the nuclei were removed by centrifugation
for 10 min at 9000 xg. Thirty uL of the supernatant
were taken as an input sample, and the remaining
supernatant was incubated with 30 uL prewashed
streptavidin-Sepharose beads (GE Healthcare, USA)
overnight at 4°C under gentle rotation. Next, the beads
were washed 5 times on ice with 500 uL NP-40 washing
buffer (300 mM NaCl, 1% NP-40, 50 mM Tris, 10%
glycerol, 1 mM MgCl,, 1 mM DTT), and collected by
centrifugation for 2 min at 400 xg and 4°C after each
washing step. For elution, 32 pL of biotin (50 mM)
were added to the dry beads, and the samples were
rotated for 1 h at 4°C. After centrifugation for 2 min
at 400 xg and 4°C, the supernatant was transferred
to a fresh tube, and 8 uL of 5x sample buffer were
added. Finally, the samples were boiled for 10 min at
95°C and separated by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) or stored
at -20°C for later use.

Western blot analysis

Protein samples were resolved on Tris-glycine poly-
acrylamide (5-20% gradient or 12%) gels and trans-
ferred to nitrocellulose membranes (0.2 pm pore size,
Peqlab, Germany). The membranes were blocked in 5%
skimmed milk in PBS containing 0.1% sodium azide
(PBS-A), incubated with primary antibodies diluted
in PBS-A, and washed three times in a 150-mM NaCl
solution containing 50 mM Tris, pH 7.5, 1% Tween-20.
After washing, the membranes were incubated with
horseradish peroxidase-coupled secondary antibodies
(Jackson ImmunoResearch Laboratories, USA) diluted
in PBS. Five additional washes were performed before
adding Western Lightning enhanced chemiluminescence
(ECL) substrate (PerkinElmer, USA) for detection.
The following antibodies were used: mouse anti-Flag
(F3165, Sigma, USA), rabbit anti-RPS9 (18215-1-AP,
Proteintech, USA), goat anti-eIF3B (sc-16377, Santa
Cruz, USA), rabbit anti-RPS6 (#2217, Cell Signaling,
USA), mouse anti-RPS3 (sc-376098, Santa Cruz USA),
rabbit anti-eIF4G (sc-11373, Santa Cruz USA), mouse
anti-G3BP1(sc-81940, Santa Cruz) , rabbit anti-RPL7
(14583-1-AP, Proteintech USA), rabbit anti-NF-B p65
(sc-109, Santa Cruz, USA).
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Polysome profile analysis

Cells were seeded onto 10-cm dishes one day before the
experiment and kept subconfluent in order to prevent
translation suppression by contact inhibition. Prior to
lysis, cells were treated with 100 pug/mL cycloheximide
for 5 min at room temperature in order to stabilize
polysomes. The cells were washed with ice-cold PBS,
lysed on the dish by adding 200 uL polysome lysis
buffer (20 mM Tris HCI pH 7.5, 150 mM NaCl, 5
mM MgClz, 1 mM DTT, 100 pg/mL cycloheximide,
1% Triton X-100, 40 U/mL RNasin™ (Thermo Fisher
Scientific, USA), EDTA-free complete protease inhibi-
tors (Roche, Switzerland) and harvested by scraping.
Lysates were rotated for 10 min at 4°C and cleared by
centrifugation at 9000 xg for 10 min at 4°C. Forty pL
of lysate were saved for Western blot analysis before the
cellular lysate was loaded onto linear, 17-50% sucrose
gradient; sucrose was dissolved in 20 mM Tris-HCI,
pH7.5,5mM MgClZ, 150 mM NaCl. Sucrose density
gradient centrifugation was carried out at 35000 rpm
at 4°C in a Beckman SW60 rotor for 2.5 h. Polysome
profiles were recorded by measuring the absorbance
at 254 nm using a Teledyne ISCO Foxy Jr. system and
PeakTrak software. The profiles were manually aligned
according to their 80S peaks using Microsoft Excel.

For Western blot analysis, thirteen 300-pL fractions
were collected during fractionation with Teledyne ISCO
Foxy Jr. system. Then, 300 L Tris (20 mM, pH 7.5) to-
gether with 10 uL StrataClean resin beads (Agilent, USA)
were added to each fraction for protein recovery. The
beads were rotated overnight at 4°C and centrifuged at
400 xg for 2 min. Following removal of the supernatant,
protein was extracted from the beads by the addition of
30 uL of 2x SDS-sample buffer and boiling for 10 min
at 95°C. Finally, the protein samples were separated by
SDS-PAGE or stored at -20°C for later analysis.

Protein mass spectrometry

Mass spectrometry was performed at the mass spectrom-
etry core facility of the Center for Molecular Biology of
Heidelberg University. Label-free quantification (LFQ)
with MaxQuant software was used to determine the
abundances of the detected peptides. For comparison
between samples, LFQ values were normalized with the
LFQ value of B-actin (ACTB). LFQ values of proteins
not detected in one sample were set to 1.
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Statistical analysis

Statistical analysis and creation of graphics was per-
formed using R and Microsoft Excel software. Statistical
significance was calculated by performing Student's t-test.

RESULTS

Cells attenuate the expression of endogenous
RPS9 when overexpressing RPS9-Flag-TEV-SBP

Our first goal was to generate a construct expressing
a human RP of the 40S small ribosomal subunit to be
used for the purification of 40S subunits or the whole
ribosome. We chose to tag RPS9 at its C-terminus, as
this position is on the surface of the small ribosomal
subunit and should therefore be accessible to antibod-
ies during immunoprecipitation procedures. Addition
of large tags such as green fluorescent protein (GFP)
can interfere with the structure of the ribosome or
prevent tagged RP from incorporation into the ribo-
some. Therefore, we chose a small tag, Flag-TEV-SBP
(FTS), which allows for easy detection and efficient
immunoprecipitation. After cloning of the puromycin
resistance-containing vector TOPpuro-RPS9-FTS, we
used Western blot analysis to evaluate its expression
in transiently transfected HeLa cells. RPS9-FTS was
detected with anti-Flag antibody at the expected size
of about 32 kDa (Fig. 1).

Q
&
&
R
>4
&

X
(@)
S
<&

kDa

250
130 4
100 -
704

554
35
25 | J Flag

15

Fig. 1. Transient expression
of RPS9-FTS in HeLa cells.
HeLa cells were transfected
with TOPuro-RPS9-FTS,
and cytoplasmic lysates were
prepared after 24 h. Western
blot analysis was carried out
using an anti-Flag antibody.
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Fig. 2. Polysome profile analysis of HeLa cells transiently expressing
RPS9-FTS. HelLa cells were transfected with TOPuro-RPS9-FTS,
and cycloheximide was added to the cultures after 24 h immediately
before preparing cytoplasmic lysates. Lysates were separated by sucrose
density gradient centrifugation and analyzed by continuous UV (254
nm) absorption recording. Fractions were collected and subjected
to Western blot analysis using antibodies against eIF3B and RPS6.
Expression of RPS9-FTS was determined using anti-Flag antibody.

To determine if tagged RPS9 is incorporated into
functional ribosomes, we used sucrose density gradient
centrifugation to assess the overall translation rate of
HelLa cells transiently transfected with TOPpuro-RPS9-
FTS. As can be seen in Fig. 2, transient overexpression
of RPS9-FTS did not perturb global translation, as the
polysomal profiles appeared to be typical with about
77% of total ribosomes present in polysomes. Western
blot analysis of fractions of the sucrose density gradient
revealed that RPS9-FTS migrated in polysomes and
monosomes, but also in the free fraction #1 (Fig. 2).
The endogenous small ribosomal subunit protein RPS6
was enriched in polysomal fractions and absent from
the free RNA fraction. Translation initiation factor
elF3b was enriched in the 40S fraction #3, similarly
to previous observations [19].

Generation of a stable cell line expressing RPS9-FT'S
Transiently expressed RPS9-FTS was also found to be

present in the ribosome-free fraction (Fig. 2), similar
to a previous study where HA-tagged RPL22 was used
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for ribosome purification in a mouse model [16]. This
indicated that not all RPS9-FTS was incorporated into
ribosomes in the transiently transfected cells, which is
a potential problem. Therefore, our next goal was to
generate a HeLa cell line stably expressing RPS9-FTS at
a lower level, with better incorporation into ribosomes.

When cells are exposed to damage or unfavorable
conditions, RPs of the 40S small subunit, including
RPS9, separate together with many cytosolic pro-
teins within stress granules by liquid-liquid phase
separation [20]. We therefore chose to stably trans-
fect RPS9-FTS in HeLa cells already expressing the
stress granule (SG) marker protein GFP-G3BP1 [18],
since immunoprecipitation of G3BP1 can be used for
enrichment of SG components [21]. Since the HeLa-
GFP-G3BP1 cell line is already resistant to puromycin,
RPS9-FTS was cloned into a pcDNA3 vector, which
confers resistance to geneticin/G418. Additionally,
we generated mCherry-FTS as a negative control for
the purification procedure, whereby RPS9-interacting
proteins can be distinguished from those that associ-
ate with the Flag-TEV-SBP tag. After transfection
of Hela-GFP-G3BP1 cells with pcDNA3-RPS9-FTS
and pcDNA3-mCherry-FTS, selection with G418,
and subcloning by serial dilution, single clones were
screened by immunofluorescence microscopy using
an anti-Flag antibody. HeLa-GFP-G3BP1-RPS9-FTS
clone #4 as well as the HeLa-GFP-G3BP1-mCherry-FTS
mass culture were chosen for further analysis. Sucrose
density gradient centrifugation analysis revealed that
both stable cell lines, RPS9-FT'S and mCherry-FTS, have
normal polysomal profiles (Fig. 3A, B). Importantly,
RPS9-FTS comigrated flawlessly with endogenous
RPS9 in the polysomal fractions and was not detected
in the free fraction (Fig. 3B), indicating that RPS9-FTS
was fully incorporated into ribosomes. The analysis
of cytoplasmic protein lysates confirmed that RPS9-
FTS partially replaced endogenous RPS9, reducing its
expression by about 30% (t-test, P<0.001) (Fig. 3C, D).

Pull-down of RPS9-FTS purifies ribosomal
proteins and ribosome-associated factors

We used the HeLa-GFP-G3BP1-RPS9-FTS cell line
to optimize a ribosome pull-down approach for
purifying RPs together with ribosome interactors.
We performed SBP pull-down experiments using



52

Arch Biol Sci. 2021;73(1):47-55

ensity

T

Sucrose Density Sucrose
1 1 T
| | |
| | |
| | |
| | |
I I I
| | |
| |
| | {
I I
| | |
| | |

S |

I T T T T T
| [ [ 1 [
| [ 1 I [
| [ 1 Al [
| [ 1 (AN [
| [ 11 ! |
| | | I\l IV
| | I\l I\l (|
| (| | | 11
[ 11 [ [
| [ I [ [
| [ [ 11 I

Absorbtion 254 nm

I I I I 1
[ | | |
[ | | |
[ | | |
[ | | |
oIy ! !
Iyl ! ! |
[N | | |
I\ | | |
[ | ! !
[ | | |
[ I | | |

Absorbtion 254 nm

kDa 1 2 3 456 78 910111213 kDa

123456 78 9 10111213 Fraction #

compared to the mCherry-FTS pu-
rification (Supplementary Table S1).
This result implied successful pull-
down of the entire ribosome by RPS9-
FTS. In addition to RPs, 196 non-RPs
were enriched more than 2-fold in
the RPS9-FTS purification compared
to the mCherry-FTS purification

35 35 I -
2o | s e <RPay (Supplementary Table S2). When
T o B ——mpmer— |Flyg the non-ribosomal proteins were
o[ ———ew———] 131 —|elF3B subjected to GO term analysis by
250 ememmm———— e —————— - IF4G
130 Pl L ZFP o Panther[22,23] and GOnet software
1004 100{= L - . .
mCherry-FTS RPSO-FTS [24], proteins could be sorted into
more than 300 categories (Supple-
c D <0.001
£, g 12 = mentary Table S3); the three broadest
LN 1.0 . . .
(b@‘igjoqﬁ & o main protein categories found to be
S 5 3 .
wa L 0 806 significantly overrepresented were as
S 2804 g Y
25 2 RN ~RPSO-FTS 3802 follows: rRNA processing proteins,
RPS9 g¢
— - - o 0.0 .
35 T JmCoeny-£TS 5 f’g"coé@ spliceosomal components, transla-
130 ===l GFP-G3BP1 @%\ Qaz@q tion factors and mRNA regulators.
NN

The list of non-ribosomal interacting

proteins includes many nucleolar and

Fig. 3. Polysome profile analysis of HeLa-GFP-G3BP1 cells stably expressing mCherry-
FTS or RPS9-FTS. A - Lysates of cycloheximide-treated HeLa-GFP-G3BP1-mCherry-
FTS cells were separated by sucrose density gradient centrifugation and analyzed by
continuous UV (254 nm) absorption recording. Fractions were collected and subjected
to Western blot analysis using antibodies against RPS9, Flag, eIF3B, eIF4G and G3BP1.
B - Analysis as in A from HeLa-GFP-G3BP1-RPS9-FTS cells. C — Expression levels of
RPS9 in HeLa, HeLa-GFP-G3BP1-mCherry-FTS and HeLa-GFP-G3BP1-RPS9-FTS
cells. D - Quantification of C; the graph shows mean values+SD, n=3.

cytosolic factors involved in ribo-
some biogenesis including BRIX1,
EBNA1BP2, NCL, NOB1, NOCA4L,
NOL6, NOP14, NPM1, NPM3,
NSA2, RIOK1, RIOK2, RIOK3,
RRP7A, TSR1, WBSCR22, indicat-

streptavidin-Sepharose beads. We observed that bound
proteins could be eluted very efficiently by the addi-
tion of large amounts (50 mM) of biotin, even in the
absence of SDS (Fig. 4A). The use of a native elution
procedure reduced the amount of contaminating
proteins in the eluate, and potentially allowed for the
isolation of translation-competent ribosomes.

Cytosolic lysates from HeLa-GFP-G3BP1-mCherry-
FTS and HeLa-GFP-G3BP1-RPS9-FTS cells were
used for pull-down of the tagged proteins (Fig. 4B)
and detection of specific isolation of RPL7, RPS6 and
RPS3 in the RPS9-FTS eluate; NF-kB-p65, a protein
without any association with the ribosome, was absent
from both purifications (Fig. 4C).

When the same eluates were analyzed by mass
spectrometry and quantified using MaxQuant software
(Fig.5), 80 RPs were detected in the RPS9-FTS puri-
fication, 70 of which were enriched more than 2-fold

ing that RAPs were also isolated suc-
cessfully by RPS9-FTS pull-down.

DISCUSSION

Changes in the interactome and modifications of the
ribosome are rapid regulatory mechanisms to alter
translation rates when needed [12]. To explore such
changes, reliable proteomics of isolated ribosomes is
needed. Several studies in different model organisms,
including mammalian systems, have used different
approaches for ribosome isolation in order to identify
means of translation regulation. Initial strategies made
use of fractionation approaches, while later approaches
attained higher specificity through affinity purification
methods. Affinity purification of tagged ribosomes
has been reported for various species, including E.
coli, D. melanogaster and S. cerevisiae, showing that
this approach allows successful isolation of ribosomes,
associated proteins and mRNAs[25-27]. Endogenously
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Fig. 4. Purification of ribosomal proteins via streptavidin pull-down of RPS9-FTS.
A - Cytoplasmic lysates were prepared from RPS9-FTS cells and subjected to pull-down
with streptavidin-Sepharose beads. Proteins were eluted by incubation with biotin
(50 mM) or a combination of biotin and boiling in SDS-sample buffer. Samples were
analyzed by Western blotting using anti-Flag antibody; the membrane was stained
with Ponceau prior to blotting, electroelution. B - Streptavidin pull-down as in A was
applied to mCherry-FTS and RPS9-FTS cells in parallel; biotin (50 mM) was used for
elution. C - Streptavidin pull-down carried out as in B. Samples analyzed by Western
blotting using antibodies against RPS9, RPS3, RPS6 and RPL7. Immunoblotting against
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tagged RPL22, RPL36 and RPS17
were used for ribosome purifica-
tion in mouse models and mouse
embryonic stem cells[15]. While
tagging of RPL22 led to reduced
incorporation into ribosomes, tag-
ging of RPL36 and RPS17 overcame
this problem. To our knowledge, no
successful and efficient ribosome
affinity purification approach has
been reported for human cells to
date, although research on this topic
has been performed [17].

Herein, we developed a highly
specific ribosome affinity purification
approach for human cell lines. The
establishment of such an approach
is crucial for a better understanding
of translation and its regulation in
human cells under physiological
and pathological conditions and
upon exposure to different stimuli.
RPS9-FTS has several advantages.

NF-kB-p65 was used to show specificity of binding and elution.
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Fig. 5. Identification of proteins interacting with RPS9-FTS by
mass spectrometry. A - HeLa-GFP-G3BP1-RPS9-FTS and control
HeLa-GFP-G3BP1-mCherry-FTS cells were used for pull-down
with streptavidin-Sepharose beads, and proteins were eluted by
incubation with biotin (50 mM). Eluates were subjected to protein
mass spectrometry and quantified using MaxQuant software. All
proteins identified in the mCherry-FTS or RPS9-FTS pull-down
are plotted in the graph; RPs are in red; the dark green dashed line
represents a threshold for a 2-fold change; n=1.

It can be used for almost all human

immortalized cell lines, which can
be efficiently transfected and therefore allow cell-type
specific research on the ribosome and translation
control mechanisms. When using these constructs
with other cell lines, the transfection protocol has to
be optimized for each cell line. The Flag-TEV-SBP tag
allows for easy detection and immunoprecipitation via
the Flag tag, efficient pull-down via streptavidin beads,
and native elution using either Flag peptide or biotin
or the TEV cleavage site. The stringency and purity of
the pull-down could be further increased by tandem
affinity purification using both streptavidin and Flag
antibody. This could be of advantage for assays where
the presence of RAPs should be minimal.

Pull-down of RPS9-FTS from stably transfected
HeLa-GFP-G3BP1 cells allowed us to detect almost all
RPs and many RAPs, as illustrated by the abundance
of translation and ribosome biogenesis factors. Since
spliceosomal proteins and mRNA processing factors
were also among the identified proteins, it appears that
mRNPs were isolated along with ribosomes. Introduc-
tion of a limited RNase digestion step prior to elution
could help to separate RAPs from mRNPs.
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When the list of RAPs identified in this study is
compared to the human orthologs of mouse RAPs,
identified by Simsek et al. [15], 94 significantly enriched
RAPs are found to be in common. We could identify
138 proteins that were not found by Simsek et al., how-
ever, their dataset contained 419 RAPs that were not
found in this study. The information about identified
RAPs is solely based on mass spectrometry analysis
and final conclusions about the ribo-interactome
have to be further confirmed with other methods (e.g.
immunoprecipitation and Western blotting) in both
studies. One also has to consider that the comparison
was conducted between different cell types and that
each cell type has a specific set of RAPs. Nevertheless,
both studies efficiently purified RPs and extended da-
tasets with RAPs represent an excellent starting point
for further research of the ribo-interactome.

Since Hela-GFP-G3BP1-RPS9-FTS cells co-express
tagged G3BP1, a core component of stress granules,
this cell line can additionally be used for exploring
RPs and RAPs within stress granules. Arsenite, a
strong inducer of oxidative stress and stress granules,
leads to O-linked -N-acetylglucosamine (O-GlcNAc)
modification of several ribosomal proteins; the O-
GlcNAc modification was found to be essential for
the assembly of stress granules [28]. In our dataset,
OGFODYV, a prolyl-hydroxylase required for O-GlcNAc
modification, was one of the 20 proteins related to stress
granule assembly that were enriched after RPS9 pull-
down (Supplementary Table S4). We anticipate that
HeLa-GFP-G3BP1-RPS9-FTS cells will be helpful for
further characterization of the ribo-interactome and
ribosomal PTMs during stress granule assembly and
upon exposure of cells to different stimuli.

To conclude, this study demonstrates that RPS9-
FTS is an efficient and easy-to-use tool for the isola-
tion of ribosomes and their associated factors under
native conditions, and will be useful for research on
translation control in human cells.
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