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ABSTRACT

Ribosomal proteins are involved in many cellular
processes through interactions with various RNAs.
Here, applying the photoactivatable-ribonucleoside-
enhanced cross-linking and immunoprecipitation ap-
proach to HEK293 cells overproducing ribosomal
protein (rp) eS1, we determined the products of
RNU5A-1 and RNU11 genes encoding U5 and U11
snRNAs as the RNA partners of ribosome-unbound
rp eS1. U11 pre-snRNA-associated rp eS1 was re-
vealed in the cytoplasm and nucleus where rp eS1-
bound U11/U12 di-snRNP was also found. Utilizing
recombinant rp eS1 and 4-thiouridine-containing U11
snRNA transcript, we identified an N-terminal pep-
tide contacting the U-rich sequence in the Sm site-
containing RNA region. We also showed that the rp
eS1 binding site on U11 snRNA is located in the cleft
between stem-loops I and III and that its structure
mimics the respective site on the 18S rRNA. It was
found that cell depletion of rp eS1 leads to a decrease
in the splicing efficiency of minor introns and to an
increase in the level of U11 pre-snRNA with the un-
processed 3′ terminus. Our findings demonstrate the
engagement of human rp eS1 in events related to the
U11 snRNA processing and to minor-class splicing.
Contacts of rp eS1 with U5 snRNA in the minor pre-
catalytic spliceosome are discussed.

INTRODUCTION

Eukaryotic ribosomal proteins, being indispensable con-
stituents of the cellular translation machine––ribosome, are
involved in the maintenance of the architecture and func-
tioning of its two subunits, the small (40S) and large (60S)
ones (1). Human ribosome consists of 80 different proteins

bound predominantly to four structured rRNAs that serve
as a scaffold for the overall ribosome construction (2,3). Be-
ing synthetized in the cytoplasm, most of ribosomal pro-
teins are then imported into the cell nucleus and further
into the nucleolus, the place of assembly of the ribosomal
subunits (4,5), and on this way, they can be recruited as
RNA-binding proteins in some specific processes occurring
beyond the ribosome.

To date, there are numerous reports indicating that in-
dividual ribosomal proteins act as participants in splicing
(uS15 (6), eS26 (7) and uL3 (8)), DNA repair (uS3 (re-
viewed in (9))), mRNA-specific translation control (uL13
(10)), cell signaling (RACK1 (11)) and in several other pro-
cesses (for a review, see (12)). The diversity of the discov-
ered extra-ribosomal functions of ribosomal proteins im-
plies that the actual list of proteins having such functions
might be much longer. Therefore, the systematic investiga-
tions on the search for cellular RNA partners of the partic-
ular human ribosomal proteins could reveal molecular in-
teraction networks that involve these proteins as key players
in the events providing different stages of cellular life.

Human ribosomal protein (rp) eS1 (previously classified
as S3A) lacking eubacterial counterparts is actively engaged
in the functioning of translation machinery as the 40S ri-
bosomal subunit component participating in the binding
of translation factor eIF3 (13) as well as in the organiza-
tion of binding site for the Internal Ribosome Entry Site
(IRES) element of hepatitis C virus (14–17). However, very
little is known about the processes, in which rp eS1 is impli-
cated as a player being outside the ribosome. For example,
the ability to interact with rp eS1 has been described for
poly (ADP-ribose) polymerase (PARP) (18) and transcrip-
tion factor CCAAT-enhancer-binding protein homologous
protein (CHOP) (19). Particularly, the binding of rp eS1 to
PARP assisted apoptosis regulator Bcl-2 in the inhibition of
PARP activity, leading to the prevention of apoptosis (18),
whereas the interaction of rp eS1 with CHOP blocked the
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activity of CHOP as a factor responsible for the erythroid
differentiation of cells and thereby inhibited the differenti-
ation induced by erythropoietin (19). No specific contacts
between rp eS1 and cellular RNAs other than rRNA have
yet been reported, although the protein is positively charged
and could readily interact with RNA.

In this work, using photoactivatable-ribonucleoside-
enhanced cross-linking and immunoprecipitation (PAR-
CLIP) approach, we performed a search for RNAs, which
could be the binding partners of rp eS1 in human cells.
A potential rp eS1 site, which would provide the protein
interaction with these RNAs, was predicted to be located
at the very end of the N-terminal portion of rp eS1. To
apply PAR-CLIP approach to human cells, we obtained
HEK293 cell line inducibly generating FLAG-tagged rp eS1
(FLAGeS1) and showed that the ectopically produced target
protein was able to substitute native rp eS1 in the trans-
lating ribosome. The cells treated with 4-thiouridine were
revealed to produce RNA-FLAGeS1 cross-links much effec-
tively than those treated with 6-thioguanosine. Next gen-
eration sequencing (NGS) of RNA fragments cross-linked
to the target protein revealed products of RNU5A-1 and
RNU11 genes encoding U5 and U11 snRNAs as the main
partners of rp eS1, besides rRNA. The respective cross-
linking sites were established by identifying the character-
istic T/C transitions in the NGS data. The mapping of
these sites onto the snRNA structures allowed the deter-
mination of U-rich sequences corresponding to an Sm site-
containing single-stranded region in U11 snRNA and to
stem-loop (SL) I in U5 snRNA as structural elements of
RNAs transcribed from the above genes that take part in
the binding to rp eS1. Immunoprecipitation of nuclear and
cytoplasmic extracts of HEK293 cells with anti-rp eS1 an-
tibodies followed by reverse transcriptase polymerase chain
reaction (RT-PCR) analysis revealed rp eS1-associated U11
pre-snRNA both in the nucleus and in the cytoplasm and,
in addition, U11/U12 di-snRNP in the nucleus, whereas rp
eS1-bound U5 pre-snRNA/U5 snRNA was not detected.
In vitro binding assays utilizing recombinant (His)6-tagged
FLAGeS1 (His6eS1) and T7 transcripts corresponding to U11
snRNA and its truncated form lacking a 3′-terminal frag-
ment containing the Sm site (U11 snRNA(�Sm)), together
with studying the inhibitory effect of octauridylate, (pU)8,
on the binding of the protein to U11 snRNA, showed a sig-
nificant contribution of the Sm-comprising U-rich sequence
of U11 snRNA to this binding. It turned out that ribosome-
bound rp eS1 was unable to bind to the U11 snRNA at all.
Chemical footprinting of U11 snRNA bound to His6eS1 dis-
played the multiple protections of nucleotides in the regions
of SLI, SLIII, H-helix and Sm site from attack by various
probes as well as the enhanced reactivity to benzoyl cyanide
(BzCN) of the RNA backbone in the U-rich single-stranded
sequence. A comparison of the spatial structures of the U1
snRNA region homologous to that containing the rp eS1
binding site in U11 snRNA and of the 40S ribosomal sub-
unit area comprising the rp eS1-bound fragment of the 18S
rRNA revealed their similarity. With His6eS1 cross-linked to
4-thiouridine-containing U11 snRNA, we identified a short
peptide 9–29 within the N-terminal region of rp eS1 that is
involved in the cross-linking. HEK293 cells depleted of rp
eS1 were shown to exhibit an increased level of U11 pre-

snRNA with the unprocessed 3′ end and a decrease in splic-
ing efficiency of the minor class introns. Our findings pro-
vide for the first time the evidence for the engagement of
the ribosome-unbound rp eS1 in cellular events related to
the processing and functioning of U11 snRNP and suggest
that rp eS1, when bound to U11 snRNA, may also interact
with U5 snRNA in the minor pre-catalytic spliceosome.

MATERIALS AND METHODS

Plasmids preparation, cells transfection, stable cell line gen-
eration and immunoblotting

The pCI-neo vector (Promega) was used in the prepara-
tion of the plasmid for DOX-inducible expression system of
the target gene. The sequence of rtTA (reverse tetracycline
trans-activator) gene was amplified using the FUdeltaGW-
rtTA vector (Addgene) as a template and a pair of primers
1F and 1R (here and further the primer sequences are
given in Supplementary Table S1), and inserted into pCI-
neo at the restriction sites SalI and XhoI, resulting in plas-
mid pCI-neo-rtTA. The TRE-CMVmin sequence was ampli-
fied using vector TetO-FUW-OSKM (Addgene) and a pair
of primers 2F and 2R. PolyA signal sequence was ampli-
fied using the pCI-neo and primers 4F and 4R. The mul-
tiple cloning site (MCS) was generated using the comple-
mentary oligodeoxiribonucleotides 3F and 3R. Construc-
tion containing the sequences of TRE CMVmin, MCS and
polyA signal was obtained by overlapping PCR using the
respective amplified products and primers 2F and 4R. Re-
sulting PCR product was digested with BamHI and in-
serted into the pCI-neo-rtTA at BglII site, given plasmid
pAG-1. The minigene FLAG-eS1 amplified with the use of
HEK293 cDNA and primers 5F and 5R was inserted into
pAG-1 at EcoRI site by blunt ligation in forward direction.
The resulting plasmid was linearized by BamHI with its
subsequent utilization for the HEK293 cells (ATCC CRL-
1573) transfection performed with the use of Lipofectamin
LTX (Invitrogen). For stable production of the target pro-
tein, the transfected cells were selected with G-418. Stable
clones were tested for their ability to produce FLAGeS1 af-
ter doxycycline (DOX) induction by either western blotting
with the use of anti-FLAG M5 (Sigma, #F4042) or im-
munoprecipitation with the use of anti-FLAG M2 (Sigma,
#F1804) with subsequent western blotting utilizing specific
goat polyclonal antiserum against rat rp eS1 (anti-rp eS1)
(kindly gifted by Dr J. Stahl). In the western blotting, the
protein G-HRP-conjugate and Western Blotting Substrate
kit (Thermo Fisher Scientific) were applied to reveal pri-
mary antibodies bound on a membrane and the membrane
was exposed at ChemiDoc XRS system (BioRad).

Analysis of FLAGeS1 incorporation into ribosomes

The polysome profiles were obtained as described (20)
with some modifications. Stable HEK293 cells producing
FLAGeS1 were used for polyribosomes isolation by the fol-
lowing procedure. Cells were cultured in 15 cm Petri dish
containing Dulbecco’s modified Eagle’s medium (DMEM),
10% FBS and penicillin–streptomycin 100 U/ml (all from
Thermo Fisher Scientific) at CO2-incubator (5% CO2) at
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37◦C. At 40–50% confluency, DOX was added to 2 �g/ml.
After 48 h, cycloheximide was added to concentration of
100 �g/ml and cells were incubated for 15 min at 37◦C,
and then washed with ice-cold phosphate buffered saline
(PBS). Then, cells were collected by brief centrifugation at
1000 g at 4◦C and lysed in 20 mM HEPES-KOH buffer (pH
7.5) containing 15 mM MgCl2, 200 mM KCl, 1% Triton-
X100, 2 mM dithiothreitol (DTT), 100 �g/ml cyclohex-
imide and 0.025 U/�l RiboLock RNase Inhibitor (Thermo
Fisher Scientific). Lysate was clarified by centrifugation at
14 000 rpm for 10 min at 4◦C, layered onto a 7 to 47% linear
sucrose gradient in 50 mM Tris–HCl buffer (pH 7.5) con-
taining 50 mM NH4Cl, 12 mM MgCl2 and 1 mM DTT and
centrifuged at 100 000 g for 4.5 h at 4◦C. Gradients were
fractioned with monitoring of the UV absorption profiles
at A260. Total protein in fractions was isolated using Strata-
Clean beads (Stratagene) and analyzed by western blotting
using anti-FLAG M5. Experiment was replicated in tripli-
cate.

PAR-CLIP analysis of the transfected HEK293 cells ectopi-
cally producing FLAGeS1

The experiments were carried out as described (21) with
some modifications. Typically, 10 of 15 cm dishes of ad-
herent HEK293 cells DOX-inducibly producing N-terminal
FLAGeS1 were cultured as above. At 70–80% confluency, cul-
ture medium was freshly changed; DOX (2 �g/ml) and pho-
toactivatable 4-thiouridine or 6-thioguanosine (250 �M)
were then added to the cells. After 48 h, culture medium was
removed and cells were washed with PBS. Cross-linking was
performed by irradiation of cells with UV light at 312 nm
(0.15–0.5 J/cm2) in Bio-Link (Vilber Lourmat) on ice; cells
were washed with ice-cold PBS and collected by centrifuga-
tion at 1000 g.

The cell pellet was lysed in three volumes of 25 mM Tris–
HCl buffer (pH 7.5) containing 150 mM NaCl, 1% NP-
40, 0.5 mM DTT, 5% glycerol, 1 mM ethylenediaminete-
traacetic acid (EDTA), protease inhibitor cocktail (Sigma)
and 20 U/ml DNase I. The lysate was incubated on ice for
10 min, triturated through 29 G needle 10 times, clarified
by centrifugation at 20 000 g for 10 min at 4◦C and passed
through the 0.22 �m syringe-filter (TPP). The supernatant
was then transferred to a new non-stick tube. RNase T1 was
added to the supernatant to 1 U/�l and the reaction mix-
ture was incubated at room temperature for 15 min. The
mixture was clarified by centrifugation as above and anti-
FLAG M2 antibodies-bound magnetic Protein G beads
(Dynabeads, Life Technologies) were added to the super-
natant. In typical experiment, 10 �g of the antibodies were
bound to 40 �l of Protein G Dynabeads in PBS containing
0.05% Tween-20 for 1 h at 4◦C. Immunoprecipitation was
carried out on a rotating platform for 1 h at 4◦C. After the
supernatant removing, the beads were washed three times
with 1 ml of buffer 50 mM Tris–HCl (pH 7.5) containing
300 mM KCl, 0.05% NP-40 and 0.5 mM DTT and resus-
pended in one volume of the same buffer. RNase T1 was
added to the bead’s suspension to 20 U/�l and the mix-
ture was incubated for 20 min at ambient temperature on
a rotating platform as above. The beads were washed three
times with 1 ml of the buffer containing 50 mM Tris–HCl

(pH 7.5), 500 mM KCl, 0.05% NP-40 and 0.5 mM DTT
and twice in 1 ml of the Dephos buffer containing 50 mM
Tris–HCl (pH 7.5), 100 mM NaCl, 10 mM MgCl2 and 1
mM DTT and then resuspended in one volume of the De-
phos buffer. Calf intestinal phosphatase (NEB) was added
to the bead’s suspension to 0.5 U/�l, the mixture was in-
cubated on shaker for 10 min at 37◦C and the supernatant
was removed. The beads were washed twice in 1 ml of Phos-
wash buffer containing 50 mM Tris–HCl (pH 7.5), 20 mM
and 0.5% NP-40 and twice in 1 ml of T4 polynucleotide ki-
nase (PNK) buffer containing 50 mM Tris–HCl (pH 7.5),
50 mM NaCl, 10 mM MgCl2 and no DDT. After washing,
the beads were resuspended in 50 �l of PNK reaction mix-
ture containing 50 mM Tris–HCl (pH 7.5), 50 mM NaCl, 10
mM MgCl2, 5 mM DTT, 0.5 �Ci/�l of � -32P-ATP (adeno-
sine triphosphate) and 1 U/�l of T4 PNK (NEB) with sub-
sequent incubation of the bead’s suspension on a shaker for
30 min at 37◦C. ATP was then added to the suspension to a
concentration of 1 mM and the mixture was incubated for 5
min at 37◦C. Finally, the beads were washed five times with 1
ml of PNK buffer and resuspended in 50 �l of sodium dode-
cyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
loading buffer containing 10% glycerol, 50 mM Tris–HCl
(pH 6.8), 2 mM EDTA, 2% SDS, 100 mM DTT and 0.1%
bromophenol blue.

The beads suspension was incubated on a shaker for 5
min at 95◦C, beads were separated by a magnetic separa-
tor, the supernatant was transferred to a non-stick tube
and the remaining beads were removed by brief centrifu-
gation. The supernatant was subjected to 15% SDS-PAGE
and protein–RNA cross-links were transferred onto nitro-
cellulose membrane with subsequent autoradiography onto
a Kodak phosphorimager screen and analysis in FX Pro
Plus MultiImager (Bio-Rad). The location of rp eS1 on
the membrane was determined by western blotting of the
aliquoted samples with anti-rp eS1 antiserum.

To isolate cross-linked RNA, membrane slices contain-
ing 32P-label were incubated with 100 �l of mixture con-
taining Proteinase K buffer (50 mM Tris–HCl (pH 7.5), 75
mM NaCl, 6 mM EDTA and 1% SDS) and 1 mg/ml of Pro-
teinase K on a thermoshaker for 30 min at 37◦C. After the
incubation, 400 �l of Proteinase K buffer was added to the
membrane slices and RNA was eluted for 4 h at room tem-
perature. After phenol–chloroform deproteination of the
eluate, it was supplemented with 2 �l of GlycoBlue and
NaOAc (pH 5.0) to 0.3 M and RNA was precipitated by
500 �l of isopropanol followed by overnight incubation at
−80◦C and centrifugation at 20 000 g for 30 min at 4◦C. The
RNA pellet was resuspended in 10 �l of nuclease-free water.

PAR-CLIP libraries preparation and bioinformatics analysis
of sequencing data

PAR-CLIP libraries were prepared using NEBNext Small
RNA Library Prep Set for Illumina (NEB) according to the
manufacturer′s protocols. For size selection, the libraries
were loaded on 2% Agarose Dye Free Gel Cassettes (Sage
Science) and fragments of 125–180 bp were isolated with
Blue Pippin DNA size selection system (Sage Science) ac-
cording to the manufacturer’s instructions.
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The sequencing of the libraries was performed on MiSeq
(Illumina) genomic sequencer with the Reagent Kit v3 (150
cycles, Illumina). The read data reported in this study were
submitted to the GenBank under the study accession PR-
JNA337889 and the sample accession SRP080974. These
data are the results of PAR-CLIP experiments carried out
with and without transferring of cross-links onto a mem-
brane as well as of controls to them performed without UV-
irradiation.

Fastq reads were analyzed using tools of the CLC GW
9.0 software (Qiagen). Reads were filtered for both the qual-
ity (ambiguous limit, 2; quality limit, 0.031) and adapter
sequences, and then mapped to the sequences correspond-
ing to 45S (NR 046235) and 5S (NR 023363) rRNAs using
the Mapped reads to reference tool (length fraction, 0.8;
similarity fraction, 0.8; other parameters by default). Un-
mapped reads were mapped to human reference genome
(hg38) with Ensemble annotation GRCh38.88 by the RNA-
Seq analysis tool (length fraction, 0.8; similarity fraction,
0.8; strand specific, forward, and other parameters by de-
fault). PAR-CLIP peaks were detected using the transcrip-
tion factor ChIP-Seq analysis tool with default settings
(maximal P-value, 0.1). T/C transitions were found by the
basic variant detection tool with parameters (ploidy, 2; ig-
nore broken reads, no; ignore non-specific matches, no;
minimum coverage, 10; minimum count, 2; frequency, 1–
95%; relative read direction filter, no; other parameters by
default) and those, which were also found in the controls to
PAR-CLIP experiments, were excluded from further con-
sideration.

Immunoprecipitation of the rp eS1-containing RNPs from
nuclear and cytoplasmic fractions of HEK293 cells and anal-
ysis of the RNA content therein

Typically, 108 pelleted HEK293 cells were resuspended in 3
ml of the buffer containing 25 mM Tris–HCl (pH 7.5), 150
mM NaCl, 1mM EDTA, 0.5% NP-40 and 30 �l of protease
inhibitor cocktail (Sigma), and nuclei were pelleted by cen-
trifugation at 1800 g for 1 min at 4◦C. The resulting super-
natant was then clarified by centrifugation at 20 000 g for
10 min at 4◦C to obtain the cytoplasmic fraction. The nu-
clei pellet was resuspended in 3 ml of the same buffer that
contained 1% NP-40 and additionally 5% glycerol The sus-
pension was passed through a 29 G syringe needle for 10
times and clarified by centrifugation at 20 000 g for 10 min
at 4◦C to obtain the nuclear fraction in the supernatant. One
milliliter of the cytoplasmic or nuclear fractions was supple-
mented with 30 �l of Dynabeads coupled with anti-rp eS1
antibodies with subsequent incubation for 1 h at 4◦C to im-
munoprecipitate the rp eS1-containing RNPs. Beads were
then washed three times with 1 ml of the buffer containing
20 mM Tris–HCl (pH 7.5), 300 mM KCl and 0.5% NP40.
To elute RNA, 50 �l of 20 mM Tris–HCl (pH 7.5) contain-
ing 1% SDS were added to the beads and after heating at
95◦C for 5 min, RNA was recovered by phenol–chloroform
deproteination and ethanol precipitated. cDNA from RNA
isolated from the cytoplasmic or nuclear fractions was pre-
pared utilizing random d(N)6 primer and SuperScript IV
reverse transcriptase (Thermo Fisher Scientific) according
to the manufacturer’s protocol, and PCR reactions were

performed in total volume of 20 �l using 0.1 ng of the
cDNA. Pairs of primers RNU11 Frt and preRNU11 Rrt,
RNU11 Frt and 11R, and 12F and 12R were utilized to am-
plify the fragments of the U11 pre-snRNA, U11 snRNA
and U12 snRNA, respectively, from the cytoplasmic and
nuclear cDNAs, and primers 9F and 9R were used to am-
plify the fragment of U5 snRNA from nuclear cDNA. The
resulting PCR products were resolved on a 3% agarose gel,
stained with ethidium bromide and detected using Chemi-
Doc XRS (BioRad).

Recombinant His6eS1 preparation

The rp eS1 coding sequence was obtained by PCR am-
plification using primers 6F and 6R and cloned into
pET15b at NdeI and BamHI sites, so that the encoded
protein contained both (His)6 and FLAG tags at the N-
terminus. Escherichia coli BL21(DE3) cells transformed by
the resulting plasmid were grown at 37◦C; protein pro-
duction was then induced by adding of isopropyl �-D-1-
thiogalactopyranoside (IPTG) to 1 mM and the culture was
incubated further for 6 h at 18◦C. His6eS1 was purified on Ni-
NTA resin, dialyzed against 20 mM HEPES-KOH buffer
(pH 7.5) containing 100 mM KCl, 0.05% Tween-20 and
1 mM �-mercaptoethanol and concentrated; glycerol was
added to 50% before storage.

Synthesis of snRNAs by in vitro T7 transcription

DNA templates for the synthesis of U11 and U5 snRNAs
were obtained by PCR amplification of HEK293 genomic
DNA with the use of forward and reverse primers specific
for sequences of RNU11 (11F and 11R) and RNU5A-1
(9F and 9R) genes. The resulting products were cloned in
pUC19 at SmaI site. The DNA templates also contained
T7 promoter and the sequence corresponding to the T3
sequencing primer. 32P-labeled RNA transcripts were pre-
pared by T7 transcription using the respective DNA tem-
plates as described in (22), purified in denaturing PAGE,
eluted and ethanol precipitated. Randomly 4-thiouridine-
containing RNAs were obtained as above with the applica-
tion of UTP to 4-thio-UTP analog ratio as 5 to 1.

Analysis of the His6eS1 in vitro binding to the snRNA tran-
scripts

To test the binding, both nitrocellulose filter binding and gel
electrophoresis mobility shift assays called as NCFBA and
EMSA, respectively, were applied. Binding of His6eS1 to the
snRNA transcripts was carried out in 20 �l of the binding
buffer containing 20 mM HEPES-KOH (pH 7.5), 100 mM
KCl and 2.5 mM MgCl2 (buffer B) and supplemented with
0.05% Triton X-100 and 1 mM �-mercaproethanol for 30
min at 25◦C. The protein concentration in the mixtures var-
ied from 0.1 nM to 1 mM; the RNA concentration was <0.1
nM. When the NCFBA was used, filters with pores of 0.45
�m (GE Healthcare) were utilized and the radioactivity re-
tained on the filters was counted as described (23). In the
EMSA-experiments, glycerol was added to the mixtures up
to a final concentration of 5% prior their loading onto gel.
Free and protein-bound RNAs were separated under native
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conditions in 6% PAGE in Tris-glycine buffer (25 mM Tris
and 200 mM glycine) on ice. After the electrophoresis, gel
was dried and autoradiographed as above. All EMSA and
NCFBA experiments were reproduced in triplicate.

Chemical footprinting of U11 snRNA transcript bound to
His6eS1

Binding of U11 snRNA transcript to His6eS1 was car-
ried out in buffer B supplemented with 5% glycerol
as described above using 1 �M U11 snRNA and 2
�M His6eS1. Probing of RNA with 1-cyclohexyl-(2-
morpholinoethyl)carbodiimide metho-p-toluene sulfonate
(CMCT) was performed by addition of one third vol-
ume of freshly made 200 mM CMCT in 50 mM HEPES-
KOH (pH 8.0) to the prepared mixture. After 15 min in-
cubation at 37◦C, the reaction was stopped by adding �-
mercaptoethanol to final concentration of 100 mM and the
RNA was isolated by phenol deproteination and ethanol
precipitation. Probing of RNA with BzCN was carried out
by treatment of the mixture with 80 mM BzCN for 2 min
at room temperature. The reaction was stopped by adding
one volume of water and RNA was immediately isolated
as above. Probing of RNA with hydroxyl radicals was per-
formed as described (16).

For reverse transcription, reaction mixtures of 10 �l con-
taining 1–2 pmol of RNA, 5 pmol of 5′-32P labeled T3-
primer, 0.5 mM dNTPs and 1 unit of AMV reverse tran-
scriptase (Invitrogene) in 50 mM Tris–HCl (pH 8.3) buffer
containing 75 mM KOAc, 8 mM Mg(OAc)2 and 10 mM
DTT were incubated for 30 min at 42◦C. The reaction prod-
ucts were ethanol precipitated, dissolved in formamide con-
taining 0.1% bromophenol blue and 0.1% xylene cyanol,
and separated in denaturing 8% PAGE. The dried gel was
autoradiographed as above. All the experiments were repro-
duced at least in triplicate.

Cross-linking of 4-thiouridine-containing U11 snRNA to
His6eS1 and identification of the cross-linking sites in the pro-
tein and the RNA

Binding of the randomly containing 4-thiouridine 32P-
labeled U11 snRNA transcript to His6eS1 was carried out
as described above for the unmodified RNA. Reaction mix-
ture was UV-irradiated at 312 nm (0.15–0.5 J/cm2) on ice
in Bio-Link. The mixture was treated with RNase T1 (50
U/�l) for 10 min at 37◦C and the RNA–protein cross-links
were separated in 15% SDS-PAGE. The gel piece corre-
sponding to the RNA–protein cross-links was excised, vac-
uum dried and applied in cleavage by iodosobenzoic acid
(IOBz), cyanogen bromide (CNBr) or endopeptidase ArgC.
With CNBr cleavage, the gel piece was incubated in 100 �l
of 70% formic acid containing 0.25 M CNBr overnight at
room temperature and solution of the eluted peptides was
vacuum dried. With IOBz cleavage, the gel piece was incu-
bated with 100 �l of solution containing 60 mg/ml IOBz,
80% acetic acid and 1.5 M guanidine-HCl overnight at 37◦C
and peptides were precipitated by 1 ml of EtOH with sub-
sequent centrifugation at 20 000 g for 30 min at 4◦C. With
ArgC cleavage, the gel piece was treated with 100 �l of so-
lution containing 25 mM Tris–HCl (pH 7.5), 5 mM CaCl2,

2 mM EDTA, 5 mM DTT and 0.01 �g/�l Arg-C and in-
cubated overnight at 37◦C; the solution of eluted peptides
was vacuum dried. The resulting peptides were resolved in
16.5% tris-tricine SDS-PAGE. Ultra-low molecular weight
marker (MW 1.1–26.6 kDa, Sigma) was used as a marker.
Gel was dried and autoradiographed as above. To carry out
additional cleavages, the His6eS1 peptides obtained by the
digestion with CNBr or ArgC and resolved in tris-tricine
gel were subjected to IOBz or CNBr in-gel cleavage as de-
scribe above and analyzed in 16.5% tris-tricine SDS-PAGE.
All the experiments were reproduced in triplicate.

In analysis of U11 snRNA sites cross-linked to the
His6eS1, the reaction mixture (20 �l) containing 1 �M 4-
thiouridine-bearing U11 snRNA and 1 �M His6eS1 was pre-
pared, incubated and UV-irradiated as above. RNA was re-
covered from the mixture pretreated with 0.01 mg/ml pro-
teinase K for 10 min at 37◦C by phenol–chloroform depro-
teination and used in the reverse transcription reaction as
described above. The resulting products were resolved by
8% denaturing PAGE and autoradiographed as above.

Depletion of rp eS1 in HEK293 cells and RNA level quantifi-
cation by RNA-seq and real-time PCR

Design of siRNAs against rp eS1 was carried out utiliz-
ing Block-iT™ RNAi Designer tool (Thermo Fisher Sci-
entific). Four dsDNA duplexes corresponding to the de-
signed siRNAs were obtained by annealing of the respective
oligodeoxyribonucleotide pairs (from 19F/R to 22F/R)
and cloned into pSUPER vector (24) to generate plasmids
pSUPER eS1 (#1–4). HEK293 cells were cultured in 60
mm Petri dishes to 70–80% confluence and transfected by a
mix of pSUPER eS1 (#1–4), utilizing TurboFect transfec-
tion reagent (Thermo Fisher Scientific). Two days after the
transfection, the cells were washed with ice-cold PBS and
collected by centrifugation at 1000 g for 5 min at 4◦C.

Total cellular RNA was isolated using TRIzol reagent
(Thermo Fisher Scientific) according to the manufacturer’s
protocol with subsequent treatment with On-Column
DNase I Digestion Set (Sigma) and rRNA depletion with
Globin-Zero Gold Kit (Epicentre). Quality of the isolated
RNA was controlled on Agilent 2010 Bioanalyzer using
RNA 6000 Pico kit (Agilent Technologies). DNA-library
was prepared using the SOLiD Total RNA-Seq Kit and
RNA Barcoding Kit (Life Technologies) according to the
manufacturer′s instructions. The sequencing was performed
on SOLiD 5500xl platform (Life Technologies). The re-
sulting reads length was 50 or 75 bp. The RNA-seq data
were submitted to the GenBank under the study accession
number PRJNA337889 and the sample accession numbers
SRS2126608–SRS2126613. To minimize sequencing errors,
color-space reads were subjected to error correction using
SOLiD Accuracy Enhancement Tool v.2.4 (Life Technolo-
gies). Corrected data were then analyzed using CLC GW 9.0
(Qiagen) with default parameters. After adapter and qual-
ity trimming, SOLiD reads were mapped to hg38 reference
genome with Ensemble annotation GRCh38.88. The coor-
dinates of minor introns were obtained from U12DB (25).
Minor introns intersecting with any exon sequences were ex-
cluded from the analysis.
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Figure 1. RNA-binding sites of human rp eS1. (A) The location of rp eS1
(red) on the human 40S ribosomal subunit (on the left) in the interface
view showing 18S rRNA (gray) and ribosomal proteins (green), and the
structure of the ribosome-bound protein (on the right) (PDB ID: 4V6X
(2)). Amino acids contacting 18S rRNA are shown in cyan; the N- and
C-terminal domains are marked with brackets; unresolved protein’s frag-
ments are shown as deep blue dashed lines. (B) The rp eS1 sequence with
amino acid residues involved in RNA binding according to the BindN+
(28) prediction (red letters) and with residues contacting 18S rRNA in the
40S subunit in accordance with human ribosome models with PDB IDs:
4V6X (2) (cyan dots) and 5AJ0 (29) (magenta dots). The rp eS1 fragments
unresolved in the models are underlined with deep blue dashed lines.

The cDNA synthesis for quantitative real-time PCR was
performed with the use of 1 �g of total RNA (see above),
2.5 �M random d(N)6 primer and 200 U Superscript IV re-
verse transcriptase (Thermo Fisher Scientific) according to
the manufacturer’s protocol. Real-time PCR reactions were
carried out in a CFX96 thermal cycler (Bio-Rad Labora-
tories) with the application of SYTO 82 as a fluorescent
dye. Primers RNU11 Frt and preRNU11 Rrt were used
to quantify the U11 pre-snRNA; GAPDH-specific primers
(GAPDH F and GAPDH R) were applied to normalize
the cDNA. The experiment was reproduced in four biolog-
ical replicates, each being carried out in technical triplicate.

Rp eS1 and U1 snRNP structure analysis

The PyMol (26) and Chimera (27) software programs were
used in analysis of the PDB files. Online BindN+ soft-
ware (28) was applied for prediction of the rRNA-binding
residues of rp eS1 with specificity parameter equal to 90%.

RESULTS

RNA-binding sites in human rp eS1

Cryo-EM structural studies of the human 80S ribosome
(2,29) have shown that rp eS1 is located at the platform re-
gion of the 40S ribosomal subunit close to the mRNA exit
site (Figure 1A). According to ribosome models presented
in these studies, the central part of the protein is globu-

lar and folded in two weakly interacting domains, the N-
terminal (NTD) and C-terminal (CTD), whereas the long
N- and C-terminal extensions of the protein remain mostly
unresolved and, probably, are intrinsically disordered re-
gions (IDRs). Extensive contacts of 18S RNA with rp eS1
are formed mainly by nucleotides grouped within the CTD
(Figure 1A). Using web-based tool BindN+ (28), which
defines well enough RNA-binding amino acid residues in
protein sequences, we revealed another RNA-binding site
within the N-terminal extension of rp eS1 (Figure 1B). Re-
markably, this region of the protein is not involved in the
interaction with 18S rRNA and, thus, it does not partici-
pate in the formation of the ribosome structure. Therefore,
the predicted rp eS1 site might provide the implication of
the protein in some cellular processes where it operates as
an independent player performing a specific function rather
than as a structural component of the ribosome.

In-cell RNA cross-linking to rp eS1

To identify the species of RNA that interact in vivo with
rp eS1, we employed the PAR-CLIP method (21). For this
purpose, we obtained stably transfected HEK293-based cell
line inducibly producing FLAGeS1. The plasmid for the cell
transfection was prepared using a mammalian expression
vector with cloned DNA insert, enabling the expression
of the gene of interest in transfected cells in response to
DOX treatment (Figure 2A). To ensure that the ectopically
produced FLAGeS1 was functionally active and could re-
place native rp eS1 in the 40S ribosomal subunit assem-
bly as well as in the course of translation, we performed
polysome profiling with subsequent western blot analysis
of the sucrose density gradient fractions containing ribo-
somes and polysomes for the presence of FLAGeS1. All these
fractions were shown to contain FLAGeS1, implying that the
N-terminal FLAG-epitope does not considerably interfere
with the protein activity and that FLAGeS1 functions prop-
erly (Figure 2B). We also did not find any significant dif-
ferences between the profiles of polysomes derived from
cells producing FLAGeS1 and from non-induced cells, sug-
gesting that the endogenous synthesis of FLAGeS1 in cells
had no effect on the general translational level. Neverthe-
less, we yet observed a noticeable increase in the FLAGeS1
levels in 80S ribosomes and light polysomes relative to its
level in heavy polysomes as compared to those of native rp
eS4 taken as a reference (Figure 2B), which indicated that
FLAGeS1-containing ribosomes were somewhat less active in
translation than those containing native rp eS1.

To ascertain that the total level of rp eS1 (both endo- and
exogenous) in the cells ectopically generating FLAGeS1 did
not differ much from the level of rp eS1 in the non-induced
cells, which otherwise might affect the cellular gene expres-
sion profile, we estimated the levels of rp eS1 and FLAGeS1
in transfected cells before and after the induction. Western
blotting of the respective cellular lysates revealed that even 3
days after the induction the level of FLAGeS1 remained much
less than that of endogenous rp eS1, and that the level of en-
dogenous rp eS1 practically did not change (Figure 2A, line
2). All this argued that transfected HEK293 cells produced
ectopically FLAGeS1 that could be utilized in PAR-CLIP as-
say.
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Figure 2. Production of FLAGeS1 in transfected HEK293 cells and incorporation of the protein into ribosomes. (A) Western blot analysis of the FLAGeS1,
rp eS1, rp uS2 and tubulin production in transfected cells after induction by DOX with the use of the antibodies against the respective proteins or FLAG-
peptide (designated on the left). Lane His6eS1, recombinant rp eS1 as a marker. (B) The representative profiles of sedimentation in the sucrose gradient of
extracts of transfected HEK293 cells induced with DOX (+DOX) and without the induction (−DOX) and western blot analysis of the gradient fractions
for the content of FLAGeS1, rp eS1 and rp eS4 as a 40S subunit protein taken as a control. Gradient fractions are numbered from top to bottom. Diagrams
below represent a quantification of the respective western blots (in arbitrary units, a.u.), where the black and white columns correspond to rp eS4 and rp
eS1 (exogenous, +DOX or native, −DOX), respectively.

In-cell RNA cross-linking was performed by mild UV-
irradiation of DOX-induced cells preliminary treated by 4-
thiouridine or 6-thioguanosine. After cell lysis and RNase
treatment, both FLAGeS1 bearing covalently attached RNA
moieties and the free protein were isolated with the use
of anti-FLAG antibodies immobilized on magnetic beads
with the subsequent 32P-labeling of the cross-linked RNA
fragments followed by their isolation by denaturing SDS-
PAGE. To avoid contamination of the RNA-FLAGeS1 cross-
links by free RNA fragments, which in a large amount co-
migrated at the same gel region as the cross-links, the latter
were transferred onto a nitrocellulose membrane and de-
tected by autoradiography. Preliminary SDS-PAGE anal-
ysis of the aliquoted samples together with the follow-
ing transferring of the cross-links onto nitrocellulose and
western blotting showed that RNA-FLAGeS1 cross-links mi-
grated in the gel as a broad band above that of unmodified
rp eS1 (Figure 3A). Noticeably, the 4-thiouridine-treated
cells produced much more cross-linked RNA than the cells
treated with 6-thioguanosine, implying either a higher ef-
ficiency of 4-thiouridine-containing RNA cross-linking or
an enrichment of rp eS1 binding sites in RNA with uridines
(Figure 3A). Therefore, only 4-thiouridine-generated RNA-
FLAGeS1 cross-links eluted from membrane after its treat-
ment by proteinase K were further subjected to NGS anal-
ysis.

NGS data analysis of RNA fragments cross-linked to
FLAGeS1

Analysis of the NGS data obtained with the RNA frag-
ments cross-linked to FLAGeS1 revealed a vast number of
sequencing reads corresponding to rRNA (which was ex-
pected) and reads related to other types of cellular RNAs
(see ‘Materials and Methods’ section). The former were
eliminated from next rounds of analysis because the infor-
mation on the contacts of rp eS1 with rRNA in human ri-

bosome is available. To identify other kinds of RNAs cross-
linked to FLAGeS1, we mapped the remaining reads to the
human genome using CLC GW 9.0 software and afterward
we picked up the reads that formed the locally distributed
peaks with a characteristic shape and significant coverage.
Genomic regions corresponding to the particular cross-
linked RNA fragments were determined on distinctive T/C
transitions in the reads, which were absent in the control
experiment with 4-thiouridine-untreated cells. These transi-
tions are known to arise because reverse transcriptase used
in the library preparation is unable to recognize cross-linked
4-thiouridine residues as uridines, taking them as cytidines
(21). Selecting peaks containing T/C transitions, we iden-
tified several genes (Supplementary Table S2) and two of
them, RNU5A-1 and RNU11 genes, displayed particularly
high level of such transitions (Supplementary Figure S1 and
Table S2). The former encodes the U5 snRNA (30) func-
tioning in both the major and minor class spliceosomes (31),
whereas the latter corresponds to the minor class spliceo-
some component, U11 snRNA, whose level in cells is much
lower as compared to those observed for the major-class
spliceosome snRNAs (31). Remarkably, T/C transitions in
the reads corresponding to these genes were not at discrete
locations but were spread along the sequences within the
T-rich regions without evident consensus (Supplementary
Figure S1). The mapping of the 4-thiouridine residue posi-
tions corresponding to the most frequently occurring T/C
transitions onto the snRNA structures revealed that they
match to uridines located mostly in the single-stranded re-
gion of U11 snRNA containing the Sm site and in the apical
Loop 1 of U5 snRNA (Figure 3B). Since T/C transitions
indicate the existence of cross-links between 4-thiouridine
residues in RNA and protein contacting them, we con-
cluded that the interactions of FLAGeS1 with the above-
mentioned regions of RNAs transcribed from the U11 and
U5 snRNA-encoding genes took place in living cells.
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Figure 3. In-cell rp eS1 cross-links found by photoactivatable-ribonucleoside-enhanced cross-linking and immunoprecipitation (PAR-CLIP). (A) Autora-
diograph of membrane with transferred onto it FLAGeS1-RNA cross-links separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) (upper panel); western blot analysis of the same membrane using anti-rp eS1 antibodies (lower panel). Arrows indicate positions of unmodified
rp eS1 and cross-linked FLAGeS1 (designated as rp eS1*). The cross-links were isolated from cells grown on either 4-thiouridine (4sU) or 6-thioguanosine
(6sG) or without the nucleoside analog (−) and either irradiated (+) or not irradiated (−) with UV light. (B) The secondary structures of human U11
and U5 snRNAs (40) with the indication of the uridines (red) corresponding to the positions of T/C transitions; positions of the most frequent (>5%)
transitions are shown by enlarged letters.

It is known that the Sm site is present in the structure of
almost all RNAs transcribed from the U snRNA-encoding
genes, but in mature snRNPs this site is occupied by a
group of seven proteins called Sm proteins (32), which asso-
ciate with pre-snRNAs during the cytoplasmic phase of the
snRNP assembly (33,34). Processed snRNAs being com-
plexed with the Sm proteins are then imported into the nu-
cleus where they undergo post-transcriptional modification
(33). Therefore, it seems unlikely that rp eS1 is bound to the
Sm site of mature U11 snRNA, but the protein could in-
teract with this site before processing of U11 pre-snRNA.
Interestingly, rp eS1 was associated with RNA encoded by
the RNU5A-1 gene via a structural element other than the
Sm site (see above).

Immunoprecipitation of rp eS1-containing snRNPs from
HEK293 cell extracts

The assumption that rp eS1 could interact with the unpro-
cessed U11 pre-snRNA was a motivation for determining
whether rp eS1 is bound to U11 pre-snRNA in the nucleus
where this RNA is synthesized, or in the cytoplasm, where
its 3′-end processing occurs. Therefore, we performed im-
munoprecipitation of RNPs from nuclear and cytoplasmic
extracts of HEK293 cells using anti-rp eS1 antibodies and
determined the U11 pre-snRNA content in the respective
samples of total RNA co-precipitated with rp eS1 by RT-
PCR assay. Since one of the PCR primers used in the anal-
ysis matched a site in the mature U11-snRNA, and the sec-
ond was complementary to a site located in the U11 pre-
snRNA region undergoing 3′-end processing, the mature
U11 snRNA could not be detected in this way, while U11
pre-snRNA was found to be associated with rp eS1 in both

the nucleoplasm and the cytoplasm (Figure 4A). This find-
ing suggests that rp eS1 binds to U11 pre-snRNA in the
cell nucleus and then it is exported into the cytoplasm in
the respective complex. To determine whether rp eS1 re-
mains associated with the mature U11 snRNA imported
into the nucleus after the U11 pre-snRNA processing, we
performed a similar RT-PCR analysis with total RNA co-
precipitated with rp eS1 from nuclear extract using two
pairs of primers specific for the U11 and U12 snRNAs. It
should be noted that the use of only U11 snRNA-specific
primes could not be informative in this analysis, because the
U11 snRNA sequence is entirely represented in U11 pre-
snRNA. Therefore, considering that nuclear U11 snRNP
exists as U11/U12 di-snRNP (35,36), it seemed reasonable
to determine the content of U12 snRNA in a sample of to-
tal RNA co-precipitated with rp eS1 from nuclear extract to
find out whether U11 snRNA is contained therein. As can
be seen in Figure 4B, both U11 and U12 snRNAs were co-
precipitated with rp eS1 from the nuclear extract, implying
that rp eS1 remains bound to the mature U11 snRNA even
when the latter operates in splicing. Surprisingly, no specific
signal was detected when the total nuclear rp eS1-bound
RNA was analyzed in the same way using primers specific
for the U5 snRNA/U5 pre-snRNA (Figure 4C), indicating
that there were no stable rp eS1 complexes with these RNAs,
which could be detected by immunoprecipitation with anti-
rp eS1 antibodies. Therefore, we further focused on studying
the interaction of rp eS1 with U11 snRNA.

Binding of rp eS1 to U11 snRNA T7 transcripts

The occurrence of the rp eS1 cross-linking sites in RNA se-
quences present in both mature U11 snRNA and its pre-
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Figure 4. Immunoprecipitation of snRNAs from HEK293 cell extracts us-
ing anti-rp eS1 antibodies (�-eS1). Reverse transcriptase polymerase chain
reaction (RT-PCR) analysis of the RNA co-immunoprecipitated (IP) from
the nuclear (NE) and cytoplasmic (CE) extracts with beads bearing immo-
bilized �-eS1 (+) and empty beads (−) followed by electrophoretic separa-
tion of the PCR products on an agarose gel. Positions of the PCR products
obtained with primers specific for the fragments of U11 pre-snRNA (panel
A), U11 and U12 snRNAs (panel B) and U5 snRNA (panel C) marked by
arrows. Input, cDNA synthetized on the samples of the total RNA isolated
from the nuclear or cytoplasmic cell extracts.

cursor together with the lack of these sites in sequence cor-
responding to the U11 pre-snRNA part eliminated during
processing prompted us to test the ability of rp eS1 to bind
in vitro to isolated U11 snRNA. To do this, 32P-labeled
snRNA T7 transcript further referred to as U11 snRNA
and His6eS1 were utilized. The affinity of His6eS1 for U11
snRNA determined by NCFBA turned out to be rather
high (Ka = 3.8 ± 1.2 × 107 M−1) (Figure 5A). Considering
that ribosomal proteins bearing a high positive charge are
usually prone to the formation of non-specific aggregates
with RNA (37,38), we examined the His6eS1 binding to U11
snRNA using EMSA allowing the visualization of bound
and unbound RNA as well as aggregates precipitated in the
gel wells. His6eS1 was found to be capable of retarding the
mobility of U11 snRNA in the gel, resulting in the appear-
ance of two differently migrating bands (Figure 5B), which
most likely corresponded to complexes possessing different
structures.

To learn whether the Sm site region contributes to the
U11 snRNA interaction with rp eS1, we investigated the
binding of His6eS1 to U11 snRNA(�Sm), which lacks a 3′-
terminal fragment comprising the Sm site and besides, we
also examined inhibitory effect of (pU)8 on the binding of
the protein to U11 snRNA. It was found that Ka (1.3 ± 0.4

× 107 M−1) for binding of U11 snRNA(�Sm) to His6eS1
was one third of the value determined for the full-length
U11 snRNA (Figure 5A) and that unlike U11 snRNA, U11
snRNA(�Sm) bound toHis6eS1 was manifested in the gel
by EMSA as a single band, indicating the existence of an-
other portion of rp eS1 binding site in U11 snRNA, which
is most likely the main one, in addition to the portion in
the U-rich region (Figure 5C). The results on the binding
of His6eS1 to U11 snRNA(�Sm) are consistent with those
obtained with (pU)8 as a competitive inhibitor of the bind-
ing of U11 snRNA to His6eS1. In particular, as revealed by
NCFBA, (pU)8 only partially displaced His6eS1 from the
complex with U11 snRNA (Figure 5D), which according
to EMSA was accompanied by a decrease in the intensity
of the more slowly migrating complex band, while the in-
tensity of the faster migrating band did not change (Figure
5E). Therefore, the slowly migrating band can be attributed
to the complex, in which the Sm-site containing U-rich re-
gion of U11 snRNA is involved in the interaction with the
protein, while the faster migrating band likely corresponds
to the complex where this region does not participate in
the binding. As expected, (pU)8 did not affect the bind-
ing of U11 snRNA(�Sm) to His6eS1 (Figure 5F). Thus, the
obtained results indicate that the U-rich sequence in U11
snRNA is not the primary binding site of His6eS1, although
this sequence contributes significantly to the protein bind-
ing. Remarkably, U11 snRNA was unable to bind to 40S
ribosomal subunits (Figure 5A), suggesting that the rp eS1
site responsible for the protein binding to this RNA either
is hidden in the spatial structure of the 40S ribosome or its
fold is inappropriate to ensure the binding.

Region of U11 snRNA involved in rp eS1 binding

To outline the RNA regions involved in the rp eS1 bind-
ing, we performed footprinting of U11 snRNA complexed
with His6eS1 using CMCT as a probe specific to the N3
of unpaired uridines and in a lesser extent to the N1 of
guanosines (39). In addition, to reveal the rp eS1-dependent
changes in the accessibility of U11 snRNA nucleotides, we
applied hydroxyl radicals that attack exposed C4′ atoms of
riboses, causing cleavages in the RNA backbone (40) and
BzCN that selectively interacts with 2′-OH groups of ri-
boses (41). The U11 snRNA nucleotides modified by BzCN
or CMCT in the presence or absence of His6eS1 together
with the positions, by which cleavages by hydroxyl radi-
cals occurred, were determined by extension of 32P-labeled
primer on the isolated RNA in the reverse transcription re-
actions followed by separation of the reaction products by
electrophoresis in denaturing PAGE.

We found that the His6eS1 binding to U11 snRNA re-
sulted in the protections of the nucleotides of SLI (G14,
U15 and U18), SLIII (C62, C65, U67 and C68), the Sm
site-containing single stranded region (U86, G96, U97 and
A98) and H-helix (C84) adjacent to this region from the at-
tack of hydroxyl radicals (Figure 6A and C). In addition,
the protections of nucleotides U18, U22 and U86 from the
modification with CMCT and of nucleotides U18, G83 and
C84 from the BzCN attack were revealed (Figure 6B and
C). These nucleotides belong to SLI (U18 and U22) and
to the H-helix (G83, C84 and U86) mentioned above. The
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Figure 5. Binding of 32P-labeled snRNA T7 transcripts to His6eS1 and human 40S ribosomal subunits. (A) The binding isotherms of U11 snRNA to
His6eS1 (1) and to 40S ribosomal subunits (3) and of U11 snRNA(�Sm) to His6eS1 (2) measured by NCFBA. The error in the measurements was within
30%. EMSA of the complexes of His6eS1 (in the indicated concentrations) with U11 snRNA (B) and with U11 snRNA(�Sm) (C). Positions of free RNAs
(R), their complexes with His6eS1 (C) and aggregates (A) are indicated on the left. (D) Inhibitory effect of (pU)8 on 32P-labeled U11 snRNA binding to
His6eS1 (0.15 �M) measured by NCFBA. EMSA of the complexes of His6eS1 (0.15 �M) with U11 snRNA (E) and U11 snRNA(�Sm) (F) formed in the
presence of (pU)8.

protections observed with U11 snRNA in the presence of
His6eS1 indicate that the respective RNA regions are either
involved in the formation of the rp eS1 binding site or lo-
cated in close proximity to it. At the same time, His6eS1-
bound U11 snRNA region 87–100 comprising the U-rich
sequence, where the Sm site is located, exhibited the strongly
enhanced accessibility to BzCN (Figure 6B and C), which
implies the extensive protein-dependent rearrangements in
the backbone of this region; besides, G53 residing close to
SLIII displayed the increased accessibility to hydroxyl rad-
icals (Figure 6A and C).

Based on the footprinting data, we attempted to imagine
the arrangement of the rp eS1 binding site on U11 snRNA,
comparing it to the location of the corresponding site on
the 18S rRNA in the 40S ribosomal subunit where rp eS1
appears in the cleft between 18S rRNA helices (h) 22 and 26
that contact the protein (Figure 7). Since the spatial struc-
ture of U11 snRNA is unknown, we used instead a structure
of its homolog, U1 snRNA, in U1 snRNP (42). Remark-
ably, the spatial structure of U1 snRNA also has a cleft be-

tween SLI and SLIII, although its SLI is significantly longer
than SLI in U11 snRNA. We believe that in general, the ar-
chitecture of the U11 snRNA region comprising SLI and
SLIII is similar to that of the 18S rRNA region containing
h22 and h26 (Figure 7). It should be noted that the Sm site-
containing strand in the model of the U1 snRNA spatial
structure in U1 snRNP is located rather apart from SLI and
SLIII; however in free U1 snRNA, this strand should be
certainly flexible and could approach these SLs. Therefore,
considering His6eS1-dependent protections of nucleotides in
SLI and SLIII of U11 snRNA, we conclude that rp eS1
binding site is located in the cleft between the above SLs,
mimicking the respective site on the 18S rRNA in the 40S
ribosomal subunit, and that this site is the primary binding
region of rp eS1 on the U11 snRNA.

U11 snRNA cross-linking site in rp eS1

To determine the portion of rp eS1 directly interacting
with the U11 snRNA, the cross-linking of His6eS1 to the
32P-labeled RNA containing randomly incorporated 4-
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Figure 6. Chemical footprinting of U11 snRNA T7 transcript complexed with His6eS1. (A) Gel autoradiograph after the separation of the reverse transcrip-
tion products obtained with free RNA (−) and with RNA in a complex with His6eS1 (+) treated with hydroxyl radicals, and the data of the densitometric
analysis corresponding to the lanes ‘+’ (solid line) and ‘−‘ (dashed line). (B) The same with 1-cyclohexyl-(2-morpholinoethyl)carbodiimide metho-p-toluene
sulfonate (CMCT) and benzoyl cyanide (BzCN). On the panels A and B on the right from autoradiographs, positions of protections and enhancements for
the nucleotides, whose signal intensity is changed not <1.5-fold after the treatment of a complex with probes, are indicated by the filled and open symbols,
respectively (hydroxyl radicals, diamonds; CMCT, squares; BzCN, circles). U, G, C, A––sequencing lanes; K––free untreated RNA. Position corresponding
to the Sm site is indicated by a line. (C) Mapping of the footprinting data onto the U11 snRNA secondary structure (symbols are the same as on the panels
A and B).

thiouridine residues in the respective binary complex was
applied with subsequent cleavage of the purified cross-
linked protein with site-specific proteolytic agents followed
by identification of the fragments bearing the 32P label.
To ensure that the complex of His6eS1 with 4-thiouridine-
containing U11 snRNA adequately simulated the state of
the respective complex in vivo, we identified also the cross-
linking sites in the RNA by the primer extension analy-
sis as mentioned above. It was found that most of the 4-
thiouridine residues generating RNA–protein cross-links in

the binary complex were located at the same positions of
U11 snRNA as the residues that were cross-linked to rp
eS1 in cells according to our PAR CLIP data (Supplemen-
tary Figure S2), which implied that the same protein re-
gion provided in vivo and in vitro cross-linking. For the site-
specific cleavage of His6eS1, CNBr, IOBz and protease ArgC
specific to methionine, tryptophan and arginine residues,
respectively, were utilized. In the course of the analysis,
His6eS1 cross-linked to U11 snRNA was purified by SDS-
PAGE with prior RNase T1 treatment (Figure 8A), and
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Figure 7. Comparison of the structures of the rp eS1 binding site on
the18S rRNA and of U1 snRNA, homolog of U11 snRNA. On the left,
the fragment of the structure of the human 40S ribosomal subunit con-
taining helices (h) 22 and 26 and rp eS1 (magenta) (PDB ID: 4UG0) (3).
On the right, the fragment of the structure of U1 snRNA in U1 snRNP
(PDB ID: 3CW1) (42) where the area corresponding to the rp eS1 binding
site on U11 snRNA is designated in light magenta. The fragment of SLI,
which lacks a homologous region in U11 snRNA, is colorless. Matching
helices are shown in cyan and green. The region of the Sm site and H-helix
are shown in red and blue, respectively.

the protein bands were excised from the gel and digested
with the proteolytic agents in separate reactions; the prod-
ucts of digestion were resolved on tris-tricine gel followed
by autoradiography (Figure 8B). It is seen that the frag-
ments of His6eS1 bearing the cross-linked RNA moieties
migrate in the gel as a broad band corresponding to the
products with average molecular masses 10, 8 and 6 kDa
for IOBz-, CNBr- and ArgC-cleavage, respectively. When
identifying the cross-linking site in the protein, we consid-
ered that the RNA moieties remaining covalently attached
to the peptides decrease their mobility in the gel. Because
the His6eS1 has two tryptophan residues, its cleavage with
IOBz should lead to the formation of three fragments with
theoretical molecular masses of 16 765, 9884 and 6489 Da
(Figure 8E); therefore, the radioactive band of 10 kDa (Fig-
ure 8B) could correspond to the locations of 9884 or 6489
Da IOBz-cleavage fragments. It is seen that 6489 Da frag-
ment overlaps with two CNBr- and three ArgC-cleavage
fragments (Figure 8E), from which only the largest ones
(5071 Da for CNBr-cleavage and 3853 Da for ArgC- cleav-
age) could correspond to the cross-linked fragments with
masses of 8 and 6 kDa (Figure 8B), respectively. Finally,
9884 Da IOBz-cleavage fragment overlaps with the 7285
Da CNBr-cleavage one (Figure 8E), but these fragments
cannot be attributed to the cross-linked fragments of 10
and 8 kDa, since they do not overlap with the 3853 Da
ArgC-cleavage fragment that could correspond to the 6 kDa
cross-linked one. Thus, the cross-linking site is to be lo-
cated within a peptide present in the IOBz-, CNBr- and
ArgC-cleavage fragments with molecular masses of 6489,
5071 and 3853 Da (Figure 8E), respectively. However, the
cross-linking to the 9884 Da IOBz-cleavage fragment can-
not be ruled out because ArgC protease might miss the
cleavage site(s) in the area corresponding to this fragment.
To be sure that attachment of His6eS1 occurred actually to
the 6489 Da IOBz-cleavage fragment, we performed suc-
cessive cleavage of the cross-linked protein, initially with
CNBr and then with IOBz (Figure 8C). With this cleav-
age, the mobility of the labeled peptide in gel was slightly
increased as compared to that observed in CNBr-cleavage

alone, which could be only if the cross-linking site was in the
CNBr-produced peptide with mass of 5071 rather than of
7285 Da (Figure 8E). In other variants of successive cleav-
age of the cross-linked protein, initially with ArgC and then
with IOBz or CNBr (Figure 8D), the mobility of the la-
beled peptide was also increased compared with those de-
tected for IOBz- or CNBr-cleavage alone, indicating the lo-
cation of the cross-linking site within the 3853 Da ArgC-
produced peptide (Figure 8E). Thus, we concluded that
the cross-linking site in the protein is located in the NTD
within peptide 9-LTKGGKKGAKKKVVDPFSKKD-29
enriched with lysines and that this peptide is cross-linked
to RNAs transcribed from RNU5A-1 and RNU11 genes
in cells (see above). Notably, no cross-linking of rp eS1 to
4-tiouridine-containing 32P-labeled U11 snRNA was ob-
served when His6eS1 was replaced by the human 40S riboso-
mal subunits (data not shown), confirming that the peptide
9–29 of rp eS1 is involved in the above-mentioned interac-
tions only when the protein is ribosome-free. Remarkably,
the identified rp eS1 peptide overlaps the region 5–20, which
was predicted as an RNA binding site appeared in addition
to the existing 18S rRNA binding site (Figure 1B).

Determination of the functional assignment of the rp eS1 bid-
ing to U11 snRNA in cells

Rp eS1 has not been found as a component of both U11
snRNP (43) and complexes of the major-class spliceosome
(44), which may mean that it is not a component of ma-
ture U11 and U5 snRNPs. But on the other hand, it may
have been lost during experimental procedures related to the
complex purification and the sample preparation for anal-
ysis. Therefore, to reveal a possible functional manifesta-
tion of the rp eS1 binding to RNAs transcribed from the
RNU5A-1 and RNU11 genes, we depleted HEK293 cells
of rp eS1 using a set of plasmids (pSuper eS1 #1–4) gen-
erating rp eS1-specific shRNAs (Figure 9A) followed by
the comparison of the RNA-seq data for the depleted and
non-depleted cells. With rp eS1-depleted cells, the portion
of reads covering the genome region 3′ to RNU11, which
corresponds to the 3′-terminal sequence of the unprocessed
U11 pre-snRNA, was significantly higher than that with
non-depleted cells (Figure 9B, upper panel). The relative
normalized coverage of this region of the genome for rp eS1-
depleted cells was much larger than that with non-depleted
cells (Figure 9B, lower panel). At the same time, the cover-
age of the region corresponding to the mature U11 snRNA
was reduced, indicating a decreased level of this snRNA
in depleted cells (Figure 9B). No significant changes were
observed for genes encoding any other snRNAs, including
the RNU5A-1 gene. Quantitative real-time PCR analysis of
U11 pre-snRNA levels in rp eS1-depleted and non-depleted
cells showed that the level of the U11 snRNA precursor in
depleted cells was approximately twice as higher as that in
non-depleted cells (Figure 9C). All this strongly suggests
that rp eS1 affects the maturation of U11 pre-snRNA, con-
tributing to its 3′-end processing.

Given the diminished level of mature U11 snRNA in rp
eS1-depleted cells, it was reasonable to expect also a de-
crease in the efficiency of splicing of the minor class introns.
Analyzing RNA-seq data for depleted and non-depleted



Nucleic Acids Research, 2017, Vol. 45, No. 15 9133

Figure 8. Identification of the rp eS1 fragment cross-linked to 32P-labeled U11 snRNA. (A) Isolation of the cross-linked His6eS1 (His6eS1*) after RNase
T1 treatment by SDS-PAGE. (B) Separation of the products of cross-linked His6eS1 digestion with iodosobenzoic acid (IOBz), cyanogen bromide (CNBr)
and ArgC in tris-tricine SDS-PAGE. Positions of the protein molecular mass markers and His6eS1* are shown on the left. (C and D) Sequential digestion of
the cross-linked protein with proteolytic agents and analysis of the obtained products by SDS-PAGE. Positions of the protein molecular mass markers are
shown on the left. Schematic representation of the labeled peptides resulting from the sequential digestion of the cross-linked His6eS1 is given on the right.
(E) Maps of the digestion of His6eS1 (containing both His6 and FLAG tags) with the proteolytic agents where calculated molecular masses of the resulted
peptides are indicated; regions corresponding to the native rp eS1 and those conforming to the N-terminal protein tag containing His6 together with FLAG
are colored in blue and yellow, respectively. Peptides found as bearing the 32P-labeled RNA fragments are underlined. The sequence of cross-linked peptide
confined with dashed lines is presented.

cells, we did indeed found a substantial reduction in the
splicing efficiency of such introns in rp eS1-depleted cells
compared to that in non-depleted cells. In particular for the
first nine minor intron-containing genes with the highest
read coverage (i.e. value of RPKM, reads per kilobase per
million mapped reads), the ratio of the coverage of the mi-
nor introns to the coverage of all (major and minor) introns
for the same gene in rp eS1-depleted cells was on average
38% higher than in non-depleted cells (Figure 9D).

DISCUSSION

In this study, applying PAR-CLIP method to HEK293 cells
and utilizing 4-thiouridine as a photoactivatable ribonucle-
oside, we demonstrated for the first time that rp eS1 is in-
volved in functional interactions with RNAs other than ri-
bosomal ones. The NGS analysis showed that this protein
cross-linked to RNAs corresponding to transcripts of the
U11 and U5 snRNA-encoding genes. The protein cross-

linking sites were mostly located in sequences that match
to the Sm site-containing U-rich single-stranded region of
U11 snRNA and to the apical part of Loop I of U5 snRNA.
It was found that rp eS1 is associated with U11 pre-snRNA
both in the nucleus and in the cytoplasm, and that rp eS1
is also bound to U11/U12 di-snRNP operating in splic-
ing, whereas rp eS1 complexed with U5 snRNA/U5 pre-
snRNA was not detected. In vitro binding of recombinant
rp eS1 to T7 transcripts corresponding to U11 snRNA and
its truncated form, U11 snRNA(�Sm), which lacks a 3′-
terminal fragment comprising the Sm site, revealed that
the Ka value for U11 snRNA(�Sm) is reduced by 3-fold
compared to that for full-length U11 snRNA. Besides, the
binding level of the U11 snRNA to rp eS1 was consid-
erably decreased in the presence of (pU)8 as a competi-
tive inhibitor of the binding of the above U-rich region to
rp eS1. All this confirms the involvement of the Sm site-
containing U-rich region of U11 snRNA in specific interac-
tion with rp eS1. Applying the chemical footprinting of U11
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Figure 9. Effects of the rp eS1 depletion in HEK293 cells. (A) Western blot analysis of the rp eS1 and rp eS26 (a 40S ribosomal subunit protein taken as a
control) in HEK293 cells transfected with either the set of four plasmids generating shRNAs against rp eS1 mRNA (pSuper eS1 #(1–4)) or empty vector
(pSuper no insert). The antibodies used are indicated on the left. (B) The representative fragment of the IGV genome browser view (upper panel) showing
the read coverage of the range corresponding to U11 pre-snRNA (designated by a brace) in human genome after next generation sequencing (NGS)
analysis of the total RNA isolated from cells depleted of rp eS1 (pSuper eS1 #(1–4)) and non-depleted cells (pSuper no insert). The relative normalized
coverage (lower panel) in the genome range corresponding to U11 pre-snRNA for cells depleted of rp eS1 (red line) and non-depleted cells (blue line)
(obtained from two biological replicates). Blue bar designates the genome region for mature U11 snRNA. (C) Quantitative real-time PCR analysis of the
U11 pre-snRNA level in cells depleted of rp eS1 (pSuper eS1 #(1–4)) relatively that in non-depleted cells (pSuper no insert). Error bars represent S.D.
from four biological replicates; **P < 0.005, two-tailed Student′s t-test; a.u., arbitrary units. (D)Read coverage of the minor introns normalized to that
of all introns in the gene calculated from RNA-seq data obtained with rp eS1-depleted cells relatively that with non-depleted cells. Results for nine genes
containing minor introns and displaying maximum reads per kilobase per million mapped reads (RPKM) of introns are presented. Error bars are S.E.M.
from three biological replicates; **P < 0.01, same as above.

snRNA bound to rp eS1 with the use of hydroxyl radicals,
CMCT and BzCN as probes of different specificity, and a
site-directed cross-linking approach utilizing 4-thiouridine-
containing U11 snRNA, we obtained comprehensive in-
formation on distinctive features of the interaction of U11
snRNA with rp eS1. It was found that rp eS1 bound to
U11 snRNA protects from modification nucleotides in SLI
and SLIII as well as in the U-rich single-stranded sequence
where the Sm site is located, and in H-helix adjacent to this
sequence. In addition, extensive rp eS1-induced rearrange-
ments were revealed in the backbone of the Sm site region of
U11 snRNA. The N-terminal K-rich region 9–29 of rp eS1
was found to be responsible for the protein interaction with
the aforementioned U-rich region of U11 snRNA both in
vitro and in vivo. It turned out that in living cells, rp eS1
is bound to U11 pre-snRNA both in the nucleus and in
the cytoplasm. But when the cells were depleted of rp eS1,
the level of non-processed U11 pre-snRNA significantly in-

creased and the efficiency of splicing of minor class introns
decreased. In general, our findings provide new information
on the functions of human ribosome-unbound rp eS1, indi-
cating its implication in cellular events related to the bio-
genesis of U11 snRNA and to minor class splicing.

U11 snRNA is a component of the low-abundant mi-
nor spliceosome, which is responsible for the excision of
rare U12-type introns during pre-mRNA splicing (35). It
is known that a multicomponent complex containing the
survival of motor neuron (SMN) protein, gemins 2–8 and
several other proteins, the so-called SMN complex, initi-
ates the cytoplasmic maturation phase of all snRNPs, in-
cluding U11 snRNP (33,34). The SMN complex ensures the
assembly of Sm proteins into a core structure around the
Sm site of pre-snRNAs. The data obtained in this study al-
low us to suggest that rp eS1 binds to U11 pre-snRNA in
the nucleus, and then it is exported to the cytoplasm in a
complex with this RNA. The binding of rp eS1 causes re-
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arrangement of U11 pre-snRNA in the Sm site region, as
revealed from the footprinting results with T7 U11 snRNA
transcript. Restructuring of this region may be required to
provide interaction of the RNA with the Sm protein-bound
SMN complex in the cytoplasm. Obviously, before Sm pro-
tein binding, the Sm site should be free from the rp eS1 N-
terminal IDR that interacts with the region containing Sm
site upon association of rp eS1 with the U11 pre-snRNA.
But the protein itself, for all that, can remain bound to the
RNA through another site as follows from our in vitro bind-
ing data and from the location of the binding site of rp eS1
in the cleft between SLI and SLIII resembling that on the
18S rRNA where rp eS1 is bound being in the 40S riboso-
mal subunit. Therefore, we conclude that when Sm proteins
bind to the Sm site of the RNA that is currently being pro-
cessed, rp eS1 proves to be associated with the RNA mainly
through a site that is used by the protein when it interacts
with the 18S rRNA and the N-terminal IDR of rp eS1 be-
comes free. Though the exact mechanism of the U11 pre-
snRNA 3′-terminal processing is unknown, a significant in-
crease in the level of U11 pre-snRNA and accordingly, a
decrease in the level of U11 snRNA in rp eS1-depleted cells
along with a reduction of the efficiency of splicing of the mi-
nor class introns strongly indicate an essential contribution
of rp eS1 to the U11 snRNA biogenesis.

Although no rp eS1-bound U5 snRNA/U5 pre-snRNA
was detected in nuclear and cytoplasmic cell fractions, con-
sidering our data on the in-cell rp eS1 cross-linking to RNA
transcribed from the RNU5A-1 gene, one can assume that
rp eS1, when bound to U11 snRNP operating in splicing to-
gether with U5 snRNP, might simultaneously interact with
U5 snRNA. It is generally accepted that at the initial steps
of the minor class splicing, U11 snRNP recognizes the in-
tron sequence adjacent to the 5′ splice site and forms, to-
gether with U12 snRNP, the minor pre-spliceosome (com-
plex A) (35,36). The U5 snRNP joins the complex A as
the tri-snRNP complex containing also U4atac and U6atac
snRNPs to build the minor pre-catalytic spliceosome (com-
plex B), which, in the result of a number of structural re-
arrangements, adopts the catalytically active configuration
(complexes B*) similar to that in the major catalytic spliceo-
some (35,36). Although the composition of complex B cor-
responding to the minor spliceosome is unknown, analo-
gous complex B for the major spliceosome comprises both
U1 snRNA, functional analog of U11 snRNA and U5
snRNA (45,46). Hence, one can suppose that complex B
for the minor spliceosome also contains both U11 and U5
snRNAs. This complex appears to be the only RNP, where
U5 and U11 snRNP can occur alongside each other, be-
cause complex A does not yet contain U5 snRNA and
complex B* does not already contain U11 snRNA. Im-
portantly, U5 snRNA in the complex B interacts by its
Loop I with the exon sequence neighboring the 5′ splice
site of a minor intron, whereas U11 snRNA binds to the
intron sequence adjacent to the 5′ splice site by the 5′-
terminal region located near the H-helix (47,48). Thus, rp
eS1 bound to U11 snRNA could reach U5 snRNA by its
K-rich N-terminal IDR, which was identified as responsi-
ble for the protein cross-linking to 4-thiouridine-containing
U11 snRNA in vitro, and could be a target for cross-linking
of RNAs transcribed from the RNU11 and RNU5A-1 genes

Figure 10. The scheme of the intended involvement of rp eS1 in cellular
events related to U11 pre-snRNA processing and to minor class splicing.
snRNAs are presented as the secondary structure skeletons, proteins are
shown as colored balls, rp eS1 is depicted by red oval with the protruding
N-terminal intrinsically disordered region.

in 4-thiouridine-treated cells. This interaction seems quite
feasible because, as discussed above, the N-terminal IDR
of rp eS1 should not be involved in the binding to U11
snRNA when its U-rich single-stranded sequence contain-
ing the portion of rp eS1 binding site is occupied by Sm pro-
teins. Therefore, the above region of rp eS1 in mature U11
snRNP should be more flexible than in a complex where the
protein is bound to U11 pre-snRNA. In the B complex, ac-
cordingly, the rp eS1 N-terminal IDR could interact with
U11 snRNA through the SLI, SLIII and H-helix, and with
U5 snRNA through Loop I, touching also Stems Ib and Ic
located nearby it.

Thus, the data obtained in our study enable us to propose
the following order of events in which rp eS1 is involved
(Figure 10). Rp eS1 associates with the U11 pre-snRNA in
the nucleus mainly through the interaction with SLI, SLIII,
H-helix and the Sm site-containing U-rich single-stranded
sequence that is bound to the protein N-terminal K-rich
IDR, which causes conformational rearrangements in the
U-rich region backbone (Figure 6). The resulting complex is
then exported into the cytoplasm, where the SMN complex
promotes the binding of Sm proteins to the pre-rearranged
Sm site of U11 pre-snRNA, which is accompanied by the
3′-end processing of the RNA. After the processing comple-
tion, rp eS1-bound U11 snRNP is imported back into the
nucleus, where rp eS1 is engaged in the minor class spliceo-
some assembly and interacts by its N-terminal IDR with
U5 snRNAs at the 5′ splice site in the minor pre-catalytic
spliceosome. The obtaining evidence for rp eS1 interactions
with both U11 and U5 snRNAs in a pre-catalytic spliceo-
some is the next line of our investigations, in which a cross-
linking approach utilizing a vast set of bifunctional reagents
could be applied to nuclear cell fraction to identify the com-
ponents bound to rp eS1.

Overall, the data obtained in this study, which is an initial
step in exploring the functions of human ribosomal proteins
beyond the ribosome by means of the PAR CLIP method,
for the first time expose rp eS1 as an essential player in the
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U11 pre-snRNA processing and indicate its involvement in
events related to the minor splicing pathway, wherein the
protein could interact with both U11 and U5 snRNAs. Our
findings greatly expand the currently existing knowledge on
extra-ribosomal functions of rp eS1, highlighting the N-
terminal K-rich region of the protein as a key element re-
sponsible for its operation in the above processes.
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