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Abstract 

Non-canonical DNA str uct ures, such as the G-quadr uplex (G4) and i-motif (iM), are formed at guanine- and cytosine-rich sequences, respectively, 
in living cells and in v olv ed in regulating various biological processes during the cell cy cle. T heref ore, the f ormation and resolution of these non- 
canonical str uct ures must be dynamically regulated b y ph y siological conditions or f actors that can bind G4 and iM str uct ures. Although many G4 
binding proteins responsible for tuning the G4 str uct ure ha v e been disco v ered, the str uct ural regulation of iM by iM-binding proteins remains 
enigmatic. In this study, we developed a protein-labeling DNA probe bearing an alkyne moiety through a reactive linker, for proximity-labeling 
of nucleic acid-binding proteins, and searched for new iM-binding proteins. Alkyne-modified proteins in the nuclear extract of HeLa cells were 
labeled with biotin via a click reaction and then captured with streptavidin-coated magnetic beads. This fingerprint-targeting enrichment, followed 
b y proteome analy ses, identified ne w candidate proteins that potentially bind to the iM str uct ure, in addition to the reported iM-binding proteins. 
Among the newly identified candidates, we characterized a nucleolar protein, nucleolin, that binds to the iM str uct ure and relaxes it, while 
nucleolin stabilizes the G4 str uct ure. 
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on-canonical high-order DNA structures are formed in the
uanine- and cytosine-rich regions of telomeres and promoter
equences of proto-oncogenes and are called G-quadruplexes
G4) and intercalated motifs (i-motifs, iM), respectively (Fig-
re 1 ) ( 1 ,2 ). G4 is composed of planar G-tetrads, each contain-
ng four guanine bases connected through Hoogsteen hydro-
en bonds, and is stabilized by both π- π stacking interactions
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of the G-tetrad and monovalent cations captured in the cen-
ter of the G-tetrad. In contrast, iM is formed by intercalations
of hemi-protonated cytosine-cytosine base pairs (C ·C 

+ ), thus
requiring acidic conditions for its formation in vitro . These
non-canonical DNA structures are reportedly stabilized un-
der multi-molecular crowding conditions that mimic the in-
tracellular environment ( 3 ,4 ). Although biochemical analyses
using G4- and iM-forming oligonucleotides have shown that
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Figure 1. G-quadruplex (G4) and i-motif (iM) DNA structures. The formation and resolution of these str uct ures are regulated by various factors in cells. 
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G4 and iM formation significantly inhibited telomere elonga-
tion, DNA replication, and transcription ( 5 ,6 ), recent cellular
investigations using antibodies specific to G4 and iM (BG4
and iMab, respectively) have clarified the functions of these
high-order DNA structures in cells. Genome-wide sequencing
studies have revealed that G4 and iM are mainly present in
open chromatin regions, especially in highly expressed genes
for G4 and transcriptionally repressed genes for iM ( 7 ,8 ). Im-
munostaining of G4 and iM has provided further insights
into their cell cycle-dependent formation in the S- and G1-
phases, respectively ( 9–11 ). These findings comprehensively
suggest that G4 and iM formation in cells is dynamic and de-
pends on the cellular conditions, meaning that there are ma-
chineries that facilitate the formation and resolution of the
high-order DNA structures associated with various biological
processes. 

Proteins that interact with G4 have been identified over the
past two decades. For example, yeast Rap1 was originally dis-
covered as a transcriptional regulator and telomere-binding
protein but later recognized as a G4-binding protein (G4BP)
( 12 ,13 ). This protein stabilizes telomeric G4 DNA structures
and therefore negatively regulates telomere length. However,
several proteins are known to unfold G4. An RNA helicase as-
sociated with an AU-rich element, also known as DHX36, was
characterized as a G4BP that unwinds G4 using a DHX36-
specific motif ( 14 ,15 ). In addition to DHX36, some disease-
related DNA helicases, such as WRN, BLM and Pif1, unwind
G4 and eliminate its suppressive effects in biological functions
( 16 ). Many G4BPs have been reported ( 17 ), and some are sum-
marized in the G4 structure-interacting protein database ( 18 ),
enabling us to search for potential target proteins that interact
with G4. In addition, new techniques for searching G4BPs in
live cells have recently been developed ( 19 ,20 ), opening a new
stage in G4 biology. 
Contrary to the well-studied G4BPs, a limited number of 
iM-binding proteins (iMBPs) have been reported, such as het- 
erogeneous nuclear ribonucleoprotein (hnRNP) LL ( 21 ), hn- 
RNP A1 ( 22 ), hnRNP K ( 23 ), DNA helicases ( 24 ) from Homo
sapiens and interleukin enhancer binding factor (ILF) from the 
silkworm Bombyx mori (BmILF) ( 25 ). The regulation of the 
iM structure by some of these proteins has been investigated.
The hnRNP LL protein was identified as a transcriptional ac- 
tivator for the BCL2 gene upon binding to iM and converted 

it into a flexible hairpin structure ( 21 ). Further analyses re- 
vealed that hnRNP LL transiently induced iM formation in 

the initial stage of binding to the BCL2 promoter and then 

destabilized its structure with time ( 26 ). The hnRNP K protein 

recognizes iM in the c-MYC promoter and activates transcrip- 
tion by unfolding the iM structure ( 27 ). In contrast, hnRNP 

K reportedly stabilizes iM formation in the long terminal re- 
peat promoter of the human immunodeficiency virus-1 provi- 
ral genome, modulating viral transcription ( 28 ). The BmILF 

protein was found to stabilize the iM structure and promote 
the transcription of the POUM2 gene, which is dependent on 

iM formation ( 25 ). Similar to G4BPs, some iMBPs have also 

been shown to function as regulators of biological processes,
by either stabilizing or unfolding the iM structure. 

Toward discovery of new iMBPs, proteomic analyses af- 
ter enrichment processes can be a powerful strategy. With re- 
spect to the iMBPs reported to date, however, only hnRNP LL 

and BmILF were identified by affinity-based pull-down enrich- 
ment, in which iMBPs were captured from cell extracts using 
iM-forming oligonucleotides as bait, and the bound proteins 
were subjected to mass spectrometry. The other reported pro- 
teins were investigated based on the common hypothesis that 
some G4BPs may also bind to iM and actually did so. The 
very few successful examples of iMBP identification indicate 
that solid strategies for screening iMBPs have not yet been 
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stablished. The potential difficulties of applying the canoni-
al pull-down enrichment method to iMBPs may be due to the
tructural transition of the iM oligonucleotides on beads dur-
ng the washing process, since the iM structure formed by the
M-forming sequences is significantly affected by solution con-
itions ( 6 ). Another possible explanation is that unidentified
MBPs may exhibit weak and / or transient DNA–protein in-
eractions, and thus the affinity-based pull-down enrichment
ould not be effective. New strategies for screening iMBPs are
eeded to broaden the scope of iM biology. 
Recently, proximity-dependent biotinylation by engineered

iotin ligases such as BioID ( 29 ) and TurboID ( 30 ) has
een used to identify interacting partners of proteins of in-
erest (POIs), and proteome analysis after the enrichment
f biotinylated proteins with streptavidin beads can pro-
ide an interactome overview for the target protein ( 31 ).
ew G4BPs have also been discovered using this strategy, in
hich the G4-binding motif of DHX36 is fused with mini-
urbo to biotinylate proteins proximal to G4 ( 20 ). Simi-

arly, proximity-dependent protein modification with click-
ble azide / alkyne moieties using G4-ligand derivatives suc-
essfully enriched proteins near G4, after further modifica-
ion of the azide / alkyne moieties on the protein with biotin
ia click chemistry ( 19 ,32 ). Although the application of these
trategies will be promising in identifying new iMBPs, the hid-
en hypothesis that the protein / ligand binding to G4 / iM will
ot significantly inhibit the interactions of other proximal pro-
eins remains untested, especially for iMBPs. 

Here, we report the screening of iMBPs from nuclear ex-
racts of HeLa cells, using chemically modified iM-forming
ligonucleotides bearing an alkyne moiety through a reac-
ive linker for the proximity-labeling of iMBPs. Upon protein
inding to the native iM architecture, nucleophilic amino acid
ide chains attack the reactive linker, resulting in the trans-
er of the alkyne moiety to the protein surface. The presence
f an alkyne moiety in proteins can therefore be regarded as
 fingerprint indicating a history of proximity. Enrichment
as achieved by targeting the fingerprint, and subsequent
roteomic analyses indicated that many proteins, including
nown iMBPs, were enriched. We focused on the nucleolar
rotein nucleolin (NCL) and biochemically characterized its
inding and function with iM. The results revealed that NCL

ndeed bound iM, and interestingly, in contrast to G4, it re-
axed the iM structure upon binding. Thus, this study pro-
ides a first step for future research in iM biology, in addition
o potential applications in the screening of proteins that bind
ther nucleic acids. 

aterials and methods 

eneral 

eagents and solvents were purchased from FUJIFILM
ako Pure Chemical Corporation, Sigma-Aldrich, and Tokyo
hemical Industry unless specified otherwise. Oligonu-

leotides used in this study were purchased from FASMAC
 Supplementary Table S1 ). High-performance liquid chro-
atography (HPLC) analyses were performed using a Gilson

radient-type analytical system equipped with a Waters 2998
hotodiode-array detector. DNA samples were analyzed and
urified using a Waters μBondasphere C18 5 μm 300 Å col-
mn (3.9 mm × 150 mm), at a flow rate of 1.0 ml min 

–1 with
 linear gradient of acetonitrile in 0.1 M triethylammonium
acetate (pH 7), generated over 20 min. NanoLC-MS / MS anal-
ysis was performed by an LC-nano-ESI-MS system compris-
ing a quadrupole time-of-flight mass spectrometer (Orbitrap
Fusion, Thermo Fisher Scientific) equipped with a nanospray
ion source and a nanoLC system (Easy-nLC 1000, Thermo
Fisher Scientific). The LC-MS / MS data were acquired in a
data-dependent acquisition mode, controlled by the Xcalibur
4.3 software (Thermo Fisher Scientific). The absorption and
circular dichroism (CD) spectra were measured using a V730
spectrophotometer and J-805 spectropolarimeter (JASCO),
respectively. 

Preparation of alkyne-bearing oligonucleotides 

through tosylate linker 

The oligonucleotides iM-WT and iM-Mut (Entries 1 and 2)
bearing an amino linker at the 5 

′ terminus were dissolved
in 547.2 μl of 100 mM carbonate / bicarbonate buffer (pH
8.5), and then 60.8 μl of a 0.1 M DMSO solution of alkyne-
tosylate-NHS ester 1 (see Supplementary synthetic proce-
dures) was added to the oligonucleotide solutions. The mix-
tures were incubated overnight at room temperature. After
gel filtration on NAP-10 columns (Cytiva) to remove excess
reagents, the alkyne-bearing oligonucleotides were purified
by HPLC with a 3–20% acetonitrile gradient. The oligonu-
cleotides were quantified from the UV absorption spectra
( Supplementary Figure S1 ). Prior to use for protein labeling,
the modified oligonucleotides (40 μg each) were dissolved in
65 μl of 50 mM Tris-acetate buffer (pH 4.1), heated up at
95 

◦C for 10 min, and then cooled to 10 

◦C over 1 h. 

Preparation of nuclear extract 

HeLa cells were cultured in DMEM (High Glucose) (Fujifilm)
supplemented with 10% heat-inactivated fetal bovine serum
(Gibco), 1% penicillin-streptomycin (Pen Strep) (Gibco)
and 1% MEM Non-Essential Amino Acids (MEM NEAA)
(Gibco). The cells were grown at 37 

◦C in a 5% CO 2 atmo-
sphere. A total of 12 dishes (10 cm φ) of HeLa cells were
washed with ice-cold phosphate-buffered saline (PBS), and
then the cells were collected, flash-frozen and kept at –80 

◦C
until use. Nuclear extracts of HeLa cells were prepared using
an EzSubcell Extract Kit (ATTO), according to the manufac-
turer’s instructions. Fractionation of the cellular components
was confirmed by Western blotting ( Supplementary Figure 
S2 ), and the protein concentration of the nuclear extract was
determined by the Bradford assay, using the TaKaRa Bradford
Protein Assay Kit (Takara). 

Western blotting 

Protein samples were mixed with an equal volume of sodium
dodecyl sulfate (SDS) buffer (0.25 M Tris-HCl (pH 6.8), 0.5
M dithiothreitol (DTT), 10% SDS, 0.25% bromophenol blue,
and 50% glycerol), and denatured at 95 

◦C for 5 min. The
samples were loaded onto an Extra PAGE One Precast Gel
(Nacalai Tesque), along with either Precision Plus Protein
Dual Color Standard markers (Bio-Rad) or ExcelBand All
Blue Broad Range Plus Protein Marker (SMOBIO), and elec-
trophoresis was performed. Proteins in the gel were trans-
ferred onto an Immobilon-P Transfer Membrane (Merck Mil-
lipore) treated with methanol. After blotting, the membrane
was successively treated with SuperBlock 

TM (PBS) Block-
ing Buffer (Thermo Scientific) at 4 

◦C overnight, and a pri-
mary antibody (either acetylated α-Tubulin (6–11B-1) mouse

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
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monoclonal IgG (sc-23950, Santa Cruz Biotechnology),
HSP60 (LK1) mouse monoclonal IgG (sc-59567, Santa Cruz
Biotechnology), Lamin A / C (E-1) mouse monoclonal IgG (sc-
37628, Santa Cruz Biotechnology) or horseradish peroxidase
(HRP)-Conjugated Streptavidin (N100, Thermo Scientific))
diluted with PBS-T, at room temperature for 1 h, followed by
washing with PBS-T three times. If required, the membrane
was further treated with an anti-mouse IgG HRP Conjugate
(W402B, Promega) diluted with PBS-T at room temperature
for 1 h. The bands were visualized using an ImmunoStar LD
Kit (Fujifilm), and chemiluminescent images were obtained us-
ing an Image Quant LAS 500 imager (Cytiva). 

Sample preparation for nanoLC-MS / MS 

Mixtures of lysis buffer (280.5 μl, 50 mM HEPES-KOH (pH
7.9), 50 mM KCl, 1 mM EDTA, 500 μM phenylmethylsul-
fonyl fluoride, 1 mM DTT, and 0.132% NP-40) and 54.5
μl of nuclear extract (500 μg), in the absence or presence of
poly(dI ·dC) (40 μg), were incubated at 37 

◦C for 10 min. The
abovementioned solution of the alkyne-bearing WT or Mut
oligonucleotides was then added to the mixture, and the pro-
tein labeling reaction was performed at 37 

◦C for 24 h. After
mixing the oligonucleotide and nuclear extract solutions, the
pH value of the solution was confirmed to be 6. 

Proteins were precipitated using methanol / chloroform
treatment. First, the mixture was equally divided (200 μl each)
and transferred to 2 ml tubes. Methanol (800 μl) was added
to the reaction mixture (200 μl), and the mixture was vor-
texed for 1 min, followed by the addition of chloroform (200
μl), and vortexing for 1 min. Water (600 μl) was then added,
and the mixture was vortexed for 1 min. After centrifuga-
tion (15 000 g for 3 min), the upper layer was removed by
pipetting, and methanol (800 μl) was added. The solution was
mixed by inverting the tubes and centrifuged (15 000 g for
3 min). The supernatant was removed and the precipitated
proteins were dried using a SpeedVac centrifugal concentra-
tor (Thermo Fisher Scientific). 

The alkyne-bearing proteins were labeled with biotin via
a click reaction. The precipitates of the recovered proteins
in each tube were dissolved in 150 μl of phase transfer sur-
factant (PTS) buffer (100 mM Tris-HCl (pH 8.0), 12 mM
sodium deoxycholate and 12 mM sodium N-lauroyl sarcosi-
nate). After sonication for 5 min and heating at 95 

◦C for
10 min, 600 μl of 100 mM Tris-HCl (pH 8.0) was added.
The solutions in the two tubes were combined in a 2 ml
tube. To the solution, 100 μl of a click mixture (300 μl
DMSO, 1.2 ml tert-butanol, 15 μl 170 mM Tris[(1-benzyl-
1 H -1,2,3-triazol-4-yl)methyl]amine dissolved in DMSO, 500
μl 50 mM CuSO 4 , 25 μl 10 mM DADPS biotin azide (Fisher
Scientific) dissolved in DMSO and 500 μl of 50 mM Tris(2-
carboxyethyl)phosphine hydrochloride) was added, followed
by vortexing for 1 min. After two more rounds of click mix-
ture addition, the resulting solution was incubated at 37 

◦C
overnight. The supernatant of the reaction mixture was con-
centrated using an Amicon Ultra filter (0.5 ml, MWCO 10
kDa; Merck Millipore) and then combined with the pre-
cipitates. After adjusting the volume to 200 μl by adding
RIPA buffer (Nacalai Tesque), proteins were recovered by
methanol / chloroform precipitation as mentioned above. The
protein precipitates were dissolved in 150 μl of PTS buffer,
sonicated for 5 min and heated at 95 

◦C for 10 min. At this
stage, an aliquot (3 μl) of the protein solution was analyzed by
Western blotting, to confirm the presence of the biotin modi- 
fication on proteins ( Supplementary Figure S3 ). 

The biotin-modified proteins were enriched using strepta- 
vidin beads. Sera-Mag Magnetic Streptavidin Coated Parti- 
cles (50 μl, Cytiva) were washed with pre-wash buffer (PTS 
buffer / 100 mM Tris-HCl (pH 8.0) = 1 / 4, v / v), three times.
After removal of the pre-wash buffer, 150 μl of the protein so- 
lution and 600 μl of 100 mM Tris-HCl (pH 8.0) were added,
and the mixture was incubated at room temperature for 1 h.
The beads were successively washed with PTS buffer, washing 
buffer 1 (20 mM HEPES-OH (pH 7.5), 100 mM NaCl, and 1 

M urea), and washing buffer 2 (20 mM HEPES-OH (pH 7.5),
1 M NaCl). 

The beads were resuspended with 200 μl of 100 mM Tris- 
HCl (pH 8.0), and 2 μl of 1 M DTT was added. After 30 

min of incubation at room temperature, 10 μl of 1 M iodoac- 
etamide was added for reductive alkylation of the cysteine 
side chains, and the mixture was further incubated for 30 

min. To the solution, 2 μg of trypsin was added for on-bead 

digestion of the enriched proteins, and the mixture was in- 
cubated at 37 

◦C overnight. Detergents in the solution were 
removed with a HiPPR Detergent Removal Resin Column 

Kit (Thermo Fisher Scientific). The supernatant was loaded 

onto resin equilibrated with 100 mM Tris-HCl (pH 8.0), and 

the peptides were recovered by centrifugation (1500 g for 2 

min). The peptide solution was then passed through an SPE 

C-Tip KT200 (C18) (Nikkyo Technos Co., Ltd.) for desalting,
and the eluates were evaporated using the SpeedVac centrifu- 
gal concentrator. The peptide fragments were dissolved in 20 

μl of acetonitrile / trifluoroacetic acid (TFA) aqueous solution 

(CH 3 CN / 0.1% TFA aqueous solution = 5 / 95, v / v), and sub- 
jected to nanoLC-MS / MS analysis. 

NanoLC-MS / MS acquisition and data analyses 

NanoLC-MS / MS analysis was performed using an LC-nano- 
ESI-MS system comprising a quadrupole, Orbitrap, and ion 

trap Tribrid mass spectrometer (Orbitrap Fusion; Thermo 

Fisher Scientific) equipped with a nanospray ion source and 

nano HPLC system (Easy-nLC 1000; Thermo Fisher Scien- 
tific). The trap column used for the nano HPLC was a 2 

cm × 75 μm capillary column packed with 3 μm C18-silica 
particles (Thermo Fisher Scientific), and the separation col- 
umn was a 12.5 cm × 75 μm capillary column packed with 3 

μm C18-silica particles (Nikkyo Technos Co., Ltd.). The mi- 
cropump (flow rate: 300 nL min 

–1 ) gradient method was used 

as follows: mobile phase A, 0.1% formic acid; mobile phase 
B, 80% acetonitrile, aqueous 0.1% formic acid; 0–1 min: 0–
5% B, 1 − 61 min: 5–40% B, 61 −63 min: 40–95% B, 63–
80 min: 95% B. The settings for the data-dependent acqui- 
sition were as follows: maximum injection time, 0.05 s; full 
MS (MS1, orbitrap) scan range, 375–1500 m / z , excluding the 
former target ion for 20 s; and 10 ppm of mass tolerance.
The top speed cycle time was set to 3 s and the maximum 

MS2 scan was acquired within that time. The MS2 (isolation: 
quadrupole, detection: ion trap) scan maximum injection time 
and range were 0.035 s, and the m / z range was defined based 

on the MS1 scan. Measurements were performed in triplicate 
for each sample and the raw data were deposited in jPOSTrepo 

(see Data Availability) ( 33 ). 
Identification and label-free quantification of the proteins 

were conducted using the Proteome Discoverer 3.0 soft- 
ware embedded with the Sequest algorithm (Thermo Fisher 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
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cientific). A list of human proteins was obtained from the
niProt database (taxonomy 9606, downloaded on Septem-
er 13, 2023). Label-free quantification was performed using
he workflows shown in Supplementary Figures S4 and S5 for
he processing and consensus steps, respectively. 

The volcano plot analysis was performed using the Perseus
oftware (version 1.6.15.0). The settings of the parameters
ere as follows: ‘Transform’ was ‘log2(x)’, ‘Filter rows based
n valid values’ was ‘Min. number of values: 4’, ‘Imputation,
eplace missing values from normal distribution’ was ‘Width:
.3, Down shift: 1.8, Mode: Separately for each column’. 
Gene ontology (GO) analysis was performed using Metas-

ape ( https://metascape.org ; version 3.5, database last update
ate: May 1, 2024) ( 34 ). Proteins found in the x > 0 re-
ion in the volcano plot; that is, those enriched with the iM-
T oligonucleotide, were extracted and summarized in lists,
hich were further used as inputs. The output lists contain-

ng the proteins annotated with GO terms were manually
nalyzed, and the number of proteins with the GO terms
NA binding (GO:0003677), RNA binding (GO:0003723)

nd nucleus (GO:0005634) were counted to prepare Venn di-
grams. The proteins in the lists were analyzed using UniProt
 https://www.uniprot.org ) to link each protein with UniProt-
nowledgebase (KB) keywords. 

reparation of recombinant GST-tagged nucleolin 

 codon-optimized human NCL cDNA that encodes the
mino acid sequence from Met284 to the stop codon, lacking
he N-terminal domain (NTD; Met1–Glu283), (NCL �NTD 

),
as purchased from Genewiz ( Supplementary Figure S6 ).
he regions encoding NCL �NTD 

and NCL lacking both the
TD and the C-terminal RGG domain (Pro647–Glu710)

NCL �NTDRGG 

) were amplified by polymerase chain reac-
ion, using PrimeSTAR GXL polymerase (Takara) and the
rimer sets shown in Supplementary Table S1 (Entries 8 and
 for NCL �NTD 

, 8 and 10 for NCL �NTDRGG 

). Each amplicon
as inserted into the pGEX-4T-1 plasmid linearized at the
amHI / XhoI sites, using an In-Fusion Cloning Kit (Takara).
sc heric hia coli Stellar competent cells (Clontech) were trans-

ormed with the reaction mixture, and the obtained plasmids
ere sequenced and used for protein production. For GST
roduction, the native pGEX-4T-1 plasmid was used. 
Esc heric hia coli BL21(DE3) star competent cells were trans-

ormed with the plasmids and grown in 1 l of Luria-Broth
LB) medium containing 50 μg ml –1 ampicillin at 37 

◦C, until
he turbidity at 660 nm reached 0.5–0.6. For induction, 1- β-
sopropylthiogalactopyranoside was added at a final concen-
ration of 100 μM, and the culture was continued at 25 

◦C.
fter 24 h, cells were harvested by centrifugation (5000 g

or 15 min), and the pellets were frozen with liquid nitro-
en and stored at –80 

◦C. The pellets were thawed on ice,
0 mg of lysozyme was added, and after suspension in ly-
is buffer (40 ml, consisting of 20 mM Tris-HCl, 100 mM
aCl, 1 mM EDTA, 1 mM DTT and 5% glycerol, pH7.4),

he cells were lysed by sonication. Next, 2.5 ml of 20% Tri-
on X-100 was added, and the mixture was further incubated
or 30 min on ice. Cell debris was removed by centrifugation
20 000 g for 1 h), and the supernatant was loaded onto a
lutathione Sepharose 4B column. The resin was washed with

ysis buffer, and the GST-tagged proteins were eluted with elu-
ion buffer (20 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA,
 mM DTT, 20 mM glutathione and 5% glycerol, pH 7.4).
The pooled fractions were loaded onto a HiTrap Heparin HP
column (Cytiva) and purified with a linear gradient of 100–
1000 mM NaCl in buffer containing 20 mM Tris-HCl, 1 mM
ED TA, 1 mM D TT and 5% glycerol, pH 7.4. Fractions con-
taining the target protein were concentrated, and the protein
concentration was determined using the Bradford assay. 

The GST protein was purified according to the above pro-
cedure, but with the omission of the Heparin affinity chro-
matography. 

Electromobility shift assay 

The iM- or G4-forming oligonucleotides with the Cy5 fluo-
rophore at the 5 

′ terminus (Entries 3 and 4, Supplementary 
Table S1 ) were dissolved at 1 μM in either 50 mM Tris-
acetate buffer at pH 4.1 or 100 mM KCl, respectively, and
were heated at 95 

◦C for 10 min, followed by slowly cool-
ing down overnight. The iM oligonucleotides (100 nM) were
mixed with 0–500 nM NCL �NTD 

or 0–1 μM NCL �NTDRGG 

,
in buffer containing 10 mM Tris-HCl, 50 mM KCl, 4 mM
EDTA, 5 mM MgCl 2 , 1 mM DTT, 0.05% NP-40 and 2.5%
glycerol, pH 6.0 or 7.0, and incubated on ice for 1 h. For the
binding of NCLs to G4, the G4 oligonucleotides (100 nM)
were mixed with NCLs in buffer containing 10 mM Tris-HCl,
1 mM EDTA, 1 mM DTT and 25 mM KCl, pH 7.4, and incu-
bated on ice for 1 h. The mixtures were then subjected to 7.5%
polyacrylamide gel electrophoresis, and the fluorescent bands
were visualized using an FLA 7000 image analyzer (Fujifilm).
The band intensities were quantified using the Multi-Gauge
software version 3.1 (Fujifilm), and the bound fractions were
obtained. Experiments were performed in triplicate, and the
average bound fractions were plotted against the protein con-
centrations. Data were fitted using Hill’s function. 

Primer-extension by DNA polymerase 

A primer (5 μM) with the Cy5 fluorophore at the 5 

′ terminus,
d(GCTTCGGCTT AA T ACGA) (Entry 7 in Supplementary 
Table S1 ), was hybridized with either the iM- or G4-
forming template oligonucleotide (5 μM, Entries 5 and 6
in Supplementary Table S1 , respectively) in 40 mM 2-( N -
morpholino)ethanesulfonic acid (MES) buffer at pH 6.0 or
7.0. The primer-template oligonucleotides (100 nM) were
mixed with NCL �NTD 

(500 nM) in buffer (50 μl), containing
40 mM MES (pH 6.0 or pH 7.0), 8 mM MgCl 2 , 50 mM NaCl
and 100 μM dNTP mixture, and 1 unit of Klenow fragment
of E. coli DNA polymerase I lacking the exonuclease activity
(KF exo–) was added to initiate the primer-extension reaction.
After 1, 5 and 10 min of incubation at 37 

◦C, aliquots (10 μl)
were deproteinized with phenol / chloroform / isoamyl alcohol
(25 / 24 / 1, v / v / v), and the DNA was recovered by ethanol pre-
cipitation. The DNA was dissolved in 95% formamide con-
taining 0.5 M EDTA, and the products were analyzed by dena-
turing polyacrylamide gel electrophoresis on a 10% gel con-
taining 7.5 M urea. Bands were visualized using the FLA 7000
image analyzer. Band intensities were quantified by the Multi-
Gauge software. Experiments were performed in triplicate. 

Results 

Design of proximity-labeling oligonucleotides 

containing reactive linker 

We devised a reaction-based proximity-labeling method for
proteins present in close proximity to the iM, using chemi-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://metascape.org
https://www.uniprot.org
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
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Figure 2. Screening of iMBPs by FiTE. ( A ) Schematic view of FiTE followed by nanoLC-MS / MS. During association / dissociation of the iMBP, the alkyne 
moiety on the oligonucleotide probe is transferred to the nucleophilic amino acid side chains (–Nu) of proteins located proximal to the probe. After 
biotinylation via click chemistry, f ollo w ed b y enric hment, peptide fragments of the enric hed proteins are analyz ed b y nanoLC-MS / MS. ( B ) Conjugation of 
alkyne-tosylate-NHS ester 1 with 5 ′ -amino-modified oligonucleotides. Some cytosine bases in the iM-WT sequence were replaced with adenine and 
thymine in the iM-Mut sequence. 
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cally modified oligonucleotides. At the 5 

′ -terminus of the iM-
forming oligonucleotide, an alkyne moiety was introduced
through a reactive tosylate linker, which has been utilized
for ligand-directed protein labeling ( 35 ,36 ), and the modi-
fied oligonucleotide was mixed with a cellular nuclear ex-
tract. During the association / dissociation of proteins with the
oligonucleotide, nucleophilic amino acid side chains near the
reactive linker may react with a carbon atom adjacent to the
tosylate leaving group via the S N 

2 reaction (Figure 2 A), lead-
ing to the transfer of the alkyne moiety to proteins that are
proximal to the iM oligonucleotide. Once this reaction oc-
curs, the alkyne group is retained on the proteins and thus
presents an archival record of their proximity to the iM, like
a fingerprint. The alkyne moiety on the proteins can be a
scaffold for bioorthogonal conjugation via copper-catalyzed
alkyne-azide cycloaddition, which typically results in > 90%
yields ( 37 ). After further modification of the alkyne group
with biotin via click chemistry, the biotinylated proteins are
enriched with streptavidin beads. This fingerprint-targeting
enrichment (FiTE), followed by proteomic analyses, facilitates
the screening of a wide range of iMBPs without considering
the selection pressures and undesirable effects of additional
ligands / proteins. However, iMBPs are not the only proteins
detected in the FiTE strategy. For example, proteins abundant
in the extract will be promiscuously labeled with the alkyne
group, because the S N 

2 reaction kinetics exclusively relies on
the concentrations of both the protein-labeling probe and pro-
teins. The interacting partners of proteins directly bound to
iM may also be labeled, depending on their position relative
to the tosylate linker, in addition to iMBPs. Based on these fea- 
tures of the FiTE strategy, the efficiency of the alkyne transfer 
can vary depending on the nature of proteins. Therefore, the 
experimental and analytical conditions need to be chosen with 

consideration. 
We first synthesized an oligonucleotide modifying reagent,

in which a terminal alkyne moiety is connected with an 

N -hydroxysuccimide ester through a reactive m -tosylate 
linker (alkyne-tosylate-NHS ester 1 , see Supplementary syn- 
thetic procedure), and attached it to the 5 

′ terminus of 
an iM-forming oligonucleotide (Figure 2 B and Entry 1 in 

Supplementary Table S1 , iM-WT). For comparison, a mutant 
oligonucleotide (Entry 2 in Supplementary Table S1 , iM-Mut),
in which some cytosine bases in the iM-WT sequence were re- 
placed with adenine and thymine (Figure 2 B), was conjugated 

with 1 . The iM-WT sequence is derived from the promoter 
of the POUM2 gene in the silkworm Bombyx mori ( 25 ), and 

is known to form an iM structure. The capability of iM for- 
mation in the iM-WT and iM-Mut oligonucleotides was con- 
firmed by measuring CD spectra ( Supplementary Figures S7 

and S8 ), which showed a peak shift of the positive CD sig- 
nal from 281 to 286 nm upon a pH drop from pH 8 to 4.5,
in good agreement with the previous report ( 25 ). Note that it 
is advantageous to use the iM-forming DNA sequence from 

silkworm instead of the human iM-forming sequence for the 
screening of human iMBPs, because we can exclude the pos- 
sibility of capturing the human promoter-specific factors and 

selectively capture proteins that bind the probe molecule in a 
structure-specific manner. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
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Figure 3. Proteome analyses of the proteins enriched via the FiTE strategy. ( A and B ) Volcano plots displaying proteins enriched with the iM-WT and 
–Mut oligonucleotides in the absence ( A ) or presence ( B ) of poly(dI ·dC). The complete list of proteins in the volcano plot is summarized in 
Supplementary File 1 . The known iMBPs are highlighted in the panel. ( C ) Venn diagram of proteins in the x > 0 region of the volcano plot (panel B) based 
on three GO terms, showing the overlap of annotated GO terms. The number of proteins in each area (i–vii) is shown, and lists of the proteins found in 
each area are summarized in Supplementary File 2 . ( D and E ) Distribution of the top 10 UniProtKB keywords for biological processes ( D ) and molecular 
functions ( E ) of the proteins found at the intersections (areas iv–vii) in the Venn diagram. 
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creening of iM-binding proteins 

o screen for iMBPs, the iM-WT and Mut oligonucleotides
earing the alkyne-tosylate modification were incubated with
he nuclear extracts of HeLa cells at pH 6 for iM formation
 Supplementary Figure S8 ). Afterward, the alkyne-modified
roteins were labeled with biotin via click chemistry (Figure
 A), and the presence of biotin on the recovered proteins was
onfirmed by Western blotting ( Supplementary Figure S3 ), in-
icating that a nucleophilic reaction between the proteins and
he tosylate linker on the oligonucleotide occurred. Biotiny-
ated proteins were enriched and subjected to a shotgun anal-
sis, using nanoLC-MS / MS after on-bead trypsin treatment. 

Proteins detected in the iM-WT and iM-Mut samples were
nalyzed by a volcano plot using fold-changes in the protein
bundances and the P -values, in order to characterize the dis-
ribution of the enriched proteins with the FiTE approach
Figure 3 A). Each dot in the x > 0 and x < 0 regions rep-
esents a protein enriched more efficiently with the WT and

ut oligonucleotides than with the other oligonucleotide, re-
pectively . Notably , the known iMBPs, hnRNP LL, A1 and K,
ere found in the x > 0 region (Figure 3 A), corroborating

hat the reaction-based FiTE strategy for screening potential
MBPs was successful. One concern is the closeness of these
nown iMBPs to the x = 0 line in the volcano plot. It is worth
entioning that the protein labeling by the FiTE strategy is
istinct from that in previous reports on the identification of
4BPs using G4 ligands derivatives ( 19 ,32 ). In the FiTE strat-

gy, protein labeling proceeds via an S N 

2 reaction and thus
xclusively relies on physical collisions between nucleophilic
mino acid side chains on the protein and the reactive tosy-
ate linker on the DNA. Even if proteins could bind the i-motif
NA, there are possibilities that the proteins would rarely be
labeled because of the absence of the nucleophilic amino acid
side chains, and this could have happened with these known
iMBPs. 

Generally, nucleic acid-binding proteins that bind specifi-
cally to unique nucleic acids also exhibit non-specific bind-
ing abilities, which involve interactions with the DNA back-
bone ( 38 ). Since our strategy for screening iMBPs relies on the
binding capabilities of proteins to the iM structure, such non-
specific binding by proteins in the nuclear extract to the iM
oligonucleotide would mask the DNA probe and prevent the
structure-specific binding of inherent iMBPs. To suppress non-
specific binding, double-stranded (ds) DNA is often used as a
competitor ( 39 ). Therefore, the proximity labeling of nuclear
extracts with the iM-WT and -Mut oligonucleotides bear-
ing the alkyne-tosylate linker was performed in the presence
of poly(dI ·dC). The enriched proteins were analyzed in the
same way as described above (Figure 3 B). Among the known
iMBPs, the fold change for hnRNP LL was shifted to positive
with increased significance, as compared to those in Figure 3 A,
indicating that hnRNP LL binding to the iM structure became
prominent upon the addition of the ds competitor. In contrast,
the positions of hnRNP A1 and K shifted closer to the x = 0
line, likely due to the competitive binding to poly(dI ·dC), al-
though they are still present in the x > 0 region. These results
indicate that new iMBPs will also be included in the x > 0
region of the volcano plot for the samples with poly(dI ·dC). 

To narrow down the potential iMBPs, an enrichment analy-
sis was performed for the 1379 proteins detected in the x > 0
region of Figure 3 B. The proteins were annotated with GO
terms using Metascape ( 34 ). Because some iMBPs are known
to be RNA-binding proteins, we exclusively focused on pro-
teins annotated with three GO terms: Nucleus (875 proteins),

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
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Table 1. Selected a G4 binding proteins enriched with the iM-WT oligonu- 
cleotide 

UniProt ID Gene Symbol Description Ref. 

O14647 CHD2 Chromodomain-helicase- 
DNA-binding 
protein 2 

( 40 ) 

P06748 NPM1 Nucleophosmin ( 41 ,42 ) 
P09429 HMGB1 High mobility group protein 

B1 
( 43 ,44 ) 

P09651 HNRNPA1 Heterogeneous nuclear 
ribonucleoprotein A1 

( 45 ) 

P11387 TOP1 DNA topoisomerase 1 ( 46 ) 
P19338 NCL Nucleolin ( 47 ,48 ) 
P27695 APEX1 DNA-(apurinic or 

apyrimidinic site) 
endonuclease 

( 49 ) 

P51532 SMARCA4 Transcription activator BRG1 ( 19 ) 
P55265 ADAR Double-stranded RNA-specific 

adenosine deaminase 
( 50 ) 

Q00059 TFAM Transcription factor A, 
mitochondrial 

( 51 ) 

Q00839 HNRNPU Heterogeneous nuclear 
ribonucleoprotein U 

( 52 ) 

Q14103 HNRNPD Heterogeneous nuclear 
ribonucleoprotein D0 

( 53 ) 

Q16666 IFI16 Gamma-interferon-inducible 
protein 16 

( 54 ) 

Q9H2U1 DHX36 ATP-dependent DNA / RNA 

helicase DHX36 
( 55 ) 

a G4BPs found in area vii in Figure 3 C are summarized. 
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RNA binding (458 proteins) and DNA binding (223 pro-
teins) and prepared a Venn diagram (Figure 3 C). A total of
78 proteins belonged to the intersection of the three GO terms
( Supplementary Table S2 ). Interestingly, hnRNP A1 and K also
belonged to this intersection, whereas hnRNP LL was found
at the intersection between Nucleus and RNA binding. These
observations suggest that the previously reported iMBPs were
properly narrowed down by the enrichment analysis, thus in-
dicating that new iMBPs are included in the intersections. The
distribution of the top UniProtKB keywords for the 525 pro-
teins found in the intersections (areas iv–vii) is summarized
in Figure 3 D and E. The distributions of the biological pro-
cesses and the molecular functions of the proteins indicate
that a large proportion of these proteins are involved in RNA-
related processes. It is noteworthy that various G4BPs were
also enriched with this strategy, and in total, 14 characterized
G4BPs were included in the intersection of the three GO terms
(Table 1 ). 

Although the known iMBPs are properly enriched with the
FiTE strategy, further verification of iM DNA structure bind-
ing by the other proteins in the list is required. To select a
candidate for biochemical characterization, we set reasonable
criteria. Previous investigations of iMBPs ( 22–24 ) have shown
that some G4BPs bind to iM. It is therefore advantageous to
select one of the 14 G4BPs observed in this study (Table 1 ) so
that we can compare the affinities and functions of the chosen
protein toward the G4 and iM structures. The subcellular lo-
cation of these proteins suggested by UniProt is mostly the nu-
cleoplasm; however, interestingly, the second most abundant
location is the nucleoli, which are the largest non-membrane
sub-compartments in the nucleus and function in protein qual-
ity control ( 56 ). Because this observation reminds us of the in-
volvement of G4 RNA in the formation of liquid-like conden-
sates ( 57 ), the characterization of a potential iMBP localized 

in the nucleoli is of interest. Based on these criteria, we focused 

on NCL, one of the most abundant proteins in the nucleoli. 

Bioc hemical c haracterization of nucleolin as a 

potential iM-binding protein 

NCL consists of three domains: an NTD rich in acidic 
side chains, four RNA-binding domains (RBD1–4) and a C- 
terminal Arg-Gly-Gly (RGG) repeat (Figure 4 A). Since the 
RBDs and RGG repeat are reportedly involved in binding 
to G4 ( 47 ), recombinant GST-tagged NCL proteins lacking 
only the NTD and both the NTD and RGG (NCL �NTD 

and 

NCL �NTDRGG 

, respectively; Figure 4 A and B) were prepared 

for the biochemical analyses. First, electromobility shift as- 
say (EMSA) ( 58 ) was performed for these NCL proteins, us- 
ing 5 

′ -Cy5 labeled iM- and G4-forming oligonucleotides (En- 
tries 3 and 4 in Supplementary Table S1 ). As reported previ- 
ously ( 47 ), bands with low mobility were observed for the G4 

oligonucleotide with increasing concentrations of NCL �NTD 

(Figure 4 C), confirming that our recombinant NCL proteins 
properly bind to the G4 structure. 

Similarly, bands of the protein–DNA complex were also 

observed for the iM oligonucleotide at pH 6 (Figure 4 D),
whereas a sole GST protein lacking the NCL was un- 
able to form the complex ( Supplementary Figure S9 A), sug- 
gesting that NCL proteins bind to the iM structure. To 

corroborate the observation, the binding of NCL �NTD 

to 

the iM oligonucleotide was investigated at pH 7, where 
iM formation is remarkably suppressed ( Supplementary 
Figure S8 D). As a result, the formation of the complex 

with increasing amounts of NCL �NTD 

was obviously reduced 

( Supplementary Figure S9 B), as compared with that at pH 

6 (Figure 4 D). Although NCL �NTD 

exhibited basal affinity 
to the non-structured oligonucleotide at higher protein con- 
centrations ( Supplementary Figure S9 B), these results indi- 
cate that NCL �NTD 

preferentially binds the iM structure. An 

EMSA using the NCL �NTDRGG 

protein was also performed at 
pH 6 ( Supplementary Figure S10 ), and the dissociation con- 
stants ( K d ) of the NCL proteins for the G4 and iM oligonu- 
cleotides were estimated (Table 2 ). The apparent K d values 
of NCL �NTD 

for the G4 and iM oligonucleotides were 203 

and 166 nM, respectively, indicating that NCL binds iM with 

similar affinity to G4. In the absence of the RGG domain,
the affinities for both G4 and iM were reduced approxi- 
mately by half (Table 2 ). These results demonstrated that the 
electrostatic interactions between the positively charged argi- 
nine residues in the RGG domain of NCL and the negatively 
charged DNA backbone reinforce the binding of NCL to these 
non-canonical DNA structures. 

Modulation of iM stability upon NCL binding 

NCL reportedly stabilizes the G4 structure upon binding ( 47 ); 
therefore, it is possible that NCL also modulates the structural 
stability of iM. Both G4 and iM reportedly inhibit DNA repli- 
cation by the Klenow fragment of DNA polymerase I (lacking 
the exonuclease activity) in E. coli (KF exo–) when these non- 
canonical DNA structures are formed in the template strand 

( 59 ). This characteristic is beneficial for qualitatively ana- 
lyzing whether the structural transition of the non-canonical 
DNA structures is inducible in the presence of NCL; that is,
if NCL destabilizes the non-canonical DNA structures, then 

KF exo– should be able to continue extending the primer DNA,

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
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Figure 4. Binding of recombinant NCL proteins to G4 and iM oligonucleotides. ( A ) Binary str uct ure of NCL. The full-length NCL consists of an NTD, four 
RNA binding domains (RBD1–4) and a C-terminal RGG repeat domain. In this study, two recombinant GST-tagged NCLs, one lacking the NTD (NCL �NTD ), 
and the other lacking both the NTD and R GG (NCL �NTDRGG ), w ere prepared. ( B ) P urified NCL �NTD (lane 1) and NCL �NTDRGG (lane 2) proteins. The proteins 
(0.5 μg each) were analyzed by 12% SDS-polyacrylamide gel electrophoresis (PAGE) and stained with Coomassie Brilliant Blue. ( C and D ) EMSAs for the 
binding of NCL �NTD to G4 ( C ) and iM ( D ) oligonucleotides. Each oligonucleotide (100 nM) was incubated on ice with increasing amounts of NCL �NTD (0, 
50, 100, 150, 200, 250, 300 and 500 nM in lanes 1–8, respectively) for 1 h, in buffers containing either 10 mM Tris-HCl, 1 mM EDTA, 1 mM DTT, 25 mM 

KCl and pH 7.4 for G4 ( C ) or 10 mM Tris-HCl, 50 mM KCl, 4 mM EDTA, 5 mM MgCl 2 , 1 mM DTT, 0.05% NP-40, 2.5% glycerol and pH 6.0 for iM ( D ). The 
mixture was subjected to 7.5% PAGE. Experiments were performed in triplicate, and representative images are shown. 

Table 2. Apparent dissociation constants of NCLs 

K d (nM) 

G4 iM 

NCL �NTD 203 ± 5 166 ± 3 
NCL �NTDRGG 376 ± 19 318 ± 11 
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ut if NCL stabilizes them, then the DNA extension should
e inhibited (Figure 5 A). 
To ascertain the feasibility of the DNA extension assay for

etecting the structural regulation of the non-canonical DNA
tructures by NCL, a DNA extension assay using KF exo– was
erformed ( Supplementary Figure S11 A) using the 5 

′ -Cy5 la-
eled primer (Entry 7 in Supplementary Table S1 ) hybridized
ith the G4-forming template (Entry 6 in Supplementary 
able S1 ). In the absence of potassium ions, the formation
atio of the fully extended product ( F ext ) was 47%, whereas
rimer extension was strongly inhibited ( F ext ∼10%) upon the
ddition of K 

+ (lanes 2 and 3 in Supplementary Figure S11 B),
uggesting that G4 formation in the template clearly blocks
NA replication. In the presence of either NCL �NTD 

or
CL �NTDRGG 

in addition to K 

+ , the F ext values decreased
by ∼4 and ∼6%, respectively (lanes 3–5 in Supplementary 
Figure S11 B and C). This further inhibition was caused by
the stabilization of the G4 structure by NCLs, as reported
previously ( 47 ). 

Next, a DNA extension assay was performed using an iM-
forming template. Although the iM-forming DNA sequence
from silkworm was used for the screening of iMBPs, another
iM-forming sequence from the human Hif1 promoter ( 59 )
was employed in this assay. Since the iM structure is formed
under acidic conditions, its formation in the template can be
controlled by performing a DNA extension assay at pH 6 or
7, allowing us to investigate whether NCLs modulate the sta-
bility of the iM structure. 

In the absence of NCL, KF exo– elongated the primer to give
a fully extended product in 5 min at pH 7 (lanes 1–4 in Fig-
ure 5 B), whereas a band that migrated faster than the fully
extended product was observed at 5 min under acidic condi-
tions (lanes 5–8 in Figure 5 B). After 10 min, the stalled prod-
uct was slightly reduced, and a fully extended product was
observed. These observations indicated that the primer ex-
tension reaction by KF exo– was partially inhibited by the iM
structure formed in the template, as observed for the G4 tem-
plate ( Supplementary Figure S11 B). In the presence of excess

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
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Figure 5. Modulation of iM st abilit y by NCLs. ( A ) Experimental designs of the primer extension assay using KF e x o–. At pH 7 (i), KF e x o– can produce a 
full-length product, whereas the extension is partially inhibited at pH 6 (ii) because of iM formation in the template strand. If NCLs stabilize or destabilize 
the iM str uct ure, the primer extension by KF e x o– will be inhibited or facilitated, respectively. ( B–D ) Denaturing PAGE analyses of the primer extension 
reactions at pH 7 (lanes 1–4) and 6 (lanes 5–12) in the absence (lanes 1–8) or presence (lanes 9–12) of ( B ) NCL �NTD , ( C ) NCL �NTDRGG , or ( D ) BSA as a 
negative control. Experiments were performed in triplicate ( n = 3), in buffer containing 40 mM MES (pH 6.0 or 7.0), 8 mM MgCl 2 , 50 mM NaCl and 100 
μM dNTP mixture, and representative gel images are shown. ( E ) Time course of the formation ratio of the fully extended product ( F ext ) at pH 7 (squares) 
or pH 6 in the absence (circles) or presence (triangles) of NCL �NTD . Each point and error bar represents mean value ± standard deviation, respectively. 
The time courses for NCL �NTDRGG and BSA are shown in Supplementary Figure S12 . (F) Mean F ext values at pH 6 after 10 min of the KF e x o– reaction in 
the absence or presence of the proteins. Error bars represent the standard deviation. Statistical significance was analyzed by a two-sided Student’s 
t -test compared with the results in the absence of proteins, where the significance cutoff value was set to 0.05. Asterisks indicate P < 0.05 (*) or 
P < 0.01 (**). 
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NCL �NTD 

at pH 6 (lanes 9–12 in Figure 5 B), the stalled prod-
uct was clearly reduced and the fully extended product was
already prominent at 5 min. Similar results were obtained for
NCL �NTDRGG 

(Figure 5 C), whereas no facilitation of the DNA
extension reaction was observed in the presence of bovine
serum albumin (BSA) (Figure 5 D), indicating that this effect
was exclusively caused by NCL. 

The temporal development of the F ext values for Figure 5 B
is summarized in Figure 5 E and provides clues for elucidating
the functional roles of NCL upon iM binding. In the absence
of NCL at pH 6, primer extension was clearly retarded due
to iM formation, yielding a reduced F ext compared to that at
pH 7. In the presence of NCL at pH 6, the F ext values after
the > 5 min reaction were larger than those in the absence of
NCL, indicating that NCL resolves the iM structure. How- 
ever, no fully extended product was formed after 1 min of 
the reaction at pH 6, regardless of the presence or absence of 
NCL, whereas ∼40% of the fully extended product was ob- 
served at pH 7. This difference suggests that NCL does not 
fully resolve the iM structure upon binding; rather, it relaxes 
the high-order structure and / or switches iM to another ar- 
chitecture that the DNA polymerase can easily resolve during 
elongation. Comparison of the F ext values after 10 min of re- 
action at pH 6 (Figure 5 F) showed slightly better primer ex- 
tension by KF exo– in the presence of NCL �NTDRGG 

than in the 
presence of NCL �NTD 

, indicating that the RBDs in the NCL 

are exclusively involved in the regulatory function of the iM 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
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iscussion 

n this study, we biochemically identified NCL as an iMBP
mong the proteins enriched by the FiTE strategy using the
M oligonucleotide; however, it is expected that other iMBPs
re also included in the candidate protein list. The known
MBP hnRNP LL reportedly unfolds the BCL2 iM structure
nd stretches it to a single-stranded form, using its RBDs ( 21 ),
n a manner similar to that of NCL. RBDs are abundantly
ound in various eukaryotic proteins, with similar protein-
olding topologies and characteristic motifs in the amino acid
equences ( 60 ), as shown in the multiple sequence align-
ent of the RBDs in human NCL and hnRNPs LL and A1

 Supplementary Figure S13 ). The fact that the RBDs in NCL
nd hnRNP LL are commonly involved in iM binding and
nfolding provides a potential guideline for other iMBPs; i.e.
roteins containing several RBDs can bind iM. A domain
earch of the proteins found in area vii in Figure 3 C, using
he UniProt database, indicated that 15 out of 78 proteins
 Supplementary Table S2 ), including NCL and hnRNP A1,
ontained an RBD. These proteins are potential iMBPs. 

A domain search also indicated that proteins containing
elicase domains were enriched. Area vii in Figure 3 C con-
ains 6 proteins with a helicase domain, and 3 of them are
4BPs (Table 1 and Supplementary Table S2 ), suggesting that

hese helicases are also potential iMBPs. Helicases were also
nriched in area vi in Figure 3 C, the intersection between
he two GO terms Nucleus and RNA binding. Except for
 few helicases, most were DEAD-box RNA helicases and
heir variants (DEAH- and DExD-box). Their subcellular lo-
ations are heterogeneous, and approximately half are located
n nuclear bodies, such as nucleoli and nuclear speckles, which
re non-membrane organelles presumably formed via liquid-
iquid phase separation (LLPS) ( 61 ). Because our proximity-
abeling of proteins was performed using nuclear extracts in
itro , these nuclear bodies were no longer intact in the extract.
owever, the biased enrichment of these helicases implies that

ither the iM itself or some iMBPs may be related to the for-
ation and / or function of these subcellular structures. The

nrichment of a nuclear body marker protein, splicing factor,
roline- and glutamine-rich (SFPQ) ( Supplementary Table S2 ),
orroborated the idea that the iM probe may have been incor-
orated into the condensed phases. 
Although we selected NCL as a potential iMBP based on the

nown iMBPs as a control to justify the FiTE strategy, another
riterion can be adopted to find new iMBPs. Given the char-
cteristics of the FiTE strategy, if POIs detected in the mass
pectrometry bind the iM structure non-specifically, then their
inding would be competed in the presence of poly(dI ·dC),
hus reducing the labeling efficiency of the POI. Conversely, if
OIs bind the iM structure in a structure-specific manner, then
he labeling efficiency of POIs in the presence of poly(dI ·dC)
ould theoretically be higher than in the absence of the com-
etitor, because the POIs have more chances to bind the iM
ligonucleotide liberated from non-specifically bound pro-
eins by the competitor. Therefore, a comparison of the vol-
ano plots in the presence and absence of poly(dI ·dC) will pro-
ide insights into the specificity of binding to the iM structure.
roteins present in the region where the P value is less than
.05 and the fold-change between the WT and Mut samples is
reater than 1.5 (–log 10 ( P -value) > 1.3 and log 2 (fold change:
T / Mut) > 0.584, Supplementary Figure S14 A) were se-

ected from Figure 3 B, and the log 2 (fold change: WT / Mut)

 

value without poly(dI ·dC) of each protein was extracted to
obtain the ratio of the x values in the presence and absence
of poly(dI ·dC). The ratio can be considered as a measure of
the specificity of iM binding ability. Based on the above cri-
teria, 53 proteins were selected, and their specificity ratios
are shown in Supplementary Figure S14 B. Among them, eight
proteins exhibited specificity ratios greater than that of hn-
RNP LL, although the cellular locations of some proteins
are outside of the nucleus. These are promising candidates of
iMBPs or proteins closely related to iMBPs. Especially, BEN
domain-containing protein 3 (BEND3) is of interest for future
investigations, because it is a transcriptional repressor that
associates with a nucleolar remodeling complex ( 62 ). Coin-
cidentally, we have characterized the representative nucleolar
protein NCL, implying a potential relationship of iM to nu-
cleolar biology. 

NCL is mainly localized in the nucleoli, accounting for ap-
proximately 10% of the protein content within each nucle-
olus ( 63 ), and is therefore widely utilized as a marker pro-
tein. Nucleoli are involved in various essential cellular pro-
cesses and are the origin of ribosome biogenesis. Ribosomal
DNA (rDNA), consisting of tandem repeats of the ribosomal
part transcribed by RNA polymerase I (Pol I) and the inter-
genic spacer (IGS) in nucleolar organizing regions, is recog-
nized as a hotspot of non-canonical DNA structures and the
most G4-rich locus in the eukaryotic genome ( 64 ), indicat-
ing the presence of C-rich sequences in the complementary
strand. Indeed, a machine learning-based prediction tool for
iM, iM-Seeker ( 65 ), suggested that rDNA contains many pu-
tative iM sequences in both the sense and antisense strands
( Supplementary Figure S15 ), with a sparser distribution in the
IGS than in the ribosomal part. Interestingly, the distribution
of the putative iM sequences in rDNA overlapped well with
the localization of NCL on rDNA, as investigated by the ChIP-
seq analysis ( 66 ), implying that cellular NCL may interact
with either the G4 or iM structures in rDNA. 

Based on our finding that NCL is an iMBP, several plau-
sible functional roles for NCL on rDNA may be considered.
The first involves facilitation of ribosomal transcription. Pol
I transcription can potentially be inhibited by the presence of
putative iM sequences in the ribosome coding regions. NCL
binds to putative iM sequences, relaxes the iM structure and
facilitates the transcription by Pol I. The knockdown of NCL
reportedly repressed Pol I transcription but not Pol II or Pol III
transcription ( 67 ), which may be attributed to the relaxation
of the iM structures in rDNA by NCL. 

Another potential role of the iM-bound NCL is as a scaf-
fold for nucleoli formation. Human nucleoli have dynamic ar-
chitectures that disintegrate in the mitotic phase and reassem-
ble in early telophase ( 68 ). Nucleolar dynamics are reportedly
coupled with Pol I transcriptional activity, which is downregu-
lated in early M phase and upregulated in telophase. To reini-
tiate the rDNA transcription in daughter cells, the Pol I ma-
chinery and its regulatory factors must be assembled in the
ribosome-coding region of rDNA. We propose that NCL bind-
ing to iM and / or G4 in rDNA may help recruit other nuclear
proteins, including the Pol I machinery, to the nucleolar com-
partment during its re-assembly. Nucleophosmin 1 (NPM1)
is a nucleolar protein that induces LLPS by interacting with
arginine-rich peptides ( 69 ). Since NCL possesses an RGG do-
main and reportedly interacts with NPM1 ( 70 ,71 ), the NCL-
NPM1 interaction would initiate the nucleolar formation via
LLPS and concomitantly locate the rDNA loci in the nucleoli.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1001#supplementary-data
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It should be mentioned that NPM1 was also enriched with
the iM-WT oligonucleotide in this study (Table 1 ), supporting
a possible relationship to iM binding. Nucleoli are composed
of subdomains, with each playing a unique role and contain-
ing distinct proteins. Although more detailed investigations
are required, the potential link between the high-order DNA
structures in rDNA and the nucleoli will contribute to a deeper
understanding of the cell biology of nucleoli. 

Conclusion 

Because the alkyne-tosylate-NHS ester 1 synthesized in
this study can be attached to any of the amino-modified
DNA / RNA oligonucleotides, the proximity labeling of pro-
teins that bind nucleic acids of interest will also be possible.
Therefore, the FiTE strategy associated with proteomic analy-
ses is a primary option for the in vitro enrichment of proteins
that bind a variety of nucleic acids. 

The FiTE approach and subsequent proteomic analyses
successfully identified new potential iMBPs, and biochemical
analyses comprehensively revealed that the RBDs in NCL are
involved in binding to and relaxing the iM structure. Recent
studies have strongly suggested that iM is formed in living
cells and is implicated in various biological processes, in which
the primary step should be recognition of the iM structure by
iMBPs. Our study provides clues toward elucidating how the
downstream proteins are involved in the biological processes
and will open the doors to a new stage in iM biology. 

Data availability 

Raw data from the nanoLC-MS / MS analysis and the search
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mentary Material. 
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