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Marie-Paule Teulade-Fichou* 
 
ABSTRACT:  
We investigate herein the interaction between nucleolin (NCL) and a set of G4 sequences derived from the CEB25 
human minisatellite that adopt a parallel topology while differing in the length of the central loop (from nine 
nucleotides to one nucleotide). It is revealed that NCL strongly binds to long- loop (five to nine nucleotides) G4 
while interacting weakly with the shorter variants (loop with fewer than three nucleotides). Photo-cross-linking 
experiments using 5-bromo-2′-deoxyuridine (BrU)-modified sequences further confirmed the loop-length 
dependency, thereby indicating that the WT-CEB25-L191 (nine- nucleotide loop) is the best G4 substrate. 
Quantitative proteomic analysis (LC-MS/MS) of the product(s) obtained by photo-cross- linking NCL to this 
sequence enabled the identification of one contact site corresponding to a 15-amino acid fragment located in 
helix α2 of RNA binding domain 2 (RBD2), which sheds light on the role of this structural element in G4-loop 
recognition. Then, the ability of a panel of benchmark G4 ligands to prevent the NCL−G4 interaction was explored. 
It was found that only the most potent ligand PhenDC3 can inhibit NCL binding, thereby suggesting that the 
terminal guanine quartet is also a strong determinant of G4 recognition, putatively through interaction with the 
RGG domain. This study describes the molecular mechanism by which NCL recognizes G4-containing long loops 
and leads to the proposal of a model implying a concerted action of RBD2 and RGG domains to achieve specific 
G4 recognition via a dual loop−quartet interaction.  
 

 
 
 
 
INTRODUCTION 
 
G-Quadruplexes (G4) are noncanonical secondary stru 
tures that arise in G-rich sequences of DNA and RNA. 
G4 result from the π-stacking of two or more sets of 
four guanines (G-quartets) self-associated in a square 
planar arrangement through Hoogsteen H-bonding 

and further stabilized by coordination to K+ cations.1−

3 The subject of quadruplexes has been extensively 
reviewed in the literature over the past two decades, 
and currently, a large body of evidence supports the 
formation of these structures in various regions of the 
genome and the transcriptome. However, there 
remain many questions about the prevalence of G4 
structures, their transient/dynamic nature, and their 

implications in multiple biological processes. In 
particular, the number of putative quadruplex-
forming sequences is a matter of debate as 
considerable variations have been observed 
depending on the studies and the methods used. 
Indeed, up to 700000 potential G4-forming sequences 
(PQS) in the human genome have been predicted by 

computational analyses and in vitro sequencing,4−6 
whereas only 10000 G4 structures have been 
identified using G4-chromatin immunoprecipitation 
sequencing (G4- ChIP-seq) with G4 antibodies.7 In the 
same vein, using a functional assay in yeast based on 
G4-induced genomic instability, Nicolas et al. have 
shown that only highly stable G4 structures with short 
loops are likely to form in vivo, thus restricting de 



facto the PQS number to ∼15000.8,9 These 
discrepancies point to the difficulties in determining 
the parameters that regulate the existence of G4 in a 
cellular context. Therefore, how G4 are recognized 
and regulated by endogenous protein partners is a 
prerequisite for shedding light on their occurrence 
and functional roles. Initially, G4 were mainly viewed 
as steric blocks for proteins involved in replication and 
transcription, implying recognition and unwinding by 
helicases to maintain genetic stability. 10 
Subsequently, together with our ever-improving 
knowledge of the biology of G4, it appeared that these 
structures might also act as signaling elements that 
can recruit proteins for regulation of DNA/RNA-

related events. 11−13 
The molecular basis for the recognition of G4 by 
proteins is still poorly understood, although this field 
is evolving at a rapid pace. For instance, although G4 
helicases are known to load on a single-stranded tail 
close to G4 motifs, 10,11 two recent X-ray studies 
demonstrated that direct contacts with residues that 
constitute of the G4 core are established. This is the 
case of RHAU that was shown to interact both by π-
stacking on an external quartet using its N-terminal G4 

binding domain (DSM domain)14−16 and by direct 
contact between with the G4-phosphodiester 
backbone and its OB domain.17 It also was found that 
the bacterial RecQ helicase operates via flipping out 

the 3′ guanine of the external quartet using a 
specific guanine binding pocket (GSP).18 This study 
nicely complements the initial finding that RecQ 
helicases possess a conserved G4 binding domain 
(RQC).19 Besides helicases, a wide range of G4 binding 
proteins have been identified so far, which are roughly 
comprised of the telomeric proteins, transcription 

factors, and RNA binding proteins (RBP).20−23 The 
latter, in particular, exhibit G4 substrate promiscuity 
as they bind both G4 DNA and G4 RNA. Again, 
structural data are still scarce, but several current 
studies have converged on the fact that 
81 interactions with G4 are mediated by the 
glycine/arginine (RGG) domain, a typical feature of 

most RBP.24−27 In a number of cases, the RGG motif 
was found to interact with the phosphate backbone 
and/or the base residues of the G4 loops, whereas in 
others, it was proposed to contribute to π-stacking 
interactions with the external quartets.28 Therefore, 
although RGG has been viewed as a critical element in 
recent studies,27,29 it is poorly structured and should 
act in conjunction with other RNA binding domains 

(RBD) to achieve G4 structure specificity.30,31 Taken 
together, there are still many questions unanswered 
about protein domains involved in the recognition of 
G4 substrates. In addition, G4s have topological 
diversity based on strand directionality and the length 
and sequence of the three loops connecting the G-
tracts that induce significant differences in their three- 
dimensional (3D) structure and hydrodynamic 
size,21,28 and it is still unclear how proteins cope with 
these structural features and their subtle 
differences.32,33 In particular, interaction with G4 
loops has been discussed in only a few cases. For 
instance, the central-loop length seems to be crucial 
in the case of the Ewing sarcoma protein binding 24,32,33 
whereas this is more ambiguous for nucleolin (NCL) 
that was initially shown to prefer the short (three-
nucleotide) central-loop pattern of the c-Myc G4-
sequence (variant Pu47)34,35 but was recently found5 
to bind better the long (six-nucleotide) loop of the 
modified c- Myc G4 sequence (variant 1245-14T).36 
The long-loop preference of NCL was also observed 
with parallel and antiparallel hybrid G4 originating 
from telomeric sequence variants.37 We were thus 
wondering if the loop length is a strong determinant 

of G4−NCL interaction (irrespective of the topology) 
or if this loop dependency is related to the G4 
sequence context and/or to the nature of the 
recombinant NCL employed (full-length or 
polypeptide fragment, MPB vs His tag, etc.) that may 
eventually impact the binding. NCL was one of the first 
G4 interactive proteins identified and has been shown 
to interact with G4 DNA, G4 RNA, and G4 aptamers. 
34,38,39 NCL plays a multifunctional role in cells ranging 
from ribosome biogenesis to chromatin remodeling 
transcription regulation and apoptosis 40 and has been 
shown to strongly repress transcription by binding G4 
structures in oncogenes 41 and viral promoters.42 
Additionally, some of us recently reported that NCL 
regulates the translation of the Epstein-Barr viral 
antigen (EBNA1) through binding to its G4 mRNA. 43 To 
explore the interaction of NCL with G4 loops in 
particular, we choose to use a panel of G4-forming 
sequences derived from the human minisatellite 
CEB25. 44 The native (WT) CEB25 sequence forms a G4 
structure of parallel topology harboring a central long 
loop of nine nucleotides and two short (1T) loops 
(termed CEB25-L191), which has been fully 
characterized by nuclear magnetic resonance (NMR) 
(see Table 1). In addition, systematic variation of the 
central-loop t1 length [from nine nucleotides to one 
nucleotide (Table 1)] has been performed to generate 
a CEB25 variant series used in a yeast functional assay 



developed by Nicolas et al. This assay demonstrated 
that only the short-loop variants (fewer than three 
nucleotides) can cause genomic instability (G4-
mediated response) that strongly correlates with their 
high thermody- namic stability. 9 It was concluded 
that only short-loop CEB25 variants form G4 in vivo 
whereas the long-loop variants do not. Thus, 
capitalizing on the loop-length-dependent behavior of 
the CEB25 series observed in a cellular context, it 
appeared to be ideally suited to investigating the 
interaction of NCL in vitro with this sequence panel. 
Interestingly, in the course of our study, it has been 
reported that the yeast NCL analogue Nsr1 may play a 
role in G4-mediated genome instability, 45 which gives 
us additional impetus for exploring interaction of NCL 
with the CEB25 sequences. The interaction of NCL 
with the G4 CEB25 series was explored using a 
combination of gel retardation (EMSA) and photo-
cross-linking. First, we found that NCL binds the long- 
loop variant CEB25-L191 with a higher affinity than 
the short-loop variant sequences (loop with fewer 
than three nucleotides) and that the affinity is directly 
correlated with the loop length. Using a photo-cross-
linking approach based on systematic replacement of 
loop thymines by BrU, it was shown that the central 
loop is indeed a strong determinant of 
NCLrecognition. Subsequently, proteomic analysis 
revealed one putative cross-linking site located in the 
RBD2 domain of NCL, which definitely demonstrated 
the specific role of the central loop in the recognition 
of the G4 structure. Finally, competition experiments 
with a panel of benchmark G4 interactive small 
compounds (G4 ligands) showed that only very high 
affinity ligands (e.g., PhenDC3) can outcompete the 

protein, thereby suggesting that NCL−G4 binding 
also involves interaction with the external quartets 
that might be mediated by the RGG domain. 
Altogether, our data led us to propose an interaction 
model based on concerted action between the two 

domains of NCL for achieving dual loop− quartet 
recognition. 
 
 ■ MATERIALS AND METHODS 
 Preparation of Oligonucleotides. 
 All oligonucleotides were purchased from Eurogentec 
(HPLC-purified grade) and used without further 
purification. 
 Preparation of Nucleolin 
Recombinant NCL was produced using pET28 having a 
6His-Sumo human NCL RBD-1,2,3,4-RGG expression 
vector (platform protein production and purification, 

Institut Curie, Orsay, France). This vector was 
generated by HIFI Gibson Assembly from the original 
pMal2 Nuc-1,2,3,4-RGG vector (a kind gift from N. 
Maizels, University of Washington, Seattle, WA). 
Escherichia coli BL21 DE3 pISO Dscb were transformed 
and grown at 20 °C in 7 L of Terrific Broth and induced 
with 0.5% arabinose and 0.5 mM IPTG at an optical 
density of 2, during 22 h in a Labfors bioreactor. The 
cells were collected in PBS (pH 7.4), 350 mM NaCl, 5 
mM β-mercaptoethanol, and 1× Complete EDTA-free 
protease inhibitor cocktail (Roche), and the 
suspension was disrupted by being passed through a 
T75 cell disruptor (Constant Systems). The resulting 
cell lysate was centrifuged at 43000g for 1 h at 4 °C. 
The supernatant was applied to a HisTrap FF crude 5 
mL column (GE Healthcare) and washed thoroughly, 
and the proteins were eluted in elution buffer [PBS 
(pH 7.4), 350 mM NaCl, 5 mM β- mercaptoethanol, 
and 250 mM imidazole]. 6His-Sumo was cleaved using 
Sumo protease (10 μg/1 mg of protein) and dialyzed 
overnight against 20 mM Tris-HCl (pH 7.4), 100 
mMNaCl, 10% glycerol, 0.5 mM EDTA, and 5 mM β- 
mercaptoethanol. The eluate was loaded onto a 
HiTrapHeparin column (GE Healthcare) for elution 
with a continuous gradient of NaCl (from 0.1 to 1 M) 
in the same buffer. Fractions containing NCL were 
dialyzed against 20 mM Tris-HCl (pH 8.00), 400 mM 
NaCl, 0.5 mM EDTA, and 10% glycerol. The purity of 

the protein was checked by sodium dodecyl sulfate−

polyacrylamide gel electrophoresis (SDS− PAGE) in a 
4 to 20% acrylamide gel, and the protein 
concentration was determined by measuring the 
absorbance at 280 nm [size of 46.1 kDa (Figure S1)]. 
 
 Electrophoretic Mobility Shift Assay (EMSA).  

The samples were prepared by mixing 5′-
radiolabeled (γ-32P) G4 DNA (100000 cpm) with the 
corresponding nonradiolabeled G4 DNA (100 nM) in 
K-100 buffer [which consisted of 10 mM LiAsO2Me2 
and 100 mM KCl (pH 7.2)]. After mixing, the sample 
was heated at 95 °C for 5 min followed by overnight 
cooling. For protein binding, the preannealed sample 
G4 DNA was diluted at a final concentration of 20 nM 
in the 1× binding buffer [which consisted of 100 mM 
Tris-HCl (pH 7.5), 10 mM EDTA, 1 M KCl, 1 mM DTT, 
50% glycerol, and 0.10 mg/mL BSA]. NCL was added in 

the desired concentration range of 0−2 μM and 

incubated at room temperature for 1 h. The protein−
DNA complexes were esolved on a pre-
electrophoresed 10% polyacrylamide native gel 



(37.5:1 acrylamide:bis ratio) in 0.5× TBE buffer at 
room temperature for 2 h at 120 V. After 
electrophoresis, the gel was analyzed by phosphor-
imaging, by being scanned on a Typhoon Trio Variable 
mode imager. The quantitative gel was fitted in 
OriginPro 8.6 by the Hill equation, y = Bmax[P]n/ (KD 
226 
n + [P]n), where y is the fraction bound, Bmax is the 
fraction bound at which the data plateau, [P] is the 
concentration of the protein, KD is the equilibrium 
dissociation constant, and n is the number of 
cooperative binding sites; the equation was fitted in a 
1:1 binding mode. Photo-Cross-Linking. The samples 
were prepared by annealing 100 nM 5-radiolabeled 
G4 DNA in K-100 buffer.The annealed DNA was then 
diluted to 20 nM with 1× binding buffer [10 mM Tris-
HCl (pH 7.5), 1 mM EDTA, 100 mM KCl, 0.1 mM DTT, 
5% glycerol, and 0.01 mg/mL BSA]. The annealed DNA 

was incubated with 0.4−1 μM NCL for 1 h at room 

temperature and irradiated for 10−60 min with 
ultraviolet (UV) light (xenon light source MAX-303, 
300 W, 300 nm monochromatic light) by keeping a 
distance of 8 cm between the light source and the 
sample in a 1.5 mL centrifuge tube placed on ice 

(irradiance of 7.9 mW cm 241 −2). After irradiation, 
10 μL of the loading dye [2 M urea, 1% SDS, 250 mM 
Tris-HCl (pH 6.8), 40% glycerol, 0.01% bromophenol, 
and 0.01% xylene blue] was added and the mixture 
heated at 95 °C for 5 min before being subjected to 

10% SDS−PAGE.  
Proteomics and Mass Spectrometry Analysis. 
Samples were prepared by mixing 125 pmol of 
preannealed G4 DNA and 7.3 μg of NCL in 1× binding 
buffer [10 mM Tris-HCl (pH 7.5), 1 mM EDTA, 100 mM 
KCl, 0.1 mM DTT, and 5% glycerol]. After being 
incubated at room temperature for 1 h, the samples 
were irradiated with UV light (300 nm); 2 μg of protein 
samples was digested with 0.2 μg of trypsin/LysC 
(Promega) overnight in 20 μL of 25 mM NH4HCO3. The 
sample was then loaded onto a homemade C18 
StageTips for desalting. Peptides were eluted using a 
40:60 MeCN/H2Omixture with 0.1% formic acid and 
vacuum concentrated to dryness. Online 
chromatography was performed with an RSLCnano 
system (Ultimate 3000, Thermo Scientific) coupled 
online to an Orbitrap Fusion Tribrid mass 
spectrometer (Thermo Scientific). Peptides were 
trapped on a C18 column (75 μm inner diameter × 2 
cm; nanoViper Acclaim PepMap 100, Thermo 
Scientific) with buffer A (2:98 MeCN/H2O in 0.1% 
formic acid) at a flow rate of 4.0 μL/min over 4 min. 

Separation was performed on a 50 cm × 75 μm C18 
column (nanoViper Acclaim PepMap RSLC, 2 μm, 100 
Å, Thermo Scientific) regulated to a temperature of 55 
°C with alinear gradient of 5% to 25% buffer B (100% 
MeCN in 0.1% formic acid) at a flow rate of 300 nL/min 
over 100 min. Full- scan MS was performed in the 
Orbitrap analyzer with a resolution set to 120000, and 
ions from each full scan were HCD fragmented and 
analyzed in the linear ion trap. For identification, the 
data were searched against the Human 
(UP000005640) UniProt or the NCL construct 
database using Mascot 2.5. Enzyme specificity was set 
to trypsin, and a maximum of two missed cleavage 
sites was allowed. Oxidized methionine was set as the 
variable modification. The maximum allowed mass 
deviation was set to 10 ppm for monoisotopic 
precursor ions and 0.6 Da for MS/MS peaks. The 
resulting files were further processed using myProMS 
(https://github.com/bioinfo-pf-curie/myproms) 
version 3.6: the maximum false discovery rate (FDR) 
was set to 1% at the peptide level (Mascot score).46 
To quantify the modified peptides, we extracted from 
the MS survey of nano-LC-MS/MS raw files the 
extracted ion chromatogram (XIC) signal of the well- 
characterized NCL tryptic peptide ions using Skyline 
(version 4.1) (MacCoss Lab Software, Seattle, WA; 
https://skyline.ms/ 
project/home/sofware/Skyline/begin.view). The 
peptide XIC areas were log2 transformed, and the 

mean log2− area was normalized by the mean area 
of nonmodified peptide NDLAVVDVR using R version 
3.1.0. A linear model was built using all peptide areas 
to estimate the mean and the 5% confidence interval 
of each condition. The associated ratio and p value 
were computed via a two-sided t test. The mass 
spectrometry proteomics data have been deposited 
with the ProteomeXchange Consortium via the PRIDE 
partner repository with the data set identifier 
PXD016529 (username reviewer88634@ebi.ac.uk, 
password swD9eGSb).46,47  
 
FRET Melting Assay.  
Stabilization of compounds with CEB25-L191 was 
monitored via the FRET melting assay using the doubly 

labeled sequence 5′-Fam-AAGGGTGGGT- 
GTAAGTGTGGGTGGGT-Tamra that was prefolded by 
heating at 90 °C for 5 min and left to cool at 4 °C 
overnight. The assay was performed in 96-well plates 
on a real time PCR apparatus 7900HT Fast Real-Time 
PCR System as follows: 5 min at 25 °C and then 
increase of 0.5 °C every minute until 95 °C. Each 



experimental condition was tested in duplicate in a 
volume of 25 μL for each sample. To determine ligand 
G4 versus duplex selectivity, an unlabeled DNA 
competitor (ds26) was used. Final concentrations are 
as follows: 0.2 μM oligonucleotide, 1 μM ligand, and 3 
or 10 μM duplex competitor. Measurements were 
taken with excitation at 492 nm and detection at 516 

nm in a buffer of 10 mM lithium cacodylate (pH 7.2), 
99 mM LiCl, and 1 mM KCl. The ligand-induced 

stabilization (ΔT1/2) was calculated from the 
temperature at half-denaturation of the G4 in the 
absence and presence of the ligand.  

 
 

Table 1: G-Quadruplex sequences used in this study 

 

 

Figure 1: A) NMR Structure of the WT CEB25-L191 (PDB: 2lpw) 44, G blue, A green, T orange B) Schematic representation of 
the G4-parallel topology adopted by the loop-variant series a previously shown by CD 9;  blue square stands for G-quartet, red 
ribbon stands for phosphodiester backbone, color spheres stand for loop bases C) NMR structure of T95-2T (PDB: 2LK7) 48, 
similar structure is likely to be adopted by CEB25-L111 harboring 2A instead of 2T in 5′. 

CEB25L191 T952T 

G 
T 
A 

C 9 nt 5 nt 3 nt 2 nt 1 nt 

A) B) C) 
5’ CEB25L 191 5’ CEB25L 151 5’ CEB25L 131 5’ CEB25L 121 5’ CEB25L111 

Acronym Sequence (5′ → 3′) G4-Topology 

CEB25-L191 (WT) AAGGGTGGGTGTAAGTGTGGGTGGGT parallel 44 (PDB: 2lpw) 

CEB25-L151 AAGGGTGGGAGTGTGGGTGGGT parallel 9 

CEB25-L131 AAGGGTGGGTGTGGGTGGGT parallel 9 

CEB25-L121 AAGGGTGGGTTGGGTGGGT parallel 9 

CEB25-L111 AAGGGTGGGTGGGTGGGT parallel 9 

T95-2T TTGGGTGGGTGGGTGGGT parallel 48 (PDB: 2LK7) 

Bcl2mid GGGCGCGGGAGGAATTGGGCGGG Hybrid 49 (PDB: 2F8U) 

G-Mut AAGCGTCGCTGTAAGTGTGCGTCGCT ss DNA 



■ RESULTS 
NCL Binds Preferentially to Long-Loop CEB25 
Substrates.  
To study the interaction between NCL and G4 
DNA, we used the C-terminal domain of NCL 
containing four RBD-[1,2,3,4]-domains and the 
RGG, which has been shown previously to bind 
c-Myc G4. 322 41 NCL constructs reported for 
studying G4 interactions contain a maltose 
binding protein (MBP) fragment in most cases. 
324 34,38 Considering that the MBP tag may 
impact the G4 binding behavior of NCL, 37 the 
expression protocol was modified to produce 
the protein construct with a His tag. Finally, the 
His tag was cleaved by Sumo protease to 
produce nucleolin containing the RBD- 
[1,2,3,4]RGG (see Materials and Methods). 
Then we evaluated the binding affinity of NCL 
for the CEB25 series comprised of five 
sequences all exhibiting two short side loops 
(1T) and one central loop varying from nine 
nucleotides to one nucleotide (Table 1). The 
NMR structures of CEB25- L191 as well as that 
of a variant sequence (T95-2T) differing from 
CEB25-L111 by only two nucleotides at the 5 
end (see Table 1) are shown in Figure 1. All G4 
are stable at room temperature under our 
conditions (see the Tm in Table S1). The binding 
was monitored by a gel electrophoresis 
retardation assay (EMSA) using 32P-labeled 
oligonucleotides. As shown from Figure 2A, 
binding of NCL to CEB25-L191 indicated a 
concentration-dependent association that 
rapidly leveled off. Fitting of the data with a 1:1 
model allowed us to determine a KD value in 
the nanomolar range [KD = 241 nM, 1:1 fitting 
(Figure 2F)]. This binding affinity is close to that 
previously reported with parallel G4 sequences 
such as c-Myc and PDGF-A.34 Next, we 
modified the CEB25 sequence in reducing the 
number of nucleotides of the central loop from 
nine to five, three, and two (Table 1). 
Remarkably, these modifications greatly 
affected the association of NCL, which 
experienced a gradual decrease as the loop size 

was reduced (Figure 2B−D). Accordingly, a 3−

4-fold decrease in the apparent affinity 
constant was determined as a function of loop 
length (KD = 859 nM for CEB25-L151; KD = 1020 
nM for CEB25-L131; CEB25-L121 binding too 
low to allow KD to be determined). In a striking 
manner, the interaction appeared to be 
completely abolished when the central-loop 
length was reduced to one nucleotide [CEB25-
L111 (Figure 2E)]. This dramatic loop-length 
dependence indicates that at least three 
nucleotides in the central loop are needed for 
a significant interaction of NCL. Subsequently, 
the experiment was reproduced with a single-
stranded scrambled mutant sequence (G-Mut) 
that cannot form G4 structure. As expected, 
much less binding of NCL was observed with a 
large smearing fraction typical of unstable 
species (Figure S2), thereby revealing 
significantly weaker interaction compared to 
that of CEB25-L191. This suggests that the 
observed binding preference does not result 
simply from the ability of NCL to interact with 
single-stranded nucleic acids but that the 
protein recognizes a single-stranded loop in the 
context of a G- quadruplex. This is further 
supported by the fact that NCL binding does 
not induce significant changes in the G4 
substrate topology and thermodynamic 
stability as shown by CD and FRET melting 
measurement (Figure S3). To strengthen our 
observation with the CEB25 series, we 
evaluated the binding of NCL with the Bcl2mid 
sequence that contains a central-loop length of 
seven nucleotides. Interestingly, this sequence 
forms a G4 hybrid structure harboring the 
seven-nucleotide central 
379 loop in a lateral arrangement (Table 1 and 
Figure S4).49 Remarkably, EMSA analysis 
indicated strong binding of NCL (KD = 558 nM), 
which is consistent with the behavior observed 
with the two long-loop (nine and five 
nucleotides) CEB25 sequences (Figure S4). 
Taken together, our results suggest that a long 
loop (at least five nucleotides) positioned in a 
G4 structure is a strong determinant of the 
interaction with NCL independently of G4 
topology.  

 



 
Figure 2: Gel electrophoresis (EMSA) analysis for determination of binding of NCL to CEB25 sequences A) CEB25-
L191 B) CEB25-L151 C) CEB25-L131 D) CEB25-L121 E) CEB25-L111. [DNA]= 20nM, [NCL]= 100-2000 nM, 
corresponding to 0.1, 0.2, 0.5, 0.7, 0.9, 1.1, 1.7, 2.3 µg of recombinant protein respectively, (*) free DNA and (**) 
DNA /NCL complex (F) Binding curves obtained from quantification of bound NCL as function of concentration 
(average of triplicate experiments), solid lines represent the fitted curves.  
 
 
Exploring the Loop Influence by a Photo-Cross- 
Linking Approach.  
 
Photo-cross-linking based on incorporation of 
photoactivatable bromo or iodouracil in place 
of thymine residues is a powerful method for 

assessing interactions in nucleic acid−protein 
complexes and also for the identification of 
close contact points. Usually, UVB irradiation 
produces covalent adducts linking the two 
partners with variable yields highly dependent 
on the relative reactivity of the amino acids 
(mostly aromatic electron-rich amino acids) 
situated in the proximity to the uracil site 
generating the short-lived reactive radical 
species. 397 50,51 Therefore, the CEB25 series 
is ideally suited for this photo-cross-linking 
approach as all sequences contain thymine 
residues in their three loops (Table 1). First, a 
single BrU residue was introduced into the 
central loop of each CEB25 sequence (Figure 
3A). As previously reported, T to BrU 
replacement does not affect significantly the 
G4 structure; 403 52 it was nonetheless 
verified by CD measurement of the BrU-
modified CEB25-L191 sequence (Figure S5). On 

the basis of the EMSA titration, the 
protein:DNA ratio was fixed at 50:1 for 
photoreaction to ensure formation of a 
significant amount of complexes while avoiding 
saturation that could minimize differences 
between the sequences (see Figure 2F). After 
irradiation of the set of BrU-modified 
sequences, PAGE analysis of the samples 
revealed the formation of a major retarded 
band corresponding to a cross-linking product 
(Figure 3A and Figure S6). The yield of cross-
linking is high for the long loop (L191-1) (∼49%) 
and decreases gradually as the loop length is 
shortened [∼36%, ∼27%, and ∼11% for L151-
1, L131-1, and L121-1, respectively (Figure 3B)]. 
Remarkably, no adduct was observed for the 
shortest one-nucleotide loop G4-L111-1 
(Figure 3A). These results are in full agreement 
with the EMSA results, confirming 
unambiguously that NCL interacts with the 
central loop of the G4 structure with a 
threshold fixed around two or three 
nucleotides. It is noteworthy that a second 
slower mobility band was observed on the gel 
(Figure 3A), which might correspond to higher-
order species (2DNA:NCL)  

 



 

Figure 3 A) SDS PAGE analysis of photo-crosslinking of NCL with single BrU substituted CEB25 sequence variants 
named CEB25-L1X1-1, X indicates central loop length X= 9,5,3,2,1, -1 stands for 1 BrU residue. (*) represents 
unmodified DNA, (**) represents DNA-NCL crosslink products and (***) represents putative (DNA)2-NCL cross-
linked products. B) Quantification of the crosslink products [DNA] = 20 nM, [NCL] = 1 µM, UV irradiation time 10 
min, Exc: 300 nm. 
 
 
Identifying Contact Site(s) of NCL with the G4 
Central Loop 
 
Using Proteomic Analysis. Having identified the 
central nine-nucleotide loop as the strong 
determinant of the interaction, we were then 
interested in identifying if other sites of the 
native CEB25-L191 sequence can produce 
cross- linking of NCL. Therefore, we designed a 
panel of six oligonucleotides having a single 
BrU replacing each T at all possible locations, 
meaning that the three loops are labeled with 
a photoactive moiety (Figure 4). After UV 
irradiation, gel analysis showed clearly that the 
oligonucleotides containing a BrU residue in 
the central loop (oligonucleotides 10BrU, 
12BrU, 16BrU, and 18BrU) are the most 
reactive ones as compared to the other 
sequences with BrU in the two side loops 
(oligonucleotides 6BrU and 22BrU). 
Quantification of the photo-cross-linking 
products indicates that the yield is almost in 

the same range (38−45%) for oligonucleotides 
labeled in the central loop (10BrU, 12BrU, 
16BrU, and 18BrU), whereas it is <10% for 
oligonucleotides labeled in the side loops (6BrU 
and 22BrU). The striking difference in reactivity 
indicates clearly that strong interactions are 
established between NCL and the central nine-
nucleotide loop, while the protein seems to 
interact poorly or in a weaker manner with the 
one-nucleotide side loops. Examination of the 
3D NMR structure of the CEB25-L191 sequence 

showing the four BrU residues in the nine-
nucleotide central loop (Figure 
 4C) suggests that the protein may surround 
this single- stranded structured domain that is 
protruding from the G4 core, using it as a hook 
to interact with the G4 structure. Altogether, 
these data indicate that NCL establishes tight 
contact with nearly all loop nucleotides. In an 
attempt to identify amino acid residues or 
peptidic domains involved in the interaction 
between NCL and its long- loop substrate, we 
decided to carry out quantitative proteomic 
analysis (LC-MS/MS) of the cross-linked 
product(s). Because the 16BrU-modified 
sequence gives the highest yield of cross- 
linking suggesting intimate contact with the 
protein, this sequence was used for analysis. To 
this end, the experiment described above 
(Figure 4) was reproduced four times. In the 
first experiment, the classical protocol was 
applied to extract the cross-linked products 
from the gel and make them suitable for LC-
MS/MS analysis (i.e., elution from the gel, 
nuclease and phosphatase treatment, and 

purification by SDS−PAGE followed by 
enzymatic digestion with trypsin/LysC). 
However, under these conditions, LC-MS/MS 
analysis showed broad profiles from which no 
relevant information could be extracted due to 
the remaining DNA. Therefore, an alternative 
approach was applied, which is based on a well-

established workflow for analyzing RNA−
protein complexes directly from solution 



samples. 53,54 Then direct trypsinization without 

DNA digestion should generate bulky DNA−
peptide adducts unlikely to be detected by LC-
MS/MS. Under these conditions, comparison of 
the ratio of all peptides in the UV-irradiated 
solution versus the nonirradiated control 
solution should show specific peak depletion 
corresponding to cross-linked peptides. 478 
54,55 Following this protocol (shown 
schematically in Figure S7), we were able to 
identify a highly significantly reduced peptide 
in the UV-treated sample by applying a 1% false 
discovery rate (FDR) for the peptide validation 
and an intensity threshold in skyline and a p 
value of <0.05 as the statistical cutoff for the 
ratio significance (TableS2). The MS analysis 
indicated that this is a 15-amino acid peptide 
located in RBD2 of NCL corresponding to the 
fragment from the Gly at amino acid 429 to the 
Lys at amino acid 444 (Figure 5), which suggests 
a direct interaction of this domain with the 
nine-nucleotide loop of the G4 substrate. 
Interestingly, the RBD1 and RBD2 structures of 
the human NCL have been characterized by 
NMR56 and are known to be involved in the 
recognition of the G4 aptamer AS1411.56 
Remarkably, examination of the protein 

sequence indicates that the depleted peptide is 
located at the junction between strand β3 and 
helix α2 of RBD2,56 suggesting these elements 
might be strong determinants of G4-loop 
binding. Finally, although RBD1 has not been 
detected in our analysis, it may act in tandem 
with RBD2 for G4-loop recognition as has been 

shown for NCL−RNA hairpin-loop 
complexes.57 In addition, other domains not 
detected by cross-linking might be involved in 
the interaction. For instance, the RGG domain 
of NCL has been reported to contribute to G4 

binding24−29 via either loop or quartet 
contacts. Cross-linking within this domain was 
not detected in this case, which could indicate 
the absence of contact or weak contact 
between the RGG domain and the central loop 
and/or result from the low level of electron-
rich aromatic residues that are the most 
reactive with regard to BrU photo-cross-
linking.50,51 In addition, arginine residues 
strongly promote trypsinization, generating 
small fragments that can hardly be detected by 
LC- MS/MS. Altogether, this makes the 
detection of the RGG domain using our 
approach difficult. 

 

 

Figure 4. A) SDS PAGE analysis of photo-crosslinking of NCL with 32P labelled single BrU substituted CEB25-L191 
sequences (oligonucleotides 6BrU-22BrU). [DNA]=20nM, [NCL]= 400 nM, UV irradiation time 10 min. B) 
Quantification of the photo-adduct. Single asterisk (*) represents unmodified DNA, double asterisks represent (**) 
DNA-NCL crosslink product C) Representation of CEB25-L191 structure showing positions of the BrU residues 
(pink) in the three loops, G in blue, A in green, T in orange.  
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Figure 5. N-terminal sequence of NCL (284 to 709) showing the four RBD domains and RGG9 domain. The depleted 
peptide is shown in green.  

 
Competition between NCL and G4 Binding 
Ligands. 
 
Therefore, to gain a more global picture of the 
NCL interaction and eventually probe other 
binding sites in particular, with the G4 quartets, 
we next carried out binding competition 
between NCL and a set of G4-interactive 
compounds that are mostly accommodated on 
the top and bottom external quartets of G4.58 

G-Quartet interactions have been shown for a 

number of proteins and peptide fragments14−

17 and are likely to be mediated by stacking 
forces between peptidic aromatic residues and 

guanines.24−29 In addition, G4 ligands such as 
BRACO-19 and CX-3543 have been shown to 
compete with G4 binding proteins containing 
RGG motifs, including NCL.59,60 In addition, we 
recently reported on the very efficient 

disruption of NCL−G4 RNA association using 
PhenDC3 and N-acyl hydrazone derivatives in 
the context of Epstein-Barr virus. 43,61 Thus, to 
explore the interference between NCL and the 
external quartets of CEB25- L191, the 
competition assay was performed with the 
most potent benchmark ligands reported so 
far, namely, PhenDC3, Pyridostatin (PDS), PDC-
(360A), RHPS4, and Pt-ttpy (Figure 6), together 
with a negative control (BisDC3) exhibiting 
weak affinity for G4. 62 The binding experiment 
with NCL and CEB25-L191 was reproduced as 
described above but at a lower protein:DNA 
ratio (10:1) to obtain 50% binding (Figure 2), 
and then ligands were added at increasing 

concentrations. Remarkably, a rapid and 
gradual decrease in the intensity of the 

retarded band corresponding to the NCL−G4 
complex was observed when using PhenDC3 
(Figure 7A and Figure S8). The complete 
disappearance of the bound fraction was 
induced at a relatively low PhenDC3:NCL ratio (

≤2 molar equivalents), therebyindicating that 
this compound is highly efficient in preventing 

NCL−G4 interaction. In stark contrast, all of 
the other G4 binding ligands appeared to be 
unable to compete with NCL. Indeed, like the 
negative control (Figure 7B and Figure S7), the 
fraction bound remained unchanged 
regardless of the ligand concentration (Figure 

7C−F), although it was applied at a 2-fold 

higher range than PhenDC3 (0−1000 nM). 
Though these ligands are assumed to interact 
strongly with G4, their incapacity to impact NCL 
binding may suggest two possibilities. These 
ligands have either a different binding site or a 
lower affinity than PhenDC3 for CEB25-L191. 
Although PhenDC3, PDC, and PDS are thought 
to be high-affinity binders with roughly 
nanomolar KD, their G4 affinity may differ 
slightly (or substantially) depending on the G4 
substrate, and few studies have systematically 
and quantitatively compared G4 ligands.63,64 
Thus, in an attempt to understand the strikingly 
different behavior of the used G4 ligands, we 
examined their binding to CEB25-L191 using 
the classical FRET melting assay. The melting 
measurements indicate that all ligands stabilize 

AKQKAAPEAKKQKVEGTEPTTAFNLFVGNLNFNKSAPELKTGISDVFAKNDLAVVDVRIGMTRKFGYVDFESAEDLEKALELTGLKVFGNEIKLEKPKGKD 
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CEB25-L191, but the ΔT1/2 values greatly 
differ, showing clearly that PhenDC3 is by far 

the stronger binder of the series [ΔT1/2 values 
of 24.6 °C for PhenDC3, 16.4 °C for PDS, 13.6 °C 
for PDC, and 13.5 °C for Pt-ttpy (Figure S9)]. 

This implies that ligands with ΔT1/2 values of ≤
18 °C display overly high KD values relative to 
that of NCL and thus cannot act as a competitor 
for G4 binding. It is noteworthy that RHPS4 
cannot be properly evaluated by this method 
due to its intrinsic fluorescence that interferes 
with the FRET signal (Figure S9),65 but the KD 
value reported in the literature for telomeric 
G4 lies in the micromolar range, i.e., 100-fold 
lower than that found for PhenDC3 for the 
same G4 sequence.66Alternatively, the 
distribution of the ligand on allosteric sites 
(loop or groove) cannot be excluded, which 
may eventually induce loop reorganization and 
affect (or not) protein binding. This has been 
reported for carboxyPDS and 7ODT 
(hexaoxazole analogue of telomestatin) that 
were shown to bind G4 without affecting 
antibody or protein G4 recognition through 
formation of ternary complexes. 25,67 On the 
contrary in the case of PhenDC3, the strong and 

exclusive stacking interaction with external 
quartets that has been structurally well-
characterized 583 58,68 is more likely to block 
access of the protein to these sites, thereby 
causing competitive binding inhibition. Taken 
together, these findings indicate that G4 
ligands considered as benchmarks may differ 
significantly in their binding strength for a given 
G4 in vitro, which explain why they may display 
significant biological effects in vivo. This aspect 
that is often overlooked should be considered 
with care in particular when competition with 
proteins is involved. 64 In summary, our data 
indicate that the external quartet of CEB25-
L191 is also a site of interaction for NCL and 
that the occupation of this site by a G4 ligand 
of high affinity like PhenDC3 can disrupt or 
prevent protein association. This suggests that 
the G-quartet surface is a strong determinant 

of the NCL−G4 interaction that may involve 
RGG or eventually other domains. However, 
although this interaction is a prerequisite for 
the stability of the complex, it is not sufficient 
in itself to ensure strong binding of the protein 
as indicated by the absence of binding to the 
short-loop CEB25 variants that harbor external 
quartets of high accessibility.  

 

 
 
Figure 6. Chemical structure of G4 ligands used in this study. 
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Figure 7. Displacement of NCL by small molecules monitored by EMSA (A) PhenDC3 (B) BisDC3 (C) PDS (D) Pt-
ttpy (E) RHSP4 (F) PDC. Fraction bound was calculated from band intensity quantification of EMSA gels (three 
replicates) shown in figure S8. 
 
 
■ DISCUSSION AND CONCLUSION 
Exploring recognition of G4 by proteins is key 
to deciphering the functional roles of these 
noncanonical structures. Nucleolin (NCL) is 
well-known for its capacity to bind a variety of 
secondary structures and is one of the first G4 
binding proteins to have been identified. 

Nonetheless, NCL−G4 interaction is not yet 
fully elucidated at the molecular level, as the 
structural determinants of such association 
have not been completely identified from the 
perspectives of both the protein and the G4 

substrate. NCL−G4 binding has been 
investigated extensively with the sequences 
originating from the c-Myc promoter because 
NCL is a ubiquitous protein likely to interact at 
many G4 DNA and G4 RNA loci in the genome, 
and it was worth investigating its interaction 
with other sequences like the CEB25 
minisatellite variants for which a structure G4 
phenotype relationship has been well 

established. 9 We report herein that the NCL 
construct (RBD-1,2,3,4-RGG) devoid of a tag 
recognizes G4-CEB25 containing a central long 
loop (four to nine bases), whereas short-loop 
variants (fewer than three bases) are not 
bound as shown from EMSA experiments. This 
first result is in line with the recent studies 
making use of full-length NCL. 623 37 The 

discrepancy with the initial reports of NCL−G4 
binding might result from differences in the 
structure of the recombinant protein used and 
that of the G4 partners. 626 34 First, a non-
tagged NCL protein is more akin to its native 
analogue. Second, a well-characterized 
monomorphic G4 structure like the CEB25 
series is more likely to reflect one binding event 
rather than polymorphic sequences like Pu27/ 
Pu47 that may form a variety of G4 
populations.  69 Subsequently, we used a photo-
cross-linking approach based on the systematic 
replacement of thymines by BrU in the three 
loops of the quadruplex, which confirmed that 



the NCL−G4 interaction occurs mainly in the 
central long nine-nucleotide loop of the native 
sequence CEB25-L191. Finally, quantitative 
proteomic analysis showed that this 
recognition involves the RBD2 domain that is 
strongly cross-linked to the central loop of the 
G4 DNA substrate via a 15-amino acid fragment 

located at the β3−α2 junction of RBD2, 
thereby identifying this structural element as a 

strong determinant of the protein−G4 
interaction. Finally, to gain a more global 
picture of the interaction, we conducted 
competition with G4 interactive small 
molecules that are known to bind strongly to 
the external quartet(s) of quadruplexes via a 
combination of π-stacking mode and 
electrostatic forces. The striking inhibition of 
NCL binding observed with PhenDC3, the best 
G4 binding compound of the series, clearly 
suggests competition for the same binding site 

indicating that NCL−G-quartet interaction is a 
specific requirement for the stability of the 
interaction. Taken together, the collected data 
demonstrate clearly that the RBD2 domain 
interacts with the single-stranded central loop 
of the native CEB25-L191 while another 
domain may bind the terminal guanine quartet, 
both interactions being absolutely required. 
The second NCL domain involved in the 
interaction could be the RGG domain, which is 
supported by the early observation of Maizels 
et al. that the RGG domain of NCL recognizes 
G4 DNA independently of sequence context.70 
The RGG (arginine-glycine-glycine) box present 
in most RNA binding proteins (RBP) is a highly 
disordered domain known to establish 
electrostatic interactions with the phosphate 
backbone of nucleic acids. Although its 
specificity is questionable, it is nonetheless 
known to mediate the recognition of a large 
variety of nucleic acid secondary structures.71 

Currently, the role of the RGG domain in G4−
protein interactions is intensively scrutinized, 
and a number of RGG-containing G4-
interactive proteins have been identified. In 
most cases, deletion of the RGG domain 
abolishes or drastically weakens the binding to 
G4, pointing out the key role of this domain.41 
RGG domains have been reported to stack on 
terminal guanine quartets putatively through 

aromatic/hydrophobic residues isolated 
between the Gly-Arg repeats, but the nature of 
the interactions taking place remains unclear.27 
Other studies suggested interactions of RGG 
with G4 loops that may stabilize or destabilize 
the G4 structure;24,72 alternatively, both loop 
and quartet RGG interactions have been 
reported.27 Therefore, in view of this variety of 
interaction modes and contrasting conclusions, 
the mode of binding of RGG to G4 is still an 
open question. In addition, the binding mode 
may vary from one quadruplex to another in 
view of the flexibility of the RGG domain that 
provides high adaptability as illustrated by its 
interaction at the G4-duplex junction.73 Finally, 
the implication of another RBD domain 
684 (RBD1, RBD3, or RBD4) can also be 
hypothesized in view of the NMR structure 
reported for NCL bound to RNA hairpin loops, 
which implies at least two RBD domains. On the 
whole, our findings led us to propose a model 
interaction based on a concerted action 
between at least two protein domains to 
achieve long-loop G4 recognition possibly via a 

dual loop−quartet interaction. Thus, our study 
shed light on the molecular mechanism by 
which NCL recognizes G4s, thereby adding a 

piece to the puzzle of protein−G4 
interactions. From the biology perspective, NCL 
is a protein with high promiscuity that 
underlies the variety of functions it achieves in 
cells. Its large substrate promiscuity is likely to 
result from the modular feature of NCL that can 
use a combination of its various domains to 
adapt to different substrates. However, the 
study presented here indicates that NCL can 
discriminate in a drastic way between long-
loop and short-loop G4 DNA structures. 
Therefore, this observation opens doors to 
whether this loop-dependent behavior has 
functional significance and more importantly 
the possible consequences for NCL functions. 
In particular, it raises the question of 
correlation between the loop dependence 
observed for inducing genomic instability 
within the CEB25 series and that observed for 
NCL binding. The G4-mediated instability of 
CEB25 minisatellites is driven by persistent G4 
with a short central loop (no more than three 
nucleotides), whereas long central-loop G4 (no 
fewer than three nucleotides), less likely to 



form in vivo, are not able to trigger 
dysfunction. 9,74 Strikingly, the same three-
nucleotide loop threshold is observed for NCL 
binding, which suggests that NCL could play a 
role in the genetic instability of the CEB25 
series and other G-rich tandem sequences. 74 

Therefore, we can hypothesize that binding of 
NCL to long-loop G4 could play a protective role 
in helping to unfold G4 and/or participating in 
the recruitment of G4 helicases, 75 thereby 
contributing to the suppression of G4-induced 
genetic instability in line with its role in genome 
maintenance. Interestingly, from a broader 
perspective, a number of oncogene promoter 
sequences forming parallel G4 feature a central 
loop with at least three nucleotides and two 
side loops of one nucleotide (G4-L1X1) as 
mentioned in recent studies by Yang et al. 36,76 
It thus could be of great interest to verify the 
binding proteins with these promoter 
sequences and their loop-length variants with 

the aim of establishing if the G4- L1X1 (X ≥ 3) 
represents a consensus sequence and a general 
rule for recognition by NCL or other regulatory 
proteins (transcription factors, etc.). Finally, 
the incapacity of NCL to bind the very compact 
and highly stable short-loop G4 (G4-L1X1, 
where X = 1) interrogates once again the roles 
of G4 in cells and is fully consistent with the 
numerous studies showing that all G4 motifs 
are not equivalent and that mostly short-loop 
G4 are at risk for genome integrity 9,74 due to 
their high thermodynamic stability and slow 
unfolding kinetics, making them long-lived 
motifs that cannot be processed by proteins. 
This aspect has been fully documented for 
proteins with enzymatic activity (helicases and 
polymerases) 6,75,77 but is demonstrated for the 
first time herein with a protein more likely to 
act on G4 as a chaperone or signaling 
intermediate, pointing one more time to the 
fascinating but complex interplay between G4 
structures and proteins. ■ ASSOCIATED 
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U1196, Université Paris Sud, UniversitéParis 
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