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ABSTRACT: The G-quadruplexes (G4s) in the genome are important drug targets because they O
regulate gene expression and the genome structure. Several small molecules that bind the G4 have
been developed, but few artificial G4 binding proteins have been reported. We previously reported
a novel DNA G4 binding protein (RGGF) engineered using the Arg-Gly-Gly repeat (RGG)
domain of TLS (translocated in liposarcoma), also known as FUS (fused in sarcoma) protein

(TLS/FUS). Here, we show that RGGF recognizes DNA loops in the G4 and preferentially binds
DNA G4 with long loops in vitro. Furthermore, RGGF binds to the DNA G4 of the bcl-2 promoter
in vitro. RGGF overexpression in HeLa cells represses bcl-2 transcription. On the basis of these
findings, G4 binding protein engineered from the RGG domain will be useful for investigating G4

transcriptional function in the genome.

Bl INTRODUCTION

G-quadruplexes (G4s) are noncanonical secondary structures
formed in guanine-rich sequences that are involved in
important biologic roles in the genome, such as replication,
gene expression, genome stability, telomere maintenance, and
histone modification."”” The G4 conformation provides
selective. DNA and RNA structures targeted by small
molecules, and several such molecules have been developed.
Functional studies of the G4 in DNA and RNA using G4-
binding small molecules revealed that these molecules stabilize
G4s and repress the transcriptional and translational activities
of promoters and mRNA with Gds, respectively."” Artificial
G4-binding proteins constructed from the G4-binding domain
of helicase RHAU (also named DHX36 or G4R1) facilitate the
detection of the G4 in DNA and RNA.”* We reported the
assembly of DNA- and RNA-G4-binding proteins from the
Arg-Gly-Gly repeat (RGG) domain of TLS (translocated in
liposarcoma) protein, also known as FUS (fused in sarcoma)
protein (TLS/FUS).”® These molecules revealed that telomere
DNA and telomeric repeat-containing RNA (TERRA), DNA,
and RNA G4, respectively, promote histone methylation at
different amino acid sites in the telomere region. The RGG
domain is conserved in several G4 binding proteins, such as
TLS/FUS, Ewing’s sarcoma protein (EWS), heterogeneous
ribonucleoprotein Al, nucleolin, cold-inducible RNA-binding
protein, Dbp2, Ded], fragile X mental retardation protein, and
METTL14, but the RGG domain as a molecule to regulate G4
function has not been well investigated.7_17 Here, we found
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that the engineered RGG3 domain of TLS/FUS containing
Phe (RGGF) recognizes the DNA loop in the G4 and inhibits
the transcription of bcl-2. These data confirm that the RGG
domain is a potentially useful tool for regulating and exploring
the function of G4s.

B MATERIALS AND METHODS

Plasmid Constructs. For the polymerase chain reaction
(PCR) template, we used pGEX6P-1-GST-RGG3, which was
previously cloned as RGG3 of TLS/FUS into the pGEX6P-1
vector (Cytiva, Tokyo, JP).” pGEX6P-1-GST-RGGF was
obtained by deletion in pGEX6P-1-GST-RGG3 using a
KOD-Plus-Mutagenesis Kit (Toyobo, Osaka, JP). pGEX6P-1-
GST-RGGF was constructed by PCR using pGEX6P-1-RGG3
as the template and the following RGGF primers: forward,
d(CGG GGC CGC GGC GGG GAC CQG), and reverse,
d(GTT ACC CCC CAT GTG AGA GCC ACC). The
nucleolin RBDs-RGG plasmid, which contains globular RNA
binding domains (RBDs) and an RGG domain (267-710),
was constructed as described previously.'® The FLAG- and
GFP-tagged RGGF plasmid (pLPC-FLAG-GFP-RGGF) was
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constructed by PCR using pGEX6P-1-GST-RGGF as the
template. pLPC-FLAG-GFP-RGGF was constructed by PCR
using pGEX6P-1-GST-RGGF as the template with the RGGF
forward and reverse primers. All constructs underwent
automated DNA sequencing for verification. All oligomers
used for plasmid constructs, the EMSA, and circular dichroism
spectroscopies were obtained from Operon Biotechnologies
(Jp).

Expression and Purification of Glutathione S-Trans-
ferase (GST) Fusion Proteins. For the in vitro experiments,
the recombinant proteins were fused to the N-terminus of
GST and overexpressed in Escherichia coli. For the protein
expression, E. coli strain BL21 (DE3) pLysS-competent cells
were transformed with the plasmids of pGEX6p-1-GST-RGGF
and pGEX6p-1-GST-nucleolin RBDs-RGG, and the trans-
formants were grown at 37 °C in a Luria Bertani medium
containing ampicillin (0.1 mg/mL). Protein expression was
induced at Agyp = 0.6 with 0.1 mm isopropyl f-p-1-
thiogalactopyranoside. The cells were then grown for an
additional 16 h at 25 °C for nucleolin RBDs-RGG and 19 °C
for RGGF. The harvests were centrifugated by centrifugation
(3000g for 15 min). The protein purification used the GST-
column as previously reported.'” The E. coli pellets were
resuspended in W buffer [100 mM Tris—HCI (pH 7.5), 150
mM NaCl, 1 mM EDTA-2Na (pH 8.0), and 1 mM
dithiothreitol (DTT)] with 30 mg/mL phenylmethylsulfonyl
fluoride (PMSF) and RNase G.S (Nippon Gene, JP). The
equilibrium buffer for column is 10 mL of W buffer. The
supernatants containing the expressed proteins were lysed by
sonication (model UR-20P, Tobcl-2my Seiko, JP) at 4 °C and
centrifuged at 16,200g for 15 min at 4 °C. The resulting
supernatants were applied to a 1 mL GSTrap FF column (GE
Healthcare, USA) and washed with 20 mL of WT buffer [100
mM Tris—HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA-2Na
(pH 8.0), 10% of Triton X-100]. PreScission protease (8
units/mL, Cytiva) in buffer was used to remove the GST tags
from the RGGF, which was then loaded on a column for 16 h
at 4 °C and eluted with a potassium-Tris buffer [S0 mM Tris—
HCI (pH 7.5), 50 mM KCl]. The nucleolin RBDs-RGG GST
tags were eluted by adding reduced glutathione and changing
the buffer to a potassium-Tris buffer by dialysis. The protein
concentration was measured using a BCA Protein Assay Kit
(Thermo Scientific, Waltham, MA, US). The proteins were
stored at 4 °C and used within 12 h of purification.

Electrophoretic Mobility Shift Assay (EMSA). The 32P-
labeled G4s were formed by heating the samples with a
thermal heating block to 95 °C and then cooling them in S0
mM Tris—HCI (pH 7.5) and 100 mM KCl in 2 °C/min steps
to 4 °C. The binding reactions were conducted in 20 L (final
volume) with 1 nM labeled oligonucleotides with 50 nM
protein and 0.1 mg/mL bovine serum albumin in S0 mM
Tris—HCI (pH 7.5) and 100 mM KCL**'® The competition
assay was performed with 1 nM labeled BCL-2 with 50 nM
nucleolin and 50, 250, or 500 nM RGGF and 0.1 mg/mL
bovine serum albumin in 50 mM Tris—HCI (pH 7.5) and 100
mM KCI. The binding reactions were performed with 1 nM
labeled BCL-2 with varying concentrations (0—S500 nM) of
purified proteins and 0.1 mg/mL bovine serum albumin in 50
mM Tris—HCI (pH 7.5) and 100 mM KCl. The samples were
then incubated for 30 min at 4 °C and then electrophoresed on
a 6% polyacrylamide (acrylamide/bisacrylamide = 19:1)
nondenaturing gel at 10 V/cm for 100 min at 4 °C. The gel
and electrophoresis buffer both contained 0.5X TBE buffer (45

mM Tris base, 45 mM boric acid, and 0.5 mM EDTA) with or
without 20 mM KCl. Following electrophoresis, the gels were
placed in a phosphor imager cassette and imaged using the
Personal Molecular Imager FX (Bio-Rad Laboratories,
Hercules, CA, USA). The equilibrium dissociation constants
(Ky) were determined by plotting the data from four replicate
experiments as ¢ (1 fraction of free DNA) versus the protein
concentration, which is equivalent to the amount of protein
that binds half of the free DNA. The binding reactions were
carried out in a final volume of 20 uL with 1 nM labeled
oligonucleotide and various concentrations of purified protein
dissolved in a solution of 0.1 mg/mL bovine serum albumin in
potassium buffer. The Ky was calculated by nonlinear
regression using Microsoft Excel for Microsoft 365 MSO
according to the following equation: ¢ = [P]/{K; + [P]}.Y

Cell Culture and Transfection. HeLa cells were
maintained in Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum and 1% penicillin—streptomycin. For
the assays, the HeLa cells were cultured in six-well plates. The
plasmids for protein expression were transfected into the HeLa
cells using the Xfect transfection reagent (Takara Bio, Shiga,
JP) incubated at 37 °C for 16 h according to the
manufacturer’s instruction. We used the transiently trans-
fection for the experiment after 48 h of incubation.

Western Blot Analysis. Expression of RGGF was
confirmed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) using a 12% polyacrylamide
gel. For visualization of FLAG-tagged proteins, they were
transferred to polyvinylidene difluoride (PVDF) membranes
and probed using a mouse monoclonal anti-FLAG M2
antibody (MilliporeSigma, St. Louis, MO). Anti-mouse
horseradish peroxidase was used as the secondary antibody
(Cell Signaling Technology, Danvers, MA, USA). In addition,
the translational level of BCL-2 effected by expression of
RGGF was confirmed by SDS-PAGE using a 10% poly-
acrylamide gel. For visualization of BCL-2 proteins, they were
transferred to PVDF membranes and probed using a mouse
monoclonal anti-BCL-2 antibody (Abcam, Cambridge, UK).
Anti-mouse horseradish peroxidase was used as the secondary
antibody (Cell Signaling Technology, Danvers, MA, USA).
Protein bands were visualized using the ECL Western Blotting
Analysis System from GE Healthcare (UK).

Reverse Transcription (RT)-qPCR Analysis. The total
RNA was isolated from HeLa cells with an RNeasy Mini Kit
(Qiagen, Hilden, DE). RNA (0.5 yg) was reverse-transcribed
in 20 pL of 1X buffer and 1.25 yM random primer using a
ReverTra Ace Kit (Toyobo, Osaka, JP) for 10 min at 30 °C, 30
min at 42 °C, and then S min at 99 °C according to the
manufacturer’s instructions. The levels of gene expression were
quantified by real-time PCR using a Thunderbird SYBR qPCR
Mix (Toyobo, Osaka, JP) and specific primer set (each 200
nM) with a Dice Thermal Cycler (Takara, Shiga, JP) using the
following of protocol: 1 cycle of 50 °C for 2 min and 95 °C for
10 min and then 40 cycles of 95 °C for 15 s and 60 °C for 1
min.” Sequences of specific primers used are: bcl-2 cDNA, §'-
GGGATGCCTTTGT GGAACTGTA-3' and 5-AGAGA-
CAGCCAGGAGAAATCAAAC-3' (size: 67 bp); B-actin
cDNA, 5’-GACAGGATGCAGAAGGAGATCACT-3' and §'-
CGCTCAG GAGGAGCAATGA-3' (size: 74 bp). The
quantification was determined by applying the 279 formula
and calculating the average of the values obtained for each
sample. Eligibility of this formula was verified by qPCR using
the RT-qPCR product of total RNA as a template at different
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RGG3 APKPDGPGGGPGGSHMGGN Y GDDRRGGRGG YDRGG YRGRGGDRGGFRGGRGGGDRGGF GPGKMDSRGEHR QDRRERPY

RGGF  APKPDGPGGGPGGSHMGGN /\ RGRGGDRGGFRGGRGGGDRGGF GPGKMDSRGEHRQDRRERPY

Figure 1. Schematic illustration of TLS/FUS, RGG3, and RGGF. SYQG-rich; RGG 1, Arg-Gly-Gly-rich motif 1; RRM, RNA recognition motif;
RGG 2, Arg-Gly-Gly-rich motif 2; ZnF, zinc finger; RGG 3, Arg-Gly-Gly-rich motif 3. RGG3 containing two Phe and three Tyr; RGGF containing

two Phe.
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Figure 2. RGGF selectively binds the DNA or RNA loops on the G4. EMSA was performed with RGGF and **P-labeled (A) Htelo, dG4,
rL333dG4, or dL333rG4 and (B) Htelo, dG4, R333dG4, or D333rG4. Gray and red in the cartoon show DNA and RNA, respectively. (C) Nucleic
acid structures of abasic DNA and abasic RNA. Black and red in the cartoon shows, respectively, DNA and RNA.

concentrations that covered five orders of magnitude. We used
the f-actin as the reference gene.

B RESULTS AND DISCUSSION

Preferential Binding of RGGF to G4s with DNA Loops.
Previously, we identified that the RGG domain of the C-
terminal region (RGG3) of TLS/FUS containing two Phe and
three Tyr binds to DNA and RNA G4, respectively (Figure
1).” Nuclear magnetic resonance analysis and EMSA revealed
that RGG3 binds the loops and G-tetrads in the G4.7”"
Moreover, we reported that the engineered RGG3 domain of
TLS/FUS containing Phe (RGGF) spec1ﬁcally binds and
stabilizes the folded DNA G4 (Figure 1).° Moreover, RGGF
inhibits specific histone modifications in the telomere region,
although the binding mechanism is unclear.’ To investigate
whether RGGF mainly recognizes the loops and/or G-tetrad of
DNA G4, we examined the binding of RGGF to 32P_labeled
human telomere DNA (Htelo), four d(GGG) repeat without
loops (dG4), four d(GGG) repeat with r(UUA) loops
(rL333dG4), and four r(GGG) repeat with d(TTA) loops
(dL333rG4) by EMSA (Figure 2A and Table 1). The

purification of all proteins reported herein was confirmed by
SDS-PAGE (Supplementary Figure S1), and circular dichroism
(CD) spectra of Htelo, dG4, rL333dG4, and dL333rG4 had
been confirmed and already reported.”® We found that dG4
and dL333rG#4 are typical of the parallel strand G4s, and Htelo
and rL333dG4 are typical of the hybrid (3 + 1) G4s in 100
mM KCI. The EMSA revealed that the G4 of Htelo is favorable
for binding, whereas the G4 of dG4 is unfavorable for binding.
This result suggests that RGGF prefers G4s with loops.
Moreover, the EMSA revealed that Htelo and dL333rG4 are
favorable for binding, whereas the G4 of rL333dG4 is
unfavorable for binding. However, the RGGF cannot
distinguish the G4 topology of the parallel and the hybrid (3
+ 1) forms. The EMSA in Figure 2A revealed that RGGF binds
to the hybrid (3 + 1)-formed Htelo and parallel-formed
dL333rG4, of which both the loops consist of DNA. The
finding suggests the preferential binding of RGGF to DNA G4s
with loops, regardless of different G4 topologies. We next
evaluated how the base and ribose in the nucleotide on the
loop in the G4 are singled out by RGGF for binding (Figure
2B and Table 1), we examined the binding of RGGF to **P-
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Table 1. Oligonucleotide Sequences Used in EMSA®

Name Sequence
Htelo d[AGGG(TTAGGG);]
dG4 d(TAGGGT)
1L333dG4  4(AGGG)[r(UUA)I(GGG)];
dL3331G4  (AGGG)[d(TTAN(GGG)];
R333dG4  d(AGGG)[(RRR)A(GGG)];
D3331G4

1(AGGG)[(DDD)(GGG)] 5

dL131dG4  ((TGGGTGGGITTGGGIGGGT)
dL121dG4  (TGGGIGGGTTGGGTIGGGT))
dL111dG4  §(TGGGTGGGIGGGTIGGGT)

BCL-2 d(GGGCGCGGGAGGAATTGGGCGGG)
dL313dG4  (TGGGTTTGGGTGGGTITTGGGT)
dL212dG4  ((TGGGTTGGGTGGGTITGGGT)

D = abasic DNA, R = abasic RNA

“The loop sequences are underlined. D = abasic DNA, R = abasic
RNA.

labeled Htelo, dG4, four d(GGG) repeat with three RNA
abasic loops (R333dG4), and four r(GGG) repeat with three
DNA abasic loops (D333rG4) by EMSA (Figure 2B,C and
Table 1). The CD spectra of R333dG4 had been confirmed
and already reported.” We found that R333dG4 is typical of
the parallel strand G4 in 100 mM KCI. Moreover, the G4
structure of D333rG4 was confirmed by CD spectra and
melting curves (Supplementary Figure S2). We found that
D333rG4 is typical of the parallel strand G4 in 100 mM KCIL
The EMSA revealed that the G4 of D333rG4 is favorable for
binding, whereas the G4 of R333dG4 is unfavorable for
binding. These observations indicate that RGGF is able to
discriminate between DNA and RNA loops in the G4.
Preferential Binding of RGGF to G4 with Longer
Loops. We previously reported preferential binding of the
RGG3 of EWS, which is functionally related to TLS/FUS as a
subgroup of a ribonucleoprotein family, and nucleolin,
comprising four globular RNA binding domains (RBDs) and
an RGG domain, to G4s with longer loops.lg’w’21 Therefore,
we evaluated the influence of loop length in G4 structures on
RGGF binding by EMSA (Table 1 and Figure 3). Previously,
we already reported that the CD spectra of DNA G4 with four
d(GGG) repeats containing d(T), loops (n = 1-3) in the
middle loop (dL111dG4, dL121dG4, and dL131dG4) with
two d(T) segments in the loops are typical of the parallel
strand G4s."” An EMSA of RGGF with dL111dG4, dL121dG4,
and dL131dG4 and Htelo indicated that the G4 containing
Htelo and dL131dG4 was the most favorable for binding, and
the G4 containing dL111dG4 was the most unfavorable for
binding. We analyzed the binding activities of RGGF to G4s
containing d(T), loops (n = 1-3) in the two lateral loops
(dL111dG4, dL212dG4, and dL313dG4) with d(T) in the
central loops (Supplementary Figure S3). Previously, we
already reported that dL212dG4 and dL313dG4 form parallel
strand G4s.'” An EMSA showed that dL.313dG4 had the best
binding to RGGF. These observations suggest that RGGF
binds preferentially to DNA G4 with longer loops. Previously,
we reported that the RGG domain recognizes the phosphate
and the ribose of the loops in G4.”'” This binding mode might
cause the preferential binding of RGGF to G4 with longer

o &

Htelo dL131dG4 dL121dG4 dL111dG4

RGGF - + - + - + -+

Nucleic Acids —
Protein Complex

Nucleic Acids

. '
Free Probe L LR B

Figure 3. Effect of G4 loop length on the binding affinity of RGGF.
The EMSA was performed using RGGF (lanes 2, 4, 6, and 8) with
32p_labeled Htelo (lanes 1 and 2), dL131dG4 (lanes 3 and 4),
dL121dG4 (lanes S and 6), or dL111dG4 (lanes 7 and 8). The
DNA~—protein complexes were resolved by 6% polyacrylamide gel
electrophoresis and visualized by autoradiography.

loops. To investigate the RGGF binding to antiparallel-formed
DNA G4, we performed an EMSA of RGGF with the Htelo
fold in the presence of 100 mM NaCl (Supplementary Figure
S4). Previously, we already reported that the CD spectra of
Htelo in NaCl showed antiparallel G4."” An EMSA showed
that RGGF bound to antiparalle]l formed Htelo. Based on
Figure 2 and Supplementary Figures S4, these findings suggest
that RGGF binds to hybrid (3 + 1), parallel, and antiparallel
DNA G4 without preference of different topologies.

Many G4-binding small molecules that inhibit bcl-2
transcription have been reported.”> Selective stabilization of
G4 in the promoter leads to suppression of bcl-2 transcription.
The DNA oligomer derived from the human bcl-2 promoter
(BCL-2) forms an intramolecular hybrid (3 + 1) G4 in K*-
containing solution.”> The BCL-2 structure contains three
loops, with the one, three, and seven nucleotides in the loops.
Before investigating the effect of RGGF on bcl-2 transcription,
an EMSA of RGGF was conducted with various concentrations
of BCL-2 to analyze the ability of RGGF to bind BCL-2 (Table
1 and Figure 4). With an increase in the RGGF concentration,
there was a decrease in the amount of free DNA as well as an
increase in the amount of the higher-molecular weight
complex. Fitting the mobility shift data to a hyperbolic
equation gave a dissociation constant (Kj) of 96 + 0.2 nM.
This suggests that RGGF binds to G4 BCL-2 with the long
loops.

Nucleolin Binding to BCL-2 Inhibited by Excess
RGGF. Nucleolin is a G4-binding protein that activates the
bel-2 promoter.”* The N- and C-terminal ends of the protein
contain an acidic region and an RGG domain, respectively,
with RBDs located in the central region (Figure SA). The
RBDs of nucleolin binds to guanine in 5'-terminal and 3’-
terminal single strands of the G4, while the RGG domain
recognizes G4 structures.'® It indicates that the RBDs and
RGG domain of nucleolin (nucelolin RBDs-RGG) mainly bind
to G4. Moreover, the filter binding assay data of nucelolin
RBDs-RGG and BCL-2 were fitted to a hyperbolic equation,
giving a K, of 455 nM."° To investigate whether RGGF affects
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Figure 4. Binding activity of RGGF to G4 BCL-2. The equilibrium
binding curve was obtained by calculating the fraction of **P-labeled
BCL-2 at varying RGGF concentrations. The dissociation constant
(K4) was ascertained by fitting the data to the appropriate equation.
The DNA—protein complexes were resolved by 6% polyacrylamide
gel electrophoresis and visualized by autoradiography.

nucleolin binding to BCL-2, RGGF and nucleolin RBDs-RGG
(Figure SA) were used in competition assays with **P-labeled
BCL-2 (Table 1 and Figure SB). Lanes 2 and 3 in Figure SB
show that each position of the RGGF-BCL-2 and nucleolin
RBDs-RGG-BCL-2 complex in the gel was different due to the
different molecular weights of RGGF and nucleolin RBDs-
RGG. Adding excess RGGF inhibited the binding of nucleolin
RBDs-RGG to BCL-2 in vitro (slane 4—6, Figure SB). Adding
excess RGGF competitors inhibited nucleolin RBDs-RGG
binding to BCL-2.

Transcriptional Activity of Bcl-2 Inhibited by Over-
expressed RGGF in Hela Cells. To investigate the bcl-2
transcription in HeLa cells with overexpressed RGGF, we
performed RT-qPCR analysis with FLAG-tagged and green
fluorescent protein (GFP)-tagged RGGF in HeLa cells (Figure
6). The RGGF was expressed by a vector, and its expression
level was detected by Western blot analysis (Figure 6A). The
level of bcl-2 transcripts was decreased in RGGF-over-
expressing cells (44.2 + 1.1%), as was determined by RT-
qPCR, using f-actin as the internal control (Figure 6B and
Supplementary Figure SS). In addition, the relative translation
level of Bcl-2 in RGGF-overexpressing cells was decreased
(57.6 + 0.4%), as was determined by Western Blot, using /-
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Figure S. Competitive binding of BCL-2 to nucleolin and RGGF. (A)
Schematic illustration of nucleolin and nucleolin RBDs-RGG. (B)
EMSA of ¥*P-labeled BCL-2 with nucleolin and RGGF was performed
by 6% polyacrylamide gel electrophoresis and visualized by auto-
radiography. Labeled BCL-2 and RGGF (lane 2) or nucleolin (lane 3)
was incubated and analyzed as a control. A competitive binding assay
of 3*P-labeled BCL-2 to nucleolin was performed in the presence of
RGGEF at the indicated molar ratios (lanes 4—6).
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Figure 6. Transcription level changes of bcl-2 in RGGF-over-
expressing HeLa cells. (A) Overexpressed RGGF was analyzed by
Western blot with a FLAG antibody. (B) Relative mRNA expression
of bcl-2 in RGGF-overexpressing HeLa cells measured by RT-qPCR
and normalized p-actin expression. Student’s test; ***p < 0.001
compared with vector (n = 3). Bars represent mean values (+ errors)
obtained from three independent experiments.

actin as the internal control (Supplementary Figure S6).
RGGEF decreased the transcription level of Bcl-2 in HeLa cells,
and it resulted in decreasing the translation level of it.
However, RGGF-overexpressing cells’ viability was estimated
to be about 96.3% after 48 h of incubation (Supplementary
Figure S7). It indicates that RGGF did not have a high
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cytotoxic to HeLa cells with the transient transfection for this
experiment. These findings suggest that RGGF binds to the G4
of the bcl-2 promoters, thereby repressing its transcription.

B CONCLUSIONS

Here, we demonstrated that RGGF constructed from the RGG
domain of TLS/FUS binds to G4s having longer DNA loops
(Figures 2 and 3). We previously reported that other
engineered RGG domains from TLS/FUS and the RGG
domain of EWS recognize loops in the G4.>'” A recent paper
reported that nucleolin, which consists of four RNA
recognition motifs and an RGG domain, preferentially binds
to G4s with longer loops.21 Loops in G4s are an important
common structure recognized by G4-binding proteins with an
RGG domain. Furthermore, the dissociation constant of
RGGF and BCL-2 was 96 + 0.2 nM, and excess RGGF
inhibited the binding of nucleolin to BCL-2 in vitro (Figures 4
and S). Moreover, overexpressed RGGF in HeLa cells
inhibited the transcriptional activity of bcl-2 (Figure 6).
Based on the result of the competition assay in vitro, excess
RGGF might compete with nucleolin to bind the bcl-2
promoter and mainly RGGF might inhibit the transcriptional
activity of bcl-2. RGGF might be a useful tool for regulating
transcription and investigating the role of DNA G4 in the
genome.
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