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ABSTRACT: Stabilization of G-quadruplexes (G4s) formed in
guanine-rich (G-rich) nucleic acids by small-molecule ligands has
been extensively explored as a therapeutic approach for diseases such
as cancer. Finding ligands with sufficient affinity and specificity
toward G4s remains a challenge, and many ligands reported seemed
to compromise between the two features. To cope with this
challenge, we focused on targeting a particular type of G4s, i.e., the
G-vacancy-bearing G-quadruplexes (GVBQs), by taking a structure
complementation strategy to enhance both affinity and selectivity. In
this approach, a G-quadruplex-binding peptide RHAU23 is guided
toward a GVBQ by a guanine moiety covalently linked to the
peptide. The filling-in of the vacancy in a GVBQ_by the guanine
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ensures an exclusive recognition of GVBQ. Moreover, the synergy between the RHAU23 and the guanine dramatically improves
both the affinity toward and stabilization of the GVBQ. Targeting a GVBQ in DNA by this bifunctional peptide strongly suppresses
in vitro replication. This study demonstrates a novel and promising alternative targeting strategy to a distinctive panel of G4s that are

as abundant as the canonical ones in the human genome.

B INTRODUCTION

G-quadruplexes (G4s), four-stranded structures formed by
guanine-rich nucleic acids, are important drug targets because
of their implication in physiological and pathological
processes.' > Putative G-quadruplex forming sequences
(PQSs) are enriched around transcription start sites' ° and
can form G4s in response to transcription.S_15 In the past two
decades, there has been tremendous enthusiasm for exploring
G4-bindin§ ligands as therapeutic drugs for diseases such as
161780 far, nearly 1000 G4 ligands, which are all small
molecules, have been documented.”® One of the challenges
with the small molecule ligands is the compromise between
specificity and affinity. To enhance the binding affinity to G4s
that are negatively charged, positively charged ligands are
favored by electrostatic attraction. On the other hand,
however, the positive change leads to nonspecific binding to
non-G4 nucleic acids as well as proteins. For many
characterized ligands, their dissociation constant (Kj) values
are among several tens of nM to several tens of yM with a few
folds or up to 100 times selectivity over duplex structures.'”
In the human genome, there exist “imperfect” G4s with a
vacancy”’~** or bulge.”* We thought the “imperfect” guanine-
vacancy-bearing G4s (GVBQ) might be promising target
candidates to enhance both affinity and selectivity without
compromising between them. Our previous computational
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searching showed that such GVBQ motifs are nearly as
abundant as the “perfect” canonical G4s,”" and recent studies
have demonstrated their regulatory role in gene expression and
interactions with guanine metabolites.”® The presence of a G-
vacancy in a GVBQ can serve as an additional binding site that
is not present in other forms of structures. Upon binding to a
DNA G4, a ligand forms a complex with the target and
interferes with DNA metabolism by two distinct mecha-
nisms.”” First, it may displace G4-binding proteins from the G4
or prevent the binding of a protein to the G4.”** Second, it
reinforces the physical obstacle of the G4 that has to be
resolved by helicase in any DNA-reading activities such as
transcription and replication.””"”'In the latter case, the
impact of a G4 will depend on the stability increment of the
G4/ligand complex. Since GVBQs are much less stable than
the canonical G4s due to the presence of an incomplete
guanine quartet,”’ targeting GVBQs may result in a greater
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increase in the stability of the GVBQ/ligand complexes relative
to the GVBQs and hence leads to greater potency.

Based on such anticipation, we synthesized a bifunctional
guanine—RHAU23 peptide conjugate (GRPC) to target the
GVBQs as an alternative to small molecules. This conjugate
consisted of a guanine moiety and a 23-aa G4-binding domain
(RHAU23) from the RHAU protein,”” an RNA helicase able
to bind and unwind G4 structures. The guanine moiety could
fill into the G-vacancy in a GVBQ to guide the binding of the
RHAU23 toward the GVBQs. With a synergy of the two
binding activities from the two functional units, this guided
targeting resulted in a superior specificity to and stabilization of
the GVBQ targets at extremely low concentration, far
surpassing those of most ligands targeting the canonical G4s.
This bifunctional peptide conjugate may represent a new
approach in manipulating gene activity by targeting GVBQ_
structures without compromising between specificity and

affinity.

B MATERIALS AND METHODS

Chemicals, Oligonucleotides, Peptide, DNA, and Plasmid.
Custom synthesis of SBED-GMP was purchased from Takara
Biotechnology.”' Pyridostatin (PDS) was purchased from Sigma
and NMM from Frontier Scientific. Fluorescently labeled oligonu-
cleotides were purchased from Takara Biotechnology. Other
oligonucleotides were purchased from Sangon Biotechnology.
GRPC and RHAU23 peptide were purchased from SBS Genetech
(Beijing). A pGL3-T7-GVBQ plasmid was constructed” by inserting a
GVBQ-forming sequence between the Hind III and Nco I sites
upstream of the firefly luciferase gene in the pGL3-control plasmid
(Promega).

DMS Footprinting. Oligonucleotide (0.05 M) in 50 mM lithium
cacodylate buffer (pH 7.4) containing 40% (w/v) PEG 200 and SO
mM LiCl or KCl was heated at 95 °C for S min and then cooled down
to room temperature at a rate of 0.03 °C/s. It was then incubated in a
200 puL volume with 0.5 uM GRPC or other compounds on ice for 60
min before being subjected to DMS footprinting as previously
described.”"

RNase T1 Footprinting. Footprinting was carried out as
described with modifications.”> Briefly, 5-FAM-labeled RNA (0.5
uM) was dissolved in 20 mM Tris—HCI (pH 7.4) buffer containing
0.5 mM EDTA and 75 mM KClI or LiCl in a total volume of 20 yL.
Samples were denatured by heating at 95 °C for S min, cooled down
to 20 °C at a rate of 0.03 °C/s, and then incubated on ice for 10 min.
Samples were then digested with 0.4 U RNase T1 (Thermo
Scientific) on ice for 20 min, and the reaction was terminated by
phenol/chloroform extraction. The digested RNAs were resolved on a
20% urea denaturing polyacrylamide gel and scanned on a Typhoon
9400 Imager (GE Healthcare).

Electrophoresis Mobility Shift Assay (EMSA). EMSA was
carried out as described with modifications.”* 5'-FAM-labeled DNA
was dissolved at 10 or 20 nM in a buffer containing 20 mM Tris—HCI
(pH 7.4), 50 mM KCl, and 40% (w/v) PEG 200, denatured at 95 °C
for S min, and slowly cooled down to 20 °C. The DNA was then
incubated with the indicated concentration of GRPC in a buffer of 20
mM Tris—HCI (pH 7.4), S0 mM KCl, 40% (w/v) PEG 200, 0.2 mg/
mL BSA, and 0.1 mg/mL fish sperm DNA at 4 °C for 1 h. The
DNA—-GRPC complexes were resolved on a 16% non-denaturing
polyacrylamide gel containing 40% (w/v) PEG 200 and 150 mM KCl
at 4 °C for 3 hin a 1X TBE buffer containing 150 mM KCI. RNA was
prepared as described®® and then dissolved at 20 nM in a buffer
containing 20 mM Tris—HCI (pH 7.4), 75 mM KCl, 0.2 mg/mL
BSA, and 0.1 mg/mL yeast tRNA. It was incubated with the indicated
concentration of GRPC or RHAU23 before being resolved on gel.

Thermal Melting Profiling by Fluorescence Resonance
Energy Transfer (FRET). FRET melting was carried out as
previously described.”'

Microscale Thermophoresis (MST). MST experiments were
performed on a Monolith NT.115 system (NanoTemper Technolo-
gies) as described.”*** FAM-labeled DNA was denatured/renatured
as in the EMSA, and then, 100 nM DNA was incubated with the
indicated concentration of compound for 60 min at 4 °C in a binding
buffer (20 mM Tris—HCl, pH 7.4, S0 mM KCl, 40% (w/v) PEG 200,
0.2 mg/mL BSA, 0.05% Tween-20). The samples were loaded into
microscale thermophoresis (MST)-grade glass capillaries. The MST
measurement was carried out at 50% blue LED excitation power and
40% infrared power. The MST data analyses were performed using
the MO.Affinity Analysis V2.3 software.

Circular Dichroism (CD) Spectroscopy. CD spectroscopy was
carried out as previously described.”’

Photo-Cross-Linking. Photo-cross-linking was carried out as
previously described with minor modifications.”’ Briefly, 0.1 uM
oligonucleotide was incubated on ice for 30 min with 1 mg/mL fish
sperm DNA, 0.5 mM SBED-GMP, and the indicated concentration of
GRPC in a buffer of SO mM lithium cacodylate (pH 7.4) containing
50 mM KCl and 40% (w/v) PEG 200 before being irradiated by UV
light. For RNA, fish sperm DNA was replaced by the same
concentration of yeast tRNA and 1 U/uL RNase inhibitor.

DNA Polymerase Stop Assay. DNA polymerase stop assay was
carried out as described with modifications.”’ Annealed primer and
template DNA were incubated with various concentrations of GRPC
or RHAU23 peptide on ice for 30 min. Primer extension was initiated
by adding a final concentration of 10 mM MgCl,, S0 uM dNTP
(Thermo Scientific), and 0.15 U/uL Bsu DNA Polymerase, Large
Fragment (NEB). The reactions were kept at 37 °C for 10 min and
then stopped by adding 1/20 volume of 0.5 M EDTA—Na, (pH 8.0)
and heating at 95 °C for 10 min, followed by proteinase K digestion
for 30 min at 37 °C. The DNA was extracted with phenol/chloroform
and resolved on a denaturing polyacrylamide gel.

Reverse Transcription. A 282 bp linear DNA covering the T7
promoter and the inserted GVBQ motif in the pGL3-T7-GVBQ
plasmid was made by PCR using the primer pair 5'-CCTCTGAG-
CTATTCCAGAAGTAGTG-3' and 5-AACCAGGGCGTATCTC-
TTCATAG-3". To prepare RNA for reverse transcription, 2 ug of
amplified DNA was transcribed and purified as previously described.**

Reverse transcription was carried out as described.*® 0.06 uM
primer (§'-FAM-TCCATGGTGGCTTATGGATGT-3') was mixed
with 0.05 uM of the RNA transcript in a buffer of 50 mM Tris—HCl
(pH 7.4) and 75 mM KCl, denatured at 95 °C for S min, and then
cooled down to 20 °C at a rate of 0.03 °C/s. The sample was
incubated with 1 U/uL RNase Inhibitor and GRPC or another
compound on ice for 30 min. RNA reverse transcription was initiated
by adding a final concentration of 3 mM MgCl,, 100 M dNTP
(Thermo Scientific), 10 mM DTT, and 1.5 U/uL. M-MLV Reverse
Transcriptase (Promega). The reactions were kept at 42 °C for 1§
min and then stopped by heating at 70 °C for 15 min, followed with
proteinase K digestion for 30 min at 37 °C and extracted by phenol/
chloroform. DNA product was dissolved in 80% formamide,
denatured at 95 °C for 5 min, and resolved on a denaturing
polyacrylamide gel. DNA fragments were visualized on a Typhoon
Imager (GE Healthcare) and quantitated using the Image Quant 5.2
software.

In Vitro Translation and Luciferase Assay. The pGL3-T7-
GVBQ_ plasmid was linearized by cutting at the BamH I site and
purified by the Wizard PCR Clean-Up System (Promega). The
linearized plasmid was transcribed as described in the previous section
to prepare an RNA template for in vitro translation. In vitro translation
of the RNA was carried out using the Rabbit Reticulocyte Lysate,
Nuclease Treated (Promega) according to the manufacturer’s
instruction. RNA coding firefly luciferase was mixed with RNA
coding renilla luciferase and GRPC or the indicated compound in a
buffer of 10 mM Tris—HCl (pH 7.4), 7S mM KCl followed by
incubation on ice for 30 min. The mixture was then added to the
Rabbit Reticulocyte Lysate, and translation was performed at 30 °C
for 1 h. Firefly and renilla luciferase activity were measured using the
Dual-Luciferase Reporter Assay System (Promega) using the
manufacturer’s protocol on a Multi-Plate Reader (Biotek, USA).
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Figure 1. Targeting DNA GVBQs with a guanine—RHAU23 peptide conjugate (GRPC). (A) The GRPC consisting of an RHAU23 peptide
covalently linked with a guanine group. (B) Scheme of the expected interaction between GRPC and GVBQ. (C) GVBQ formation in MYOG-3332
and ABTB2-3233 DNA in K" or Li* solution detected by circular dichroism (CD) spectroscopy. (D) Binding of GRPC to GVBQ_detected by

electrophoretic mobility shift assay (EMSA).

B RESULTS

GRPC Binds DNA GVBQ with High Affinity and
Specificity. The bifunctional GRPC was composed of a
guanine base and a G4-binding domain (RHAU23) from the
RHAU protein (Figure 1A). According to previous studies, the
guanine should fill into the G-vacancy of a GVBQ***' and the
RHAU23 cap to a G-quartet terminal layer’” (Figure 1B). We
first tested this anticipation with two GVBQ-forming DNAs,
i.e., MYOG-3332 and ABTB2-3233 (Table S1), each
containing one G, and three Gj; tracts in the G-core. The
two DNAs form a GVBQ structure with a G-vacancy in one of
the guanine terminal layers that can be filled by a guanine
residual.”’ The CD spectra of the DNAs in K solution
suggested that these two DNAs adopted a parallel folding
topology, as indicated by a positive peak at 265 nm and a
negative peak at 245 nm (Figure 1C).

We first examined the interaction between the GRPC and
the two GVBQs by the electrophoresis mobility shift assay
(EMSA). For both DNAs, the amount of DNA—GRPC
complex increased in association with an increase in GRPC
concentration (Figure 1D), yielding a calculated K, of 9.8 and
1.9 nM, respectively. The same EMSA was also conducted with
two groups of similar DNAs that could either form canonical
G4s without a G-vacancy or containing two G, tracts (Figure
S1). In these cases, the GRPC showed little binding activity to
them, demonstrating that the targets of the GRPC were strictly
limited to the GVBQ_structures. We also tested another nine
motifs from human or viral genes (Table S1) that folded into
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parallel GVBQs (Figure S2) and were bound by the GRPC
with nM affinity (Figure S3). The affinity data obtained with
EMSA were further verified by the microscale thermophoresis
(MST) technique®” with four representative GVBQ motifs that
have a G, tract at four alternative positions, respectively
(Figure S4). These high-affinity bindings were a result of a
synergy between the guanine base and RHAU23 in the GRPC
because the individual guanosine and RHAU23 component
both showed uM affinity to the MYOG-3332 GVBQ_(Figure
SS), which was 3 orders of magnitude weaker than that of the
GRPC.

G-Vacancy-Dependent Interaction between GRPC
and DNA GVBQ. The participation of guanines in the
formation of a G4 can be justified by DMS footprinting
through the protection of participating guanines from chemical
cleavage.” Specific to the GVBQ, the guanine in the G-triad
facing the G-vacancy is not protected but rather hyper-
cleaved.”’ We carried out DMS footprinting to verify the
formation of GVBQ_in the two DNAs. The formation of
GVBQ_in the MYOG-3332 in K" solution protected the
guanine residuals in the G-tracts from chemical cleavage
(Figure 2A and B), except for the last one in the first G, tract
from the S’ side (red arrowhead) that was instead hypercleaved
(green versus red curve). The addition of guanosine and
RHAU?23 either individually or in combination slightly reduced
the hypercleavage, as judged from a small drop of the cleavage
peak, suggesting that the two individual compounds had little
effect in stabilizing the GVBQs. However, when GRPC was
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Figure 2. Verification of guanine filling-in in the DNA GVBQ—GRPC interaction. (A) DMS footprinting of MYOG-3332 DNA in the presence of
GRPC, RHAU23, guanosine (G), and RHAU23 plus guanosine (RHAU23+G). (B) Digitization of the gel in part A. R, RHAU23; G, guanosine.
(C) Competition of GRPC with SBED-GMP in the photo-cross-linking assay. (D—F) Same as parts A—C except the GRPC was tested with

ABTB2-3233 DNA.

added, the hypercleavage completely disappeared and the
guanine became well protected, as were the other guanines in
the G-tracts (blue versus red curve). This result indicated that
the G-vacancy in the GVBQ was occupied by the guanine in
the GRPC and the GVBQ was effectively stabilized by the joint
action of the guanine and RHAU23 moiety.

We further used a photo-cross-linking experiment with a
trifunctional compound SBED-GMP to confirm the guanine
filling-in.”" The SBED-GMP carries a guanine moiety to fill in
a G-vacancy, a phenyl azide group that can react with a primary
amine in adenine, guanine, or cytosine to cross-link a DNA.
When a G-vacancy is filled with the guanine base from the
SBED-GMP, the two interacting partners can be covalently
cross-linked upon UV irradiation. In Figure 2C, it can be seen
that such a cross-link occurred in the DNA in the presence of
SBED-GMP and UV light (blue diamond), as indicated by an
extra DNA band above the original DNA. This extra band was
dramatically weakened when GRPC was added, implying that
the GRPC and SBED-GMP competed for the G-vacancy. The
same set of analyses was carried out with the ABTB2-3233, and
the results obtained were fully supportive of the fill-in targeting
by the GRPC (Figure 2D—F).
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G-Vacancy-Dependent Interaction between GRPC
and RNA GVBQ. To explore the possibility of targeting
GVBQs in RNA, we also tested two RNA equivalents of the
MYOG-3332 and ABTB2-3233 sequences. RNA G4s almost
exclusively adopt a parallel conformation.®” Similar to the
corresponding DNAs, the two RNA also formed parallel G4s in
K" solution, as they both featured a positive peak at 265 and a
negative peak at 245 nm (Figure S6A). The formation of G4 in
the two RNAs was further confirmed by RNase T1
footprinting in which the guanines participating in G4
formation were protected from cleavage (Figure S6B). Again,
the guanine filling-in was also confirmed by the photo-cross-
linking experiment in which the GRPC competed with the
guanine of the SBED-GMP (Figure S6C). These results
illustrated that the GRPC could also target GVBQs in RNAs.

Stabilization of DNA/RNA GVBQs by GRPC. To assess
the stabilization of GVBQs by the GRPC, we labeled the
DNAs at the 5’ end with a FAM as a donor and the 3’ end with
a TAMRA as an acceptor and performed thermal melting
based on the fluorescence resonance energy transfer (FRET)
technique.*”*' A GVBQ was incubated with different
concentrations of GRPC, and the temperature required for
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Figure 3. Stabilization of GVBQ DNA and RNA of MYOG-3332 and ABTB2-3233 by GRPC. (A) T/, of thermal melting of GVBQs in the
presence of different concentrations of GRPC. T, indicates the temperature for the fluorescence in a FRET melting to reach the midvalue
between the minimum and maximum values. (B) Comparison of thermal stabilities of ABTB2-3233 DNA stabilized by GRPC and other

compounds.

the fluorescence to reach the midvalue between the minimal
and maximal fluorescence, denoted as T ,,, was used to judge
the stability of the GVBQs. As shown in Figure 3A, the stability
of the four GVBQs was enhanced in a positive correlation with
the concentration of GRPC. At 10 uM of GRPC, the greatest
stabilization occurred to the GVBQ of the MYOG-3332 RNA,
resulting in an increase in the T, value of 41 °C. At 1 uM, the
GRPC enhanced the T);, value by nearly 30 °C for the
MYOG-3332 RNA. In any case, the stabilization with the
GRPC was far greater than that with guanosine and RHAU23
added either individually or in combination, indicating a
dramatic improvement through the synergy of the two
functional units in the GRPC. Moreover, the stabilization
involved the G-vacancy in that it only diminished when facing
a competition from a GVBQ_but not from a canonical G4
(Figure S7).

We also conducted thermal melting experiments using other
G4 or GVBQ binding compounds to evaluate the effect of the
GRPC (Figure 3B). Among them, the popular G4 stabilizer
pyridostatin (PDS)** significantly outperformed guanosine, N-
methyl mesoporphyrin IX (NMM),” GMP, and GTP in
stabilizing the ABTB2 DNA GVBQ. The PDS was reported to
have a K value of 490 nM** and NMM of ~10 uM™ to the
telomeric G4. With a Ky value of a few nM (Figure 1D), the
GRPC was ~480-fold more potent than the PDS and ~20000-
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fold more potent than the NMM (Figure 3B), not to mention
the other stabilizers.

GRPC Inhibits in Vitro DNA Replication and RNA
Reverse Transcription. Our aforementioned results demon-
strated a dramatic improvement in the stabilization of the
GVBQs by a guanine-guided targeting. Next, we examined how
such targeting would affect DNA replication. Primer extension
was performed on a DNA template with a GVBQ_ in the
middle in the absence and presence of different concentrations
of GRPC. As shown in Figure 4A (solid circles), the GRPC
caused serious premature termination (PT) of replication in
front of the two GVBQs (Figure S8) in a concentration-
dependent manner, which was in sharp contrast to that caused
by the RHAU23 without the guanine guide (open circles). The
DNA replication was totally blocked when the GVBQs were
replaced by equivalent canonical G4s even in the absence of
GRPC such that no effect of GRPC could be observed (Figure
4A, blue curve). This result implied that such G4s were stable
enough to fully stall the replication and supported our
assumption that stable G4s are not preferred targets.
Premature replication termination also remained low in the
presence of the ligand PDS and NMM (Figure 4B). Similarly,
GRPC mediated premature termination of reverse tran-
scription was also observed at the GVBQs on an RNA
template in a concentration-dependent manner (Figure S9).
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Figure 4. Inhibition of DNA replication by targeting GVBQ with GRPC and other compounds. Primer extension of DNAs containing an MYOG-
3332 or ABTB2-3233 GVBQ, or a canonical G4 motif in the middle was conducted in the presence of the indicated compounds. (A) Premature
termination (PT) as a function of GRPC or RHAU23 concentration. PT was expressed as a percentage of the total synthesized DNA. (B)
Comparison of PT in the presence of 10 uM of the indicated compounds. Marker (M) indicates the mobility of a synthetic DNA complementary to
the whole region flanking the 3’ side of the GVBQ on the template.

GRPC Inhibits in Vitro RNA Translation. Previous
studies have shown that G4s in the 5" UTR of many human
mRNAs generally suppress translation*®*” and such suppres-
sion can be intensified by G4 stabilizers.*>*’ To evaluate the
effect of GRPC on RNA GVBQ in this process, we performed
in vitro translation using RNA templates in which an MYOG-
3332 or ABTB2-3233 GVBQ was arranged in the 5’ UTR of a
firefly luciferase gene. As is shown in Figure SA and B, the
addition of GRPC remarkably inhibited the reporter activity in
the RNA containing GVBQ_ in a dose-dependent manner,
while the RHAU23 alone had little effect and the PDS was
much less effective.

We also tested the MYOG-3333 G4 and found GRPC and
RHAU23 both inhibited the translation when their concen-

compounds might promote the formation of the G4 in the
competition to inhibit the translation. The fact that the GRPC
was more potent than RHAU23 was intriguing, since it was
unexpected because there was no G-vacancy in the MYOG-
3333 G4 for the guanine in the GRPC to fill-in. To seek more
insight, we assessed the Ky of the interactions (Figure S10). In
agreement with the difference in their potency, the GRPC
showed a smaller K; than the RHAU23. However, it was not
clear how the guanine in the GRPC improved the affinity.
While this phenomenon deserves further investigation, it

suggested that targeting RNA may be more complicated than

tration reached 10 and 20 uM (Figure SC). RNA forms rich
secondary structures. In this case, the G4 was not stable
because it had to compete against such structures. The two

targeting DNA. For the random RNA, a weak inhibition at 20
uM of GRPC and PDS might be caused by the presence of a
G4 of two G-quartet layers.
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B DISCUSSION

As an alternative to small molecule ligands, our work
demonstrated that the GRPC benefited from three aspects in
establishing a compound—target interaction with excellent
specificity and nM affinity. First, the selective filling-in of the
guanine into the G-vacancy resulted in extremely high
specificity toward DNA GVBQs. Such selectivity outperformed
previous ligands in that it solely recognizes the intended
GVBQ but not even the canonical G4s. Second, the synergistic
action of the RHAU23 and guanine greatly improved affinity to
GVBQs. Third, targeting the less stable GVBQ provided larger
room for potency.

Accordingly, the GRPC showed strong binding to GVBQs
with Ky at the nM level. This affinity is far greater than that of
the small molecule ligands to the canonical G4s whose Ky
values are among several tens of nM to several tens of uM."
For example, the popular commercially available pyridostatin
(PDS) has a K; value of 490 nM** and the NMM has a K;
value of ~10 uM* to the telomere G4. The GRPC remarkably
outperformed the representative ligands, such as the PDS and
NMV, in stabilizing G4 targets. As is shown in Figure 3B, the
GRPC was ~480-fold more effective than the PDS and
~20000-fold more effective than the NMM in stabilizing the
ABTB2 DNA GVBQ. Even though each ligand may have
optimal G4 targets, these large differences are likely to
maintain if such a possibility is to be considered.

Off-targeting or nonspecificity is an issue that deserves more
attention than we currently paid to. When administered into
cells, there are numerous chances for a ligand to interact with
biomolecules such as proteins in addition to the intended G4
targets. In one of our previous works, we examined how much
G4 stabilization by several ligands with high affinity and
selectivity to G4s contributed to the inhibition of telomere
DNA extension by telomerase.’® One of the ligands, Zn-
TTAPc, a derivative of phthalocyanines, has a K4 to G4 at the
nM level, which is hundreds to thousands fold smaller than to
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tRNA and the corresponding cDNAs.”' In such assays, the
reactants simply included telomerase, NTPs, and DNA
substrate that could form G4s. Our results showed that most
of the inhibition was G4 irrelevant and G4 stabilization only
made a minor or even a negligible contribution to the overall
inhibition.

The highly specific targeting of GVBQ_by the GRPC holds
promise to overcome the off-targeting issue in a cellular
environment. In this particular case, the RHAU23 is derived
from the original RUAU protein by removing >90% of the
amino acid residues such that the chance for the GRPC to
interact with other cellular components is minimized. Because
the RHAU23 and guanine are both of natural origin, one may
expect less cell toxicity from the GRPC, another benefit over
the small molecule ligands.

Unlike the small-molecule ligands, the GRPC inherits the
weakness of peptide drugs in, for instance, intracellular delivery
and metabolic properties.”” >* The capability of intracellular
delivery may be implemented by linking a cell-penetrating
peptide (CPP)*>~” to the GRPC. CCPs are small amino-acid
sequences with a size of a few to less than 30 residues that can
deliver therapeutic molecules, including DNA, proteins,
peptides, and oligonucleotides, into cells. Many CPPs are in
preclinical or clinical development and worth being tested with
the GRPC. Once delivered into cells, site-specific targeting of a
single specific GVBQ of interest may be realized by attaching a
PNA (peptide nucleic acid)*® or LNA (locked nucleic acid)*”
sequence to GRPC to recognize a region flanking the intended
GVBQ motif. In addition, the PNA/LNA is expected to
enhance the affinity and specificity toward the intended target
due to an additional sequence-specific hybridization. The
GRPC is also subject to proteolysis in cells. This issue may be
overcome by cyclization of RHAU23 that has been reported to

confer the RHAU23 superior resistance against exopeptidase.()0
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B CONCLUSION

A highly specific and potent strategy for targeting nucleic acids
was implemented by linking a guanine group to a G4-binding
peptide RHAU23 to specifically guide an interaction toward a
distinctive type of G4s carrying a guanine vacancy. The
synergistic action of a guided binding and stabilization ensures
exclusive recognition of the intended targets with affinities at
nM level and capability to intervene in a variety of metabolic
activities associated with DNA.
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