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Parallel G-quadruplex-mediated protein
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We studied parallel G4-mediated protein dimerization and activation by incorporating a RHAU peptide with
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a fluorescent protein FRET pair CFP/YFP and an apoptotic casp9. Occurrence of energy tranfer (from donor

CFP to acceptor YFP) and enhancement of 60-fold cleavage efficiency of casp9 were observed in the
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G-quadruplex (G4) is a four-stranded structure formed by G-rich
sequences stacking multiple G-tetrads.'® The G4 structure is
highly polymorphic, and depends on orientation of the strand
loops that can adopt parallel and nonparallel structure topolo-
gies.*® Computational analysis of the human genome identified
more than 700 000 sequences that have potential to form G4
structure.® G4 highly localizes at telomeres and promoter
regions of genes.”® They have also been found in 5-UTR of the
encoded RNA® and the long G-rich RNA transcripts of telomeric
DNA." G4 location is not randomly distributed, correlating with
functional genomic regions. The formation of G4 structure
correlates with many cellular processes such as replication,
transcription, translation and telomere maintenance that
regulate cell proliferation.”*> Therefore, G4 has recently
emerged as a potential target for anti-cancer drug design.***
Specific recognition and stabilization of G4 by peptide or
protein is a promising approach for regulation of various
biological processes. In cells, several helicases such as BLM,
FANC]J, PIF1 and RHAU were showed to selectively bind and
resolve G4 structure."*™ A G4-specific binding motif was also
identified in N-terminus of RHAU (RNA helicase associated
with AU rich element) protein. RHAU peptide selectively binds
and stabilizes only parallel G4 structure including DNA and
RNA G4s.>*** NMR structure solution of a complex between an
18-residue peptide fragment (RHAU18) consisting a G4-
specific binding motif and a parallel DNA G4 has showed
that the RHAU18 peptide forms an a-helix that specifically
recognizes the G-tetrad platform of G4. Interestingly, the
parallel DNA G4 can selectively bind two RHAU peptides at the
3" and 5’ end G-tetrads.?® The peptide covers the G-tetrad and
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presence of parallel G4, which indicated that parallel G4 can induce dimerization and activation of proteins.
This novel approach holds a great promise for studying G4-targeting functional dimeric proteins in celllular biology.

clamps the G4 with three-anchor-point electrostatic interac-
tions between negatively charged phosphate groups of the G4
and three positively charged amino acids of the peptide.”®
Recently, specific recognition of G4 by RHAU peptide has been
applied for chemical biology applications, i.e. incorporating
the RHAU peptide with a fluorescent protein provided a useful
protein probe for distinguishing different G4 topologies.*
Generation of new ribonuclease by incorporating the RHAU
peptide with the catalytic domain of RNase HI that can target
G4 and efficiently cleave the single-stranded RNA in a site-
specific manner.”> However, G4 has not been applied as
a target molecule for dimerization and activation of protein.
Herein, we studied on characterization of G4-mediated
dimerization by incorporating a RHAU peptide with a fluores-
cent protein pair: cyan fluorescent protein/yellow fluorescent
protein (CFP/YFP) that was physically detected by the fluo-
rescence resonance energy transfer (FRET) technique (Fig. 1).
In addition, we also introduced a RHAU peptide in an
apoptotic casp9 to study G4-enhanced enzymatic activity. Such
approach holds a great promise for inactive monomeric
proteins to specifically target G4 and play a function at dimeric
form in cellular biology.

No FRET

‘ Parallel G4

RHAU-YFP

RHAU-CFP

Parallel G4-mediated
protein dimerization

Fig. 1 Schematic representation of parallel G4-mediated protein
dimerization that can be physically detected by hetero-FRET with
excitation at 400 nm and emission at 527 nm.
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Protein dimerization is a ubiquitous mechanism to regulate
activity of protein in a broad range of cellular processes
including receptor clustering, signal transduction, and
apoptosis.>® Therefore, control over protein dimerization is
highly desirable. Casp9 is an apoptotic cystein protease which is
primarily present in its inactive monomeric form under normal
physiological conditions.**** It becomes active upon induced
dimerization by auxiliary factors and plays a key role in the
apoptosis pathway, cleaving proteins at specific aspartate resi-
dues. Engineering of the casp9 dimerization interface by using
specific mutations could enhance enzymatic activity in cell.*®
Principle limitations of this engineered approach are the
unknown effects of the point mutations on the conformation of
the active site and lack of controllable reversibility.”” In addi-
tion, introduction of an N-terminal phenylalanine-glycine-
glycine (FGG) motif in casp9 allowed cucurbit[8]uril to induce
dimerization of casp9, resulting in an enhancement of cleavage
enzyme activity.”” However, poor water solubility and perme-
ability of cucurbit[8]uril limited applications of molecule-
induced dimerization and activation of casp9 in cell. There-
fore, G4 with high solubility and permeability would be
a potential target molecule for inducing dimerization and
activation of protein in cellular processes.

It has been evident that a short 16-aa RHAU peptide (aa 53-
68) is sufficient for specific recognition of a parallel G4, the
length of the RHAU peptides significantly influences binding
affinity.>* Herein, we designed a fluorescent protein FRET pair
RHAU-CFP/RHAU-YFP for characterization of G4-mediated
protein dimerization by incorporating an engineered RHAU
peptide 30-aa (consisting of RHAU specific binding motif) with
the CFP and YFP, respectively. In addition, G4-mediated acti-
vation of protein was also proofed by incorporating this RHAU
peptide with inactive monomeric casp9. DNA sequences coding
RHAU-CFP, RHAU-YFP and RHAU-casp9 were confirmed by
DNA sequencing. All proteins were expressed in E.coli BL21
(DE3) under regulation of IPTG. Proteins consisting His-tag at
N-terminus were purified by the His-tag chromatography
column. Subsequently, the purified proteins were evaluated by
SDS-PAGE (Fig. S2, ESI{).

FRET technology has emerged as a powerful tool for deter-
mining protein-protein interaction and molecules-induced
protein dimerization.?® Physically, FRET involves the excita-
tion of an acceptor molecule by the emission of a donor mole-
cule within a distance range of 1-10 nm. Herein, we used
a hetero-FRET system (energy transfer from donor CFP to
acceptor YFP) to elucidate G4-mediated dimerization of RHAU-
CFP and RHAU-YFP. Addition of parallel G4s (1 uM) to an
equimolar mixture of RHAU-CFP and RHAU-YFP (both at 1 pM)
resulted in a strong hetero-FRET signal (Fig. 2A and S3, ESI¥).
The strong FRET is more notable, considering that G4-induced
protein heterodimerization in this case is probably accompa-
nied by 50% homodimerization of protein, which does not
contribute to the hetero-FRET. The addition of TERRA (parallel
RNA G4) and T95-2T (parallel DNA G4) (Table 1) to a solution of
RHAU-CFP/RHAU-YFP mixture resulted in an increase of the
peak ratio 527 nm/475 nm from 0.55 to 1.68 and 0.55 to 0.8,
respectively (Fig. 2B). The different increase of the peak ratio
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Fig. 2 FRET studies with RHAU—-CFP/RHAU—-YFP protein pair under
the G4s. (A) Representative spectra of a mixture of RHAU-CFP and
RHAU-YFP (both at 1 uM) in the absence (blue) and presence (yellow)
of TERRA (1 uM). (B) Comparison of the 527 nm/475 nm FRET ratios
observed without (blue bars) and with G4s (1 uM) (yellow bars) in
mixture of RHAU-CFP and RHAU-YFP (both at 1 uM). The excitation of
wavelength was at 400 nm.

Ratio 527 nm/475 nm

showed energy transfer of CFP/YFP in the system of TERRA-
induced protein dimerization was greater than that of T95-2T-
induced protein dimerization. That may explain that RHAU
binds RNA G4 with a somewhat greater affinity than DNA G4
(ref. 29) or TERRA-induced protein dimerization may be more
optimal for position and orientation of protein fluorescence
which may impact the FRET signal. In contrast, addition of
Htelo2 (nonparallel DNA G4, Table 1) (1 uM) to a mixture of
RHAU-CFP and RHAU-YFP (both at 1 pM) did not result in an
increase of the peak ratio 527 nm/475 nm (from 0.55 to 0.54)
(Fig. 2B and S3, ESIf). These results showed parallel G4s
(TERRA and T95-2T) are capable of selectively binding and
inducing protein dimerization.

Parallel G4-mediated dimerization of protein approach was
applied for dimer-driven activation of casp9 (Fig. 3A). Casp9
exits primarily inactive monomeric form and becomes active
dimeric form wunder biophysical condition, resulting in
apoptosis. In the pathway of apoptosis, casp9 -catalyzes,
amongst others, the activation of caspase3 (casp3) through

Table 1 DNA and RNA sequences used in this study

Name Sequences (5'-3) Structure®'
TERRA r(UAGGGUUAGGGUUAGGGUUAGGGUU) Parallel G4
T95-2T d(TTGGGTGGGTGGGTGGGT) Parallel G4
Htelo2 d(TAGGGTTAGGGTTAGGGTTAGGGTT) Non-parallel G4

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 TERRA G4-mediated casp9 dimerization and activation. (A)
Schematic representation of N-terminal RHAU-bearing (green)
monomeric casp9 (gray: large subunit, blue: small subunit) and its
dimerization into an enzymatically active homodimer by TERRA G4-
induced casp9 activation. (B and C) Cleavage activity of RHAU-casp9
(150 nM) for casp3 (12 uM) in the absence (B) and presence (C) of
TERRA (100 nM). Casp3 fl (full length); ls (large subunit); ss (small
subunit). Red arrow shows cleavage of a half of casp3 substrate by
casp9.

cleavage into a small and a large subunit. The catalytic effi-
ciency of the TERRA G4-induced casp9 dimerization and acti-
vation was therefore determined using casp3 as a natural
substrate.”” In the absence of TERRA the RHAU-casp9 mono-
mer requires approximately 120 min to cleave half of the casp3
substrate (Fig. 3B). Simple addition of TERRA results in a strong
>60-fold enhancement of catalytic efficiency towards the natural
substrate, resulting in a half-time of cleavage of approximately
only 2 min (Fig. 3C). The catalytic efficiency of the reference
construct casp9 is similar to that of the RHAU-casp9 without
RNA G4, but in contrast does not increase upon addition of the
TERRA (Fig. S4, ESIT), thus again showing the high specificity of
the parallel G4 and RHAU interaction.

DNA and RNA G4 play key role in regulation of cellular
processes such as replication, transcription, translation and
telomere maintenance. Therefore, specific recognition of G4 by
peptides and proteins provides a promising approach for
regulation of many biological processes. Parallel G4s capable of
selectively binding two RHAU peptides have been characterized
by hetero-FRET. A set of fluorescent protein FRET pair CFP/YFP
was used owing to their simple expression and stability. Hetero-
FRET only occurs in the mixture of RHAU-CFP/RHAU-YFP in
the presence of parallel G4 that indicates parallel G4-mediated
protein dimerization via a specific interaction between RHAU
and parallel G4 following the binding mode of 1G4 to 2RHAUS.
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Parallel G4-mediated protein dimerization system is applied for
activation of inactive monomeric casp-9, an apoptotic enzyme.
Results show that enzymatic activity of casp-9 significantly
increase in the presence of TERRA (parallel RNA G4). It is
notable that high activity of casp-9 depends on (i) dimerization
of protein and (ii) rearrangement of active site.”” Therefore,
TERRA can play as a target molecule for inducing both dimer-
ization and rearrangement of the active site of RHAU-casp9.
Such approach would be used to promote apoptosis of cancer
cells by G4-mediated dimerization and activation of casp9.
Induction of protein dimerization by G4 is crucial for studies in
function of protein and interplay between protein oligomeri-
zation state and activation, not only casp-9, but also many other
protein homodimerization events.

In conclusion, the results show that parallel G4 can act as
a target-inducer of protein dimerization and activation, thereby
leading to energy transfer from donor RHAU-CFP to acceptor
RHAU-YFP and optimal protein reorganization for enzymatic
activity of RHAU-casp9. Specific recognition of parallel G4 by
two RHAU peptides allows inactive monomeric proteins fusing
with RHAU peptide to specifically target parallel G4 and play
a dimer-driven activation of proteins. We believe that parallel
G4-mediated protein dimerization and activation hold great
promises for studying not only caspases, but also many other
protein homodimerization events such as dimerizing enzymes
and membrane receptor proteins in cellular processes.
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