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GENERATION OF A NUCLEASE TARGETING PARALLEL G-QUADRUPLEX
FOR SPECIFIC CUTTING OF DOUBLE STRANDED DNA
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Specific cutting

G-quadruplex is a secondary structure of DNA or RNA that plays an
important role in many biological processes such as replication,
transcription, translation and elongation of telomeres. Therefore, the G-
quadruplex structure has emerged as a target molecule for drugs
designation in biomedical applications. In this study, a novel nuclease
which was developed can specifically target parallel G-quadruplex and
play its catalytic function at a specific position. The novel nuclease was
genetically generated by fusing a parallel G-quadruplex-recognized
RHAUS3 peptide motif with a catalytic protein domain of Fok1,
resulting in the generation of RHAU53-Fok1. The fusion protein could
be expressed in E. coli under IPTG inducer and purified by the his-tag
affinity chromatography. Interestingly, RHAU53-Fok1 can selectively
bind a parallel G-quadruplex and cut a double stranded DNA next to it.
Cleavage of double stranded DNA by RHAUS53-Fok1 showed multiple
cutting sites on the substrate, resulting in a major fragment and several
minor fragments. The novel nuclease provides a useful tool for
recognizing and mapping the G-quadruplex structure in the genome.
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Cat dic hiéu

G-quadruplex la cau tric bac 2 cia DNA hay RNA ma déng vai tro
quan trong trong cc qué trinh sinh hoc nhu sao chép, phién ma, dich
mi va kéo dai cac telomeres. Do d6, ciu tric G-quadruplex duoc
xem nhu mot phan tr muc tiéu trong viéc thiét ké cac thudc trang
dich ung dung trong y sinh. Trong nghién catu nay, nuclease mai
dugc phét trién c6 kha nang nham muc tiéu G-quadruplex song song
va thyc hién chic ning cat tai vi tri dac hiéu. Enzyme méi duogc tao
ra bang phuong phap két hop phan tir peptit RHAU53 ¢6 kha ning
nhan dién G-quadruplex song song véi ving protein xdc tac cit cua
Fokl, tao nén protein dung hop RHAUS3-Fokl. Protein dung hop
nay c6 thé dugc biéu hién trong hé thdng E. coli dudi sy cam ng cua
IPTG va duoc tinh ché bang sic ky &i luc vé6i cot His. Dac biét,
RHAUS53-Fok1 c¢6 thé nhan dién va bam dic hiéu vao ciu tric G-
quadruplex song song va cit DNA sgi kép bén canh céu tric do.
Enzyme cat DNA & nhiéu vi tri cho ra 1 san pham chinh va céc san
pham phy. Enzyme méi nay dugc xem 1a cong cu tiém ning cho viéc
lap ban db vi tri cAu tric G-quadruplex trong bo gen.
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1. Introduction

DNA or RNA G-quadruplexes are secondary structures formed from G-rich sequences that
can be folded into four structural strands (Figure 1A) [1], [2]. The G-quadruplex structures are
highly polymorphic: the four strands of the G-tetrad core can be parallel (the strands are oriented
in the same direction) or nonparallel, with (i) three strands in one direction and one strand in the
other direction or (ii) two strands in one direction and the other two in the opposite direction [3]
(Figure 1B). Analysis of computational prediction shows that the human genome may contain
more than 700,000 sequences that can form G-quadruplex structures [3]-[5]. G-quadruplexes are
mainly present in the telomere region of the genome, which consists of 5 to 10,000 bps of G-rich
repeats (TTAGGG) [6], [7]. G-quadruplexes also exist in the promoter where gene transcription
is initiated [8], [9]. G-quadruplexes have also been found in the 5'-UTR region of the encoded
mRNAs [10]-[12]. In addition, G-quadruplex also exists in bacteria, fungi and viruses [13], [14].
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Figure 1. The formation of G-quadruplex. A) The G-quadruplex structure is formed in DNA or RNA in the presence of
K+ or Na+ cations. B) G-quadruplexes with different topologies: parallel and non-parallel structures [15]

G-quadruplex formation plays an important role in many biological processes such as
transcription, translation, and telomeric maintenance [3], [4]. During replication, single-stranded
G-rich sequences are capable of forming G-quadruplexes, which inhibits replication, leading to
genome instability. In human chromosomes, telomeres (approximately 100 to 280 nt) are
favorable for the formation of G-quadruplexes and can inhibit telomerase activity, rendering
telomeres unable to elongate [7]. Therefore, the presence of G-quadruplexes in the human
genome is considered a novel molecular target for cancer therapeutic research [16]-[19].

A helicase, RHAU, has been shown to bind and specifically resolve G-quadruplex structures
in the presence of ATP [20]. The mechanism of G-quadruplex recognition by RHAU has been
identified from the structure of RHAU bound to G-quadruplex DNA, where RHAU recognizes
G-tetrad via hydrophobic interactions, supplemented by electrostatic interactions between
positively charged amino acids and negatively charged DNA phosphate groups [21]-[23]. G-
guadruplex-specific function can be conjugated by binding RHAU to a functional protein [15],
[24]-[27]. Previously, this method was applied to probe the G-quadruplex and develop a novel
nuclease and ribonuclease for programmable DNA and RNA cleavage [24], [26]. In this study, a
novel nuclease targeting G-quadruplex was genetically generated by combining the RHAU53
recognition motif with the Fokl nuclease domain. RHAU53-Fok1 can specifically bind and cut
double-stranded DNA next to it.

2. Materials and methods
2.1. Construction of plasmid RHAU53-Fok1

A novel nuclease was generated by incorporating RHAU53 into the catalytic protein domain
of Fokl. DNA encoding for RHAU53-Fokl was amplified using the gene of RHAU53-Fokl
(synthesized from IDT company, Singapore) with a pair of primer ON1: 5'-ctg cta tgg agg tca ggt
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atg cag cgg ttt ctt tac cag act cg-3' and ON2: 5'-gcc agg atc cga tgt ttc agg aca acc cgc tgc ta-3'.
The PCR product was treated with 2 restriction enzymes Ncol and BamHI and inserted into
treated pET-Duetl at Ncol and BamHI sites by T4 DNA ligase, resulting in the generation of
plasmid pPRHAU53-Fok1.

Amino acids sequence of RHAU53-Fok1 protein:
MGHHHHHHHHSMHPGHLKGREIGMWYAKKQGQKNKEAERQERAVVHMDERREEQIV
QLLNSVQAKDVSGGGSGGGSGGGSGGGQLVKSELEEKKSELRHKLKYVPHEYIELIEIAR
NSTQDRILEMKVMEFFMKVYGYRGKHLGGSRKPDGAIYTVGSPIDYGVIVDTKAYSGG
YNLPIGQADEMQRYVEENQTRNKHINPNEWWKVYPSSVTEFKFLFVSGHFKGNYKAQL
TRLNHITNCNGAVLSVEELLIGGEMIKAGTLTLEEVRRKFNNGEINF

2.2. Protein expression and purification

The plasmid pRHAU53-Fok1 coding RHAU53-Fok1 was transformed into E. coli train BL21
(DE3). The bacteria were cultured in LB (Luria-Bertani) medium consisting of 50 mg/L of
ampicillin and the E. coli cells were grown at 37°C, shaking 180 round per minute to reach an
ODgoo 0f 0.5-1. IPTG (Sigma Aldrich, St. Louis, USA) was then added to a final concentration of
0.5 mM. The E. coli cells were subsequently incubated for 12 hours at 165°C, shaking at 180 rpm
before being harvested by centrifugation. The pellet of E. coli was resuspended into the lysis
buffer Bugbuster protein extraction reagent (Merck, Germany) and 10 pg/ml Dnasel. The
insoluble cell debris was then removed by centrifugation at 20000 rpm for 2 hours at 4°C. The
soluble fraction flowed through the His-tag column. Subsequently, the column was then washed
with 20 volumes of column with 20 mM Tris-HCI, 50 mM NaCl and 10 mM imidazole buffer,
pH 7. The proteins were eluted with a buffer of 20 mM Tris-HCI, 50 mM NaCl and 200 mM
imidazole. The imidazole in the protein solution was removed by centrifugation using the
Amicon Ultra-15 centrifugal filter (EMD Milipore). The pure protein was isolated and analyzed
by SDS-PAGE.

2.3. Cleavage of double stranded DNA

The artificial substrate D1 was generated by adding G-quadruplex (tt[ggat]s) to a single
strand of 42 bp dsDNA (5'-tt[gggt]s aag act tca agg acg acg gca aca tcc tgg cgce aca agc tge-3').
D2 as the negative control was generated without G-quadruplex (5'-aag act tca agg acg acg gca
aca tcc tgg cgce aca agc tgc-3'). Both D1 and D2 were labelled with FAM dye for detection.
Cleavage reaction was carried out at 37°C in 1x CutSmart® buffer (New England Biolabs, UK).
Cleavage products were analyzed by the native gel electrophoresis (18%).

3. Results and discussion
3.1. Construction of plasmid

The RHAU53-Fok1 gene fragment was amplified by PCR with a pair of ON1 and ON2. The
PCR product analyzed by gel electrophoresis with 2% agarose showed a single band between the
800 bps and 1000 bps lines of the DNA ladder (Figure 2A), corresponding to the size of the
RHAUS53-Fok1 gene fragment (858 bps). This shows that the target gene segment has been
amplified successfully. PCR products are treated with restriction enzymes and inserted into host
vectors pET-Duetl that are also uncirculated with restriction enzymes. The ligation product was
then transformed into E. coli strain and spread on the agar plate (ampicillin antibiotic-containing
medium). Colonies grown on the petri were selected to be tested for their ability to contain the
target gene vector by colony PCR. Electrophoresis results showed that 2 colonies had a band
between the 1000 bps and 1500 bps lines of the DNA ladder, corresponding to the theoretical
design size of 1045 bps (Figure 2B). The recombinant DNA was then confirmed by DNA
sequencing (1st Base, Singapore). DNA sequencing result showed 100% similarity with the
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theoretical sequence (unshown data), indicating that the recombinant vector carried the target
gene RHAU140-Fok1.
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Figure 2. DNA electrophoresis: A) PCR product of RHAU53-Fok1 gene (812 bps). (B) PCR products
(1045 bps) of 7 random colonies from the culture plate, M (DNA Marker).

3.2. Protein expression and purification

The RHAU53-Fok1 protein was expressed in E. coli strain BL21 (DE3) under the induction of
0.5 mM IPTG. Proteins were purified using the His column and the homogeneous proteins were
then analyzed by SDS-PAGE. Electrophoresis result showed that the target protein band shifted
near 30 kDa of the protein ladder, corresponding to a target protein of 31.6 kDa (Figure 3). The
homogeneous protein was kept in -80 °C and ready for activity assay.
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Figure 3. SDS-PAGE of RHAU53-Fok1 protein: A) Protein expression in E. coli without (-) and with (+)
0.5 mM IPTG inducer. B) Homogeneous RHAU53-Fok1 was collected by the affinity chromatography with
His coloumn, M (protein marker).

3.3. Cleavage of double stranded DNA

Cleavage of double stranded DNA by RHAU53-Fok1 was performed with two artificial substrates
D1 and D2 (negative control). A G-quadruplex TT(GGGT)4 was formed into a single strand of 42-bp
dsDNA substrate. Two substrates D1 and D2, with and without G4, were labeled with a fluorescent
dye FAM at the 3' end, allowing DNA visualization. Nuclease RHAU53-Fok1 selectively binds to D1
and cuts dsDNA next to it (Figure 4). RHAUS3-Fok1 showed multiple cleavage sites on the substrate
providing a major fragment and several minor fragments, which is consistent with previously reported
data for nuclease Fok1. In contrast, the addition of the same amount of RHAU53-Fok1 to the negative
control DNA (D2) showed small and nonspecific cleavage.
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Figure 4. The recognition and cutting of double stranded DNA (with and without a G-quadruplex) by the
RHAUS53-Fok1 nuclease. A) Schematic representation of DNA recognition and cutting by enzyme. B)
Cutting of double stranded DNA (D1) bearing G-quadruplex (5 uM) and D2 (DNA without G-quadruplex
as negative control) (5 uM) by RHAU53-Fok1 (1 uM) was carried out at 1 hour, 37 C in 1x CutSmart®
buffer and analysed by native gel electrophoresis (18%).

Generation of a new nuclease has been considered as an alternative approach to study nucleic
acid properties and functions, especially with long and intricate species. The type Il restriction
enzymes can recognize specific regions and cleave DNA at predetermined positions [28].
Furthermore, protein engineering technique are often straightforward owing to the gradual
development of recombinant DNA technology. An increasing number of efforts are being made
to generate artificially enzymes that can specifically cleave RNA and DNA such as combinations
of specific DNA/RNA binding proteins known as a zinc finger into the catalytic domain of
RNase HI or Fok1, generating fusion proteins that selectively cleaves the RNA strand or DNA at
adjacent points of binding sites [29]-[31]. In this study, using the G-quadruplex-binding
RHAU53 domain to generate a nuclease by incorporating it to Fokl. The fusion enzyme can
recognize DNA substrates bearing G-quadruplex for cleavage at a specific site. This nuclease
would provide a useful technique for mapping formation of G-quadruplex in the genome.

4. Conclusion

A novel nuclease RHAUS3-Fok1 was generated by combining RHAUS3 with the catalytic
domain of Fokl. This fusion protein can selectively recognize and cut dsDNA bearing the
parallel G-quadruplex motif at specific sites. RHAUS53-Fok1l may provide a potential tool to
probe or map the G-quadruplex formation in the genome. This work also proposes a general
method to generate variant functional proteins to target G-quadruplex motifs in biological
processes.
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