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Abstract

We demonstrated radiolytic ligation of oligodeoxynucleotides (ODNs) possessing

disulfide bond and its application to regulation of DNA quadruplex formation. G-rich

hexamer ODNs had poor ability to form quadruplex, while X-irradiation of the ODNs

induced interstrand exchange reaction at disulfide bond to form ligated 12 mer ODNSs,

leading to the ready formation of quadruplex due to the entropic effect. Since

complexation of the ligated ODNs with hemin in the presence of K* showed strong

soret band absorption and also catalyzed the H,O,-mediated oxidation of luminol, it

appears that the quadruplex formed from ligated ODNs showed a function similar to

native DNA quadruplex.



DNA or RNA, which contains guanine-rich sequences, can form G-quadruplexes that
appear to play a significant role in gene function.! The formation of this unique
structure often occurs within human genome centromeres and teromeres, and therefore
G-quadruplex research is underway on topics ranging from fundamental structural
chemistry to therapeutic advance.>® G-quadruplexes exhibit a marked heterogeneity of
higher order structures. As such, they may be composed of one, two, or four parallel or
antiparallel strands, depending on the number of G-rich segments, the strand length, and
the type and concentration of monovalent cations present, respectively.*" Since the
function and feature of G-quadruplex are related with their conformation, the regulation
of their structure is essential for understanding the properties of G-quadruplex in the
biological systems.

Here, we demonstrate regulation of G-quadruplex formation by X-irradiation.
X-irradiation is a useful exogenous trigger for the activation of many biomolecules
because radiation-induced chemical reactions can be regulated spatially and
temporally.’® Recently, we showed effective functionality of disulfide bond for

radiolytic ligation and cyclization of oligodeoxynucleotides (ODNs).***** A mechanistic



studies revealed that disulfide bond in ODNs undergoes reduction by reducing reactive
species such as hydrated electrons (e.q) or hydrogen atoms (H"), which are generated by
the radiolysis of water molecules,?® to form the thiyl radical intermediate for the
succeeding disulfide exchange into ligation and cyclization.?® In the present study, we
extended our work on radiolytic disulfide exchange in ODNs to regulation of
G-quadruplex formation. Our strategy for increasing the formation efficiency of
quadruplex is to radiolytically ligate the two ODNSs possessing G-rich sequences. The
overall free energy of quadruplex formation is expected to be more favorable for
dimerized ODNs, because two dimerized-ODNs should form quadruplex with more
favorable entropy than four individual ODNSs. Therefore, we prepared and characterized
the reactivity of G-rich ODN hexamer with disulfide bond at strand end (ODN 1). We
found that ODN 1 dimerized upon hypoxic X-irradiation via a strand exchange reaction
at disulfide bond to generate 12 mer ODNs (ODN 2), and this 12 mer ODNSs readily

formed G-quadruplex.

(Figure 1)



The ODNSs possessing a disulfide bond at the strand end (ODN 1) was prepared by
standard automated DNA synthesis.?* The structure and sequence of ODN 1 are shown
in Figure 1. We initially conducted reduction of ODN 1 by means of X-irradiation in
argon-purged aqueous solution containing 2-methyl-2-propanol.®® The scavenger
2-methyl-2-propanol was added to prevent side reactions derived by oxidizing hydroxyl
radicals, which are one of the active species generated by the radiolysis of water
molecule. Thus, reducing e,q and H' act as the major active species under these
conditions for radiolysis.?® Figure 2 shows a representative profile for the radiolytic
reduction of ODN 1. X-irradiation to ODN 1 under hypoxic conditions gave a single
new product, the yield of which increased as a function of increasing radiation dose. To
identify the product, we purified it by HPLC, and analyzed with mass spectrometry. The
molecular weight of the product was identical to the 12 mer ODNs possessing a
disulfide bond (ODN 2),% confirming that hypoxic X-irradiation of ODN 1 induced an
exchange reaction of disulfide bond to form ligated ODN 2. The G values were

estimated to be 80.7 nmol/J for the decomposition of ODN 1 and 21.6 nmol/J for the



formation of ODN 2. To verify the reaction mechanism in detail, we next performed a
similar radiolytic reduction of ODN 1 under aerobic conditions. As shown in Figure 2,
both formation of ODN 2 and decomposition of ODN 1 were markedly suppressed, in
contrast to the efficient ligation upon hypoxic irradiation. There are many reactions

showing that molecular oxygen captures both e,y and H'?*%

and thereby it is
reasonable to conclude that these reactive species are key for the radiolytic ligation of

ODNs possessing a disulfide bond.

(Figure 2)

To confirm that ligated product, ODN 2, formed G-quadruplex in the presence of K,
we followed the absorption of ODNs in the presence of hemin?’ Since it is
well-documented that the Soret band of hemin is enhanced on binding of a DNA
quadruplex.?®® As shown in Figure 3A, hemin in the presence of ODN 1 showed a
weak Soret band at 402 nm, illustrating minimal hemin-quadruplex interaction. On the

other hand, Soret band absorption increased dramatically when the hypoxically



X-irradiated ODN 1 was added to the hemin. These results strongly indicate that ODN 2
produced by X-irradiation of ODN 1 efficiently formed quadruplex, which interacts
with hemin strongly, while ODN 1 hardly formed quadruplex. We also confirmed that
addition of Na* instead of K" resulted in a slight increase of absoption intensity. K*
preferably attributed to the quadruplex formation of ODN 2, consistent with the

previous results.*

(Figure 3)

The K*-stabilized quadruplexes have been shown to bind hemin, resulting in a complex
that mimics the horseradish peroxidase and catalyzes the H,O,-mediated oxidation of
luminol to generate chemiluminescence (CL) emission.** In light of the above
properties, further attempt was made to verify the function of quadruplex formed from
X-irradiated ODN 1 by monitoring CL emissions.*® X-irradiated ODN 1 was added to
the solution containing hemin, K* and H,O,, and then emission spectra were

immediately measured. As shown in Figure 4, addition of ODN 1 without X-irradiation



led to only slight emission. It is striking that strong CL was observed when the

hypoxically irradiated ODN 1 was added to luminol. These results clearly indicate that

quadruplex formed from ODN 2, which were generated from X-irradiation of ODN 1,

exhibited a catalytic function similar to that of naturally occurring DNA quadruplexes.

(Figure 4)

In conclusion, we have characterized the radiolytic ligation and quadruplex formation of

ODNs possessing a disulfide bond at the strand end. X-irradiation of hexamer ODN 1

induced a strand exchange reaction at disulfide bond to form a ligated product, ODN 2.

The reaction proceeded in a hypoxia selective manner, because molecular oxygen

captured the reactive species, e, and H'. ODN 2 formed quadruplex in the presence of

K* and Na*, while ODN 1 had poor quadruplex formation capability, indicating that

ligation facilitated the quadruplex formation due to the entropic effect. The quadruplex

consisting of ODN 2 bound to hemin to form the complex that catalyzed the oxidation

of luminol mediated by H,0,. Thus, formation and function of DNA quadruplex were



successfully regulated by X-irradiation.
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Figure 1. Sequences and structure of oligodeoxynucleotides used in this study and
chemical ligation upon hypoxic X-irradiation.
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Figure 2. HPLC profiles for reaction of ODN 1 (40 uM) in the X-radiolysis of
aqueous solution containing 2-methyl-2-propanol (50 mM) under hypoxic or aerobic
conditions.

17



(A) (B)

0.3 0.3
o 0.2
8 g
5 g
o] o
(%] (%]
< <
350 450 550 350 450 550
Wavelength (nm) Wavelength (nm)

Figure 3. Analysis of hemin-quadruplex interactions by using UV/Vis absorption
spectroscopy. An aqueous solution of ODN 1 (2.5 uM) containing 2-methyl-2-propanol
(50 mM) was X-irradiated (0 Gy: dotted line, 650 Gy: solid line) under hypoxic
conditions, and then hemin (5 uM) was added to the resulting solution. The
measurement of absorption spectra was performed in Tris-Ac buffer (pH 8.0) at 25 °C in

the presence of 1 mM KCI (A) or 1 mM NaCl (B).
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Figure 4. Chemiluminescence emission on the basis of the formation of G-quadruplex.
An agueous solution of ODN 1 (250 nM) was X-irradiated (0 Gy: dotted line, 650 Gy:
solid line) under hypoxic conditions, and then hemin (500 nM), luminol (5 mM), H,0,
(30 mM) and KCI (2 mM) were added to the resulting solution. After the addition of

these reagents, emission spectra were measured immediately.
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