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Abstract: The effect of phosphate group modifications on

formation and properties of G-quadruplexes (G4s) has not
been investigated in detail. Here, we evaluated the structur-

al, thermodynamic and kinetic properties of the parallel G-

quadruplexes formed by oligodeoxynucleotides d(G4T),
d(TG4T) and d(TG5T), in which all phosphates were replaced

with N-methanesulfonyl (mesyl) phosphoramidate or phos-
phoryl guanidine groups resulting in either negatively

charged or neutral DNA sequences, respectively. We estab-
lished that all modified sequences were able to form G-

quadruplexes of parallel topology; however, the presence of

modifications led to a decrease in thermal stability relative

to unmodified G4s. In contrast to negatively charged G4s,
assembly of neutral G4 DNA species was faster in the pres-

ence of sodium ions than potassium ions, and was inde-

pendent of the salt concentration used. Formation of mixed
G4s composed of both native and neutral G-rich strands has

been detected using native gel electrophoresis, size-exclu-
sion chromatography and ESI-MS. In summary, our results in-

dicate that the phosphate modifications studied are compat-
ible with G-quadruplex formation, which could be used for

the design of biologically active compounds.

Introduction

Guanine-rich DNA strands can self-assemble into G-quadru-
plexes (G4s) of various stoichiometry and topology.[1, 2] Their

formation is stabilised by cations, typically Na+ or K+ , which

reside in the central cavity of the structure forming coordina-
tion bonds to the guanine O6 oxygen atoms.[3, 4] Moreover, the

presence of the salt is also required to minimise Coulombic re-
pulsion between negatively charged phosphates in the DNA

backbone. The effects of DNA chemical modifications on the
G4 formation and stability have been evaluated.[5–9] The majori-

ty of studies involved nucleobase or sugar modifications,
whereas alteration of phosphates was limited to commercially

available phosphorothioates[10–12] and methyl phosphonates.[10]

Peptide nucleic acids (PNA)[13–19] including their conformation-

ally constrained variants[20–22] have been investigated in the

context of G4s as an example of the replacement of the entire
sugar-phosphate backbone with an unnatural polyamide

chain. Invasion of PNA strands into the native DNA[13, 21, 23] and
RNA[24] G4 assemblies has been reported in the past, which

was found to be useful for targeting G4s in cells.[25] Recent ad-
vances in the modification of the internucleotidic phosphate
group have made available novel phosphate surrogates with

various substituents at the phosphorus atom.[26–29] Traditionally
chemical modification of the phosphate group has been used
to increase resistance of DNA strands toward enzymatic diges-
tion or improve cellular uptake. Depending on the modifica-

tion used and chemistry implemented, the net charge of the
internucleotidic linkage can be negative as in native phos-

phates,[29] neutral[27] or even positively charged.[26] Use of such
chemical modalities in G-rich sequences can provide new in-
sights on the role of the phosphate group and its negative

charge in the assembly of G4s and can result in the develop-
ment of novel biologically active molecules targeting G-rich re-

gions in genomic DNA.
We used three model G-rich DNA sequences, namely d(G4T),

d(TG4T) and d(TG5T), based on well-characterised G4-assem-

blies formed by these sequences.[9, 30–32] Two types of chemical
modifications have been introduced into the oligonucleotides

instead of the native phosphates: N-methanesulfonyl (mesyl)
phosphoramidate group (m-modification, Scheme 1 B), which is

negatively charged;[29] and a phosphoryl guanidine group (PG-
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modification, Scheme 1 C), which resulted in charge-neutral
DNA sequences.[28, 33]

We hypothesised that PG-modified sequences carrying neu-

tral phosphate mimics may form G4s faster, and this process
would be independent of the ionic strength of the solution. In-

troduction of the m-modification should not disrupt G-quadru-
plexes significantly but the effect of such a modification on G4

stability and formation has never been assessed in the past
and was the subject of the current study. Moreover, the m-

modified oligonucleotides, in addition to unmodified G4s,

served as a reference for our studies of neutral PG-G4s. We
found that, according to CD, UV, NMR, electrospray mass spec-

trometry and size-exclusion chromatography analyses, all
modified sequences formed G4 structures of lower thermal sta-

bilities relative to native G4s. Association of neutral PG-DNAs
has been particularly fast and resulted in the formation of a

mixture of complexes existing in dynamic equilibrium between

each other. Their assembly was faster in the presence of Na+

ions than K+ ions and was independent of salt concentration,

which contrasts with the behavior of the unmodified DNA
strands bearing native negatively charged phosphates. Inva-

sion into the pre-assembled native G4s and formation of
mixed G4s was observed for the neutral PG-DNAs, which could

be useful for the future in vivo targeting and manipulation of

G4s.

Results

G-rich oligodeoxynucleotides d(G4T), d(TG4T) and d(TG5T) fully
modified with either mesyl phosphoramidate groups (m-modifi-

cation, Scheme 1 B) or phosphoryl guanidine (PG) groups (1,3-
dimethylimidazolidine-2-imino modification, Scheme 1 C) were
synthesised as described previously.[29, 33] All modified oligo-

deoxynucleotides were assembled on a DNA synthesiser by
regular phosphoramidite solid-phase synthesis. PG-DNAs have

been purified by reverse-phased HPLC, m-DNAs by denaturing
PAGE followed by desalting. Molecular masses of all the oligo-

nucleotides have been confirmed by mass spectrometry. The

substitution of one of the non-bridging oxygen atoms in the
phosphate group by any atom or group creates a chiral centre

at the phosphorus atom. As the methods for introduction of
either m- or PG-modifications are not stereospecific, this means

that our oligonucleotides should exist as a mixture of 2n diaste-
reomers, where n is the number of modified phosphate

groups. For all modified G-rich oligonucleotides, G-quadruplex
formation and its topology were initially evaluated using circu-
lar dichroism (CD) spectroscopy.

As shown in Figure 1 and Figure S8, S9, CD spectra of com-
plexes formed by all modified sequences at 20 8C in both NaCl
and KCl solutions had characteristic features of Type I CD sig-

nature with a positive ellipticity at 264 nm and negative ellip-
ticity at 245 nm, which is typical for unmodified tetramolecular,

parallel G4s (Figure 1 A,B as well as Figure S7 in the Supporting
Information).[34] The shoulder of low intensity at &290 nm seen
in some complexes generally indicates the presence of dG resi-
dues in a syn glycosidic conformation,[35, 36] which is also ob-
served in native tetramolecular G4s.[37] CD spectra recorded at

90 8C showed that most of the modified complexes denatured
fully (in NaCl) or partially (in KCl) at high temperature. This al-

lowed us to conduct thermal denaturation experiments and

obtain non-equilibrium melting temperatures (T1/2, Table 1).
Both m- and PG-modified G-quadruplexes were less thermally

stable than the natural ones possibly due to additional sub-
stituents attached to the phosphorus atoms. However, the G-

quadruplexes formed by neutral PG-DNAs were significantly
less thermally stable than the ones assembled from negatively

charged m-oligonucleotides, possibly due to steric bulkiness of

the 1,3-dimethylimidazolidine-2-imino modification and poten-
tial clash between the PG-groups belonging to the opposite

stereoisomers in the adjacent strands. Use of K+ in the buffer
stabilised m-G4s considerably in comparison with Na+ , which is

in good agreement with previous observations for unmodified
G4s.[30]

Next, we evaluated the kinetics of G4 formation. It was sur-

prising to observe that in contrast with negatively charged se-
quences (Figure 2 A),[30] neutral PG-TG4T and PG-G4T assembled

faster in Na+ than in K+ containing solutions (Figure 2 B,C).
This effect was also accompanied with changes in the order of

the reaction from n = 3.2–3.9 for the negatively charged se-
quences to n&2.0 for the neutral PG-oligonucleotides in the

presence of Na+ (Table 1). In K+ solutions, the order of the re-

action for neutral PG-DNAs switched back to around 4. Howev-
er, the introduction of mesyl phosphoramidate (m) groups re-
sulted in n = 1.9 for both m-G4T and m-TG4T. Such drastic differ-
ences in the order of the reaction or, in other words, coopera-

tivity of the association indicate about different intermediate
states present in solution during the assembly.

Because of variations in the experimental order of reactions,
a direct comparison of rate constants is hard. These values
were used to calculate the amount of time required for 50 %

and 90 % formation of quadruplexes (t1=2
and t90, respectively)

at a chosen strand concentration (100 mm in Table 1; 1, 10 and

100 mm in Table 2).[30] Indeed, larger association rate obtained
for TG4T in comparison with m-TG4T in Na+ (kon = 2.9 V 107

versus 7.5 V 106 m@3 s@1) does not result in shorter half-associa-

tion time (t1=2
= 600:200 s versus 260:80 s), because order of

the reaction differs for these two sequences (n = 3.5 versus 3.3,

respectively, Table 1). In this way, one can compare the effect
of a chemical modification on association times of G-quadru-

plexes, which is more valuable from experimental point of
view. Within the same sequence, t1=2

and t90 values for PG-modi-

Scheme 1. Native phosphodiester linkage in DNA (A) and the mesyl phos-
phoramidate (m-modification) (B) and phosphoryl guanidine (PG-modifica-
tion) (C) linkages. The m-modification is charged negative similarly to the
native phosphate linkage, whereas a PG-group is charge-neutral.
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fied DNA strands are shortest in Na+-containing solutions as it
has been predicted for the sequences devoid of negative

charges. 90 %-Association times for neutral PG-TG4T and PG-
G4T are shorter in Na+ (minutes) than in K+ (hours), which is

reversed for negatively charged oligonucleotides at 100 mm
strand concentration. This is in agreement with kinetic profiles

shown in Figure 2 A–C.
The most drastic difference between formation of complexes

by chemically modified sequences can be illustrated by t1=2

values calculated for various strand concentrations (Table 2).[30]

It is noticeable that modified TG4T strands when the reaction

order is &2 form G-quadruplexes faster in dilute solutions (1
and 10 mm) compared to the native sequence. Moreover, be-

cause order of the reaction is different for Na+ and K+ solu-
tions, modified sequences form G-quadruplexes with different

speed: m-TG4T assembles faster in K+ and PG-TG4T in Na+ . The

calculations provided in Table 2 were done assuming that
order of the reaction n does not deviate significantly at differ-

ent strand concentrations. However, more detailed kinetic
characterisation of G4 formation as a function of DNA strand

concertation for modified sequences is beyond the scope of
this article.

Increasing the ionic strength played no role in thermal disso-

ciation of both modified and unmodified complexes (DT1=2
<

2 8C, Figure 2 D).[30] However, as it has been described in the
past,[30] varying the concentration of Na+ had a dramatic effect

on association constant kon of negatively charged species (Fig-
ure 2 E): the higher the Na+ concentration, the higher the kon.
In contrast, the formation of G4s by neutral PG-DNAs was inde-
pendent of Na+ concentration (Figure 2 F, Figure S15 C and

S15 D).
To gain further insight on the stoichiometry of complexes

formed by modified sequences we performed ESI-MS[38] and

size-exclusion HPLC (SE-HPLC) analyses.[39–40] As shown in Fig-
ure 3 A and Figure S17, all the m-modified sequences displayed

several m/z peaks, which were attributed to salt adducts of tet-
ramolecular G4s with various charges. SE-HPLC confirmed the

formation of G4s for both native and m-DNA sequences (Fig-

ure 3 C,E). One should mention that both G4T and m-G4T
formed a dimer of two tetramolecular G4s in solution (marked

as dt on Figure 3 C and Figure S20 A and S20 C), which is evi-
dent from their faster elution from SE column in comparison

with tetramolecular complexes formed by TG5T and TG4T,
where the G-rich segment was flanked by a thymidine on its

Figure 1. CD spectra at 20 and 90 8C for the G-quadruplexes formed by native TG4T (A and B), m-TG4T (C and D) and PG-TG4T (E and F) in 100 mm NaCl (left)
or 100 mm KCl (right) in 10 mm Li-cacodylate buffer (pH 7.2).
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3’- and 5’-end. Monomeric m-DNA sequences (marked as m in

Figure 3 C) were detected in SE-HPLC because of slower associ-
ation of these G4s in comparison with native G4s.

The analysis of the G4 stoichiometry for neutral species is
problematic due to the lack of charge, which usually assists in

penetration and separation of native DNA strands during non-

denaturing PAGE and facilitates ionisation of DNA in ESI-MS.
Nevertheless, all the ESI-MS spectra of the PG-modified se-

quences showed the dimers in the 2- charge state accompa-
nied by dimeric species with two or more sodium adducts (Fig-

ure 3 B and Figure S18). SE-HPLC profiles of these complexes
show existence of several entities in solution with significantly

larger relative elution volume (Ve/V0 = 1.6–2.0, Figure 3 D) in
comparison with negatively charged complexes reported earli-

er[40] (Ve/V0 = 1.3–1.5 for tetrameric species and 1.5–1.6 for
monomers). The range in Ve/V0 values and SE-profiles for PG-

DNA sequences indicates possible co-existence of monomers,
dimers, trimers, tetramers as well as dimer of tetramers in solu-

tion (Figure 3 D and F). The PG-TG4T sequence is the least poly-
morphic among all the PG-DNAs. We performed analysis of
these SE-profiles assuming that the peaks of small intensities

at Ve/V0 = 1.5–1.6 for both native and m-modified oligonucleo-
tides and Ve/V0>2.1 for PG-oligonucleotides are single strands,
and the stoichiometry of the complexes increases with the de-
creased relative elution volume (Ve/V0). Predictive plots of the

log10(MW) against the relative elution volume (Ve/V0)[40] show
that G4s formed by natural strands (red squares, Figure 3 E)

and m-DNAs (green triangle, Figure 3 E) are on the same line.

That confirms that both negatively charged native and m-DNAs
form similar G4s. The predictive plot for PG-sequences shows

linear trends for multi-stranded complexes, which at least con-
firms the formation of multi-stranded entities in solution (mo-

lecular weights for monomers, dimers, trimers, tetramers and
dimers of tetramers were used in Figure 3 D,F). We isolated in-

dividual peaks for PG-samples by SE-HPLC and then re-ana-

lysed them under identical conditions. Multiple peaks similar
to the composition of the original mixtures were observed.

This indicates that there is a dynamic equilibrium of different
complexes in solution, of which the dimers are the most stable

because they can be detected by ESI-MS.
To provide additional evidence of G4 formation, we record-

ed 1H NMR spectra in which the imino proton resonances in

10–12 ppm region are characteristic of G-tetrads.[41] m-Modified
TG4T and TG5T complexes show four and five signals, respec-

tively, in the region from 10.8 to 12 ppm (Figure 4 A,C), indicat-
ing that these oligonucleotides form highly symmetric com-

plexes containing four and five G-tetrads, respectively. These
imino signals also persist at relatively high temperatures indi-

cating the formation of stable G4s. Broad, unresolved imino

proton signals are present at around 11 ppm for the com-
plexes formed by PG-DNAs (Figure 4 B,D), which is consistent

with a mixture of species detected by SE-HPLC. One should
mention that the presence of diastereomers could also contrib-

ute to the broadness of the imino proton peaks in NMR.
Next, we assessed if the neutral sequences can form mixed

G4s with native DNA strands. The corresponding PG-modified
and unmodified oligonucleotides were mixed in a buffer,
heated at 90 8C for 10 min, cooled down, and after incubation

at 4 8C for seven days were analysed by native PAGE (Fig-
ure S24). Several retarded bands were observed in these mix-

tures (lanes 8–10) in comparison with the unmodified G4s
(lanes 2–7), which confirmed the formation of hetero-com-

plexes with reduced net charge. This encouraged us to investi-

gate if neutral PG sequences can invade the pre-formed native
G4s upon incubation at low temperatures (without heating of

the reaction mixture at 90 8C). Equimolar mixtures of pre-
formed complexes at 100 mm concentration were incubated

for 16 hours at 5 8C and analysed by SE-HPLC (Figure 5, left
panel, see also Figure S21 C and S21 D for experiments per-

Table 1. Sequences investigated, apparent melting temperatures (T1=2
), as-

sociation rate constants (kon) along with the order of reactions (n) and as-
sociation times (t1=2

, t90) in 100 mm NaCl or KCl.

DNA sequence,
5’-3’

Na+ K+

T1=2
,

[8C][a]

kon
[b] t1=2

, (t90)[c] T1=2
,

[8C]
kon t1=2

, (t90)

G4T 66 50
n = 1.9

70:20 s
(10:

3 min)

>90 10
n = 1.7

80:30 s
(10:

3 min)
m-G4T 60 4.1 V

109

n = 3.9

250:80 s
(9:3 h)

>90 20
n = 1.9

190:60 s
(35:

10 min)
PG-G4T 63 200

n = 2.0
60:20 s

(10:
3 min)

70 1.0 V
109

n = 3.7

80:30 s
(120:

40 min)
TG4T 56 2.9 V

107

n = 3.5

600:
200 s

(12:4 h)

>90 1.1 V
109

n = 3.6

40:10 s
(50:

10 min)
m-TG4T 53 7.5 V

106

n = 3.3

260:80 s
(3:1 h)

>90 20
n = 1.9

190:60 s
(35:

10 min)
PG-TG4T 48 300

n = 2.1
180:60 s

(30:
10 min)

84 1.8 V
1011

n = 4.3

270:80 s
(17:5 h)

TG5T >90 1.9 V
108

n = 3.2

3.3:1.0 s
(140:
40 s)

>90 n.d.[d] n.d.

m-TG5T >85 1.4 V
107

n = 3.2

60:20 s
(40:

10 min)

>90 n.d. n.d.

PG-TG5T 70 1.7 V
1011

n = 3.6

0.20:
0.07 s

(20:5 s)

>90 n.d. n.d.

Natural DNA sequences are indicated as G4T, TG4T and TG5T. m- and PG- in
front of the sequence stand for oligonucleotides in which all phosphates
were replaced with either m- or PG-modifications, respectively. [a] (Non-
equilibrium) melting temperature of the preformed complexes, in 8C (:
1.5 8C), determined from thermal denaturing profiles recorded with a
temperature gradient of 0.24 8C min@1. [b] Association rate constant at
5 8C in Li-cacodylate buffer at pH 7.2, with 100 mm Na+ or K+ . In situa-
tions when n &4, kon is given in m@3·s@1, when n&2, kon is expressed in
m@1·s@1. In all cases, kon and n are reported with :30 % and :10 % uncer-
tainties as determined from several experiments, respectively. [c] Time re-
quired for 50 % and 90 % complex formation (t1=2

and t90, respectively) cal-
culated from Equation (2) in the Supporting Information using kon and n
parameters obtained from the fit of experimental data and initial strand
concentration of 100 mm. Uncertainties in t1=2

and t90 were calculated
using error-propagation method using uncertainties in kon and n men-
tioned in [b] . [d] n.d. = not determined, due to high thermal stability of
the complexes.
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formed in K+). A slight delay in the retention times of native
G4s and appearance of a new peak for TG4T samples suggest
the formation of mixed G4s. Peaks at the relative elution

volume of &1.4 were isolated and analysed using ESI-MS,
which showed the formation of several complexes with various
ratios of PG-modified and native DNA strands (Figure 5, right
panel). These observations indicate that neutral PG-oligonucle-
otides can form mixed G4s with native DNAs and can also

invade the already formed G4s. However, in-depth characteri-
sation of the thermodynamics and kinetics of such invasion is

beyond the scope of this article.

Discussion

The Coulombic repulsion between negatively charged phos-

phates in DNA and RNA plays an important role in the forma-
tion of nucleic acid secondary structures. Addition of counter-

Figure 2. Association spectra at 5 8C of native TG4T (A), PG-TG4T (B) and PG-G4T (C) in 10 mm Li-cacodylate buffer, pH 7.2, supplemented with 100 mm Na+ or
K+ . D) Dependence of the T1/2 value (obtained upon heating at a 0.24 8C min@1) of the pre-formed modified and natural TG4T species in 10 mm Li-cacodylate
buffer (pH 7.2) with various Na+ concentrations (50 mm to 200 mm). E) Dependence of kon values as a function of Na+ concentration for negatively charged
native and m-TG4T strands. F) Association spectra of neutral PG-TG4T at various Na+ concentrations in 10 mm Li-cacodylate buffer, pH 7.2, at 5 8C. Concentra-
tion of all samples evaluated is 100 mm per strand concentration.

Table 2. Half-association times t1=2

[a] for TG4T quadruplexes at various
strand concentrations in 100 mm NaCl or KCl.

DNA sequence, 5’-
3’

Na+ K+

1 mm 10 mm 100 mm 1 mm 10 mm 100 mm
TG4T 2 years 3 days 600 s

(n =

3.5)[b]

60 days 4 h 40 s
(n =

3.6)
m-TG4T 100 days 13 h 260 s

(n = 3.3)
3 h 30 min 190 s

(n =

1.9)
PG-TG4T 10 h 40 min 180 s

(n = 2.1)
35 years 6 days 270 s

(n =

4.3)

[a] Calculated from Equation (2) provided in the Supporting Information
using kon and n values listed in Table 1. [b] Experimental order of the reac-
tion as reported in Table 1.
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ions is usually required to shield phosphates and stabilise DNA

or RNA complexes. However, the non-bridging oxygen atoms

of the phosphates bearing negative charges guide the distribu-
tion of water molecules in the grooves of nucleic acid assem-

blies. Disruption of this pattern by introduction of substituents
into the phosphates usually has a negative impact on thermo-

dynamic stability of complexes. Our results on the thermal sta-
bility of G4s formed by m- or PG-modified DNA strands are in

line with previous observations for methyl phosphonate[10] and

PNA[18] analogues, when strong destabilisation was observed

for tetramolecular assemblies.
In G4 structures, the addition of cations is also required to

form coordination bonds to the guanine O6 oxygen atoms.
The degree of stabilisation as well as association rate are de-

pendent on the radii of monovalent cations and follow a pref-
erence order of Li+ <Na+<K+ .[30] The ionic strength has a dra-

Figure 3. Molecularity of modified complexes analysed by ESI-MS (A and B) and SE-HPLC (C-F): ESI-MS spectra of m-TG4T (A) and PG-TG4T (B) complexes in
150 mm ammonium acetate buffer (pH 7.0); Normalised SE-HPLC elution profiles of m- (C) and PG- (D) modified oligonucleotides in 50 mm Tris·HCl buffer sup-
plemented with 100 mm Na+ , pH 7.5, 100 mm strand concentration. Monomers are indicated with m, trimers with tri, tetramers with t and a dimer of tetram-
ers with dt. Predictive plots of the log10(MW) against the relative elution volume (Ve/V0) for natural G4s (red squares, E), m-modified G4s (green triangle, E) and
PG-modified G4s (F) in 100 mm NaCl; m-ss stands for a single-stranded species observed for m-oligonucleotides.

Chem. Asian J. 2019, 14, 1212 – 1220 www.chemasianj.org T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1217

Full Paper

http://www.chemasianj.org


matic effect on the association of tetramolecular complexes
but not on their thermal stability.[30] It may be expected that

G4 formation by neutral DNA strands should be independent
of ionic strength but should follow the same preference order
for monovalent cations for both association and thermal stabil-

ity. Such a behavior was observed for G4s formed by PNA.[18] In
our case, the dependence of association on monovalent cat-

ions for PG-modified strands is reversed, that is, it is faster in
the presence of Na+ than in the presence of K+ . However,

thermal stability follows the established pattern, that is, T1=2
is

higher in the presence of K+ than in the presence of Na+ . One
should note that the “pure” PNA G4s of similar sizes have very

low thermal stability (24–28 8C)[17–18] and exhibit CD spectra
reminiscent of antiparallel G4s, which is in sharp contrast with

our PG-modified G4s. It has been also shown that thermal sta-
bility of a “pure” G4T4G4-PNA complex was increasing at higher

ionic strength,[19] which again contradicts our results. All of
that highlights the importance of 2’-deoxyribose present in

both the native and PG-modified oligodeoxynucleotides (but
absent in PNA) for the formation of G4s. The existence of sev-
eral types of complexes in solution complicates the analysis of
PG-oligonucleotides but the majority of PG-TG4T exists as one
multi-stranded complex, most likely a quadruplex, according to

SE-HPLC analysis in Na+ . The phosphoryl guanidine linkage is
quite bulky, which in conjunction with stereorandom nature of

the PG-DNAs obviously contributes to the observed properties

of our G4s. However, the faster association of phosphoryl gua-
nidine (PG) strands in the presence of Na+ rather than in the

presence of K+ , higher thermal stability in comparison with
“pure” G4-PNAs and their ability to invade the pre-formed

native G4s necessitate further investigation of G-rich strands
possessing these neutral phosphate mimics.

Figure 4. Imino proton regions of 1H NMR spectra of m- (left) and PG- (right) modified TG4T (upper panel) and TG5T (lower panel) at indicated temperatures in
10 mm Li-cacodylate buffer containing 10 % D2O in 100 mm Na+ . Concentrations of oligonucleotides were 0.3–0.7 mm.
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Conclusions

To conclude, we evaluated for the first time the properties of
chemically modified G-rich DNA sequences bearing either neg-

atively charged mesyl phosphoramidate (m) or neutral phos-
phoryl guanidine (PG) groups instead of native phosphates.

Various biophysical methods confirmed the formation of G4-as-

semblies of lower thermal stabilities relative to the unmodified
G4s. Whereas G-rich m-DNAs retaining the negative charge be-

haved similarly to the native G4s, we observed that the neutral
PG-modified DNA strands had a faster association in Na+ than

in K+ , which was independent of ionic strength. PG-oligodeox-
ynucleotides could also invade the pre-assembled native G4s

forming mixed-G4s of variable stoichiometry. These properties

highlight the attractive features of neutral G-rich phosphoryl
guanidine (PG) oligonucleotides, which could be potentially

applied to detect and manipulate the native G4-DNAs (and
possibly G4-RNAs) in vivo. Studies along these lines are cur-

rently underway in our laboratories.

Acknowledgements

NMR and mass-spectrometry facilities at Massey University and
the assistance of Dr. P. J. B. Edwards and Mr. D. Lun are grate-

Figure 5. Formation of mixed G4s by native and PG-modified oligos. Normalised SE-HPLC elution profiles showing the relative elution volume of native and
PG-modified oligos before and after mixing (left) in the presence of 100 mm NaCl. ESI-MS spectra of corresponding invasion products (right). A, B: mixed G4T
complexes; C, D: mixed TG4T complexes; E, F: mixed TG5T complexes.

Chem. Asian J. 2019, 14, 1212 – 1220 www.chemasianj.org T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1219

Full Paper

http://www.chemasianj.org


fully acknowledged. V.V.F. and Y.S. are grateful for the financial
support provided by the Institute of Fundamental Sciences

(Massey University) and Cancer Society of New Zealand (grant
No 15/07). E.A.B. , B.P.C. and D.A.S. acknowledge funding from

the Russian Science Foundation (grant No. 17-44-07003), Russi-
an Foundation for Basic Research (grants Nos. 16-03-01055, 18-

515-05007, 18-515-57006 and 18-29-08062) and from the Russi-

an Government funded budget project VI.62.1.3, 0309-2016-
0005 (2017–2020) “Therapeutic nucleic acids”.

Conflict of interest

The authors declare no conflict of interest.

Keywords: DNA · G-quadruplexes · kinetics · modified
phosphates · neutral backbones · thermal stability

[1] G. W. Collie, G. N. Parkinson, Chem. Soc. Rev. 2011, 40, 5867 – 5892.
[2] S. Burge, G. N. Parkinson, P. Hazel, A. K. Todd, S. Neidle, Nucleic Acids

Res. 2006, 34, 5402 – 5415.
[3] J. R. Williamson, M. K. Raghuraman, T. R. Cech, Cell 1989, 59, 871.
[4] A. N. Lane, J. B. Chaires, R. D. Gray, J. O. Trent, Nucleic Acids Res. 2008,

36, 5482 – 5515.
[5] A. Avino, C. Fabrega, M. Tintore, R. Eritja, Curr. Pharm. Des. 2012, 18,

2036 – 2047.
[6] O. Doluca, J. M. Withers, V. V. Filichev, Chem. Rev. 2013, 113, 3044 – 3083.
[7] J. Sagi, J. Biomol. Struct. Dyn. 2014, 32, 477 – 511.
[8] J. Sagi, J. Nucleic Acids 2017, 1641845.
[9] J. Zhou, F. Rosu, S. Amrane, D. N. Korkut, V. Gabelica, J. L. Mergny, Meth-

ods 2014, 67, 159 – 168 and references cited.
[10] B. Sacca, L. Lacroix, J. L. Mergny, Nucleic Acids Res. 2005, 33, 1182 – 1192.
[11] D. J. Ecker, J. R. Wyatt, T. Vickers, R. Buckheit, J. Roberson, J. L. Imbach,

Nucleosides Nucleotides 1995, 14, 1117 – 1127.
[12] G. E. Pozmogova, M. A. Zaitseva, I. P. Smirnov, A. G. Shvachko, M. A.

Murina, V. I. Sergeenko, Bull. Exp. Biol. Med. 2010, 150, 180 – 184.
[13] B. Datta, B. A. Armitage, J. Am. Chem. Soc. 2001, 123, 9612 – 9619.
[14] B. Datta, C. Schmitt, B. A. Armitage, J. Am. Chem. Soc. 2003, 125, 4111 –

4118.
[15] L. Petraccone, B. Pagano, V. Esposito, A. Randazzo, G. Piccialli, G.

Barone, C. A. Mattia, C. Giancola, J. Am. Chem. Soc. 2005, 127, 16215 –
16223.

[16] V. L. Marin, B. A. Armitage, Biochemistry 2006, 45, 1745 – 1754.
[17] B. Pinto, G. Rusciano, S. D’Errico, N. Borbone, A. Sasso, V. Piccialli, L.

Mayol, G. Oliviero, G. Piccialli, Biochim. Biophys. Acta Gen. Subj. 2017,
1861, 1222 – 1228.

[18] Y. Krishnan-Ghosh, E. Stephens, S. Balasubramanian, J. Am. Chem. Soc.
2004, 126, 5944 – 5945.

[19] B. Datta, M. E. Bier, S. Roy, B. A. Armitage, J. Am. Chem. Soc. 2005, 127,
4199 – 4207.

[20] E. A. Englund, Q. Xu, M. A. Witschi, D. H. Appella, J. Am. Chem. Soc.
2006, 128, 16456 – 16457.

[21] E. A. Englund, P. Gupta, C. M. Micklitsch, M. I. Onyshchenko, E. Remeeva,
R. D. Neumann, I. G. Panyutin, D. H. Appella, ChemBioChem 2014, 15,
1887 – 1890.

[22] N. K. Sharma, K. N. Ganesh, Org. Biomol. Chem. 2011, 9, 725 – 729.
[23] J. Amato, B. Pagano, N. Borbone, G. Oliviero, V. Gabelica, E. De Pauw, S.

D’Errico, V. Piccialli, M. Varra, C. Giancola, G. Piccialli, L. Mayol, Bioconju-
gate Chem. 2011, 22, 654 – 663.

[24] V. L. Marin, B. A. Armitage, J. Am. Chem. Soc. 2005, 127, 8032 – 8033.
[25] T. Ishizuka, J. Yang, M. Komiyama, Y. Xu, Angew. Chem. Int. Ed. 2012, 51,

7198 – 7202; Angew. Chem. 2012, 124, 7310 – 7314.
[26] H. Krishna, M. H. Caruthers, J. Am. Chem. Soc. 2011, 133, 9844 – 9854.
[27] S. Paul, S. Roy, L. Monfregola, S. Shang, R. Shoemaker, M. H. Caruthers, J.

Am. Chem. Soc. 2015, 137, 3253 – 3264.
[28] M. S. Kupryushkin, D. V. Pyshnyi, D. A. Stetsenko, Acta Nat. 2014, 6,

116 – 118.
[29] D. V. Prokhorova, B. P. Chelobanov, E. A. Burakova, A. A. Fokina, D. A.

Stetsenko, Russ. J. Bioorg. Chem. 2017, 43, 38 – 42.
[30] J. L. Mergny, A. De Cian, A. Ghelab, B. Sacca, L. Lacroix, Nucleic Acids Res.

2005, 33, 81 – 94.
[31] E. E. Merkina, K. R. Fox, Biophys. J. 2005, 89, 365 – 373.
[32] P. L. T. Tran, A. De Cian, J. Gros, R. Moriyama, J.-L. Mergny, Top. Curr.

Chem. 2013, 330, 243 – 274.
[33] D. A. Stetsenko, M. S. Kupryushkin, D. V. Pyshnyi, WO2016028187A1,

2016.
[34] A. I. Karsisiotis, N. M. Hessari, E. Novellino, G. P. Spada, A. Randazzo,

M. W. da Silva, Angew. Chem. Int. Ed. 2011, 50, 10645 – 10648; Angew.
Chem. 2011, 123, 10833 – 10836.

[35] S. Masiero, R. Trotta, S. Pieraccini, S. De Tito, R. Perone, A. Randazzo,
G. P. Spada, Org. Biomol. Chem. 2010, 8, 2683 – 2692.

[36] D. M. Gray, J. D. Wen, C. W. Gray, R. Repges, C. Repges, G. Raabe, J.
Fleischhauer, Chirality 2008, 20, 431 – 440.
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