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Abstract 
At the moment, we see a great interest for application of Anti Sense Oligo-
nucleotides (ASOs) in order to regulate the expression of genes related to 
certain diseases. These nucleotides obtained a number of fascinating proper-
ties by means of chemical manipulation of natural DNA and RNA under 
conservation of Watson-Crick base-pairing. About 35 years ago for our re-
search in this field, we selected synthetically (short) phosphate-methylated 
DNA and RNA. It was concluded that there is an exclusive selection in hybri-
dization affinity with natural DNA and RNA. These (bio)chemical and phys-
ical-chemical properties are extensively published. ASOs have found their 
way in public health as is clearly shown in the treatment of (progressive) neu-
rological diseases. We focus specifically on the past, present and future of the 
phosphate-methylated oligonucleotides, illustrated with different research stu-
dies in chemistry and biophysics. A new field of application of modified DNAs 
is based on interactive improvements of sensitivity and specificity of nano-
wire field effect transistor gene chip by designing phosphate-methylated DNA 
as probe. 
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1. Introduction 

It is known that Anti Sense Oligonucleotides (ASOs) are synthetically prepared 
(short) single-stranded deoxynucleotide sequences that can block the expression 
of specific target genes via complementary hybridization [1]. Because of their 
high specificity there has been growing interest in using them for improving vac-
cine efficacy. 

How to cite this paper: Buck, H.M. (2020) 
Phosphate-Methylated Oligonucleotides Past, 
Present and Future. Journal of Biophysical 
Chemistry, 11, 27-42. 
https://doi.org/10.4236/jbpc.2020.113003  
 
Received: June 2, 2020 
Accepted: August 4, 2020 
Published: August 7, 2020 
 
Copyright © 2020 by author(s) and  
Scientific Research Publishing Inc. 
This work is licensed under the Creative 
Commons Attribution International  
License (CC BY 4.0). 
http://creativecommons.org/licenses/by/4.0/   

  
Open Access

https://www.scirp.org/journal/jbpc
https://doi.org/10.4236/jbpc.2020.113003
https://www.scirp.org/
https://doi.org/10.4236/jbpc.2020.113003
http://creativecommons.org/licenses/by/4.0/


H. M. Buck 
 

 

DOI: 10.4236/jbpc.2020.113003 28 Journal of Biophysical Chemistry 
 

The present view is focused on current and future trends of backbone mod-
ified phosphate-methylated DNA and RNA. The published (bio)chemical and 
physical-chemical data demonstrate a number of exclusive properties. These oli-
gonucleotides have shown enhanced duplex stability due to the decrease in elec-
trostatic repulsion between the complementary strands. Manipulated modifica-
tions of these oligonucleotides may also cause steric effects (substitution of methyl 
by ethyl etc.) destabilizing the duplex. An aspect of these modified oligonucleo-
tides is the introduction of chirality at phosphorus resulting in a mixture of diaste-
reoisomers with deviating properties. More different kinds of duplexes can be de-
rived from antiparallel right-handed DNA, non-Watson-Crick base-pairing of 
oligonucleotides [2], left-handed Z-DNA [3] [4], and more recently F-DNA [5]. 
The latter DNA structure consists of the modified base 5-formylcytosine (5fC) and 
might be considered to be the “seventh” base of the genome. Biophysical and 
structural analysis revealed that this base alters the structure of the DNA double 
helix and leads to a conformation unique among the known DNA structures. With 
X-ray, the crystal structure of a self-complementary 5fC containing dodecamer 
with three 5fC present in CPG repeats as 5'-CTA5fCG5fCG5fCGTAG-3' shows a 
clear change in the conformation of the grooves resulting in helical underwind-
ing. Hydrogen reduction results in 5-hydroxymethylcytosine with formation of a 
B-DNA structure. An interesting aspect of this study is that increase in spermine 
concentration results in conversion of the 5-formylcytosine containing oligo-
mers into B-DNA. Apparently the shielding of regiospecific phosphate anions 
plays an important role in this conformational change. Through methylation of 
the phosphate backbone the coordination via hydrogen networks with phosphate 
anions will be absent. 

In that respect it is noteworthy that the molecular structure of the ammonium 
salt of the natural d (CPG) in the crystalline state shows a Z-DNA helix, as was 
demonstrated by Ramakrishnan and Viswamitra [3]. The crystals were obtained 
by acetone diffusion technique at 253 K. The four hydrogens of the NH+ 

4  cation 
play a stabilizing role in the organization of different hydrogen networks, sug-
gesting a complex interaction for the formation of a left-handed double helix. 
The major groove NH+ 

4  cation interacts with N (7) of guanines via water bridges 
besides making hydrogen bond interactions directly with the anions of the phos-
phate groups. The NH+ 

4  cation located in the minor groove interacts directly 
with the phosphate anions and water molecules. Symmetry related molecules 
pack in such a way that the cytosine base stacks on cytosine and guanine base on 
guanine. This demonstrates that alternating d (CPG) sequences have the ability 
to adopt the left handed Z-DNA structure even at the dimer level. A more ela-
borate study was published before with the hexamer by Wang et al. [4]. This si-
tuates the molecular structure of the corresponding phosphate-methylated di-
mer duplex measured in solution in a unique position. Apparently, besides the 
shielding of the phosphates and the characteristics of the sugar puckering for a 
left-handed natural d (CPG) duplex, the influence of coordination in solution 
and crystal state is of importance for understanding the dynamics of the B-Z 
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transition. This shielding results in a decrease of the helix diameter, thus facili-
tating the anti-syn isomerization of guanine in combination with the conforma-
tional change in sugar puckering. 

In Figure 1, the effect of covalent shielding is shown with the circular dich-
roism (CD) spectra of the two left-handed self-complementary phosphate-methylated 
d (CPG)s in combination with the two right-handed self-complementary phos-
phate-methylated d (GPC)s [6]. 

The difference in chirality of phosphorus in the triester has no influence on 
the weight of the population densities of the rotamers. The characteristic syn- 
conformation of guanine in the Z-form was confirmed with nuclear double re-
sonance. The hybridization stability of the diastereoisomers was obtained with 
the 1H NMR chemical shifts vs temperature profiles of the RP and SP configura-
tions at a concentration of 3 × 10−3 M for the protons H6 (dC) and H1’ (dG) re-
sulting in a melting transition with sigmoidal shape for these protons at 282 and 
286 K, respectively. The corresponding phosphate-methylated d (GPC) duplex 
shows a transition of 300 K for both configurations. With UV hyperchromicity 
experiments with all four diastereoisomers at a concentration of 5 × 10−6 M sig-
moidal curves were obtained with the corresponding transition values.  

With the knowledge of the various chemical and physical parameters, optimal 
specificity may be achieved leading to further development into various mod-
ified nucleotides. 

We focus on the past, present and future of the phosphate-methylated oligo-
nucleotides, illustrated with different research studies in chemistry and biophys-
ics. 

2. Results and Discussion 
2.1. Inhibition of HIV-1 RNA 

A review article about the use of ASOs for vaccine improvement based on the 
strategy of antigen modification has recently been published [7]. The first attempts  
 

 
Figure 1. CD spectra of self-complementary phosphate-methylated Z-d (CPG) for RP 
(top) and SP, red curves, and self-complementary phosphate-methylated B-d (GPC) for RP 
(top) and SP, green curves, measured in water at 277 K. 
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using ASOs for antigen manipulation started in 1990. Goudsmit’s group used 
phosphate-methylated ASOs complementary to the tat responsive region (TAR) 
of the HIV-1 isolate CBL-4 (RUT) to reduce the viral infectivity [8]. At the same 
time the corresponding hybridization experiments with the ASOs were pub-
lished in Science [9]. Technical errors and interpretations in the Science paper as 
concluded by a university panel resulted in retraction. The results with regard to 
the HIV-1 tests are not retracted [10]. 

The research strategy in the Science paper was focused on four target regions 
TAR, PBS, NEF, and VIF. The selection of the different regions was based on the 
hairpin loop (single stranded) structures with short RNA fragments. TAR is 
aimed at the loop area of the transactivator responsive region (bases 15 - 34 and 
9132 - 9151), which is essential for transcriptional stimulation by the tat protein. 
PBS is targeted adjacent to the start site of reverse transcription (bases 162 - 
181). NEF and VIF overlap the start codon of the genes for the regulatory pro-
tein nef (bases 8372 - 8391), and the infectivity factor vif (bases 4619 - 4638), re-
spectively [9]. 

A highly favored structure based on this specific geometry element is TAR 
with 6 bases AGGGUC in the loop recognition. This was confirmed by the X-ray 
crystal structure of the TAR loop in complex with tat and the super elongation 
complex and determined at a resolution of 3.5 Å [11]. The bound TAR loop is 
stabilized by cross-loop hydrogen bonds. This means that for the inhibition of 
specific regions relatively short phosphate-methylated DNAs are obvious. In fact 
earlier hybridization experiments of natural RNA with A-geometry and phos-
phate-methylated DNA with B-geometry proved that duplex formation is disfa-
vored because of their difference in geometry. Modelling studies showed that 
adaptation of phosphate-methylated DNA to the A-geometry results in unfa-
vorable steric interactions between adjacent methylated phosphate groups. We 
demonstrated with model systems that only short phosphate-methylated DNAs 
are able to hybridize with natural RNA [1]. 

Unfortunately, in the HIV-1 RNA hybridization experiments 20-nucleotide 
phosphate-methylated DNAs were used, instead of the (much) shorter ones, 
which could also be prepared non-automatically, vide infra. The common opi-
nion at that time was that specific inhibition should be more effective with in-
crease of the number of bases, whereas the difference in geometry between the 
hybridizing nucleotides was the fundamental barrier for duplex formation be-
tween phosphate-methylated DNA with B-geometry and HIV-RNA with A-geo- 
metry, vide supra. 

2.2. Synthesis of Phosphate-Methylated Oligonucleotides under  
Different Conditions 

Still the question remains how to place this research on the synthesis of the longer 
phosphate-methylated DNA in time. For that crucial part we refer to the hexamer 
phosphate-methylated pyrimidines d (TO=POCH3TO=POCH3TO=POCH3TO=POCH3TO=POCH3T) 
and d (CO=POCH3CO=POCH3CO=POCH3CO=POCH3CO=POCH3C)), and specifically their for-
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mation of parallel duplexes via T-T and C-C base pairs [2]. The natural DNA 
T-hexamer, obtained via solid-phase chemistry, was directly methylated (using 
methyl sulfonate) whereas in the case of the C-hexamer first base-protection 
(using benzoyl chloride-hydrazine) is necessary. With NMR, UV melting tran-
sitions and molecular mechanics calculations the parallel duplex for the T-T 
hexamer could be firmly established whereas no parallel C-C hexamer could be 
determined. In the latter case the chirality of phosphorus is decisive. Structural 
models of the parallel duplexes with the SP and RP configurations of phospho-
rus showed that methyl groups are forced into the helix groove for C-C pairing 
corresponding with the RP configuration. In the case of T-T pairing both con-
figurations accommodate the parallel duplex. Using the solid-phase chemistry 
for the phosphate-methylated dodecamer:  
d(CO=POCH3CO=POCH3CO=POCH3CO=POCH3CO=POCH3CO=POCH3TO=POCH3TO=POCH3TO=POCH3TO=POCH3

TO=POCH3T) it is, as to be expected, present in the single-strand form. The purity of 
the phosphate-methylated hexamers and dodecamer was controlled by gel elec-
trophoresis [2].  

It seems to us that these results clearly show that formation of parallel DNA 
duplexes is not simply a matter of shielding of the phosphate-phosphate elec-
trostatic repulsion alone. Apparently the way of accommodation of the methyl 
groups for both possible configurations on phosphorus together with elimina-
tion of phosphate-phosphate repulsions between both strands are decisive with 
respect to the formation of a parallel DNA duplex. 

Based on solution-phase chemistry, the phosphate-methylated dinucleotides 
d (TO=POCH3T), d (CO=POCH3C), and d (TO=POCH3C) were prepared with both SP and 
RP configurations. All accept the SP configuration for parallel accommodation 
and d (TO=POCH3T) also for the RP configuration [12]. 

Even under natural conditions (peptide induced) similar observations for the 
parallel pyrimidine-pyrimidine bases were made [13]. In these systems the role 
of the protein has a stereo-selective character that reflects the combination of the 
phosphate shielding with a stereochemical fit with the duplex. This process of 
bioconjugation may be considered as an accommodation of autonomic proper-
ties resulting in an unexpected duplex form. For the natural DNA oligomers 
dC10, d (C6T6), and d (T6C2T2), only the cationic oligopeptide octadeca (L-lysine) 
(Lys18) is able to induce the formation of parallel duplexes with C-C and T-T 
base pairs. With octadeca (L-ornithine) (Orn18) unfavorable steric interactions 
are present with the C-C base pairs. There is a clear analogy with the corres-
ponding phosphate-methylated DNAs controlled by the SP and RP configura-
tions of phosphorus. Thus when cytosine bases are present, parallel duplex for-
mation in both protein-complexated and phosphate-methylated oligomers is 
possible when the shielding group (ammonium or methyl) links to the sterically 
most available OS atom in the phosphate group corresponding with the SP con-
figuration. In fact this is also the case for the antiparallel phosphate-methylated 
DNA duplexes (see Figure 4 in [34]). In these cases conformational transmission 
occurs with widening of the major groove and narrowing of the minor groove. 
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This has been observed in changing the helix type from A-DNA via B-DNA into 
Z-DNA. In the latter case the major groove is nearly flat and the minor groove 
very narrow and deep. 

Exclusive behavior has been established for d (CO=POCH3G) and d (GO=POCH3C). 
A left-handed Z-DNA and a right-handed B-DNA, respectively, are formed ir-
respective of the SP and RP configuration, vide supra. For the phosphate-methy- 
lated RNA dimer r (CO=POCH3U) only the SP configuration forms a parallel dup-
lex [14]. This result is in good agreement with the corresponding phosphate- 
methylated pyrimidines on the DNA level. On the other hand the duplex of 
r (CO=POCH3G) is right-handed and the corresponding d (CO=POCH3G) is left- 
handed [15]. 

This data clearly shows that introduction of a methyl group as phosphate- 
methylated in DNA and RNA introduces conformational transitions in the 
backbone, which results, as clearly demonstrated, in a left-handed DNA struc-
ture through base adaptation of C and G in an anti- and syn-orientation, respec-
tively.  

In most cases the 9-fluorenylmethoxycarbonyl (Fmoc) group was used as the 
protecting group for the bases [16]. An illustration of the hybridization affinity 
of the bases with an antiparallel duplex orientation, prepared without using the 
solid-phase procedure, is shown in Figure 2 [17] [18]. 

The choice of the interacting phosphate-methylated dCn with natural dGk, and 
phosphate-methylated dAn with dTk is based on the results obtained for the pa-
rallel duplexes of the phosphate-methylated hexamers dC6 and dT6. The reversed 
combination for phosphate-methylated dTn with natural dAk is not possible. For  
 

 
Figure 2. Melting temperature (Tm) of phosphate-methylated dCn for n = 2 - 5 bases hy-
bridized with its natural complement dGk for different k values (the numbers are shown 
in the column) and of phosphate-methylated dAn for n = 2 - 5 bases with poly (dT) with-
out using solid-phase chemistry. Both Tm-values values for n = 5 with k = poly are ob-
tained by extrapolation. 
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that case we must add an extra number of phosphate-methylated dCs at the be-
ginning or at the end of the strand in question, as demonstrated with the phos-
phate-methylated dodecamer d (C6T6) present in the single-strand form, vide 
supra. 

From earlier publications it is demonstrated that phosphate-methylated DNA 
hybridizes more strongly with natural DNA in comparison with phosphate-ethy- 
lated DNA and methyl phosphonate DNA [1]. With Figure 2 it is clearly shown 
that a certain numbers phosphate-methylated DNA must be present in the com-
plex formation with the complementary natural strand, affording a cooperative 
behavior in the hybridization. This is proved with the sigmoidal curves (green 
and red) of the Tm-values of phosphate-methylated dCn for n = 2 - 5 bases hy-
bridized with its natural complement dGk for different k’s. Since the length of 
the natural DNA is of importance, it is clear that the Tm-value cannot only be 
determined by the enthalpy and entropy of base-pair dissociation. This resulted 
in the conclusion that for phosphate-methylated dCn for n = 2 - 5 bases hybri-
dized with its natural complement dGk, the latter strand adapts its conformation 
to the modified strand. The importance of the cooperative process is that even 
short fragments should also be more sensitive for mismatches. 

In fact this approach is related to the ability of enzymes to disclose genetic in-
formation in the interior of double-stranded DNA. At a first glance it is the en-
zyme with its positively charged residues, such as lysine and arginine, interacting 
with the negatively charged phosphate groups that promotes duplex stability. As 
we mentioned before, the inter-strand repulsion decreases whereas the in-
tra-strand repulsion in one strand is still present resulting in conformational 
difference between both strands favoring DNA destabilization. Apparently, in-
volvement of one-side interacting enzymes does not result in a cooperative me-
chanism. So there is a fundamental difference in conformational transmission 
between covalent and ionic bonding of the natural DNA. 

Phosphate-methylated DNA as 8- and 18-mer has been prepared in a study of 
the regiospecific inhibition of DNA duplication. The procedure for relatively 
long fragments was based on the following reaction sequence: 

natural DNA (solid-phase) → base-protection → phosphate-methylation → 
base-deprotection 

The base-protection was carried out with the Fmoc group [16], the phosphate- 
methylation with p-toluenesulphonyl chloride and methanol, and the base-de- 
protection with triethylamine [19]. Model proofs, i.e. the regiospecific inhibition 
of DNA duplication and the 1H NMR data indicate that the phosphate-back- 
bone is (partially) methylated. 

The E. coli pab B gene, coding for para-aminobenzoate synthetase, inserted 
in the M13mp18 phage was used as template for a phosphate-methylated 18- 
and 8-mer (concentration 3 × 10−6 M), complementary to a pair of selected 
template regions. The relative synthesis activity along the template strands 
shows a sharp decrease precisely at the selected region (s) downstream of na-
tura d (AGTAATCACAGCGGGAGA), complementary to the 14 - 31 region:  
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-TCTCCCGCTGTGATTACT-, used as the primer for the sequencing reaction. 
The corresponding phosphate-methylated DNA was unable to act as a primer 
for Klenow DNA polymerase I. Thus, the Klenow fragment fails to recognize 
the modified DNA as primer. An arbitrary selected phosphate-methylated  
d (CTGCTAGAGATTTTCCACAC) has, as to be expected, no impact on the 
progress of the synthesis. The activity as measured for the 18- and 8-mer at 
room temperature and 0˚C respectively, is shown in Figure 3. The 18-mer  
d (CACTCACCCATGAACAGC) is complementary to the nucleotide sequence 
for the −110 - −93 region: -GCTGTTCATGGGTGAGTG- and the 8-mer  
d (AGCCTGAC) is complementary to the 1455 - 1462 region: -GTCAGGCT-.  

In order to quantify the effect of the inhibition, the density of each band of the 
sequencing pattern was measured optically. The stop of any synthesis activity 
after the inhibition region is the result of the absence of a natural primer. For 
the progress of the duplication after the inhibited regions, the phosphate-methy- 
lated DNA should be coupled with a natural fragment complementary with the  
 

 
 

 
 

Figure 3. Relative synthesis activity along the template strand. The positions of the 
phosphate-methylated 18-mer d (CACTCACCCATGAACAGC) complementary to the 
−110 - −93 region at room temperature (top) and the 8-mer d (AGCCTGAC) comple-
mentary to the 1455 - 1462 region at 0˚C (bottom) are indicated. The method for the de-
termination of the relative synthesis activity along the template strand is given in the text. 
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nucleotide sequence of the template. This aspect that obtained not much atten-
tion in the anti-sense dynamics, may have its repercussions for other neutral 
backbone-modified DNA’s as e.g., methylphosphonates. In that respect it is of 
interest to take notice of investigations of Song et al., based on structural/sequence 
motifs in interruption processes of duplication [20] and former conformational 
studies concerning the allosteric behavior induced by phosphate-methylated DNA 
on its natural complementary strand. 

2.3. Antisense Oligonucleotides in Public Health 

We also took under consideration processes in relation to the understanding and 
development of simple DNA and RNA models based on medical treatment, as 
has been recently suggested in a statement in Science under Public Health: The 
goal is to steer clear of expensive, complex strategies that require stem cell trans-
plantation, and instead develop affordable, easily administered therapies that 
would replace or edit genes in the body [21]. 

In the mid-eighties we started with DNA-based treatments using short well- 
characterized phosphate-methylated trimers as d (AO=POCH3AO=POCH3A). With UV 
hyperchromicity we found a Tm-value of 314 K for the duplex of the phos-
phate-methylated trimer with poly (dT) and 293 K for the natural trimer with 
poly (dT). In a preliminary experiment we studied the reduction of rat fibroblast 
cells and the inhibition of human ovarium malign cells. With fibroblast cells 
with 10−5 M trimer the DNA synthesis is markedly retarded with 80% inhibition 
(monitored by 3H-thymidine uptake). For the inhibition of the ovarium cells the 
inhibition was 15% - 20% with 15 × 10−5 M trimer. In the case of E. coli with dif-
ferent cell types complete inhibition was obtained with 10−4 M. Generally, elon-
gation of the nucleotide will surely enhance selectivity. At that time we had no 
specific information about the base-sequence of the target DNA. These prelimi-
nary experiments are briefly described [22]. Although we were interested in a 
follow-up of this type of DNA-based medical treatments, our specific attention 
at that time was asked to focus our research on the inhibition of the HIV-1 virus, 
vide supra. 

Today these ASOs are of importance for the fight against progressive neuro-
logical diseases. We will give special attention to the spinal muscular altrophy 
(SMA), because correspondence with our model systems. SMA refers to several 
different motor neuron diseases. It is most commonly associated with mutations 
in the survival motor neuron 1 (SMN1) gene. These mutations are the most fre-
quent genetic cause of death in children. Humans possess a second SMN gene, 
SMN2. SMN2 and SMN1 are related by an inverted gene duplication. SMN2 
contains a C-to-T mutation in exon 7 that redirects alternative splicing to ex-
clude exon 7 and leads to an unstable mature protein that cannot substitute for 
mutant SMN1. The ASOs are composed of phosphorothioate and 2ʹ-O-metho- 
xyethyl that binds to SMN pre-mRNA to direct alternative splicing and increase 
inclusion of exon 7 in SMN2. This results in an increase of SMN protein active. 
For the complete description of these processes: see Corey [23]. 
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In contrast with the natural phosphodiester linkages the phosphorothioate 
modification demonstrates a high degree of metabolic stability and an improved 
cellular uptake. Corresponding observations have been mentioned for phos-
phate-methylated DNA and RNA, vide supra. The latter system shows an addi-
tional property based on the absence of phosphate-phosphate repulsion in their 
duplex formation with its complementary strand, vide supra. An illustration of 
both modified RNAs is given in Figure 4 on the dimer level. 

From Figure 4 it is clear that in terms of structure there is a correspondence 
between both structures. The difference is based on the bonding POCH3 (left, 
center) and PSNa (right). The latter is mostly described as an ionic structure 
PS−Na+. In order to characterize the S-Na bond, we used the rotational spectros-
copic data of NaSH [24]. The r0 structure of NaSH is r0 (Na-S) = 2.478 (2) Å, r0 
(S-H) = 1.396 (7) Å, and bond angle Na-S-H = 92 (1) degrees. The ab initio cal-
culations gave the equilibrium structure of NaSH as re (Na-S) = 2.512Ả, re (S-H) 
= 1.342 Ả, and bond angle Na-S-H = 93.2 degrees. Considering that the r0 value 
is usually longer than that of re, the ab initio calculation estimated shorter length 
for the S-H bond and longer for the Na-S bond, which is thought to be ionic, 
than the value derived from the rotational spectroscopic data. The sum of the 
covalent radii of Na and S is 2.56 Ả. Additional spectroscopic experiments with 
the other alkali elements K, Rb, and Cs show that the increase compared with 
the Na-S bond comes from the covalent radius difference with Na. From these 
measurements we come to the conclusion that there is a clear covalent contribu-
tion in the Na-S bond. This aspect may be an additional explanation for main-
taining solubility in solvents of different polarity. In our opinion there is a 
good physical-chemical correspondence between the ASO’s given in Figure 4. 

From earlier data on nucleoside phosphorothioate anions the structural for-
mulas show a double bond between phosphorus and sulfur and a single bond 
between phosphorus and oxygen with a negative charge localized on oxygen. 
However, a review of physical data on these compounds resulted in a P-S bond 
with a single bond and negative charge localized on sulfur, while the P-O bond 
order for exocyclic and nonbridging oxygens is greater than 1. These conclu-
sions were based on bond lengths obtained from X-ray crystallographic data and  
 

 
Figure 4. Modified phosphate-methylated RNA dimers (left, center with separate SP and 
RP configurations of phosphorus) [14] and the modified phosphorothioate RNA dimer 
(right) [23]. 
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the magnitudes of the effects of magnetic resonance chemical shifts of phospho-
rus with labeled oxygens. 

In more advanced MO calculations on e.g. thiobenzophenone it could be 
calculated that the pronounced electron density on sulfur is the consequence 
of the relatively small one-center electronic repulsion integral compared with 
oxygen. With spectroscopic measurements it could be shown that protonation 
on sulfur resulted in a reduction of the electron donating tendency of SH in 
comparison with protonation on oxygen resulting in a more pronounced ef-
fective charge delocalization of the SH-carbenium ion than for the OH-carbe- 
nium ion. 

Recently in Science under Insights and Perspectives, promising clinical results 
have been documented and described: With a growing number of ASO thera-
peutics being tested in clinical trials, this exciting technology holds the potential 
to change the therapeutic landscape for many neurological and non-neurological 
conditions (including cancer, and cardiovascular, infectious, and pulmonary 
diseases) in the near future [25]. It is to be expected that ASO-based model de-
scriptions may be helpful in Alzheimer disease etc. This is based on earlier ener-
gy calculations concerning the implications for the use of the hybridization-arrest 
technique in this specific disease [26]. 

It should be emphasized that various physical-chemical aspects are of impor-
tance and specifically the molecular conformations of the interacting modified 
nucleotides. 

2.4. Significance Phosphate-Methylated Oligonucleotides in  
Future 

The recent results obtained in the eastern part of the world opens a unique facil-
ity to compare with the (synthetic) work discussed before.  

In fact today the partially and fully phosphate-methylated DNAs can be pre-
pared in various length under solid-phase conditions, as has been recently pub-
lished [27]: 

NH2-C6-CO=POCH3AO=POCH3CO=POCH3AO=POCH3CO=POCH3TO=POCH3CO=POCH3TO=POCH3G
O=POCH3TO=POCH3CO=POCH3AO=POCH3AO=POCH3CO=POCH3CO=POCH3 TO=POCH3AO=POCH3C 

NH2-C6-CO=POCH3A-CO=POCH3A-CO=POCH3T-CO=POCH3T-GO=POCH3T-C-A-A-C-C-T-
A-C 

NH2-C6-CO=POCH3A-C-AO=POCH3C-T-CO=POCH3T-G-TO=POCH3C-A-A-C-C-T-A-C 
The corresponding modified RNA systems with an additional modification at 

the 2'-position (ribose sugar) are of great importance for increased selectivity in 
the context of treatments based on ASOs. Recently, a new RNA virus was de-
tected known as the Coronavirus (COVID-19). It is an acute respiratory tract 
infection [28]. An ASO procedure may be applicable if there is more knowledge 
on the site-specific virus replication. For that case the use of aerosol therapy may 
provide high local ASOs concentrations with minimal side effects as an attractive 
option for inhibition [29]. However, great care is required in order to under-
stand the implications of wrong genomic information, vide infra. 
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It is well known that the PCR technique is used for the detection and quanti-
fication of nucleic acids.  

In order to improve specificity and sensitivity, various types of nucleo-
tide-derivative modifications have been introduced, such as peptide nucleic acid 
(PNA), locked nucleic acid (LNA), and more recently site-specific phosphate- 
methylated DNA as primer and probe by Lee et al. [30]. Generally, these mod-
ified DNAs provide more definite detection results in the case of genetic diagno-
sis.  

An interesting new field is the use of interactive improvements of sensitivity 
and specificity of nanowire field effect transistor gene chip by designing neutra-
lized DNA, phosphate-methylated DNA, as probe in a whole range of experi-
ments with phosphate-methylated DNAs [27]. 

3. Conclusions 

This study was focused on specific trends of the preparation and application of 
Anti Sens Oligonucleotides (ASOs) in different fields of bio- and medical chemi-
stry. We restricted our scope to a study started 35 years ago on phosphate-me- 
thylated DNA and RNA. These oligonucleotides have shown enhanced duplex 
stability due to the decrease in electrostatic repulsion between the complemen-
tary strands. With different physical and biochemical methods it could be con-
cluded that there is an exclusive selection in hybridization affinity with natural 
DNA and RNA. These (bio)chemical and physical-chemical properties are ex-
tensively published. ASOs have also found their way in public health, as is clearly 
shown in the treatments of various diseases as (progressive) neurological disord-
ers. These ASOs are composed of phosphorothioate and 2'-O-methoxyethyl. In 
our opinion the phosphate-methylated RNA (see Figure 4) may be a good can-
didate, because the similarity with natural RNA is eye-catching. 

A fundamental aspect in this approach of hybridization is the possibility for 
inducing a cooperative behavior of the complementary natural strand by the 
phosphate-methylated DNA. This aspect has been clearly demonstrated in Fig-
ure 2 for the sigmoidal curves (green and red) of the Tm-values of phosphate- 
methylated dCn for n = 2 - 5 bases hybridized with its natural complement dGk 
for different k’s. Apparently this response is achieved by one-side methylation 
that reduces strongly the inter-strand repulsion. If we are dealing with a self- 
complementary duplex as in the case of phosphate-methylated d (CPG)s inter- 
and intra-strand repulsion is absent resulting in a significant reduction of the 
helix diameter corresponding with a Z-DNA structure. Similar effects have been 
realized with cationic (enzymatic) complexation. 

In fact today, the partially and fully phosphate-methylated DNAs can be pre-
pared in various length as has been recently published [27] [30]. 

An interesting approach has been (recently) published by Paul et al. concern-
ing a new route for preparing phosphate-methylated DNAs [31]. They used the 
oxidative substitution of boranephosphonate diesters as a route to post-synthetically 
modified DNA. They also emphasized that the introduction of modifications 
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into oligonucleotides is important for a large number of applications in the 
nucleic acids fields. The various physical-chemical aspects are of importance and 
specifically the molecular conformations of the interacting modified nucleotides 
[32] [33]. 

From recent publications, it is to be expected that phosphate-methylated DNA 
obtains new perspectives in the field of genetic diagnosis and medical treatments. 
Generally, nanoelectronics is an important step forward in biology and medi-
cine. 

Finally, it is of particular interest to mention the influence of synthetic biology 
in this field especially focused on the synthesis of the phosphate-methylated 
DNAs (RNAs). Recently the encoded synthesis of a genetic polymer with an 
uncharged backbone was published as alkyl phosphonate nucleic acids [35]. The 
procedure based on chemically manipulated ATP may be useful for the more 
nature-like phosphate-methylated oligonucleotides. As modified ATPs we can 
then use P-α-(O-alkyl-phosphonyl)-β,γ-diphosphates in which alkyl is methyl 
(ethyl). The favored one is the methyl group for different steric and stereoelec-
tronic reasons. The argument given for the choice of the preparation of alkyl 
phosphonate nucleic acids was based on a combination of a close steric and 
electronic analogy to canonical nucleic acids and therefore provided a tractable 
challenge for polymerase engineering. 

However, in methyl phosphonates it appears that the presence of a P-C bond 
disturbs the helix conformation for stereoelectronic reasons. This leads to a weak-
er hybridization with DNA and RNA for n > 4: see Figure 3 in [22]. Phos-
phate-methylated oligonucleotides are found to have an optimal combination of 
steric and stereoelectronic factors, and form the strongest hybrids with natural 
DNA [1]. 
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