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Abstract: DNA nanotechnology remains an active area of research and 
advances have been reviewed recently. DNA nanotechnology seeks to 
deploy molecules at an atomic level and on a small molecule scale. Other 
techniques in biophysics and biochemistry do not need to address the issue 
of the true structure of the nucleic acids at an atomic level but, rather, at a 
macro-atomic level such as in genetics and in immunology, for example. 
Accordingly, DNA nanotechnology is perhaps uniquely dependent upon 
exact clarity in the secondary and tertiary structures of the nucleic acids, as 
well as that can ever be achieved. Challenges include expanding the use of 
DNA in medicine, and the construction of detectors with higher sensitivity 
for biological and chemical settings. Though increasingly complex 
architectures have been constructed, novel approaches to a greater rôle in 
biological computation and data storage remain important goals. Here a 
repertoire of structures for DNA at an atomic level is described which offers 
a new conjecture with which to move forward. The DNA double helix 
model faces many problems which have become apparent in the 62 years of 
research in molecular biology that have elapsed since it was formulated by 
Watson and Crick in 1953. Experimental evidence is set out seeking to 
show that the only truly side-by-side alternative, the paranemic model, 
accounts better for the wide range of phenomena otherwise 
inexplicable with the double helix model. This paranemic model can 
engage in a repertoire of structural options denied to the DNA double 
helix model. Without the requirement to postulate unwinding of the 
DNA strands, the nucleotide base sequence is immediately accessible 
to complementary DNA sequences to promote rapid detection of 
specific molecules in biological and medical settings. Rapid switching 
between Watson-Crick and Hoogsteen base pairing and four-stranded 
structures can allow greater complexity in the construction of 
molecular switches and digital programming. 
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Introduction 

This paper seeks to identify and address the many 

experimental problems to which the DNA double 

helix model seems to offer no solution such as the 

inevitable topological complexity of the DNA 

octahedron (Zahid et al., 2013). Thus the body of 

DNA studies in nanotechnology can be strengthened 

and fresh approaches to potential developments in 

DNA nanotechnology can be identified. 
This work is set out in sections. Many sketches and 

diagrams are included to make the paper clear. The 
ubiquitous and iconic DNA double helix model 
(Watson and Crick, 1953; Crick and Watson, 1954) 

suffers from unresolved structural problems whose 
solution may become central to efforts to further 
develop DNA nanotechnology. These problems are 
explored and a general, structural solution is proffered.  

Unwinding the DNA double helix has been a critical 
problem from the time of the earliest disclosure of the 
“Watson-Crick” structure by James Watson to Max 
Delbrűck in 1953 (Delbrück, 1979). Even 
oligodeoxyribonucleotides cannot be unwound alone in 
solution since an axial torque, were it possible to apply 
one to either end, merely rotates the whole molecule. 

The denaturing (unwinding) process with heat is 
well-known in principle but every account avoids the 
critical issue. Gentle heating can be applied to an 
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aqueous solution or suspension of DNA or of an 
oligodeoxyribonucleotide to effect strand separation in 
the absence of any and all proteins and enzymes.  

However, heat applied in this way is a scalar 
quantity, as it has magnitude but no preferred 
direction, while the unwinding process requires an 
axial torque. Torque, even if it could be applied to an 
isolated, solitary molecule, is a vector as it does have 
direction (and magnitude). How a scalar heat input 
can be transformed into a vector force in a solution 
has never been explained. 

It has long been known that organic solvents, and 
even aqueous urea, will rapidly denature (unwind) the 
DNA double helix (Alexander and Stacey, 1957; 
Herskovits et al., 1961; Geiduschek and Herskovits, 1961; 
Herskovits, 1962; Porschke, 1977) at constant 
temperature in the total absence of any and all proteins 
but again the mechanism has never been explained. 

Furthermore, such unwinding changes would require 
an overall change in angular momentum contravening 
the well-established Law of Conservation of Momentum. 

In theorizing on the disruption and reformation of 
secondary structures in DNA, intertwined ‘rope’ models 
such as the W-C double helix thus encounter severe 
difficulties with the conservation of angular momentum, 
one of the best-established laws of science. This is 
perhaps the most neglected doubt about what have 
become standard models for DNA secondary structures. 
Side-By-Side, including paranemic models escape the 
winding/unwinding problem because they do not have to 
wind or unwind as their strands are not ravelled. 

No source has been suggested for this unwinding 
angular momentum. If some chiral process in forming 
the new polymer chains is to transfer angular momentum 
from other molecule(s) to the unravelling strands, this 
warrants a detailed explanation. 

The reverse process of denaturing duplex DNA, 
namely so-called “renaturation”, attracts similar 
reservations, but in reverse. 

Another problem for the double helix model is that, 
whether right or left-handed, each hand exists in principle in 
two stereoisomers, a point first made by Hopkins (1981). 
Neither Watson nor Crick had identified this aspect of their 
model, so neither was impelled to explain how they had 
made their particular choice of stereoisomer. 

While the existence of two stereoisomers might seem 
an arcane and unimportant feature of DNA structure, its 
implications can be important and are unexplored.  For 
instance, the particular stereoisomers of DNA in the 
different biological kingdoms, extending to viruses, 
bacteria, fungi, yeasts and mammals have not been 
identified and compared.  When gene inserts are 
considered in genetic manipulation, it is implicitly 
assumed that the insert DNA is of the same stereoisomer 
(and handedness) as the host DNA. However, this 
assumption is untested.  So it is possible that the gene 
insert has a different stereoisomer from that of the 
intended host DNA. This could explain why some 

gene inserts are readily identified and are then rapidly 
excised by the intended host. 

Though the DNA cube, and DNA octahedron 
(Zahid et al., 2013) for example, are well known and 
have been drawn in detail, the evident complexity of 
such molecules, and other, comparable constructs using 
the double helix, seems to constitute a formidable 
obstacle to attempts to further develop such concepts and 
to widen the use of such DNA constructs in medicine, 
computing and in nanorobotics. 

The so-called side-by-side DNA structures avoid the 
unwinding problem altogether, though whether right or 
left-handed, they too exist as two possible stereoisomers 
each (Hopkins, 1981). 

Following the Principle of Occam’s Razor, namely 
that entities [like the structure of duplex DNA] must not 
be multiplied in complexity beyond necessity or must 
entail the fewest assumptions, the simplest of these 
structures has been designated the Paranemic Helix 
which is the only truly side-by-side structure (Fig. 1). 

Materials and Methods 

This study consists of a close scrutiny of disparate 
experimental results for the structure of duplex DNA 
reported across many journals over the previous 60 
years. Evidence is brought together to demonstrate that 
the uncritical acceptance of the double helical structure 
for duplex DNA damages the coherence of DNA 
nanotechnology. The evidence is better understood by 
applying the paranemic model of duplex DNA to effect a 
resolution of the many unresolved conflicts in the 
reported experimental observations. 

The Paranemic DNA Duplex 

It has been considered that the DNA paranemic 
duplex structure, Fig. 1, is unstable or non-existent as it 
has been asserted that the strands would drift apart in an 
aqueous medium. There are many difficulties with such a 
view. First, a DNA side-by-side structure has been 
observed experimentally by Wu & Wu and has been 
reported (Wu and Wu, 1996).  

Second, no experimental evidence has been advanced 
to support the assertion that all paranemic DNA 
structures should be discounted. The contention of 
(Crick et al., 1979) that topology eliminated all side-by-
side structures is flawed and did not consider the 
structure set out in Fig. 1, nor did it fully explore the 
implications of the Rodley model (Rodley et al., 1976; 
Bates et al., 1980; Rodley et al., 1984; Rodley, 1995).  

Third, since 1953, and following the rapid growth of 

researches into the biophysics and molecular biology of 

DNA, a growing body of experimental results has 

become difficult to interpret using the DNA double 

helical model. These results have been summarised in 

outline (Delmonte and Mann, 2003; Gautham, 2004) and 

have been reviewed in detail (Delmonte, 1991). 
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Fig. 1. A view of a true side-by-side (paranemic) model for 

B-form duplex dna looking towards the “front” face 

 
Moreover, in 1953, James and Mazia (1953) found 

that 1mg of dry calf thymus DNA could be spread in a 
monolayer to 0.28 m

2
 in a Langmuir-Blodgett trough. 

The cross-section of duplex DNA was found to be 1.17 
nm x 2.16 nm with each dimension determined using a 
different technique (Delmonte, 1991 (Appendix 1), 
(James and Mazia, 1953). This oval cross-section 
eliminated the possibility of the double helical structure 
as this model has a circular section. It seems that Crick 
& Watson were never aware of this result.  

The open structural model in Fig. 1 lends itself 
naturally to a display of its nucleotide sequence and 
offers a researcher an uncomplicated account of how 
sequence-specific proteins might interact with it. 
Moreover, DNA and RNA probes can readily find 
their target DNA sequences. Using the double helical 
model, the duplex must unwind at least a short length, 
repeatedly if necessary, in order to interact with any 
sequence probe as it approaches, in a manner never 
fully explained. Indeed, diagrams in textbooks 
generally represent the double helix as a ladder 
structure in such interactions. 

Finally, a substantial body of literature supports the 

proposition that the paranemic structure of Fig. 1 

explains better all the known experimental results for 

DNA in biophysics and molecular biology than does the 

double helix (Delmonte, 1991). 

The paranemic duplex, like the double helix, and 

whether right or left-handed, can exist as two 

stereoisomers and the sketch in Fig. 1 is informed by this 

knowledge. The choice of stereoisomer has been 

determined from scrutiny of nucleosomal cutting sites by 

deoxyribonuclease 1 on DNA and the overhang of the 

resulting fragments (Delmonte, 1991).  

Figure 1, B form DNA, was drawn by Dr K. 

Biegeleisen and is used here with permission. 

The Pairing of Watson-Crick Base Pairs 

(“Lőwdin Tetrads”) 

The paranemic model offers a degree of 

complexity in its structural interactions which is 

unavailable to the double helix. 

In 1963 Lőwdin described the pairing of Watson-

Crick base pairs (Löwdin, 1963) and in 1991 this 

approach was extended when the pairing of Hoogsteen 

base pairs (Delmonte, 1991)
 

was described. The 

important feature of these suggestions is that a 

construct exists which formalises the manner in which 

a pair of paranemic duplexes can not only easily 

recognise the same, or closely similar, base sequence 

in an adjacent duplex, but offers the researcher an 

explanation of how a DNA or RNA probe can 

recognise and bind to its target sequence. 

It is evident that the unpaired electric charges in 

Hoogsteen base pairs and tetrads will change the 

electrical properties of these pairings relative to the 

Watson-Crick equivalents. In addition, the optical 

dichroism and cross-section of the Hoogsteen tetrad 

will change relative to the Watson-Crick tetrad. 

Moreover, it is evident that a Watson-Crick base pair is 

convertible into a Hoogsteen base pair via the rotation 

through 180° of the glycosidic bond (Delmonte, 1991 

(Appendix 3, Fig. A, B and C)). 

Figures 2A to 2D recapitulate the classical 

Watson-Crick and Hoogsteen base pairing and the 

pairing of these base pairs as “tetrads” after Lőwdin 

(Löwdin, 1963), this author (Delmonte, 1991) and 

Hopkins (1986). 

Such structures are impossible using the Watson-

Crick double helix since its base sequence is 

substantially hidden within its helical turns. A double 

helix can only reliably recognise the same sequence in a 

neighbour by postulating at least a partial unwinding of 

one or more helical turns simultaneously at a time and at 

a place down the sequence which coincides with that 

same, or closely similar sequence in its near neighbour 

using an unknown mechanism to produce an implausible 

four-stranded (but double-helical) outcome.  

A so-called Holliday junction as the postulated result 

of a four-stranded construct, has not been recorded at 

single strand resolution. Neither electron micrographs, 

nor AFM nor STM scans, allow a clear distinction to be 

made at present between the double helix and paranemic 

DNA in a Holliday Junction. 

A four-stranded, Lőwdin intermediate has been used 

by Hopkins to account for his experimental results 

(Hopkins, 1986). 



Clive Delmonte / American Journal of Nanotechnology 2015, 6 (1): 16.22 
DOI: 10.3844/ajnsp.2015.16.22 
 

19 

  
 (a) (b) 
 

  
 (c) (d) 
 
Fig. 2. Sketches of the base pairs (2a and 2b) and of the pairing of base pairs (c and d) entitled the Lőwdin tetrads (a) Watson-

Crick nucleotide pairing (b) Hoogsteen nucleotide pairing (It is of the greatest importance in terms of the B-Z 

transition to note that Hoogsteen base pairs are related to Watson-Crick base pairs merely by a rotation of ± 180° about 

the glycosidic band of the purine) (c) the unique pairing of Watson-Crick nucleotide pairs as Lőwdin tetrads (d) the 

unique pairing of Hoogsteen nucleotide pairs Lőwdin in tetrads  
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The Use of Z-DNA in Nano Structural Studies 

Z-DNA has been explored as another aspect of the 

repertoire of DNA structures which could allow access 

to fresh nanostructures, for example (Corradini et al., 

2001). The actual handedness of Z-DNA has been 

reviewed in detail (Delmonte, 2007). 

Of course, using crystallography, Z-DNA has been 

claimed as left-handed, that is, Z-DNA enjoys a helical 

handedness opposite to that of the B form.  
Z-DNA crystallographic studies have been reported by 

Rich’s group (Crawford et al., 1980; Rich et al., 1984). 
Hopkins (1981) showed that, even for a double helix, 
whether right-or left-handed, there would be two 
possible stereoisomers in each helical hand. The Z-
DNA researchers made no reference to this and did 
not discuss how they came to prefer one isomer rather 
than the other. The alternative stereoisomer for Z-
DNA was investigated using NMR much later by 
(Uesugi et al., 1988). 

The raw crystallographic diffraction data from Rich’s 
group were never lodged with the Protein Data Bank 
(Berman et al., 2000) or the Nucleic Acid Database 
(Berman et al., 1992). 

Other researchers (Malinina et al., 1998), however, did 

lodge their raw diffraction data and structure factors derived 

from X-ray diffraction from crystals of d-CGCGCG. Their 

Z-DNA structure factor file, 392D, defines a supercell, that 

is, their chosen unit cell is larger than the crystallographic 

data requires. This choice of unit cell size is not solely 

crystallographic but is informed by the prior acceptance that 

the expected structural outcome is a double helix. The 

smaller unit cell would not accommodate a double helix. As 

a supercell, other structural solutions become possible 

utilizing a smaller unit cell. 
One interesting philosophical problem arises at this 

point. If unit cells of two different dimensions but having 
the same shape can give rise to the same diffraction 
pattern, should the structural solution be able to satisfy 
both unit cell sizes? This problem apparently has not been 
addressed in the biopolymer or oligodeoxy-ribonucleotide 
crystallographic literature, but it is very important. 

Another complication with oligodeoxyribonucleotide 

crystallography is that the structural refinement process 

frequently makes use of the computational software 

Nucleic Acid Least Squares, NUCLSQ. For example, 

researchers report (Sadasivan et al., 1994) that their 

refinement of the structure factors of a Z form 

hexamer was carried out using the algorithm 

NUCLSQ. This contains within it the sub-routine 

NAHELIX (Malinina et al., 1998) which contains a 

model double helix. Therefore a double helical 

computational outcome is the only possibility. 
In addition, and not recorded by (Crawford et al., 

1980; Rich et al., 1984), according to Miller and his 
colleagues (Miller et al., 1983), the B→Z transition of 
poly (d(G-

m5
C))2 is facilitated by an order of 

magnitude when the B form has been already wound 
onto nucleosomal histones as a superhelix, 
constrained by its close contact with the nucleosomal 
histones, compared with the rate for the B→Z transition for 
the polymer freely suspended in solution.  

This experimental observation poses a severe test for 

the proposition that Z-DNA has a different helical sense 

from B-DNA. 

An explanation of this phenomenon has been offered 

(Delmonte, 1991; 2007). 

If a change in helical sense is involved here, it is 

important that an explanation be generally accepted as to 

how it could be an order of magnitude faster to form 

Z-DNA from B-DNA when the latter is wound around as 

a superhelix for 1.75 turns in direct contact with a solid 

histone surface compared to forming Z-DNA from 

B-DNA freely in solution. 

There are many other difficulties with the two 

propositions that the Z form is, or contains a double 

helix and that it is left-handed (Delmonte, 2007; 

Delmonte, 2008).  

A resolution of these aspects is summarized in Fig. 3. 

 

 
 
Fig. 3. Sketch of paranemic Z form DNA (The equivalent 

stereoisomer as in the B form) Fig. 3 is published 

with permission 
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Aspects of the Paranemic Model 

In Fig. 1 it is evident that if one paranemic molecule 

is turned to face another, front to front, using any base 

sequence common to, or closely similar in both, tetrads 

can be formed over the whole length. One of the pair 

must move its crest and trough by 180°
 
(a half cycle) 

along the sequence but this geometric feature is labile 

along the sequence (Delmonte, 1991). 

A further structural possibility offers itself. With a 

regular sequence down the two chains of one duplex the 

pair of chains can fold over into a hairpin, as a tetrad, 

without a second duplex being involved. 

It may be possible to form a new type of nanowire by 

immersing a DNA duplex in a solution of divalent metal 

ions, washing off the excess, and then allowing a 

duplicate duplex to form a tetrad to seal in the metal ions 

lying in the core. 

Results 

Experimental data for both the double helix and 

paranemic DNA models can be compared. For example, 

Hoogsteen base pairs are related to Watson-Crick base 

pairs by a rotation of 180° around the purine glycosidic 

bond, that is, two known states in a binary system. There 

are no known reports of rotation around the pyrimidine 

glycosidic bond. Therefore a suitable chromophore 

attached to a pyrimidine, especially at the prominent 

position 5, should show a modulation of optical 

properties as its purine partner rotates. 

Conclusion 

Use of the paranemic model allows new structural 

possibilities to be identified and new potential applications 

to be explored. The double-helical model for duplex DNA 

fails to offer the researcher insights which could allow 

fresh structural opportunities to be explored. 

In Löwdin tetrads, base pairing can occur between 

either of the two adjacent DNA strands on each side 

of any particular strand as either Watson-Crick or 

Hoogsteen pairing is possible. This property would 

seem to suit binary transactions. 

Apart from Löwdin tetrads, the paranemic model 

allows hairpin bends to form in a suitable, short 

repetitive nucleotide base sequence. 

DNA nanotechnology seeks to deploy molecules at 

an atomic and small molecule scale, as illustrated, for 

example by (Zaera, 2013). Other techniques in 

biophysics and biochemistry do not need to address the 

issue of the true structure of the nucleic acids at an 

atomic level but, rather, at a macro-atomic level such as 

in genetics and in immunology, for example. 
Accordingly, DNA nanotechnology is perhaps 

uniquely dependent upon exact clarity in the secondary 

and tertiary structures of the nucleic acids, as well as that 

can ever be achieved. 

Such clarity will facilitate further researches aimed at 

new applications of DNA nanotechnology in medicine, 

computing and in engineering applications. 
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