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Abstract 
 
In DNA fibers, humidity change alone is sufficient to effect various inter-conversions among the A, B, C, D and Z forms 
which must be closely similar in structure. 
 
Crystals of A-DNA and of B-DNA are claimed as right-handed and crystals of Z form oligodeoxyribonucleotides are 
claimed as left-handed, and, by extension, Z-DNA fibers too.  The B �  Z transition is far faster when poly (d(G.5MeC)n)2 
is wound around a core of nucleosomal proteins than when the polymer is free in solution, which remains unexplained.  
Z �  A �  Z and Z �  B �  Z transitions imply left-right-left changes in a double helix, with monotonic rises in salt 
concentration, all unexplained.  
 
DNA transformations from double into triple stranded, plectonemically wound, helices inside solid fibers remain 
unexplained. 
 
This review explains the formation of triple stranded DNA inside fibers and the accelerated transformation of B- to Z-form 
polydeoxyribonucleotides wrapped around a core of nucleosomal proteins. 
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Introduction - The Philosophical Basis of DNA Cryst allography  
 
The DNA crystallographic community considers its work to be objective and its results to be beyond challenge.  
However, several passages from DNA crystallographers themselves demonstrate that its work is subjective and that 
several choices which are not solely crystallographic inform its DNA and RNA researches. 
 
Since 1953, a growing body of research results in molecular biology, deduced using many non-crystallographic 
techniques, has begun to challenge the iconic double helical structure assigned to duplex DNA in vivo , and these 
results have been summarised [1, 2, 3]. 
 
In response to these results, several alternative DNA structures in fibers, known as side-by-side structures (SBS), have 
been proposed which have been claimed to account better for those known to pose the severest tests of the double helix 
model, for example, the topologically unlinked models of Sasisekharan and his co-workers [4 - 7], Rodley and his co-
workers [8 – 11] and that of Prémilat and Albiser [12 – 17].  In 1991 was published evidence to support a further, 
paranemic model [1 – 3, 18 – 20], that is, pairs of helices which do not wind around each other.  Wu & Wu [21] showed 
by an experiment on a plasmid in its stationary phase in 1996 that the bulk of its DNA had no supercoils and was 
topologically unlinked, that is, SBS structures actually do exist in vivo .  No comparable experiment has been reported 
for double-helical DNA in vivo . 
 
The crystallographic diffraction “spots”, or so-called “reflections”, have had to be used to distinguish between these 
various plectonemic, i.e., double helical, and SBS models including paranemic, since their proponents have all claimed 
that the results from X-ray diffraction studies supported their own models. 
 
The spots are identified and distinguished from each other in three dimensions by the letters h, k and l, and, together 
with the intensities of the spots, this data makes up the so-called “structure factors” of the diffraction pattern.   One such 
fiber X-ray diffraction pattern is shown at Figure 5.  “Special reflections” are those with one or more of h, k or l = 0. 
 
It is using the structure factors that the crystallographic algorithms and software packages are deployed to deduce the 
atomic structures which might have given rise to the observed diffraction patterns.  Natural DNA and high polymer 
synthetic polydeoxyribonucleotides diffract as semicrystalline fibers.  A single fiber can be drawn from bulk, moist, 
viscous DNA specimens using a small hook.  Short synthetic sequences, the oligodeoxyribonucleotides, diffract as true 
crystals. 
 
A study of the oligodeoxyribonucleotide structure factors recorded in the Nucleic Acid Database [22] and in the Research 
Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank [23] is most illuminating.  In the nature of X-ray 



 
diffraction, on occasion, two unit cells of the same shape, though different dimensions, can give rise to the same 
diffraction pattern. This situation is easily recognised because, if researchers have chosen the larger of two possible unit 
cells having the same shape, the labelled diffraction spots can show a particular pattern of missing diffraction spots, the 
so-called “systematic absences.” 
 
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 oligodeoxyribonucleotide crystallographic 
literature, but it is very important. 
 
As soon as crystallographers choose a unit cell size for reasons which are not solely crystallographic, the objective 
character of the crystallographic process is compromised. 
 
The unit cell size chosen by DNA fiber and oligodeoxyribonucleotide crystallographers has always been the larger of two 
alternatives so that the double helix could be accommodated within it.  The smaller unit cell has always been too small to 
accommodate the double helix.  Choosing the smaller unit cell may mean that certain symmetry information is lost, but 
this can be recovered by finding a preliminary structural solution using the smaller unit cell and deploying that solution, 
suitably re-positioned, in the larger unit cell to take advantage of the all the symmetry information later.  It seems from 
the literature that this process has never been utilised. 
 
From fiber and oligodeoxyribonucleotide diffraction, unit cells fall principally into two main shapes, namely, hexagonal 
[Figure 1], where the internal angles of the lateral unit cell cross-section are 60o and 120o alternately, and orthogonal, 
where all angles are 90o [Figure 2].  
 
Indeed, by far the most detailed, perhaps beautiful, diffraction pattern from D-DNA in an orthogonal unit cell using a high-
intensity synchrotron X-ray source has been reported [24, 25].  
 
FIGURE 1 
 
A HEXAGONAL UNIT  
CELL WITH 3 HELICES 
 

 



 
The cylindrical sections in Figure 1 represent the locus of the main diffractors, the phosphate anions, but lighter atoms 
project beyond those loci.  Accordingly, a separation between the helices of 0.05 nm around each has been retained to 
prevent direct contact between the main diffractors.  With a side “a” nm, the helical diameter is (2/3 x a sin 60) – 0.10 
nm. 
 
FIGURE 2 
 
AN ORTHOGONAL UNIT CELL 
WITH TWO HELICES 
 
 

 
Orthogonal unit cells in fiber studies 
 
According to Kakudo and Kasai [26] systematic absences in the special reflection hOl in orthogonal lattices will follow h 
+ l = 2n + 1 (where n is any integer) and where a smaller unit cell can be chosen.  In addition, a further set of systematic 
absences can be observed for hkO reflections [27], where h + k = 2n + 1 (where n is any integer) if a smaller unit cell 
can be chosen.   
 
Form B DNA 
 
Langridge [28], a co-worker of Nobel Laureate Maurice Wilkins & Prof. Watson Fuller, succeeded in producing X-ray 
diffraction photographs of a DNA fiber as its lithium salt in the B configuration at 66% relative humidity displaying a 
degree of detail not previously achieved.  He indexed 72 diffraction spots in his Table 5.3, page 95, and measured their 
intensities, creating the so-called “structure factors”. 
 
The observed reflections fitted an orthogonal lattice whose unit cell he refined to the dimensions a = 2.272 nm, b = 3.128 
nm, c = 3.360 nm. In studying the pattern of systematic absences on the equator (l=0) he deduced that these reflections 
were absent: 

100   010   030   430   and   610 
 
On the equator where l = 0, therefore, presences were limited to h + k = 2n (and, of course, systematic absences follow 
h + k = 2n + 1), where n is any integer.  
 
He concluded that: 
 
"...this must mean that in projection down the c axis the unit cell is effectively halved; i.e., molecules are at (0,0,z) and 
(1/2,1/2,z) and are orientated in the same direction. N.B. Use was made here of previous knowledge of the  diameter 
of the DNA molecule to exclude the possibility of t here being more than one DNA molecule per lattice p oint... " 
[My bold italics – CSD]  
 
It is evident, therefore, that this study was informed by supposed previous knowledge which itself was derived from 



 
inevitably low resolution fiber diffraction studies from which very few sharp reflections could be recorded [Figure 5]. An 
ab initio  solution was not attempted by Langridge.  If the model derived from the previous low resolution diffraction data 
from fibers is challenged, for example, by SBS models, such crystallographic solutions as that of Langridge are 
compromised. 
 
In particular, the unit cell dimensions were chosen so as to accommodate a supposed double helix of diameter some 2 
nm.   Dimensions close to a = 2.27 nm and b = 3.13 nm recur in DNA crystallography because of the same assumption 
that DNA is a double helix, for example, see Table 1. 
 
In this present Review it is precisely the possibility of there being more than one helix at each lattice point identified by 
Langridge, especially in the case of the paranemic model [Figure 3], which should not yet be excluded. 
 
Figure 3      A Diagram of the Paranemic  
Model for B-DNA in vivo  (the only form 
of duplex DNA found in vivo ) 
 
(Published with permission) 

 
 
This model has the same helical pitch as the double helix and has two helical diameters determined by the width of the 
Watson-Crick base pairs (some 1.1 nm) which link the helices.  The base pairs are stacked and face outwards where the 
base sequence can be readily identified by replicating and transcribing proteins, restriction endonucleases and 
complementary RNA. 
 
Table 1 records some studies showing orthogonal unit cells and their recurrent patterns of systematic absence. 
 



 
TABLE 1 
 
Some Nucleic Acid & Other Fibers with Orthogonal Un it Supercells 

 
 
 
Similar patterns of systematic absence have been reported in some orthogonal studies of oligodeoxyribonucleotide 
crystals (see Table 3). 
 
 
Hexagonal unit cells in fiber studies 
 
Fuller et al. [37], in their study of yeast RNA fiber diffraction, give the patterns of systematic absence in the sharp 
reflections for hexagonal unit cells as (h - k) =/= 3n, when l = 0 and (h - k) = 3n, when l = 1 or 2 where n is any integer, if 
a smaller hexagonal unit cell can be chosen. 
 
Rice Dwarf Virus RNA 
 
In 1966 Sato et al. [38] reported that fibers of the RNA of this virus gave a diffraction pattern corresponding to a 
hexagonal lattice of side 4.00 nm, at 75 % relative humidity. 
 
Sato et al. remark: 
 
" ... there is a systematic absence of reflections ... all spots on the equator [l = 0, CSD] are missing when -h+k =/= 3n ... 
Therefore the projection of the structure down the c-axis should fit a two-dimensional lattice with a smaller cell. The 
actual unit cell with "a" = 4.00 nm contains three repeat units and they are “a”/� 3 = 2.31 nm apart from each other. Since 
the diameter of the RNA molecule ... would be about  2.0 nm, each repeat unit ... is considered to corr espond to 
one RNA molecule. "   [My bold italics – CSD]  
 
Here it is explicit how the assumption that the nucleic acid molecule is a double helix, has a diameter of about 2.0 nm 



 
and has a circular section is beginning to determine the manner in which crystallographers perceive their results. 
 
Sato et al. see no purpose in exploring the implications of a smaller lattice with side a' = “a”/� 3 = 4.00 nm/� 3, which 
would lead to a helix of diameter = 2.31 nm/� 3 = 1.3 nm (the same as that predicted for the paranemic duplex [1]).   
 
After all, as Watson and Crick [39] remarked: 
 
"So far as we can tell, it [the double helix] is roughly compatible with the experimental data." 
 
A reading of the literature on X-ray diffraction from fibers in the period from 1953 shows that Wilkins’ group [40] and 
Franklin & Gosling [41, 42] expressed reservations about the fit of the double helix to the available data. 
 
Moreover, Watson & Crick, as well as Wilkins’ group, and Franklin & Gosling entirely overlooked the fact that there are 
two possible right-handed double helix isomers, noted by Hopkins only much later [43].  Watson & Crick did not have to 
explain in 1953 how they came to choose that particular isomer, nor did they after Hopkins’ work was published. 
 
In addition, and crucially, Watson & Crick adduced non-crystallographic evidence to support their structure.  They 
reasoned that the duplex must have a highly regular, anti-parallel structure to allow accurate replication, transcription 
and translation.  But this deduction is flawed.  Since they knew very little about the structure of the proteins needed to 
effect these processes their assumption conveniently eliminated the need to have such knowledge.  However, the 
possibility remains that it is not the DNA duplex itself which needs a highly regular structure, but the complex of the 
duplex with the replicating, transcribing or translating proteins which must be highly regular. 
 
It is clear now that an unfortunate coincidence has intervened to obscure from researchers the possibility that the helix of 
phosphate ions in each chain might have a true diameter of about 1.2 to 1.3 nm. 
 
Fortuitously it happens that Watson and Crick's proposed sugar-phosphate helix diameter of about 2.0 nm is almost 
exactly � 3 times larger than the sugar-phosphate helix diameter of about 1.2 – 1.3 nm proposed in the paranemic model 
[1]. 
 
Consequently, when X-ray patterns show systematic absences of reflections in a hexagonal lattice which indicate two 
possible lattices with cross-sectional dimensions themselves related by the scale factor � 3, it is impossible to distinguish 
the larger lattice, containing the double helix with a diameter of some 2.0 nm, from the situation in which the true helix 
diameter of an individual phosphate helix in the paranemic model might be about 1.2 nm, � 3 times smaller than 2.0 nm, 
set in a lattice itself with a side a = � 3 times smaller. 
 
Had the helix diameter proposed by Watson and Crick been 1.5 nm or 2.5 nm, for example, an immediate and obvious 
discrepancy would have come to light because a hexagonal unit cell of side 4.0 nm would have been too large for a helix 
diameter of 1.5 nm and too small for a diameter of 2.5 nm, while a hexagonal cell of side 4.0 nm/� 3 would have been too 
small for both helix diameters. 
 
As it transpired, a helix of diameter 2.0 nm fitted well into a hexagonal cell of side 4.0 nm, masking the possibility that a 
helix of diameter 1.2 nm (about 2.0 nm/� 3) would fit equally well into a hexagonal cell of side 4.0 nm/� 3 and would have 
dimensions, as a paranemic duplex of oval cross-section, of about 1.2 nm x 2.2 nm, which accorded exactly with the 
range of widths, 1.0 nm – 2.2 nm, reported in the earlier literature up to 1953 [1, 44 – 48]. 
 
The DNA crystallographic community after 1953 constructed computational algorithms incorporating a double helix, e.g., 
Linked Atoms Least Squares (LALS) for fibers [49, 50] and Nucleic Acid Least Squares (NUCLSQ) for 
oligodeoxyribonucleotide crystals, with its NAHELIX subroutine [51], even though, there was mounting evidence as early 
as 1943 and onwards, for example from sedimentation studies [44], DNA monolayers [48] and from X-ray diffraction [46, 
51 – 53] that the molecule could not have a circular diameter of 2.0 nm. 
 
There was X-ray crystallographic evidence in 1955 from Stokes [54], a colleague of 1962 Nobel Laureate Maurice 
Wilkins, showing that the B form sugar-phosphate helical diameter might be close to 1.2 nm (see later).   
 



 
TABLE 2 
 
Some Nucleic Acid & Other Fibers with Hexagonal Uni t Supercells 
 

 
 
 
Oligodeoxyribonucleotide crystallography 
 
Oligodeoxyribonucleotide crystallography is beset with challenges. These include the absence of any direct 
demonstration that the synthetic crystals have the same structure as the DNA fibers, all of which are drawn from DNA 
having a natural origin.  Fibers of polydeoxyribonucleotides are synthetic, of course, and their structures have yet to be 
demonstrated to be the same as those of natural DNA, both in fibers and in vivo , using non-crystallographic methods. 
(Crystallographic techniques cannot be used to do this because the logic then becomes circular since crystallography 
was used to establish the preliminary proposition that they were all double helical.)  
 
It has always been an implicit assumption that the secondary structure, the double helix, in these natural and synthetic 
fiber structures, with those of the true crystals, was the same.  Moreover, the refinement algorithms most commonly 
applied to fiber diffraction (LALS) and to true crystals (NUCLSQ) both employ double helices within their logic, as 
recalled earlier, so that only double helical outcomes are possible.  While this might seem to demonstrate that double 
helical outcomes are common to both fibers and true oligodeoxyribonucleotide crystals, since ab initio  calculations are 
never performed in refinement of the diffraction data, these outcomes do not prove beyond challenge that the structures 
in either fibers or true crystals are actually double helical. 
 
The crystallographic residual, R, is used to measure how closely a model conforms with “reality”, and its lowest 
numerical value is used as the criterion to establish that a particular (double-helical) structural solution is secure.  Bunn, 
and others, have warned against doing this [64 – 67]. 
 
Several teams of DNA crystallographers have remarked that the interative processes of the algorithms used in reaching 
a “secure” structural solution are circular inasmuch as they favour the starting model even if that model is poor [68, 69]. 
 
With advances in solid-state NMR, it might be possible to compare systematically the NMR resonances and X-ray 
diffraction structural solutions of the DNA and polynucleotide fibers with those of the true crystals supposedly enjoying 
the same structure.   
 
Several similar comparisons have been reported, for example, for d-(G4T4G4) by X-ray diffraction [70], and by solution 
NMR [71], but there were significant differences between the two structural solutions.  The crystal structure reported for 
d-(TG4T) [72] was informed by prior NMR studies in solution [73, 74, 75]. 
 
As remarked, NMR has been applied to aqueous DNA [76] but there are several most unsatisfactory aspects to many 
such studies.  The interpretation of the resonances, and in particular the through-space distances established by NMR, 
result from calibrations dependent upon the supposed crystal structures derived from X-ray diffraction [77, 78, 79].  
 



 
Therefore the NMR studies are dependent upon the refinement algorithms applied to the X-ray diffraction results and 
cannot be used to validate the existence of the double helix in either fibers or true crystals.  In addition, the unexpectedly 
high intensities of the resonances in DNA arising from some interacting nuclei are said to result from “spin diffusion” [79, 
80, 81] between resonating nuclei some 0.5 nm apart.  The problem here is evident, though never discussed by NMR 
specialists. If the relaxation of resonating nuclei some 0.5 nm apart can be linked, and presumably transmitted through 
the intervening space, how is it that “spin diffusion” is never reported in DNA between nuclei only some 0.2 to 0.3 nm 
apart? 
 
The truth may be that the resonating nuclei showing “spin diffusion” are not actually 0.5 nm apart in a double helix of 
typical diameter 2 nm, but might be much closer together, as would be required in a more tightly wound helix of smaller 
diameter at 1.2 nm, such as that of the paranemic model. 
 
 
The structure of DNA  in vivo  
 
A further, separate, and more fundamental difficulty for crystallographers is that there has never been a direct 
demonstration that the DNA structure in fibers is the same as that found in vivo . 
 
Indeed, there is secure evidence that the DNA fiber structure can be different from the in vivo  structure.  
 
The A form is readily, and reversibly, convertible into the B form [82], and particular B form base sequences such as poly 
(d(GC)n)2 and poly (d(G.5MeC)n)2, are readily convertible from the B form into the Z form [83, 84], C-DNA can be 
converted to the B form [85], and poly (d(AT)n)2 can be converted from the B to D form [86],  all by humidity change 
alone. 
 
Since the A, C and D form double helices are known artefacts and have not been demonstrated to exist in vivo , and 
since the A, B, C, D and Z forms in fibers would seem to be closely similar because they are variously inter-convertible, 
the wider possibility exists that the B and Z double helical forms in fibers also do not exist in vivo  but are laboratory 
artefacts. 
 
Not only may the respective oligodeoxyribonucleotide crystals not have the same structure as their same-sequence 
polydeoxyribonucleotide fibers (Table 5), but the double helical structure of these synthetic fibers and DNA fibers too 
may themselves be artefacts none of which exist in vivo . 
 
Such concerns are not to be dismissed as “academic”.   
 
They are fundamental to a clear understanding of a wide range of phenomena in the whole field of Biophysics.  Not only 
is duplex DNA claimed to be double helical, with a rationale based upon the need for highly accurate replication, 
transcription and translation, but a very wide range of biopolymers are claimed also to be double, or even triple helical, 
without such a rationale, e.g., actin [87], agarose [88], amylose [89], the carrageenans [80, 90 – 92], chitosan [93], 
collagen [94], curdlan [95], gramicidin A [96], hyaluronic acid [97], � -keratin [98], the Klebsiella polysaccharides [30], 
lentinan [99], myosin [100] and schizophyllan [101] and tropomyosin [100]. 
 
One possibility not considered earlier in the literature, nor eliminated, is that the double helix might only form in fibers as, 
and when, the DNA fibers are drawn by stretching from the bulk DNA. 
 
In particular, B-DNA which does exist in fibers at humidities also found in vivo  may be an artefact in respect of its 
forming a double helix with both ends of each molecule free to rotate on being drawn into fibers from a batch of bulk 
DNA, remembering that DNA fibers do not exist in vivo .   
 
There is a substantial literature challenging the ability of the double helical paradigm to explain a wide range of 
experimental results outside crystallography derived from kinetic and mechanistic studies.  Examples include the 
mechanism and energetics of formation of a triple helix from a double helical polydeoxyribonucleotide inside a fiber [56, 
102], hitherto unaddressed problems in DNA footprinting [18], the accelerated B� Z transition on a nucleosome core 
[103], the oval cross-section of duplex DNA [44, 47, 48], and the Linking Number Paradox [104]. 
 
The possibility therefore persists that the B form double helix in fibers might be an artefact.  It might require the vector 
force of stretching a fiber from a suspension of aqueous DNA to furnish the vector angular momentum needed to form a 
double helix wound from an initial SBS duplex structure such as those cited earlier [1 – 3, 4 – 7, 8 – 11, 12 – 17]. 
 
This could explain why the Unwinding Problem has been so intractable for the double helix model even though it must 
have a simple solution because duplex DNA separates rapidly into single strands at constant temperature in aqueous 
urea and in organic solvents without heating and without any proteins whatsoever being present [105, 106]. 
 
The SBS models described by the research groups led by Sasisekharan [4 – 7], by Rodley [8 – 11] and their co-workers, 
and by Prémilat and Albiser [12 – 17], which do offer a straightforward solution to the Unwinding Problem, have not been 
widely accepted by the crystallographic community as not being justified by the fiber diffraction patterns, though these 
groups have claimed, perhaps naturally, that the patterns do support their structures, see, for example, Albiser et al. 
[107], Bates et al. [9], Rodley [108] and Sasisekharan et al. [109].    
 
The existence of the B form in fibers as an artefact might explain also how the James & Mazia determination [1, 26] of 



 
the DNA cross-section as 1.2 nm x 2.2 nm could arise since these workers used DNA directly extracted according to the 
method of Mirsky & Pollister [110] and which had not been stretched, possibly into a double helix, under the tension of 
drawing a fiber. 
 
The possibility that the double helix might be an artefact derived from an SBS in vivo  structure might find some support 
from the STM results of Lee et al. [111] who found the same minor axis dimension (1.3 nm) among paranemic molecules 
in their Fig 3d, similar to the 1.2 nm deducible from the area of the DNA spread film monolayer of James & Mazia [1, 48].  
Mou et al. [111] found the same major axis dimension of 2.2 nm using STM as that reported by James & Mazia (2.16 
nm), both under lateral compression.  In neither case had the DNA been stretched as fibers prior to the measurements. 
 
Oligodeoxyribonucleotide crystals are considered to contain double helical molecules, a proposition explored in this 
review, but, possibly, if they are double helical, that could arise fortuitously from their very crystalline state, unknown in 
vivo , as well as from the double helix model embedded in the sub-routine NAHELIX, an integral part of the refinement 
program NUCLSQ [112]. 
 
Thus the double helix, identified in the semi-crystalline state in fibers and in oligodeoxyribonucleotide crystals, where 
neither fibers nor crystals exist in vivo , could be an artefact of their highly ordered state. 
 
An attempt was made to identify the structure of nucleosomal DNA in vivo  with that found in crystals of nucleosomal 
DNA by Luger et al. [113].  While a major advance on previous attempts to do this, the refinement algorithm was still 
based upon an incorporated double helix, so naturally this resulted in a double helical outcome.  There could be no 
demonstration in that paper that other structural possibilities could be excluded. 
 
What is evident is that oligodeoxyribonucleotide studies in Table 3 report the same patterns of systematic absence in 
orthogonal unit cells as are reported in some fiber studies in Table 1.  
 



 
TABLE 3 
 
Some Oligodeoxyribonucleotide Crystals  
with Orthogonal Unit Supercells 
 
 
 
 

 
 
These systematic absences are identical with those in Table 1. 
In Table 4 are reported studies in a hexagonal lattice which show  
the same systematic absences as are evident in Table 2. 
 



 
TABLE 4 
 
Some Oligodeoxyribonucleotide Crystals  
with Hexagonal Unit Supercells 
 
 

 
 
Thus there exist oligodeoxyribonucleotide crystals in forms A, B, and Z for unit cells which are supercells.  Therefore it 
remains a possibility that the ab initio  structural solutions of the diffraction patterns ought to be such as to be able to fit 
both the larger and the smaller of the various unit cells giving rise to the diffraction pattern if the crystallographic 
technique is to be considered “objective”. 
 
Of course the great majority of DNA fiber and oligodeoxyribonucleotide crystal diffraction studies do not show the 
patterns of systematic absence identified in the studies listed in Tables 1 – 4.  There can be various reasons for this.  For 
example, the molecules may be bent or curved, perhaps in several directions depending upon the base sequence, and 
therefore they might no longer fit into a reduced unit cell.  Some studies have concentrated upon unusual base 
configurations, including “flipped out” and unpaired bases, which, again, are unlikely to form highly regular crystalline 
sequences which would otherwise lend themselves to incorporation into a reduced unit cell.   Another factor is that many 
research groups rarely, if at all, lodge their structure factor files for hexagonal and orthogonal unit cells in the Nucleic 
Acid Data Base so that an accurate estimate of the proportion of such unit cells which are supercells is difficult to 
deduce.  Examples of such research teams have been led by Olga Kennard, Stephen Neidle, Alexander Rich and Eric 
Westhof. 
 
Scrutiny of the true crystal, oligodeoxyribonucleotide entries in the Protein Data Bank illuminates further aspects of DNA 
crystallography.   



 
TABLE 5 
 
An Interrogation of the Protein Data Bank 
For DNA forms Uncomplexed with other Molecules 
 
Oligodeoxyribonucleotide        No. of Entries 
Fragment 
A-DNA                                           141 
B-DNA                                           276 
C-DNA                                               0 
D-DNA                                               0 
E-DNA                                               2 
S-DNA                                               0 
Z-DNA                                             73 
 
Now C-, D- and S-DNA have been thoroughly characterised in fibers [85, 86, 83] but it is evident that none has been 
identified in many hundred truly crystalline nucleotide base sequences entered into the Data Base.  Therefore some 
structures identified in fibers do not necessarily exist in crystals even when the nucleotide sequence is the same.   
 
Indeed, the synthetic sequence d-((AT)n.(AT)n) is characteristic of polydeoxyribonucleotide D-DNA fibers [86].  The 
sequences d-((AT).(AT)) and d-((ATAT).(ATAT)) are not reported at all in the Nucleic Acid Database. The crystalline 
sequence d-(ATATAT) is reported, PDB entry ID 1rsb, NDB entry UD0049, and the similar sequence d-(ATABrUAT), 
PDB entry ID 1gqu, NDB entry UD0035, but to both of these is assigned Hoogsteen base pairing not found in fibers of 
the polydeoxyribonucleotide D-DNA.  Furthermore, Campos et al. [127] report their single-crystal study of the dodecamer 
d(ATATATATATAT) whose diffraction results they did not lodge in the Nucleic Acid Database.   Though they identify 
single strand overhangs and staggered nicks in both strands, superficially giving a structure that might have resembled 
the polydeoxyribonucleotide poly (d(AT)n)2, they did not identify the D form. 
 
The only direct connection between the fiber structures set out in Tables 1 and 2, and the oligodeoxyribonucleotide 
crystal structures of Tables 3 and 4 is the designation of all of them as double helical.  The difficulty with this is that the 
diffraction patterns of the fiber structures were regressed onto a double helix using LALS [49, 50], while the true crystal 
diffraction patterns were regressed onto a double helix using the NAHELIX subroutine within NUCLSQ [112].   
 
Both of these algorithms employ a model double helix within their logic which therefore ensures that the only possible 
outcomes are double-helical.  The widely used crystallographic software SHELX now also incorporates a nucleic acid 
subroutine [128].  Further, the choice of the larger of two possible unit cells can predetermine a double-helical outcome 
as it increases the axis scales of the resulting Patterson diagram [129], a crystallographic diagrammatic structural 
representation which is otherwise free of any initial trial model. 
  
Therefore there is no ab initio  demonstration that either the fibers and crystals separately are double helical, or that 
together they can be assigned the same secondary structure when it is clear that the C, D and S fiber forms do not seem 
to exist at all in the crystalline state. 
 
 
A different approach to the interpretation of fiber  diffraction patterns from helices 
 
In order to address the problems described earlier in the Introduction , it has become necessary to address directly the 
actual crystallography of DNA and oligodeoxyribonucleotide fragments since the crystallographic community has not 
addressed the challenges presented by the wide range of results from other, in vivo , techniques where mostly kinetic 
pathways and mechanisms predominate. 
 
In 1955 A. R. Stokes, a colleague in the team of 1962 Nobel Laureate Maurice Wilkins, reported his work on the optical 
diffraction patterns resulting from helical structures [54, 130].  In Figure 4 is a pair of paranemic helices, in phase, and 
their optical diffraction pattern [130].  The resemblance to Franklin’s X-ray diffraction pattern in Figure 5 is clear from an 
optical diffraction from just two paranemic helices. 
 



 
FIGURE 4 
 
An Optical Diffraction Pattern Derived 
From a Paranemic Pair of Helices 
(Stokes [130]) 
 

 
 
 
 
Thus, the crystallographic community has not addressed crystallographic results, such as that of Stokes, which 
challenge the double helix.  For example, Stokes [54] deduced in 1955 that, for the angle delta, drawn upon the 
diffraction pattern of a helix in a fiber, such as Figure 5: 
 
tan delta = helical pitch / helical circumference 
 
and therefore for the B form,  tan delta = 3.34 nm/ �  D 
 



 
Applying this to the famous B-DNA diffraction pattern of Franklin & Gosling [82], modified in Figure 5 below, delta = 41o 
and therefore the helical diameter D is 1.22 nm.  
 
FIGURE 5    
 
Stokes’ Result Applied to X-Ray  
Diffraction From B-DNA in a  
Photograph by Franklin & Gosling 

 
 
 
It seems that Stokes’ result, though quoted in a standard text [131], has never been applied to the helical cross of B-
DNA by Stokes or Franklin or Gosling or any of the Nobel Laureates Francis Crick, Max Delbrück, Aaron Klug, Linus 
Pauling, James Watson or Maurice Wilkins, all of whom feature in the history and development of our knowledge of the 
supposed structure of duplex DNA, nor by anyone else. 
 
It is interesting that Olby reports [132] that Rosalind Franklin was considering in 1952 a helical sugar-phosphate 
diameter of 1.1 nm deduced from the Patterson Diagrams arising from her B-DNA fiber diffraction patterns in 1952 
before Watson and Crick published their famous paper in 1953 claiming that the structure was a double helix [39]. 
 
A sugar-phosphate diameter of 1.1 to 1.2 nm accords with the STM results of Lee et al. [133] applied to individual DNA 
molecules, and with the results reported by many other groups [1]. Though prone to artefacts in the x, y plane, STM and 
AFM height measurements in the z direction, where the scanning arm has to physically rise over the molecule, seem 
secure, and accord with James & Mazia’s experimental result using spread monolayers of DNA where the major and 
minor axes are 2.16 nm and 1.12 nm respectively [1, 48]. 
 
Evidently, unless it can be falsified, Stokes’ result for delta demonstrates that B form DNA in fibers cannot be double 
helical.  The Watson-Crick double helix, with a typical diameter of some 2 nm, would require delta = 28o, far removed 
from the observed angle of 41o. 
 
More generally, Stokes’ result also poses a severe challenge to the models of Sasisekharan (op.cit .) and Rodley 
(op.cit. ) and their coworkers, and to Prémilat & Albiser (op.cit .), all of which employ maximum sugar-phosphate 
diameters of around 2 nm. 
 



 
The DNA crystallographic community needs to give a full account of this situation. 
 
Only the paranemic model for B form duplex DNA presently uses an outermost helical diameter of 1.2 to 1.3 nm (op.cit .) 
because assorted atoms from nucleotides and sugars project out beyond the strict confines of the phosphate helical 
diameter of 1.1 nm. 
 
 
The crystallography of Z form 
Oligodeoxyribonucleotide crystals 
 
From the inter-convertibility, variously, of fibers of the DNA forms A, B, C, D and Z with humidity change alone, and 
because the Z form, uniquely, is claimed to be opposite in handedness to the B form from which particular base 
sequences are easily converted, this section will focus on the crystallographic evidence that the Z form is indeed left-
handed, and explore its reported crystallography. 
 
The evidence adduced to establish the handedness of Z-DNA has been reviewed recently [19]. 
 
The earliest studies concentrated upon the sequences d-CGCG, d-CGCGCG which Rich’s group placed into the 
idealised structure they had already created [134].  These workers define their antiparallel double helix starting point in 
the 3 x 3 matrix in Note 19, and imply the prior left-handedness of their model in their note accompanying Table 2.    
 
Though it seems that Rich’s group has only very rarely deposited its structure factors, that is, the identified diffraction 
spots and their intensities, with the Nucleic Acid Database Project [22] or with the RCSB Protein Data Bank [23], other 
workers have done so, for example, Dickerson’s group [126] (zdd015 (1ZNA)) for d-CGCG, Gautham’s group [135 – 
138] and, latterly, Malinina et al. [112] (zdf063) in 1998 for d-CGCGCG. 
 
 
Conformation and dynamics in a Z-DNA tetramer d-CGC G in “low” and “high” salt environments 
  
Drew & Dickerson reported their study in a “high” salt environment in 1981 and lodged their structure factors with the 
Nucleic Acid Database Project [22] as zdd015 and with the RCSB Protein Databank [23] as 1ZNA.  Their structure 
factors indicate that their unit cell is an orthogonal supercell (see Table 3 here), and that a smaller unit cell can be 
produced by halving the long side in the larger unit cell. 
 
Drew, Dickerson & Itakura [126] reported on the structures obtainable from the synthetic tetramer d(CGCG) in a “low” 
salt environment.  Their "low” salt structure has a unit cell of side 3.08 nm (30.8 Å) in a hexagonal lattice.  They remark 
(page 538): 
 
"If helices A, B and C were translationally equivalent, then reflections with h-k =/= 3n would be extinguished, and a 
reduced cell with a = b = 17.8 Å would result.  Although these reflections are not absent, they are systematically weaker 
than those reflections for which h-k = 3n.  (Every third horizontal row in Figure 1(a) is especially strong.)  Hence helices 
A, B and C are not far from being equivalent." 
 
So Drew et al. assume that the unit cell dimension of 3.08 nm, which would suit double helices, is correct but that, 
because helices A, B and C are not far from being equivalent, reflections with h-k =/= 3n are systematically weaker. 
 
Another possibility, though, is the inverse of this reasoning, namely that the unit cell should properly be chosen with a 
smaller side equal to 3.08 nm /�  3, and that reflections with h-k =/= 3n would be systematically absent but they are 
actually weakly present just because helices A, B and C are not far from being equivalent. 
 
Drew et al. could not choose the smaller unit cell because a double helix could not be fitted into it.  Here it is that 
objectivity in oligodeoxyribonucleotide crystallography is lost because prior knowledge of the supposed structure of the 
double helix is determining the choice of unit cell, even though the existence of the double helix was first deduced by 
Crick & Watson from a very few blurred diffraction spots of B-DNA in Franklin’s photograph, Figure 5 here, which Crick, 
the professional crystallographer of the pair, had never himself seen, and which was later shown not to satisfy Stokes’ 
calculation of the angle delta. 
 
As noted earlier, in a hexagonal lattice, it is difficult to distinguish a helix of outer diameter 1.2 nm in a unit cell of side 
1.78 nm, from a unit cell of side � 3 larger at 3.08 nm and with a Watson-Crick helical diameter � 3 larger at 2 nm. 
 
However, this situation can be distinguished in an orthogonal unit supercell because the two sides of the cross-section 
are treated differently since only the longer side is halved in order to define the reduced unit cell. 
 



 
FIGURE 6 
 
TWO ORTHOGONAL UNIT CELLS 
 
(THE ORIGINAL, UPPER SUPERCELL [27],  
WITH THE REDUCED, NEW UNIT CELL  
FORMED BY HALVING THE LONG SIDE  
AND REDUCING THE HELICAL DIAMETER BY � 3) 

(Note that 1 nm = 10 Ångström Units) 

 

 
 
 
For the original orthogonal, upper, unit cell, Langridge et al. [27] offered no explanation as to what lateral forces within 
the fiber might induce the loci of neighbouring double helices to overlap each other against the repulsive charges of their 
respective phosphate ions.  By reducing the unit cell to half its original cross-section by halving the long side, as 
indicated by the systematic absences reported for orthogonal cells containing DNA, Tables 1 & 3, and reducing the 
diameter of the helix by � 3 as indicated by the systematic absences for hexagonal unit cells, Tables 2 & 4, that is, from 
about 2.0 nm to about 1.12 nm, the (single) helices fit into the new, reduced unit cell without any overlap. 
 
The same research team reported their work on a rare, squared Fourier Transform of B form DNA [33] as a single 18o 
sector which has been modified here as Figure 7 in ten-fold symmetry using alternating 18o mirror images. 
 
 
FIGURE 7   
 
A SQUARED FOURIER TRANSFORM OF A  
LATERAL CROSS-SECTION OF A B-DNA FIBER 
 
This composite diagram has been assembled from a rarely portrayed squared Fourier Transform of DNA which is 
independent of any starting model.  The original, single sector is taken from [33] and was plotted in reciprocal distance. It 
has been assembled [CSD] into a ten-fold symmetry as in B-DNA. In reciprocal distance the separations between atoms 
from near zero to infinity can captured on the same diagram.  Although the authors discuss the ten-fold symmetry of B-
DNA they do not identify the closest atoms across the centre of the diagram, atoms which are the furthest apart in real 
space, and which the scale marker shows are 1.12 nm apart.  That is, the atoms in the molecule which are furthest apart 
lie across a helix of diameter 1.12 nm. (The Watson-Crick Base Pair Width = 1.1 nm) 



 

  
 
Thus the squared Fourier transform diagram, which is completely independent of the cross-section of any starting model, 
shows a ten-fold helix of lateral diameter 1.12 nm.  
 
 
The paranemic side-by-side  
Duplex DNA structure  
 
From the diagram in Figure 3 an explanation can be discerned for the reports of the ready formation inside semi-
crystalline fibers of triplex structures from duplex DNA [83, 56, 102].  One sugar-phosphate helix merely transfers its 
base pairing from its original antiparallel partner strand laterally to an adjacent duplex to which it binds using Hoogsteen 
pairing [1].  With this mechanism, the third strand need not start at the same point as the other two.  Indeed all three 
might have different starting points. None of the strands is constrained to be perfectly straight in order to rotate. No 
significant energy, torque and rotational momenta need be explained or acquired, with a consequent obligation to 
explain how a different angular velocity derived from a Watson-Crick duplex unwinding a strand could rewind it against 
friction onto a larger, plectonemic triplex rotating more slowly. 
 
The possibility that Z-DNA in vivo  is right-handed and paranemic with Hoogsteen base pairing has been elaborated 
recently [19].  The greatly accelerated transformation of B- to Z-DNA, while wrapped around a nucleosome core 
compared to the rate when freely suspended in solution [103], never previously explained, can now be understood.   
 
The paranemic duplex may be wound onto the nucleosome core so that the base pairs face outwards into the solution 
and the leading edge points towards a greater radius of curvature and a greater circumference [1].  The B form in vivo  
has Watson-Crick base pairing but there is evidence that the Z form in vivo  can be considered to have Hoogsteen 
pairing in a right-handed duplex [19].  There can then be a rapid transformation into the Z form merely by rotating the 



 
guanines through 180o from their anti- conformation in the B form to their preferred syn- conformation [139, 140] in the Z 
form.  
 
Crystals of A-DNA and of B-DNA are claimed as right-handed [141, 142] and crystals of Z form 
oligodeoxyribonucleotides are claimed as left-handed [143 - 147], and, by extension, Z-DNA fibers too.   
 
Z �  A �  Z [148] and Z �  B �  Z [149] transitions imply left-right-left changes in a double helix, with monotonic rises in 
salt concentration, previously unexplained.  It is possible now to understand that there is no change in helical 
handedness, all being right-handed, but that the changes are within the broad families of the A, B and Z forms. 
 
 
Summary 
 
The rationale originally advanced to sustain the notion of the antiparallel DNA double helix structure in vivo  was that a 
high structural regularity was essential to ensure its accurate replication and transcription in its complexes with proteins.  
The effect of this proposition was to eliminate the need to give a structural rôle to these proteins in their DNA complexes, 
about which nothing was known in 1953.  The rationale is flawed because the possibility remains that it is the complex 
itself of the DNA with the replicating and transcribing proteins which must be highly regular, rather than the duplex DNA 
alone. 
 
The crystallographic evidence for the 1.12 nm helical diameter of DNA is itself determined geometrically in the 
paranemic model by the width of the Watson-Crick base pair at 1.1 nm.  This result accords with X-ray diffraction theory, 
exemplified by Figures 3 - 7, as well as with the reduced unit cells permitted by the patterns of systematic absence 
assembled in Tables 1 to 4. 
 
The best value of the crystallographic residual, R, has been used as the criterion to establish that a particular (double-
helical) structural solution is secure, but many crystallographers have warned against doing this, and several teams of 
DNA crystallographers have remarked that the interative processes of the algorithms used in reaching a “secure” 
structural solution are circular inasmuch as they favour the starting model even if that model is poor. 
 
There is an opportunity now for the re-indexing of the structure factors of the studies listed in Tables 1 – 4 to correspond 
with reduced unit cells.  New, paranemic structures can be deduced for the reduced unit cells and fitted later into the 
original supercells to maximise the use of any symmetry information temporarily lost in using a reduced unit cell. 
 
If the structure of a paranemic duplex DNA can accord better with the known crystallographic evidence taken overall, 
fitting both the reduced unit cells and the supercells, as well as addressing previously unexplained experimental results 
derived from other techniques, then the rationale for double helical structures in other biopolymers also comes into 
question, since they are not replicated from parental strands as is DNA.   
 
Accordingly the crystallographic evidence for the allegedly double helical, and sometimes higher order, plectonemic 
structures variously assigned to actin, agarose, apoferritin, the carrageenans, chitosan, collagen, curdlan, elastin, fibrin, 
gramicidin A, hyaluronic acid, � -keratin, the Klebsiella polysaccharides, myosin, schizophylan, t-RNA and tropomyosin 
should be scrutinised anew.   
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