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L~'fi handed duplexes are shown to be in agreement with the X-ray intensity data o/A-, B- and D-[orms qf DN A. 
The structures are stereochemically sati,~Jactory because they were ohtainedJbllowing a stereochemical guideline 
derived.JJ~om theory and single crystal structure data q[ nucleic acid components. The same stereochemical 
guideline also led to right handed duplexes jbr B- and D-[~rms qf D N A which hat~e stereochemically preJerred 
coJ!J~rmation and hence are superior to those given by Arnott and coworkers a o.l l 

Introduction 

Conformational flexibility of DNA plays an important 
role in deciding its three dimensional structure. Exploiting 
the conformational flexibility inherent in the molecule, 
both right and left handed DNA duplexes were found to 
be stereochemically possible for various polymorphous 
forms of DNA 1'1. It was also pointed out that right and 
left handed segments can be alternately joined to arrive at 
an alternative model of DNA 2--6. The model obtained, 
involves two types of stacking arrangementsT: (i) normal 
stacking which includes right stacking in the right helical 
segment and left stacking in the left helical segment and (ii) 
inverted stacking in the bend region where right and left 
helical segments are joined together. It was shown earlier 
that both the stacking arrangements are energetically 
stable and are observed in single crystals of bases, 
nucleosides and nucleotides 8. Because the alternative 
model has energetically favourable normal and inverted 
stacking arrangements, the possibility of double helical 
structures with both stacking arrangements was exam- 
ined for various polymorphous forms of DNA. It turned 
out that both right and left handed double helical 
structures with normal or inverted stacking are possible. 
In this paper, DNA duplexes which are stacked normally 
are investigated. It is shown that both right and left 
handed duplexes are possible for three polymorphous 
forms of DNA viz: A-form 01 = 1 I, 11 =2.56 A): B-form (n 
= 10, h=3.40 A) and D-form 01=8, h =3.03 A) ~- 11 

The refined models of A-, B- and D-forms of DNA 
reported in literature, are all right handed duplexes ~° ~-~. 
Fuller et al. 9 ruled out the possibility of left handed 
duplexes for A- and B-forms of DNA. A left handed 
duplex was found to be possible for B-DNA, but not for A- 
DNA. Hence, it was argued that a smooth A ~ B  trans- 
sition demands that both A- and B-DNA need to be right 
handed duplexes. Mitsui et al. ~s proposed a left handed 
duplex model for poly(dI-dC).poly(dC ~dI) which gave an 
X-ray pattern very similar to the D-form of DNA 
observed for poly(dA~dT).poly(dT~:lA) ~. But such a 
model was discarded by Arnott et al. ~ because it had an 
unusual sugar puckering. It was also pointed out that the 
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left helical model could not explain smooth B,~-D tran- 
sition because B-DNA was considered to be right handed. 
However, stereochemically even the right handed models 
of B- and D-DNA are not satisfactory (see the next 
section). This prompted us to make a systematic study of 
both right and left handed duplexes for different polymor- 
phous forms of DNA. Our approach to the problem 
consisted of two parts. Firstly, we examined whether by 
exploiting the conformational flexibility of DNA, it was 
possible to obtain a stereochemical guideline for mole- 
cular model building, Secondly, we investigated whether 
the models obtained, for A-, B- and D-forms of DNA 
were consistent with the observed X-ray data 9- : 

Molecular model building: a stereochemical guideline 

Molecular conformation of a given helical duplex de- 
pends upon the stereochemistry of the repeating unit. 
Base-paired dinucleoside monophosphate was chosen as 
the repeating unit as it contains all the major sources of 
conformational flexibility present in the polymeric DNA, 
viz., (i) sugar puckering, (ii) rotation around phosphodies- 
ter linkages (P-O bonds) and (iii) glycosyl torsion. Owing 
to the presence of this flexibility, a given helical duplex can 
be generated from a number of conformationally distinct 
dinucleoside monophosphates. Hence, a detailed analysis 
of the single crystal structure data of dinucleoside mono- 
phosphates and higher oligomers was made to select the 
most probable repeating unit. 

Crystal data indicated that the ring puckering of the 
sugar is broadly divided into two regions: C3'-endo and 
C2'-endo. The energy calculations on the flexibility of ring 
puckering 14 also led to double-well minima in the confor- 
mational space corresponding to C Y - e n d o  and C2'-endo 
puckering. The crystal data 6 of GpC, ApU, ApA +, UpA, 
dTpdT and A + pA + show that sugar puckering can either 
be in a C3'-endo or in a C2'-endo region, both for purines 
or pyrimidines. However, in (pdApdT) 2 and 
dCpdG(pdCpdG) 2 the purines (A and G) are attached to 
sugars with C3'-endo puckering while the pyrimidines (C 
and T) are attached to sugars with C2'-endo pucker- 
ing 16":6. Thus, all the possibilities as exhibited by single 
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Figure ! Torsion angles of the base paired dinucleoside 
monophosphate chosen as the repeating unit. Furanose confor- 
mation angles are also shown. The alphabetical nomenclature 
follows the convention adopted by Seeman et al. 28 Note that the 
exo-cyclic torsion angle ~ designating the furanose ring pucker- 
ing is kept the same for the sugars at 5' and 3' ends. Thus, 
mononucleotide turns out to be the true repeat 

crystals were considered for molecular model building. 
When dinucleoside monophosphate  was used as the 
repeating unit, the same puckering was employed for 
purines and pyrimidines. But when trinucleoside diphos- 
phate was chosen as the repeating unit, purines were 
attached to sugars with C3'-endo puckering and pyri- 
midines to sugars with C2'-endo puckering. Thus base 
specific molecular conformation was incorporated in the 
resulting polymeric structure. 

Dinucleoside monophosphate as the repeating unit: nature 
of  helical duplexes 

Figure 1 shows the backbone torsion angles of the 
dinucleoside monophosphate  and also the furanose con- 
formation angles, relevant to the polynucleotide confor- 
mation. The crystal data 2 indicate that the range of ~ (the 
backbone torsion angle which represents the furanose 
ring puckering) varies from 70 to 100 '~ for the C3'-endo 
region and 130 to 160 ° for the C2'-endo region. The 
torsion angles (fl, 7) around the P - O  bonds are restricted 
to 9 g , tg- and 9+9 + conformations, for the most 
frequently observed 99 conformation around the C4'-C5'  
bond (i.e. 40 ° ~<e ~ 70°). The remaining torsion angles 
and 6 are trans: ~ lies in the range of 200 to 225 ° except in 
the case of pdTpdT where it is 252 °, 6 falls within 160 to 
205 °. The crystal data reveal a clear correlation (hence- 
forth referred to as the preferred correlation) between 
sugar puckering and P - O  torsions. For the 99 confor- 
mation around the C4'-C5'  bond, g 9 conformations 
around P - O  bonds are found to be most favoured for 
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sugar puckering in the C3'-endo region, while tg-  confor- 
mations are preferred for sugars in the C2'-endo region. 
This preferred correlation formed the basis of molecular 
model building of helical duplexes. 

Using the preferred correlation and varying the other 
torsion angles (i.e., ~, 6 and e) within the observed ranges, 
helical duplexes were generated following modified LALS 
procedure 17 which incorporates the flexibility of the 
furanose ring conformation. Two helical domains were 
obtained in the (fl-7) space; they are shown in Figure 2 for 
two representative values of ~, 90' (corresponding to the 
C3'-endo region) and 140 ° (corresponding to the C2'-endo 
region). As shown in Figure 2, for gg conformation about 
the C4'-C5'  bond, the helix forming domains in the (fl-y) 
space are restricted to the g - g -  region for sugars in C3'- 
endo puckering and the tg-  region for sugars in C2'-endo 
puckering. Hence the helical duplexes in these two 
domains are designated to have (C3'-endo, g - g - )  and 
(C2'-endo, tg-)  conformations respectively. 

In the two helical domains, both right and left handed 
duplexes are stereochemically possible. As shown in 
Figure 2, h = 0 contours divide the two helical domains 
into right and left helical sections. Consistent with the 
helical parameters of A-, B- and D-forms of DNA, double 
helical models were considered. A systematic correlation 
was found between the sugar puckering and glycosyl 
torsion Z, for a double helical model of given handedness. 
For the right-helical duplexes with (C3'-endo, 9 - 9 - )  
conformation, Z varies from 10 to 40 ° while for the left 
duplexes with the same conformation, Z ranges from - 50 
to -20% For the right handed duplexes with (C2'-endo, 
tg - ) conformation, Z lies in the range of 50 to 80 ° while for 
the corresponding left handed duplexes, Z is restricted in 
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Figure 2 Typical set of helical domains in the (#-,/) space, for 
C2'-endo ( - - )  and C3'-endo ( - - - )  sugar puckering and g.q 
conformation around the C4'-C5' bond. The phosphodiester 
conformations refer to the phosphate group attached at the 3' 
end of the sugar. The values of the torsion angles ~ and ( are 
given for each case. The n = 8 contour shown encloses the helical 
domains corresponding to n/> 9. The h = 0 contour divides each 
domain into right (R) and left (L) helical sections 
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Figure 3 Schematic representation of the trinucleoside diphos- 
phate. Different torsion angles are shown. Note that the 1st and 
3rd furanose rings have the same puckering and thus the true 
repeating unit is a dinucleotide 

the range of - 5 to 30 °. On the other hand, the backbone 
torsion angles of the right and left helical duplexes in a 
given domain are only slightly different. 

Thus, the model building studies show that both right 
and left handed duplexes can be generated by retaining 
the preferred correlation viz. (CY-endo, g-g- )  and (C2'- 
endo, tg-) conformations. The refined right handed 
models of B and D-DNA have instead (C2'-endo, g-g-)  
conformation~°-l~ Such a conformation invariably 
leads to a low value of a (140- 155) which results in short 
contacts between C2'---OIP and H2'---O1P (see Figure 
1). However, when one employs the preferred correlation 
for molecular model building, the value of ~ is always 
greater than 17Y and hence the stereochemical problems 
mentioned above are avoided. Therefore, it is confirmed 
that the observed preferred correlation has a sound 
stereochemical basis and can be used as a guideline for 
molecular model building of DNA duplexes. 

Trinucleoside diphosphate as the repeating unit: nature of 
helical duplexes 

As observed in (pdApdT) 2 and dCpdG(pdCpdG)2, CY- 
endo puckering was employed for sugars attached to 
purines and C2'-endo puckering for sugars attached to 
pyrimidines. To study the effect of such a conformation, a 
polynucleotide duplex with alternating purine- 
pyrimidine sequence was chosen as a model system. For 
such a system, both chemically and conformationally, a 
trinucleoside diphosphate is a typical repeating unit (see 
Figure 3), which led topologically to two distinct types of 
helical duplexes: 'uniform' and 'zig-zag' helices ~. In one 
case ('uniform' helices), phosphate groups are smoothly 
wrapped around the helix-axis. In the other case ('zig-zag' 
helices) around each phosphate group, two neighbouring 

phosphate groups are not situated symmetrically, one 
points horizontally out while the other points vertically 
down (see Figure 3 of Reference 1). Trinucleoside diphos- 
phate obtained by joining two dinucleoside monophos- 
phates with conformation in two helical domains (I and II 
in Figure 2) led to 'uniform' helices. Thus, here also the 
preferred correlation is retained in the repeating unit. For 
example, both right and left handed uniform helices were 
obtained by using a trinucleoside diphosphate with (CY- 
endo, g-g -C2'-endo, tg--C3'-endo) conformation. 
Trinucleoside diphosphate with one dinucleoside mono- 
phosphate fragment in the helical domain and the other 
in the nonhelical domain led to 'zig-zag' helices. For this 
purpose, (C3'-endo, g*g+) or (C2'-endo, g+g+) confor- 
mation was chosen as the representative of a nonhelical 
domain, because such conformations are observed for the 
single crystal structures of UpA and ApApA 18'I9. It was 
found that a trinucleoside diphosphate with (CY-endo, 
g t-C2'-endo, g+g+-C3'-endo) conformation led to "zig- 
zag' helices wherein sugars with CY-endo puckering had 
(It conformation around the C4' C5' bond. 

In this paper, the emphasis is on the study of helical 
duplexes using dinucleoside monophosphate as the re- 
peating unit which always leads to uniform helices. Only 
one example of uniform helix using trinucleoside diphos- 
phate is discussed which followed as a natural con- 
sequence of our work on dinucleoside monophosphate. 

Molecular models of B-DNA 

Using dinucleoside monophosphate as the repeating unit, 
three molecular models were obtained for B-DNA. Two 
of them were right handed duplexes: one in the (C3'-endo, 
g y - )  domain and the other in the (C2'-endo, tg-) 
domain. The third one was a left handed duplex in the 
(C2'-endo, tg-) domain. All three models had optimum 
separation (10-14 A) of the neighbouring phosphate 
chains in the minor groove which is an essential require- 
ment for agreement with the X-ray data. The left handed 
duplexes in the (CY-endo, g-g-)  domain always had small 
separation of the phosphate chains (5-7 &) and hence they 
were not considered for B-DNA. However, these models 
had some interesting conformational features which will 
be discussed elsewhere. 

Using trinucleoside diphosphate as the repeating unit, a 
right handed B-DNA duplex was obtained. The model 
had (CY-endo, g # -C2'-endo, tg -C3'-endo) confor- 
mation (see Figure 3). Such a model may possibly be a 
structural element relevant for the stretches of alternating 
purine-pyrimidine sequences in DNA duplexes wherein 
purines are all attached to sugars with CY-endo pucker- 
ing. This hypothesis is further strengthened by the 
observation that polynucleotide duplexes with alternat- 
ing purine-pyrimidine sequences give an X-ray pattern 
identical to that obtained from calf thymus DNA in B- 
form z°'21. A left handed B-DNA duplex with the same 
conformation is also stereochemically feasible but sepa- 
ration between the neighbouring phosphate chains is 
small and therefore it is not discussed in this paper. 

Molecular parameters of the B-DNA models 
The molecular parameters of the four models chosen, 

are listed in Tahle 1. The parameters include the back- 
bone torsion angles, glycosyl torsion angle, furanose 
conformation angles and the base parameters. For all the 
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Table I Conformational parameters for four B-DNA models". All the four models were arrived at by using modified LALS method I 7 
which incorporates flexibility of the furanose ring. Standard bond lengths and bond angles were maintained for the repeating unit. 
Notations for backbone torsion angles, glycosyl torsion angle and furanose conformation angles are indicated in Fioure 1. Base 
parameters 0 x, 0y, 0 z and D are defined by Arnott and Hukins ~°. In the case of the three models obtained using dinucleoside 
monophosphate as the repeating unit, the dyad-axis was chosen at plane of a base-pair while the model obtained using trinucleoside 
diphosphate as the repeating unit had the dyad-axis exactly midway between two successive base pairs 

Right handed duplexes 

(C3'-endo, g-g--C2'-endo, 
tg--C3'-endo) 

Left handed 
(C3'-endo, (C2'-endo, (C3'-endo) (C2'-endo) duplex 

g-g-)  tg-) fragment fragment (C2'-endo, tg- ) 

~t 184 
/3 292 

Backbone and 7 269 
glycosyl 6 179 
torsion angles ~ 75 

97 
Z 34 

a o 24.4 
Furanose a I - 19.0 
conformation ~r 2 5.0 
angles (deg) a 3 12.1 

a 4 - 23.4 

Base 0x - 7.0 
parameters O r 9.0 
(deg; D in A) 0 z - 74.5 

D 0.25 

228 (155) b 183 205 241 
202 (264) 292 210 204 
302 (314) 295 286 270 
144 (214) 181 147 135 
41 (36) 66 49 36 

149 (156) 89 156 137 
74 (80) 24 58 - 3 

- 33.7 ( -  34.8) 29.6 - 32.4 - 38.6 
18.7 (33.3) -27.2 22.4 18.1 
6.3 ( -  18.6) 12.7 -3 .2  11.2 

-30.0 (-4.0)  7.4 - 17.6 -36.1 
40.5 (24.7) - 23.8 30.9 45.2 

- 7 . 5 ( - 6 . 0 )  -19.0 -10.0 -3 .0  
-4 .0{ -1 .0 )  -7 .0  -3 .0  0.0 

-74 .5 ( -75 .0 )  -74.5 -74.5 -74.5 
-0 .30( -0 .14)  0.15 -0 .5  -1.22 

" Atomic coordinates of all the models are given in Appendix I. 
b Within the parentheses the conformational parameters of the 'best B-DNA' model 1° are given. The model has (C2'-endo, g-g-) conformation 

four models, molecular transforms were computed  follow- 
ing Langridge et a/.2°; a tomic scattering factors were 
corrected for the presence of water in accordance with 
Arnot t  and Hukins 1°. The qualitative agreement of the 
theoretically computed  molecular t ransform with the 
observed pat tern was judged on the basis of  the following 
criteria: (i) presence of an overall X-pattern, (ii) positions 
of the innermost  maxima on each layer line should be 
close to observed values, (iii) innermost  maxima on 1st, 
2nd, 3rd and 5th layer lines to occur on one arm of the X- 
pattern, (iv) the 4th layer line be weak and also the 
maximum on the 7th layer line be weaker than that on 8th 
layer line. In each helical section, molecular models were 
also possible with slightly different parameters  from those 
listed in Table 1. Such models can be generated by small 
changes of sugar puckering, backbone  torsion angles and 
glycosyl torsion angles. The resulting models have slightly 
different radii and heights of the phosphate  groups and 
base parameters are also marginally altered. But when one 
computes  the molecular t ransform for these models, slight 
variation is seen only on the higher (l >/7) layer lines. Thus  
purely on the basis of molecular transforms, it is difficult 
to make a choice. Therefore, all the models, for which the 
molecular transforms were in good qualitative agreement 
with the observed pattern, were tested for favourable 
packing arrangement.  Only  those models which gave 
reasonably good molecular packing were considered for 
structure factor calculations. In each of the three helical 
sections a model  was finally chosen, which gave best fit to 
the X-ray data. 

The final right handed duplex in the (C3'-endo, 9 - 9 - )  

domain  has C2'-exo puckering which is a minor  variant of 
C3'-endo. Such a puckering has been observed in 2 ' -0-  
methyl adenosine 2z. The value of the P - O  torsion angle s 
(fl and y) fall within the observed range of values found for 
single crystal structures of various dinucleoside mono-  
phosphates,  as do the angles 6 and e. The value of • is 
183 °, which relieves all the stereochemical problems 
encountered when ~t is low, i.e. 140°~<ct~< 155 °. The low 
value of the glycosyl torsion Z is also in good  agreement 
with the observed single crystal data,  which indicate that X 
values fall in the low anti region (0 to 40 °) for C3'-endo 
pucker. The base pair has a tilt 0 x of - 7.0 ° and twist 0y of 
+ 9.0 °. This is a systematic feature of the B - D N A  models 
in this domain  which show good agreement with the X- 
ray data,  since in this way one can raise the height of the 
phosphate  group along the helix-axis and make the 
separation between two phosphate  groups in the neigh- 
bouring chains a round  10--14 A, in the minor  groove. One  
cannot  go to high tilt and twist since it disturbs the 
intensity distribution significantly on 8th, 9th and 10th 
layer lines. We have found that for C3'-endo puckering, tilt 
within a range of - 5 to - 10 ° and twist within a range of 
+ 5 to + 15 ° do not disturb the higher layer lines to a great 
extent. In general, crystal da ta  also show values of twist 
between the two bases in the base-pair in this range. In the 
(C2'-endo, t9 - )  domain,  the final model for the right 
handed duplex has tilt 0~= - 7 . 5  c' and twist 0y =4 .0  °. The 
sugar residue has C2'-endo puckering. Such a furanose 
ring conformat ion  has been observed for example in 
sugars attached to Ts in (pdApdT) 2 and dTpdT 23"24. It may 
be mentioned that Arnot t  and Hukins I o had also arrived 
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Figure 4 Molecular transforms for the four B-DNA models, selected on the basis of stereochemistry, packing considerations and 
agreement with the X-ray data. (a) The right handed duplex with (C3'-endo,.q ,q ) conformation: (b) right handed duplex with (C2'-endo, 
tg ) conformation: (c) right handed duplex with (C3'-endo,.q ~!- C2'-endo, tg- C3'-endo) conformation: (d) the left handed duplex with 
(C2'-endo, t,q-) conformation 

at sugar puckering in the C2'-endo region for the 'best B- 
DNA model '  proposed by them (conformational para- 
meters are given in Table 1). However, their model had 
unorthodox g g conformation around P O bonds and 
hence a low value of ~ (155"), while our model has the 
preferred tg -  conformation and high value of ~ (228°). 
Therefore, the stereochemical superiority of our model 
can hardly be questioned. 

The left handed duplex in (C2'-endo, tg - )  domain has 
backbone torsion angles only slightly different from the 
right handed model (see Table 1). In this case the model 
had C2'-endo-Cl'-exo puckering for the sugar residue. 
Such puckering has been observed for example in di- 
sodium deoxyuridine-5'phosphate and in 5'-iodo-2'- 
deoxyuridine 2s'26. The only significant difference lies in 
the value of),. While for the left handed model it is low anti 
(Z = - 3 ), for the right handed duplex it is anti (Z = 74 ). In 
the case of the left handed duplex, the base pair is moved 
by as much as 1.2 A (D = - 1.2 A) away from the helix-axis 
while for all the right handed models the centre of the base 
pairs almost coincides with the helix-axis. 

The conformational parameters of the right handed 
model with alternate puckering are very close to the 
values observed for (pdApdT) 2 except for [~2 in the C2'- 
endo fragment (see Table 1 and Figure 3) '5. It was found 
that with [~2 = 165 (as observed in the crystal) a self- 
complementary base paired structure was not possible. 
While this work was in progress, Klug et al. 's proposed a 
similar model for poly(dA-dTj.poly(dT-dA) in the B-form. 
However, this model has the following stereochemical 
discrepancies: (i) the value of/42 is 2 4 0  which corresponds 
to an eclipsed conformation and (ii) the sugar attached to 
purines (A) has less frequently observed O l'-endo pucker- 
ing (~1 = 110') rather than C3'-endo puckering as quoted 

by them. This puckering leads to a large radius for the 
phosphorus atom (9.6 ,~) and hence two such molecules 
cannot be packed in the unit cell of B-DNA. But in our 
model, pure C3'-endo puckering (~1 = 89°) ensures smaller 
radius of the phosphorus atom (9.05 A,) and hence causes 
no packing problem. Also, the value of,B z is 210 ° which is 
near the trans conformation. This enables two dinuc- 
leoside monophosphates to retain two distinct confor- 
mations. Thus, for a polynucleotide duplex with alternat- 
ing purine and pyrimidine sequences in B-form, our model 
renders typical (C3'-endo, g-g- -C2 ' -endo)  conformation 
for 5 '-pPur-p-Pyr sequence and (C2'-endo, tg--C3'-endo) 
conformation for 5'pPyr-p-Pur. In such a case, the 
glycosyl torsion Zl (for purines) is 24' while Z2 (for 
pyrimidines) is 58.  

Fourier tran,~['orms ~?]the B-DNA models 

In Figure 4, the molecular transforms corresponding to 
the four models discussed above are shown. All the 
transforms show an overall 'X'-pattern and are in qualit- 
ative agreement with the observed X-ray pattern. In the 
case of the right handed duplex with alternate sugar 
puckering, a non zero value of intensity is obtained for 005 
reflection because the model is in fact a five fold helix. 
However, a slight departure from the five fold helix will 
reduce the intensity value at 005 to practically zero value, 
as required to match the observed value for 005. 
Otherwise, the transform due to this model is almosl 
identical to the other two right handed models. A 
consistent feature of all the transforms is a strong peak 
near the meridian on the 9th layer line. In the crystalline 
B-DNA pattern there are only weak spots in this region, 
but since the packing parameter for the lattice points [109 
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and 019) in this region is very small, the calculated 
structure factor amplitudes at these points are reduced to 
values even lower than those observed. Feughelman et 
al. 27 obtained a B-type pattern for DNA fibres in a 
disordered lattice. In such a case the observed pattern 
should correspond to the molecular transform and the 
fibre-diagram clearly showed a strong maximum near the 
meridian on the 9th layer line. It is quite likely that such an 
intensity profile on the 9th layer line is a characteristic 
feature of X-ray diffraction due to a single B-DNA duplex. 

Packing parameters and the structure factor calculations 
From the Fourier transform calculations, a set of 

models could be chosen which show general agreement 
with the X-ray pattern. Out of these models, those which 
give favourable packing arrangement in the unit cell 
should be considered for the structure factor calculations. 
The packing arrangement of the two molecules in the unit 
cell can be described by two parameters d and Op as shown 
in Figure 5. Changes in these parameters (especially d) 
significantly affect the calculated structure factor ampli- 

Figure 5 Arrangement of the two B-DNA molecules in the unit 
cell. Molecules m 2 are displaced along the helix axis by d-~ 1/3 c 
with respect to molecules m v The dyad coincides with the h-axis 
for 0p=0 (p= 1,2) 

Cot!Jbrmational fiexibility of DN A: G. Gupta et al. 

tudes. In fact from an examination of the difference in 
intensities of neighbouring h + k = even and h + k = odd 
reflections on lower layer lines, Langridge et al. z° sugges- 
ted that the value of d should be 0.328. Subsequently 
Arnott and Hukins ~° showed that d = 0.3195 gave a better 
fit to X-ray data. 

As pointed out by Langridge et al., the X-ray data also 
indicate that the two molecules m~ and m 2 (Fiqure 5) are 
oriented about the c-axis with a dyad lying close to b-axis, 
i.e. 0p=0. For all the models, both d and Op were varied 
such that favourable packing and good agreement with 
the X-ray data are simultaneously satisfied, d was varied 
in the range of 0.3195 to 0.3280 and Op was kept within - 5 
to +5". The packing parameters and the agreement 
indices arrived at finally are given in Table 2. The 
agreement indices are close to those obtained by Arnott 
and Hukins ~° for the 'best B-DNA' model. 

The line diagrams of the four models are shown in 
Figure 6. In all cases, as seen from Figure 6, the bases are 
favourably stacked and the radii of the cylinders are 
nearly identical (re29.0 A) for the four models. 

Molecular models of A-DNA 

Based upon the preferred correlation, both right and left 
handed A-DNA models ( n = l l :  h=2.56 )~) could be 
obtained in two helical domains viz. (C3'-endo, g - g - )  and 
(C2'-endo, tg-). The refined right handed model of A- 
DN A belongs to the (C3'-endo, g - g - )  domain I 2. Because, 
the model satisfies the preferred correlation (unlike B and 
D-DNA mentioned earlier) it is stereochemically satisfac- 
tory and hence no further investigation was done on the 
right handed duplexes in this domain. However, the left 
handed duplexes in this domain as well as in (C2'-endo, 
tg ) domain were analysed. Left handed duplexes in both 
the domains were found to be stereochemicaily satisfac- 
tory. The refinement of left handed A-DNA duplexes with 
respect to the X-ray intensity data are in progress. The 
conformational parameters of the models at the present 
stage of refinement are given in Table 3. The molecular 
transforms of the left handed duplex in the (C3'-endo, 
V-V-) domain and the right handed model as given by 
Arnott and Hukins 12 are compared in Fixture 7. Except on 
the 1st layer line, the transforms due to the two models 
show general similarity. Thus, the possibility of both right 
and left handed duplexes for A- and B-forms of DNA 

Table 2 Packing parameters and agreement indices of the B-DNA models. Unit cell of B-DNA contains two molecules, d is the relative 
displacement between the two molecules along c-axis: 0~ and 02 (as shown in Figure 5) are the orientation of the dyad w.r.t, h-axis. K and 
B are respectively the scale factor and attenuation parameter. R and R" are as described by Arnott and Hukins TM 

Packing para- Right handed duplexes 
meters and Left handed 
agreement (C3'-endo, g g- C2'-endo, duplex 
indices (C3'-endo, .q g-) (C2'-emlo, t,q ) C3'-endo) (C2'-endo, t q ) 

d 0.3280 0.3280 (0.3195)" 0.3195 0.3195 
01 (deg) 2.0 0.0 (0.0) 0.0 2.0 
02 (deg) 2.0 - 3.0 (0.0t 0.0 2.0 
K 106.7 112.4 (107.0) 53.9 105.5 
B()~ 2) -19.1 -14.8 (-18.0) -17.2 -17.7 
R 0.36 0.35 (0.31) 0.33 0.37 
R" 0.39 0.38 (037t 0.36 0.40 

The related values are given for the "best B-DNA' model of Arnott and Hukins ~° 

Int. J. Biol. Macromol., 1980, Vol 2, December 373 



Conformational flexibility of DNA: G. Gupta et al. 

a 

j f  

C 

F i g u r e  6 

/ 

, / 

CI ! J 

Line diagrams of the four B-DNA models in the same order as given in Fiyure 4 
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Table 3 Conformational parameters of two left handed A-DNA duplexes" 

Molecular Sugar pucker P O torsions Glycosyl torsion Other torsion angles 
conformation (~) (fl,,') (Z) ~ 6 ~: 

(C3'-endo, g-g-}  C3'-endo g-g low anti 176 170 40 
(85) (290, 2901 ( -  25) 

(C2'-endo, tg ) C2'-endo tg- low anti 201 146 35 
(150) (208, 3081 (13) 

" Both the models are in the process of refinement and therefore all the parameters are not listed 

8 

10 

9 

7 

_c- 6 

b 

o> '5  J 

4 

f 

oo 01 02 030.0 01 02 03 

Figure 7 Comparison of the molecular transforms of (a) the 
right handed and (b) the left handed A-DNA duplexes in (CY- 
endo, ,q-q ) domain. Note that except for 1st layer line both 
transforms show qualitative similarity 

clearly explains smooth  A ~ B  transi t ion and places left 
handed duplexes on an equal footing with the right handed 
duplexes in so far as their presence as s tructural  element in 
D N A  is concerned. 

In view of the fact that  our  major  interest was to show 
the possibi l i ty  of left handed  A - D N A  duplexes,  studies on 
right handed  A - D N A  duplexes in the (C2'-endo, t q ) 
doma in  are not  repor ted  here. 

M o l e c u l a r  m o d e l s  f o r  D - D N A  

Both right and  left handed  duplexes  were found to be 
s tereochemical ly  possible for D - D N A  (n = 8, h = 3.03 A) in 
both  the helical doma ins  viz. (C3'-endo, g - g - )  and (C2'- 
endo, tg-).  In this paper ,  we present  the results of our  
deta i led studies on the right and  left handed  duplexes  in 
the (C2'-endo, tg - )  domain .  As in the ~ase of B-DNA,  the 
molecu la r  t ransforms of the s tereochemical ly  sat isfactory 

TaMe 4 Conformational parameters of two D-DNA duplexes. 
The helix axis is along the c-axis. The dyad is chosen exactly 
midway between A and T and makes an angle 0 with the a-axis 

Left 
Right handed handed 

duplex duplex 
(C2'-emlo, (C2'- 

tg - }~.h endo, t.q ) 

fl 
Backbone and 7 
glycosyl angles 6 

Z 

o- o 

Furanose a~ 
conformation o 2 
angles a 3 

0- 4 

0x  

Base parameters 0> 
(deg; D in A) 0 z 

D 

208 (141) 225 
209 (260) 215 
302 (298) 263 
147 (208) 156 
61 (69) 32 

154 (156) 152 
72 (82) - 4  

- 29.7 ( - 34.8) - 32.6 
27.1 (33.3) 28.6 

- 13.6 ( -  18.61 - 13.0 
- 6 . 0  ( - 4 . 0 )  - 8.0 
22.7 (24.7) 25.8 

-6 .0  I - 16.0) - 6 .0  
-8 .0  (3.0) - 6 . 0  

=74.5 ( - 74.51 - 74.5 
- 3 . 8  ( - 1 . 8 )  - 2.9 

" Atomic coordinates of the models are given in Appendix 2 
h Within the parentheses are given the conformational parameters for 
the D-DNA model by Arnott et al. ~ ~The model has (C2'-em/o. ~1-~t-) 
conformation 

models  were calculated first to check the qual i ta t ive  
agreement  with the observed pat tern.  The qual i ta t ive  
agreement  was judged  on the basis of the following 
criteria: (i) overal l  'X ' -pat tern ,  (ii) the innermost  max ima  
on the 1st, 2nd, 3rd and 4th layer lines should fall on one 
arm of the 'X', (iii) the innermost  m a x i m u m  on the 7th 
layer line should be s t ronger  than that  on the 6th layer 
line, (iv) the intensi ty at 008 should be high. If the 
molecular  t ransform was in good  qual i ta t ive  agreement  
with the observed pat tern,  the model  was tested for 
packing  in the unit cell. The s t ructure  factor ampl i tudes  
were then ca lcula ted  for those models  which could be 
packed  sat isfactori ly in the unit cell. This resulted in both 
right and left handed duplexes for D - D N A  in the (C2'- 
endo, t9 - )  domain .  The conformat iona l  pa ramete r s  for 
both  right and  left handed  D - D N A  duplexes  are given in 
Table 4. The right handed  D - D N A  duplex with preferred 
(C2'-endo, tg ) conformat ion  is s tereochemical ly  far 
super ior  to that  given by Arnot t  et al. ~1 which has the 
same unor thodox  (C2'-endo, .q-g ) conformat ion  as B- 
D N A  (see Table 4) with some unavo idab le  short  contacts  
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Figure 8 Molecular transforms of (a) the right handed and 
(b) left handed D-DNA duplexes in (C2'-endo, t.q ) domain 

as mentioned earlier. The left handed duplex is also 
stereochemically sound because it has sugar puckering in 
the most frequently observed C2'-endo region and it 
retains the preferred correlation. 

The molecular transforms computed for both the 
models are shown in Figure 8 and they show qualitative 
agreement with the observed pattern. However, there are 
a few differences between the transforms of the two 
models. The innermost maximum on the 1st layer line in 
the transform of the left handed duplex is stronger than 
that on the 2nd layer while for the transform of the right 
handed duplex it is just the reverse. In the transform of the 
left handed duplex the innermost maximum on the 7th 
layer line is much stronger than that on the 6th while in 
the transform of the right handed duplex the two maxima 
are almost comparable. In spite of these differences, 
agreement indices (R and R" as given in Table 5) of both 
the models are almost identical. The values of R and R" as 
obtained for the two models are very close to the value 
obtained by Arnott et al.~l 

The line diagrams of the two models are given in Figure 
9. It is seen from Figure 9 that while in the right handed 

\ 

\ 

a 

Figure 9 Line diagrams of (a) the right handed and (b) left handed D-DNA duplexes with (C2'-endo, tg ) conformation 
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Table 5 Packing parameters and agreement indices of the D- 
DNA models 

Pack ing  para-  
meters  and Right  h a n d e d  Left h a n d e d  
ag reemen t  duplex  dup lex  
indices ~ (C2'-endo, t q - ) (C2'-endo, t q - ) 

d 0.0 (0.0) b 0.0 
0 (deg) - 40.5( - 40.4) 7.5 
K 102.7 (2.6) 98.7 
B (A 2) - 2 4 . 1  (1.4) - 1 9 . 3  
R 0.37 (0.33) 0.36 
R" 0.40 (0.391 0.40 

" Packing parameters d and 0 correspond to the orientation of the a- 
axis with respect to the helix-axis and molecular dyad-axis respectively 
b Values in parentheses are the parameters of right handed D-DNA by 
Arnon et al. 11 

duplex 5'pdA-p-dT is more stacked than 5'pdT-p-dA the 
situation is reversed for the left handed duplex. Thus, for a 
long chain polymer, both right and left handed duplexes 
are equally favourable as far as stacking energy is 
concerned. 

Conclus ions  

The fact that both right and left handed duplexes are 
possible for all the three forms of DNA,  clearly suggests 
that one cannot eliminate structures of one handedness or 
the other on the basis of polymorphism. This is an obvious 
conclusion when it is recognized that polymorphism and 
a given form of D N A  in either handedness are the two 
manifestations of the same cause, the conformational 
flexibility inherent in the D N A  molecule. It is interesting 
to recall that purely on the basis of  fibre diffraction data 
right handed models were proposed for A, B and D-forms 
of DNA.  Since the appearance of these models, crystal 
structures of only two self complementary oligodeoxy- 
nucleotides have been solved: they are dCpdG(pdCpdG)2 
and (pdApdT) 2. While the former is a left handed double 
helical structure, the latter does not form a continuous 
helix. However, in the literature there is seemingly a trend 
to retain the right handed models of D N A  as the most 
general structural solution for heterogenous base se- 
quence and treat the above two cases as special confor- 
mational features arising out of typical base sequences. 
But it was unacceptable to us that the right handed duplex 
is the one and only solution to the structure of DNA.  
Therefore, we did not have to offer an explanation as to 
why the structure of some D N A  fragments as observed in 
the single crystals are at variance with the right handed 
double helical models existing in the literature. Instead, 
using simple stereochemical criteria, we could show that 
conformational flexibility allows D N A  to exist in either 
handedness both in single crystals and in fibres. The 
precise stereochemical details of a D N A  fragment in a 
crystal or a fibre are dependent on the base sequence. 

Cot![brmational flexibility of DNA: G. Gupta et al. 

However, the fact remains that DNA in either handedness 
is an inevitable consequence of conformational flexibility 
inherent in DNA. 
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Appendix A 

Cylindrical polar coordinates of the four B-DNA models. 

Table AI Model  I Right handed duplex with (CY-endo, 
- 9 - )  conformat ion  

Atom r (&) ~o ( )  Z (A) 

0 3 '  8.93 95.7 2.97 
P 9.20 92.6 1.46 
O ! P 9.06 99.4 0.48 
O 2 P  10.54 89.5 1.28 
0 5 '  8.16 84.7 1.26 
C5' 8.79 76.3 1.59 
C4' 7.95 68.0 1.34 
CY 7.82 65.3 - 0 . 1 3  
C2' 6.58 57.9 - 0 . 1 7  
CI '  5.79 61.9 1.04 
O1'  6.68 67.1 1.97 

N9A 4.63 71.1 0.76 
C8A 4.90 87.4 0.72 
N7A 4.04 99.9 0.44 
C5A 2.85 89.0 0.29 
C6A 1.53 102.8 - 0.02 
NIA  0.85 43.7 - 0 . 1 0  
C2A 2.11 26.8 0.12 
N3A 3.22 42.2 0.44 
C4A 3.34 65.6 0.50 
N6A 1.88 147.8 - 0.25 

N9G 4.63 7 I. 1 0.76 
C8G 4.82 87.3 0.71 
N7G 3.94 99.7 0.42 
C5G 2.74 87.4 0.29 
C6G 1.40 101.1 - 0,02 
N 1G 0.99 32.3 - 0.06 
C2G 2.33 22.5 0.16 
N3G 3.32 40.9 0.45 
C4G 3.31 64.4 0.48 
O6G 1.67 145.5 - 0.23 
N2G 3.11 - 0.2 0.09 

N I T  4.63 71.1 0.76 
C6T 4.96 86.9 0.74 
C5T 4.35 101.5 0.47 
C4T 2.96 104.0 0.21 
N3T 2.44 76.0 0.25 
C2T 3.55 61.2 0.53 
O2T 3.82 42.7 0.55 
O4T 2.61 128.2 - 0.05 
M ET 5.45 114.2 0.46 

N I C  4.63 71.1 0.76 
C2C 3.40 61.3 0.51 
N3C 2.33 76.9 0.24 
C4C 2.90 103.3 0.22 
C5C 4.32 101.0 0.47 
C6C 4.95 86.7 0.74 
O2C 3.80 42.9 0.57 
N4C 2.73 129.8 0.05 

The corresponding coordinates in the antiparallel chain generated by 
the molecular diad are (r, -q~, -Z) .  Coordinates of successive 
nucleotide residues can be obtained from these coordinates by applying 
a right handed screw operation of 36.0 rotation about and 3.4 A 
displacement along ---axis 

Table A2 Model II Right handed duplex with (C2'-endo, 
t~!-) conformat ion  

Atom r (A) ,,p ( ) Z (A) 

OY 7.84 91.2 2.75 
P 8.95 89.3 1.63 
O1P  9.00 95.8 0.59 
O2P  10.26 88.2 2.22 
0 5 '  8.55 80.0 1.02 
C5' 8.67 72.4 1.84 
C4' 7.79 64.6 1.32 
CY 7.80 64.9 - 0.20 
C2' 6.56 71.3 - 0 . 5 5  
CI '  5.67 67.2 0.57 
O1' 6.42 66.7 1.75 

N9A 4.55 77.5 0.67 
C8A 4.91 93.6 0.71 
N7A 4.11 107.1 0.64 
C5A 2.86 99.0 0.42 
C6A 1.65 119.4 0.25 
N 1A 0.59 74.2 0.06 
C2A 1.75 34.9 0.03 
N3A 2.95 49.6 0.17 
C4A 3.22 73.8 0.36 
N6A 2.34 154.1 0.28 

N9G 4.55 77.5 0.67 
C8G 4.88 93.5 0.70 
N7G 4.09 107.1 0.63 
C5G 2.81 98.6 0.41 
C6G 1.62 120.6 0.24 
N 1G 0.63 63.8 0.05 
C2G 1.87 31.1 0.09 
N 3G 3.00 49.1 0.03 
C4G 3.21 73.4 0.36 
O6G 2.16 154.4 0.26 
N2G 2.56 1.5 - 0 . 1 9  

N I T  4.55 77.5 0.67 
C2T 3.29 69.1 0.34 
N3T 2.35 86.6 0,31 
C4T 3.02 113.1 0,47 
C5T 4.39 108.3 0,68 
C6T 4.94 93.2 0.71 
O2T 3.41 48.5 0,19 
O4T 2.85 137.4 0.41 
MET 5.54 120.1 0.87 

N I C  4.55 77.5 0.67 
C2C 3.28 69.7 0.34 
N3C 2.29 89.0 0.31 
C4C 3.03 112.8 0.47 
C5C 4.42 107.9 0.67 
C6C 4.98 93.0 0.72 
O2C 3.48 49.0 0.20 
N4C 3.00 138.2 0.43 

The corresponding coordinates in the antiparallel chain generated by 
the molecular diad are (r, - ¢, - Z). Coordinates of successive nucleotide 
residues can be obtained from these coordinates by applying a right 
handed screw operation of 36.0' rotation about and 3,4 A displacement 
along z-axis 
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Table A3 Model III - -  Right handed duplex with (C3'-endo, 
y,q- C2'-endo, tg--C3'-endo) conformation 

Atom r (Aj q~ ( ) Z (.~,) 

O3' 8.00 114.9 4.85 
P 9.04 111.8 3.71 
O I P  9.20 118.0 2.65 
O2P 10.37 110.4 4.26 
0 5 '  8.55 102.7 3.12 
C5' 8.90 95.1 3.90 
C4' 8.02 87.0 3.61 
C3' 7.83 85.5 2. I 1 
C2' 6.65 77.9 2.03 
C 1' 5.87 81.1 3.26 
O1' 6.74 86.3 4.21 

N9A 4.71 90.6 3.01 
C8A 4.97 106.5 3.21 
N7A 4.13 119.2 2.99 
C5A 2.96 109.4 2.65 
C4A 3.43 86.1 2.65 
C6A 1.69 124.4 2.29 
N1A 0.85 73.7 2.14 
C2A 4.13 119.2 2.99 
N3A 3.26 63.9 2.36 
N6A 2.18 163.7 2.24 

N9G 4.71 81.1 3.26 
C8G 4.96 106.4 3.15 
N7G 4.12 119.1 2.95 
C5G 2.90 108.8 2.66 
C4G 3.41 85.5 2.70 
C6G 1.63 125.4 2.36 
N1G 0.92 67.6 2.13 
C2G 2.20 46.8 2.19 
N3G 2.21 49.7 2.22 
O6G 1.98 163.3 2.28 
N2G 2.87 20.2 1.96 

0 3 '  8.98 80.8 1.65 
P 9.19 79.2 0.07 
O 1P 9.00 86.8 - 0.73 
O2P 10.52 76.4 - 0 . 2 6  
0 5 '  8.16 71.4 - 0 . 2 4  
C5' 8.54 62.8 0.35 
C4' 7.77 54.4 - 0.16 
C3' 7.99 52.8 - 1.66 
C2' 6.69 56.7 - 2.30 
CI '  5.65 53.6 - 1.25 
O1' 6.32 54.6 0.01 

N 1C 4.49 64.0 - 1.31 
C6C 4.89 79.8 - 1.11 
C5C 4.32 94.9 - 1.17 
C4C 2.94 99.7 - 1.45 
N3C 2.23 74.1 - 1.58 
C2C 3.24 55.8 - 1.58 
N4C 2.91 126.5 - 1.52 
O2C 3.46 34.6 - 1.76 

N IT 4.49 64.0 - 1.31 
C6T 4.85 79.9 - 1.11 
C5T 4.29 95.4 - 1.17 
C4T 2.93 100.0 - 1.45 
N3T 2.27 71.8 - 1.64 
C2T 3.25 55.2 - 1.58 
O4T 2.76 125.0 - 1.55 
O2T 3.41 34.6 - 1.77 
MET 5.43 107.5 - 0.94 

The corresponding coordinates in the antiparallel chain generated by 
the molecular diad are (r, -~o, -Z) .  Coordinates of successive 
dinucleotide residues can be obtained from these coordinates by 
applying a right handed screw operation of 72.0 rotation about and 6.8 
A displacement along z-axis 

Col!formational./lexibility of DNA: G. Gupta et al. 

Table A4 Model IV - Left handed duplex with (C2'-endo, tO-) 
conformation 

Atom r (A) (p ( )  Z (fl~) 

0 3 '  7.69 
P 8.95 
O I P  9.18 
O2P 10.18 
0 5 '  8.68 
C5' 9.03 
C4' 7.97 
C3' 7.52 
C2' 6.05 
CI '  5.62 
O1' 6.84 

N9A 4.57 
C8A 5.06 
N7A 4.37 
C5A 3.05 
C6A 1.99 
N1A 0.70 
C2A 1.42 
N3A 2.72 
C4A 3.19 
N6A 2.82 

N9G 4.57 
C8G 5.07 
N7G 4.43 
C5G 3.06 
C6G 2.08 
N I G  0.73 
C2G 1.41 
N3G 2.69 
C4G 3.29 
O6G 2.82 
N2G 1.90 

NIT  4.57 
C2T 3.31 
N3T 2.46 
C4T 3.36 
C5T 4.70 
C6T 5.11 
O2T 3.31 
O4T 3.37 
MET 5.95 

NIC  4.57 
C2C 3.20 
N3C 2.43 
C4C 3.36 
C5C 4.72 
C6C 5.14 
O2C 3.18 
N4C 3.51 

96.4 - 2.74 
89.6 - 2.90 
86.7 - 4 . 2 6  
93.3 - 2.41 
81.4 - 1.95 
81.9 - 0 . 5 6  
77.4 0.27 
67.7 - 0 . 3 5  
69.1 - 0 . 7 5  
77.2 0.45 
84.0 0.60 

88.6 0.25 
104.2 0.28 
118.0 0.22 
112.9 0.15 
135.7 0.07 
121.7 0.01 
52.8 0.05 
63.3 0.12 
87.8 0.17 

162.2 0.04 

88.6 0.25 
103.9 0.28 
I 17.8 0.22 
113.4 0.15 
137.8 0.06 
122.3 0.01 
49.9 0.03 
63.5 0.11 
86.9 0.17 

160.9 0.04 
5.65 - 0.03 

88.6 0 . 2 5  
82.3 0.17 

104.0 0.12 
125.5 0.15 
118.7 0.23 
103.6 0.28 
61.2 0.15 

146.7 0.10 
128.5 0.27 

88.6 0.25 
83.7 0.17 

106.4 0.12 
125.2 0.15 
118.2 0.23 
103.4 0.28 
61.3 0.14 

147.3 0.10 

The corresponding coordinates in the anti-parallel chain generated by 
the molecular diad are (r, -~0, -Z) .  Coordinates of successive 
nucleotide residues can be obtained from these coordinates by applying 
a left handed screw operation of -36.0 rotation about and 3.4 A 
displacement along z-axis 
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