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ABSTRACT

Two typical alteraative conformatiors for double stianded polyrucleotides wi h Watsor ~Crick
base pairing scheme are presznted. These typcs avold tangling of the two ch; ‘ns. Represcritative
models of these types with two diflcrent views, to show the similayily ard dissimilz1ity between thcse

models and the Watson-Crick model, are given.

INTRODUCTION

HE well-known Watson and Cnck modell for

DNA is a right handed double helix. Our
extensive work, carried out on the analysis of helical
conformations for double stranded polynucleotides
with antiparaliel chains revealed that both right
and left handed double helices are stereochemically
possible. Based on our analysis, a type I model,
employing Watson-Crick base pairing and conforma-
tions for the nucleotides, as observed in single
crystals, was presented* in which the polynucleotide
chain had both rnight and left handed segments.
This immediately avoids the tangling of the two chains
and hence has, in addition, other advantagsous
features over the Watson-Crick model. Since then
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Fic. 1. {¢) Schematic diagram of right and left
handed helices @ (b) Polynucleotide backbone  (¢)
The two types of linking right and Ieft segments

* At the Divistonal Review of the Chemical and
Biological Sciences, Indian Institute of Science,
Bangalore, February 23, 1976,
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a dectailed conformational analysis carried out by
using an IBM 360/44 computer has revealed two
typical conformations based on the orientations of
the sugars of the chain. These two types of
conformations are energetically moare favourable
than the Watson-Crick double helix. The present
paper outlines these two alternative conformations.

RIGHT AND LErFT HANDED DoUBLE HELWCES

Figure 1 (ag) shows the schematic diagram for r'ght
and left bhanded double helices (with antiparaliel
chains) with base pairing shown as dotted lines.
The dihedral angles (which are restricted}2 aboul
the wvarious single bonds in the backbonz2 and the
side chain (base) dihedral angle about the glycosidic

&

Fio. 2, Shematic view of the mowdlds ¢lypes 1 and
11) 10 <how lateral separation of the tao dhains,

bond are ~hown in Pig. 1 (b). lhe repions of back-
bone dihedial angles for the posable et and Jeft
handed double helical conformation have  atready
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been givent. Further analysis of the regular helices
with antiparallel chains and with the number of
residues per turn # ~ 10 and height per turn A~
3-4, restricted these possibilities to a few, Suffice
it to say, that sterically both left and right handed
conformations can be oblained with geg, pgr and 7g
conformations about the C/-C.” bond with the
corresponding conformations about the PO bonds.
Most interestingly, our analysis of the conformation
about the glycosuidic bond (for a nearly perpendi-
cular onentat.oOn of th: bases as in B DNA) indicates
two a’‘ternating regions for night and left handed
helices, These are (g) for the right handed helix
(1) normal ansi rogion x < 90° aad (2) syn region
180° < x < 240°, and (b) for the left handed helix (1)
low anti region x F0° and (2) high aned region
x> 90°. The exact value in each case would
depend on the backbone dihedral angles as well as
the puckering of the sugar. The flexibility of the
sugar puchering was taken Into account as described
earhier®. It may be worthwhile to mention here
that right and left handed helices can have the
same radius for the phosphorus atom (~ 9 A) but
at the same time have different radu for the C’
atom. In such a case the radius of C,” atoms in
the left handed hebx is Jarger by 0-5 A than the
rad us of the C,’ atoms in the right handed helix.
However, the Fourier transforms of both the models
are very similar, The other features of the nght
and left handed double helices will be discussed in
grecater detail elsewhere,

THE Two TyPes oF CoNFORMATIONS : I anp II

There are two typical ways [Fig. 1 {(¢)1 by which
the right and left handed segments can be joinsd
o form a double stranded polynucleotide chain
having Watson-Crick base pairing but which would
avoid tanghnp. For a repeating unit of ten base
paurs, roughly half a turn of the right handed double
helix can be linked to the corresponding half a tuig
of the left handcd double hefix, In type I, the right
landcd »egments A A " aad 3 B~ are joined to the
left handed segm=nts A A " and B R’ respectively.
If the left and right handed segments are joined
this way, the orientations of the sugars of the chain
are in the same direction (shown in the diagram by
the vectors C, -0y}, In the type II structure,
the right handed segments A A’ and B, B/ are
joined to the left handed segments B B, and
AL’AL by an inversion of the left handed segment
such that the chain directions 5°t0 3’ and 3’ to 5
ar: preserved.  In such a structure the sugars in
the right handed segment are pointing roughly
opposite to the sugars in the feft handed segment
(shown by the vectors C,” — 0O,’).

Both the type I and type II structurss involve
‘folds’ or ‘bends’ along the chain and these folds
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occur in pairs approximately after every five base
pairs. Since there is flexibility about the backbone
of the polynucleotide chains?, there can be a family
of folds. In the 1epresentative models for each
type shown, we have used the types of fold which
we consider as plausible. Apart from the types of
folds, the main featurz of both the st uctures is the
vahde of x for the base pair. ln the type I structure,
if a normal anri conformation (x < 90°) is used
for the right handed segment, then the {eft handed
segment has a value for x > 90° (high anti region).
In type 1I, for the normal anri conformation of
the right segment, the left segment has x £ 0 (low
anti region). Similarly, for the syn conformation
of the bases in the right handed segment, both
types T and Il are possible, but with the x wvalues
interchanged for the left handed scgments, The
syn conformation was not investigatcd further.
Thus in both types I and 1I, the two polynucleotide
chains have a wavy stiucture and avoid intertwining
(Fig. 2). Both have alternating right and left
segmenis along the length of the chain and have a
pair of folds in each repeating unit. In type I, the
sugars point roughly in the same duection i both
the segments which have normal bases stacked., In
type II, the sugars In the adjoining scgments are
inverted ; that is, point in opposite directions. This
structure has the base in the adjoining segments in
inverted positions and stacked accordimgly.

THE NEED FOR FOLDING

It is clear that as the conformational energy
difference between the various types of backbone
conformations of the monomer unit of the poly-
nucleotide chain is small3 4, the conformations of
the chains are mainly determined by the base-base
interactions apart from hydrogen bonds. As the
Watson-Crick base pairing has been maintained in
our models, the essential difference between our two
structures and the Watson-Crick model lies in the
mode of stacking of bases. The stacking energy
between any two bases in different orientations and
when separated by various distances was therefore
investisated, A detailed report is under preparation
(Sasisekharan and Gautam Gupta). The results of
interest to us are the following: In the case of
cytosine (C), stacking is achieved only for inter-
actions between normal C and inverted C. The
normal base-base interaction is repulsive and becomes
attractive only when one C inverted. This agrees
with the calculations reported earliers ; similar con-
clusions hold for G-G interactions. Thus a G-C
pair followed by another G—C pair will be highly
stable when one of the G~C pairs is inverted ; the
energy difference s more than 10 kcals/mole. Thus
a C-C (or G-G) base sequence along the poly-
nucleotide chain c¢an bring about a fold in type IL
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Fic. 3. A Model of type I—Two views.

4 . . |
(4 4a)

Fic. 4. A Model of type Hl—Two views,
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For A—A, both (normal ba<e)—{norma! base) inter-
actions and (normal base)-(inverted base) inter-
actions have ncarly the same energy. For T-T, the
pormal (bas¢)—(ba»e) interaction is small ; however,
it 1s lower than the interaction energy bcetween a
normal base and an inverted base.

In the ca<e of purine-pyrimidine (or pyrimidine-
purine) sequences (normal base)-(normal base)
staching is favoured. However, depending upon the
sequenca, either a right or a left stacking of bases
1§ preferred. Thus, (n a sequence GpC, the stacking
i; right handed whereas in CpG the stacking is left
handed. As a consequcnce, sequences like CpG
can involve a right to left fold in type I. Similarly,
for ApT and TpA respectively, right and left stack-
ing of bases c¢an occur ; however, the energy
difference is small.

REPRESENTATIVE MNlopeLs OoF Types 1 AnD 1l

A representative model for type I with two
different views is shown in Fig. 3. Here, we have
used the gg¢ conformation about the C,/-C. bond
for the right handed segment of the chain® and gf
conformation for the left handed segment of the
chain. The gt conformation has already been
observed in a crystal structure?. It may be worth-
while to mention that the g¢ conformation for the
left handed segment is also possible for this model.
As regards the two types of folds, one involves a
change from pgg to g conformation about the
C,—C;’ bond as has been used in the kinky helix3.
The other involves a change from gg to 12 conforma-
tion. Again, the r¢g conformation has also been
observed in a crystal structure?. Yor the right
handed segment, the C,’ endo conformation for the
sugar has been wsed. For the left handed segment
the C,;" endo sugar has been used.

A model for type II with two different views 1is
shown in Fig. 4. The confoermation employed about
the C/~C;" is gg for both the right and the left
handed segments. The sugar puckering employed
1s C, endo in the right handed segment and C,’
endo —C,’ exo for the left segment. Here one fold
is achieved by employing gtet conformation about
the P-O bonds. This conformation has been
observed in two crystal structures1®1l, The other
fcld is achieved by slight modifications of the con-
formations about the various single bonds that are
employed for the right handed segment. One view
of bo‘h the types resembles the typical Watson-
Crick model. However, the other view, taken at
90° from the first one, reveals marked differencss
and clearly shows the lateral separation of the two
chains without intertwining.

Other types of puckering could be
in both these models. Also, the

employed
puckering
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of the sugars at the folds could be different. In
both the modcls we have maintained the radius of
the phosphorus atom to be very nearly 9 A. This
could also be varied if necessary, and the width of
the two segments could also differ.

The Fourier transform of these models has not
been computed, as the mathematics of the same has
to be worked out. However, the Fourier transforms
of the corresponding lcft handed and right handed
helices are similar. It is clear that these types of
structures could be built with folds at other levels
and not necessarily after every five base patrs. These
types of arrangements have more degrees of free-
dom and hence flexible. As the models presented
here are tentative, we do not wish to discuss their
geometrical properties. Full details of the two
structures will be published elsewhere.

CONCLUSIONS

The purpose of the present paper is to show that
double-stranded polynucleotide chains having base
orientation as in B DNA can be constructed in two
typical ways without tangling. The two types of
atrangements appear to bend smmore readily than the
conventional double helix. The preliminary model
building indicates that a mintmum ©Of three base
pairs are necessary betwecn any two folds. In a
nucleic acid chain, where we have a sequence of
bases, we believe that both the typss could be present
in a single molecule. In such a case DNA need not
be a double helix throughout and such a structure
has a number of attractive features and these will
be dealt with elsewhere.

Note : A paper “A fpass'ble conformation for
double-stranded polynucleotidcs” has just appeared
in the Proceedings of the Nat onal Academy of
Sciences, USA, Vol. 73, No 9, 1976, pp. 2959-
2963) which describes a model similar to the typs I
structure presented here. We thank Professors H.
Sharat Chandra and O. Siddiqi for drawing our
attention to this report.
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