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ABSTRACT

The idea of *“dinucleotide residues™ instead of the mononucleotides, serving as possible
helical repeats in nucleic acids and polynucleotides is proposed. The nucleotide moieties in the
repeating *‘ dinucleotide units” are conformationally heterogenous by virtue of their differences in
conformations which may arise either from different sugar puckers or backbone torsions. Stereo-
chemical feasibility of such poly (dinucleotide) helices has been examined by conformational calcu-
lations and mode] building procedures. A novel poly (dinucleotide) helical structure with a *“ dinucleo-
tide repeat”’ possessing alternate C3' endo- C2’ endo sugars concomitant with a trans-gauche(tg™)
conformation for the phosphodiester linking the repeating unitsis proposed. The importance of thig
helical structure (i) as a possible candidate for certain highly specific base sequence regions of DNA
and synthetic polynucleotides as well as RNA-DNA hybrid structures; (ii) as an intermediate in
the dynamics of DNA duplexes; and (iii) confcrmational recognition in protein-nucleic acid inter-

actions is highlighted,

INTRODUCTION

-RAY diffraction patterns of DNA, RNA and a
ariety of synthetic polynucleotides have consistently
been interpreted as conforming to right handed helices
of either A- or B-genus', The most significant differ-
ence between the two classes lies in the nature of the
sugar ring .geomefry, the successive mononucleotide
repeating units have the C3° endo geometry in the
A~genus and the C2 endo gecmetry in the B-genus.
The conformations around the other bonds including
the phosphodiester are very similar and conform to
their energetically preferred states. In fact, the four
helical segments of yeast tRNAPhe have also been
shown?-¢ to belong to A-genus thus providing an evi-
dence for the intertwined character of helices. In
continuation of our studies®® to probe the possible
varieties of helical structures in nucleic acids and poly-
. nucleotides, we report here our initial results on pos-
sible helical structures comptising * dinucleotides”
as repeating unjts, instead of the usual mononucleotide
considered so far. The*nucleotide moieties in the
repeating ** dinucleotides »* are conformationally hetero-
geneous in that they may possess either different sugar
puckers or different backbone torsions. Such ana-
lyses are of significant interest from the point of view
of other possible helical structures for nucleic aads
and also understanding conformational dynamics of
DNA duplexes as well as aspects of molecular Dasis
of biolegical recognition of nucleic acids by proteins,
* Thys is part of a paper presenied at the Inter-
national Symposium on Biomolecutbar Structu ¢, Confor-
matien, Function and Evolution, Jan, 4.8, 1973,
Madras, Indja. Contribution No, 514,
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It is known that DNA exhibits structural alterae
tions”® under the influence of salt and temperature
variations and also when interacting with certain
proteins. There are also indications!®1? that certain
highly sequence specific regions in DNA may adopt
conformations different from the classical B-DNA
and may co-exist with the regions possessing B-DNA
conformation. A * dinucleotide residue > comprising
conformationally heterogencous nucleotide backbone
may well represent the base or base sequence induced
effect and helical structures generated using them may
further induce some novel conformational features
with regard to phospbodiester <ounformation, bpelix
grooves, base separation, etc,, that may be different
froma nucleic acid helices studied so far. These modi-
fications caused primarily by changes in the sugar-
phosphate~sugar backbone of a polynuclectide chain
may serve as additional unique sites for proteint recogns-
tion in addition o passible recognition through base
pairs or base sequences commonly implicated.  The
sugar-phosphate-sugar backbone with its greater ¢on-
formational vaciability should be constdered as possible
recognition sites to protans, The present studies are
also relevant to conformations of intercalated DNA
since the latter is to be necessanly ticated in terms of
“ dinuclcotide >” repeats because of neighbour exilus
sion eflect'3,  An analysiy of poly (dinucdeetide) beliwes,
with appropriate intercalated geonienry for the repeat-
ing dinycleotide moicties would ad o dvloeanag the
preferred confornntions  of  jnctealated DNAL
Althoush X ray" aud NMRY studics hase provided
important clues to the aterecodhenncal spedctinty of
intercalation, fonnation relaung to stercovhennstiy
al the nongantacakaing ste ae fnbing  Nasay G-
fvsin of at least o devayicnantdfeotdo-ding coutpley
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1S necessary to vonciusnely establish the near neighbour
ewclusion principle and fill the stercochemical gap
(sce also Ref, 16), Waile our studies include * di-
nucleotide ™ repeats with and without sugar pucher
changes, we present here our prehinmnary studies obtained
with mixed sugar pucker combination. The results
clearly demonstrate the stercochemucal feasibility of
regular pohynucleotrde belices with muxed sugar puckers
and point out some jinteresting differences compared
to conformationally homogeneovs, polynucleotide
backbone helices studied thus far, The observations
also provide interesting clues to the possible confor-
mational pathways duning conformational transitions
and dvnamics of DNA in solution.

STRUCTURAL MODELS

A polynucleotide backbone comprising alternate
C3" endo-C2' endo (3,=-2,) or C2' endo- C3¥ endo
2e=3.) sugar puckers can be conformationally repre-
sented as poly (3.-2) or puoly (2.-3)) in which only
every other nucleotide residue is conformationally
equivalent. For example the polynucleotide back-
bone poly d(A-T). Poly d(A-T) could be represented
in terms of conformational repeats as Poly d(3.-2.).
Poly d(3.-2.). The ordered hel cal conformation of
such a polmucleotide chan can be treated® as a
sequerce of “extended single virtual bonds > which span
the successive repeating dinucleotide triphosphate

residues (Fig. 1). The length of these virtual bonds

\ Base (Pu)
. e o
. /
b #——""" Base {Py)
.r; - 3E .
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nucleotides. In the present calculations (&', w) have
been assigned the values of (290° 2907) since they are
intrinsically the most favoured besides being the only
corformation that would lead to * stacking ** between
adjacent bases. The structural parameters and the
other backbone nucleotide torsions adopted are the
same as used earlier®. Adoption of the above virtual
bond scheme not only simplifies the analyses of helical
conformation of poly (dinucleotide) chains but pro-
vides a conceptual basis for understanding and inter-
preting nucleic acid helical structures. The helical
parameters, nam:ly, #n the number of repeating dinucleo-
tides turn and %, the residue height along the helical
axis have been computed as a function of ¢’y and w,
which link the successive repeating units using the
procedures reported earlier’®, Using lab quip mole-
cular modelling kit, several helical models were built
to check for the conformuty of stereochemical aspects
which govern hucleic acid helices.

REesULTS AND DISCUSSION

The belical parameters computed for a poly (di-
nucleotide) chain comprising alternate (3,-2;) sugar
puckers are shown in Fig. 2. Curves of constant z-
values (dotted lines) are super-imposed on curves of
constant A-values (continuous lines) and the points of
intersection define possible helical structures with the
corresponding n, gzometry., The most interesting
observation in the plot is the occurrence of the helis

Base (Py)

Fig. 1. An “extended virtual bond ” (——) scheme in a poly {(dinucleotide) chain comprising
dinucleotides as repeating units, The repeating units have alternate C3’ endo (3)) and C2’ endo (2,) sugar
puckers. (@', @) and (', ©,) represent the phospiodiester conformation wirhin and at the junction of the
rep:ating units, /,, and 4., represent the virtual bonds, Pu and Py represent purire and pyrimidine base
respectively.

are constant for a given nucleotide geometry (¢, forming domain at (@'y, ®,) (130° 300°) g~ region in
and ¢7,1") and the phosphodiester conformat.on (@', @) sharp contrast to g=g— (300° 300°) found for poly
which bridges the two conformationally heterogeneous {C3’-endo) uucleotides (A-DNA type) but somewhat
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Similar to those obiained for C2’ endo polynucleotides
(B-DNA type). This means that the phosphodiester
P-03 (w,)) torsion at the junction of the repeating
dinucleotide units exhibits a conformational change
(180°) compared to that occurring within the repeat-
ing unit (300°), This phosphodiester conformation
(rg~) has not been found to be part of any di-, oligo
or polynuclkotide helical structures. It would seem
that this distinction in the conformation of the phos-
phodiesters at the junction (rg-) and within the repeat-
ing units (g-g-), correlated to tre sugar puckers and
their sequence may represent an important backbone
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sinuctural modification of nucleic acid helical siryc-
tures. Considering the well'known correlation that
C3’ endo sugars favour lower anti () values and CY
endo sugars favour bigher anti () values, it would
seem that poly (dinuclcotide) helices with dinucleotide
repeats (3.-2.) concomitant with the te- phosphg-
diester may¥ represent a new type of conformational
structure of nucleic acids and polynucleotides especially
those comprising aliernating base sequences. Also
they may find relevance as an important intermediate
conformation when DNA is undergoing dynamical
conformational changes or helix @ btelix transitions
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Fig, 2. Curves of iso n{m= == me—} and is0 A {(——=) for poly (diducleotidel helives having  aliers
nate €3 endo m— C(2) endo conformations for the sugars. The helix formmg domapt iy eonimed to g
domain, Note that both left (L) and right (R) handed hehiges are possible,
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~ Interestingly the g~ phospbodiester conformation
is found to be a less favored conformation compared
to the stacked g-g~ conformation by an energy approxi-
mately equivalent to stacking interactions. Never-
theless this confermation is found in certain dinucleo-
sides hke UpA' 15, dpTpT®™, dpTpAp (of dpApTp
ApT)**  and pCagPm®Cey (of yeast tRINAFPE-+
wherein the 3’-base is always a pyrimidine or both
the 3- and 5-bases are pyrimidines. Stacking
mteractions 1 such situations are known to be
significantly weaker which might have induced
the phesphodiester to adopt the extended 1g— confor-
mation. Occurrence of a8 C2” endo for 3’-sugar pucker
would further promote the fg— phosphoediester (destabi-
lising g—g— in the casc of ribodimers®®) and reduce the
energy barrier for g7g~ = 1g— interconversions.
Molecular modelling have stown that double helical
poly (dinucleotide) structures could, indeed, be built
with alternating C3' endo and C2’ endo nucleotide
units satisfying the Watson—Crick base pairing scheme
as well as “stacking”” interactions between the base
pairs at the junction as well as within the repeating
units in conformity with the above theoretical deduc-
tions. Figure 3 shows a Iab quip model of a typical
right handed double helical segment comprising repeat-
ing dinucleotide moieties. The base separation and
the tilt within the helix repeat and at the junction are
very sensitive to backbone nucleotide torsions and also
orientation of the bascs (x). Several models having
for example larger base separation between the repeat-
ing units and smaller base separation within the repcat-
ing unijt and vice-versa or nearly sarne separation within
and between the repeating units could be obtained by
appropriate adjustments in the torsion angles. The
average base separations are in the range of 3 to 6 A
and base tlts <« 30° depending on the model,
Detailed calculaticns are in progress to ascertain the
encrgetic preference of various models. The interest-
ing feature is that 1n all these models the phospho-
diester possesses the 1g~ conformation. These and the
concomitant topological changes of the helix may
serve as possible rccognition sites to proteins, It
is possible that short segments of such helices may
occur at specific base sequence regions of DNA and
may coexist with the B-DNA conformation possessed
by the rest of the molccule, Similarly it is conceivable
that the above helcal structure with tle alternate
sugar puckers with a rg~ phosphodiester may represent
an important intermediate conformation during 4 = B
cooperative helical transitions since the DNA with
mixed sugar puckers possesses some features of A4
as well as B forms of DNA. In solution, at }east some
DNAs, may exhibit a dynamic equilibrium between a
DNA of “homogeneous’ and “heterogencous ™’

conformational repeats,
While only right Fanded structures are discussed,

it is clear from (n-h) plot (Fig. 2) that left-handed poly
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Fic. 3. A molecular mode] of a right }anded poly
(dnucleotide) double helix comprising C3’ endo and
C2° endo nucleotides and the rg— phospl.odiesters for
(', @) and g2~ for (', @) {sce Fig. 2).

(dinucleotides) as well are possible with only mincr
torsicnal variations around the P-O bonds., Thss
unique feature has been recently interpreted® as a
necessity in nucleic acids rather than a coincidence
in view of the left handed tertiary supercoiling of the
right handed DNA secondary structure,

CONCLUSIONS

Poly (dinucleotide) helices with mixed sugar puckers
in the repeating dinucleotide residues are sterecchemi-
cally feasible and are found to Frave several similar
and dissimilar features compared to the classical A
and B DNA helices. These could as well arise as
induced effects due to interaction of DNA with mole-
cules like proteins. Such helical conformations are
not energetically improbable, Indircct experimental
support for such moedels can be seen in the crystal
of dpApTpApT, a deoxy tetramucleotide tetraphos-
phate structure %21 wherein the sugars in successive
residues exhibit 3; and 2, conformation to be regarded
as a dimer of (3,-2)) . (3,-2). Most interestingly the
phosphodiester conformation linking the dinucleotide
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repeat exhibits the rg~ conformation similar to dis-
cussed above although the molecule does not form a
duplex structure in the crystal, However, based on
the crystal structure, the possivility of using alternate
sugar puckers for double belical structure of poly
(dA-dT) and DNA-protein recognition has alsc been
suggested??,2l Experimental evidence for mixed sugar
also comes from the crystal structures of several inter-
calated dinucleoside monophosphates!®, Mixed sugar
puckers have earlier been used to generate kinked
superhelical DNA structurds'*, Thke concept of poly
(dinucleotide) helices in which the nucleotide residues
are conformationally heterogenecous deals with regular
helical structures within the frame work of Watson-
Crick hydrogen bonding scheme but with modifica-
tions in the sugar-phosphate-sugar backbone geo-
metry, This offers an important probe for under-
standing the base sequence dependent backbone struc-
tural modifications of nucleic acids which may be
relevant in understanding molecular aspects of nucleic
acids-protein recognitien and interactions. It las
come to the attention of authors recently th.at models
comprising alternate sugar puckers have also been
proposed based on nmr2® and X-oray data?® for
pelynucleotides possessing alternate purines and
pyrimidines supporting our theoretical deductions,
Helical structures and their properties obtained for
other combinations of gugar pucker, base orientations
and backbone torsions are the subject of future com-
munications,
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