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SUMMARY : Energy minimization studies were carried out on
the trimeric subunit of DNA, dApdApdd by treating the thirteen
relevant dihedral angles as simultaneous variables in the

total energy function. The four important sugar pucker states

58-3p-38, °28-°g-°E, JE-2E-’FE and °E-JE-2E were investigated.

From the characteristic chain diverting properties of the low
energy conformations four possible types of bend famjilies were
identified and their probable sites of occurrence in the
polydeoxynucleotides predicted.

It is now firmly established that at specific sites
a polypeptide chain typically bends to effect globularity in
protein molecules (1,2). Systematic studies have further
revealed that these bend segments are mainly associated with a
few specific amino acid residues (3,4). However, it is not
yet clearly known whether gsuch recognizable well defined bend
segments are also present in nucleic acids with base/sugar
speciticity. There existg considerable evidence %o suggest the
involvenent of such bends in chromatin systems (5,6) as well as
in tRNA molecules (7-10) and recently attempts are being made
to understand the folding pattern of nucleic acid systems (11-15).
Al though references to the loop and bend structures are often
made in the realm of both theoretical and experimental
studies (16,17) on nucleic acids, information is still lacking
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on the precise folding pattern of the nucleic acid chain.

Insight into this aspect with reference to the relationship
between base/sugar specificity and backbone bending with stability
may be gained if it were possible to investigate the confor-
mational characteristics of specitic oligonucleotides, As

a part of our ongoing program of theoretical investigations

on polynucleotides (18-22), we have carried out an extensive
analysis of the preferred conformations of a number of dimeric
subunits of DNA and RNA and a typical trimeric subunit of DNA

by means of potential energy calculations., The results of the
trimeric unit dApdApdA were found to give immense information

as to the most probable bend structures in polydeoxynucleotides (21).
This unit, consisting of three nucleosides, two phosphate

linkages and thirteen variable dihedral angles (see diagram a

in Fig.l) is of sufficiently large but of the required minimum
size to define bend structures in polynucleotides. The present
study enabdles us to identify four families of backbone confor-
mations that could characteristically alter the chain direction
introducing typical bend sections which may be of considerable

interest in the problem of polynucleotide folding.

METHODS

The total potential energy comprising of nonbonded,
electrostatic, hydrogen bonding, torsional and ring digtortion
contributions was computed by the use of appropriate expressions(22)
and minimized by simultaneously varying the ten backbone
and three glycosyl dihedral angles through the use of a power-
ful minimization technique (23,24). The three sugar units were
allowed to adopt the four important pucker sequences

35338, J8-28-3g, 28-°B-%E and 2E-JE-2E.
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(b) U- Bend
{c) Lr —Bend, Type 1

Fig.dl. : a) Skeleton and conformational parameters

for trinucleotide diphosphate: see ref.l8
for the convention of measuring these
parameters,

b-i} Stereo pictures for the four families
of bends,

To start with ninety six probable conformations
picked up by combining all the low energy domains for the
various dihedral angles for the dimeric subunit dApdd were

considered and their stabilities determinea after minimiza~
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(d) Lr ~ Bend, Type 2 (g} Ly - Bend, Type 2

R i

{e} Lr—Bend , Type 3
(h) Z - Bend, Typel

P

(6) Lg — Bend, Type | (i) Z- Bend, Type 2
Fig. 1 (continued)

tion. Tnis resulted in seventeen conformations within an
energy limit of 5.0 kcal/mole with respect to the lowest energy
conformation (25). Making use of the starting conformations
corresponding to these low energy cases for the dimeric subunit
dApdA, seventy probable contormations were selected for the

energy miunimization study on dApdApdA unit.

RESULTS AND DISCUSSION
The conformations which after the minimization

process, ended up within an energy level of 5.0 kecal/mole above
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the lowest energy tound are listed in Table I. Conformations
close to B-DNA (26) Watson-Crick-DNA (27) and A~DNA (28) type
helical forms (Nos. 4,5 and 11 in Table I) are noted to 1lie,
respectively, at energy barriers of 1.57, 2.98 and 4.88 kcal/mole

above the lowest energy found.

Qur main interest here is the lowest energy confor-
mations found for dApdApdA which on repetition cannot promote
a regular helical structure in the bvackbone of the polynucleo-
tide chain (conformations other than 4, 5 and 11 in Table I).
A detailed examination of these nonhelical low energy confor-
mations of the trimeric unit were made by constructing wire
models and stereopictures to extract information on the best
possible bend promoting conformations., We identified four
families of conformations which could characteristically
introduce bends in the backbone and they are given in Table II

along with parameters defining these bend structures.

The main feature that distinguishes the four families
of bends is the disposition of the bonds at the two phosphate
linkages of the trimeric unit, which is eventually manifested
in the mutual orientation of the two arms containing the end
residues about the central 'rigid nucleotide unit' within the
two phosphate atoms. The 'U-bend' is the one in which the
two end arms represented, respectively, by the virtual bonds
C(5')...Pl and O(3')...P2 and the middle rigid nucleotide unit
represented by the virtual bond Py++eP, lie more or less in plane
and cig configuration . This 180 chain reversal has resulted
due to the adoption of similar conformational domains (t) by uJi
and UQ; and of opposite domains (g+ and g ) by uQLand W,
angles., In this bend the two end atoms 0(3') amd C(5') approach
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to the closest distance (d) possible., The dihedral angles
defining the energetically best U-bend correspond to the
values of conformation No. 7 in Table I, which is displayed in
diagram b of Fig.l. Conformations orienting the 0(5'),..1’l
and 0(3')...P, virtusl bonds within the limit of & = 0 % 40
could be taken, as the U-~bend family.

The 'Lr—bend' is characterised by a right handed twist,
6 =2 90° between the C(5')...P; and O(3')...P, arms about the
Plooon virtual bond which gives an 'L-shape' to the molecular
unit. It was found from the low energy conformations listed
in Table I, three of them have this characteristics: these
three L ~type bends adopt similar conformtional domains (g%)
for Wy and Wy : Type 1 is characterised by 55-78-3E sugar
sequence and ( “%L‘)i,) = (t,g+); Type 2 differs from Type L
in adopting Wy = & instead of gt ; Type 3 differs from Type 1
in adopting the 2E puckering for the central sugar unit instead

of the °

E puckering. It is very interesting to note that a
change in the puckering of the middle sugar or a change (g to g")
in the ) domain produces more or less the same backbone course
with a clockwise twist of @ around 110°-120  between the bending
arms of the chain, The major difference between Type 1 and Type 2
or Type 3 bends is the distance between the end groups; Type 2
and Type 3 bends open up the chain to a distance almost double
the value found for Type 1 bend as a consequence of the increased
twist between the chain arms. The dihedral angles corregsponding
to the energetically best Lr—type bends are those given as
conformation Nos. 1,2 and 6 in Table I, which are shown in
diagrams ¢ to e of Fig.l.

The 'Ly -bend' is characterised by a left-handed twist

of @ = ~90b between the end residue virtual bonds about the
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central Py...P, virtual bond. We notice two types of L, ~bends,
with identical chain diverting features but with a change in
the ng domain. The end group distances in the L, ~bend types
are in midway between U-~bend and Lr-bend values., Conformation
Nos. 9 and 10 in Table I represent the energetically best

Type 1 and Type 2 - L, -bends (see diagrams f and g in Fig.l).

The final class of bend family, the 'Z-bend' is
characterised by 6 = 1800, with a Zig-Zag 'Z-shape' backbone
courgse., Although this kind of backbone course eventually
keeps the chain direction unaltered, it introduces a 'kink'! at
the central residue., Two types of Z-bends are noted; while
both the types have similar sugar sequences and similar l~>1'and.
w; domains, Type 1 has (LJQC‘Jz) = (g5,&") whereas Type 2
has (Wy Wy ) = (%,g") domains. Both the types of bends have
gimilar © values, but Type 2 is highly extended compared to
Type 1 bend. Conformation Nos. 3 and 8 in Table I (diagrams
h and i in Fig.l), correspond to the energetically best Z-type 1
and Type 2 bends. The Z-type 1 sharp bend conformation has
been observed in the ApApd crystal (29) and also in the nucleo-
tide sequence NT74-N76 of the T erystal (12). The Type 2
bend conformation (No. 8 in Table I) is observed in the same
Phe

nucleotide sequence in the model for the tRNA

to Quigley et al (13).

crystal due

It is to be noted that all the four families of bends
adopt qa_ and 43 in the g+ domain, with only one excepition of
L¢-type 2 bend wherein we have Pz = t. Another notable
similarity in almost all the bend conformations is the absence
of bvasge stacking feature. The only exception here is the

Z-type 2 bend. Because of the absence of base-stacking in the
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U,Lr and L¢-bend families it is likely that these bends are
equally probable in other types of base sequenced trimer units,
however, with slightly altered stabilities. It is likely that
there may be a few additional bends in trimer units with
pyrimidine bases. Due tc the enormous computational cost

involved, we have not investigated thege cases.

As to the possible sites of occurrence of the bends
listed in Table II, the following may be stated from the
knowledge of their chain diverting characters. The occurrence
of the U-bend in the double helical portions is unlikely;
Lr—bend Type 1 and Type 2 are very likely at the 5'-end of
the polynucleotides; Type 1 - L-bend is likely to occur
within the polynuclestide chain at a site where a conformational
change takes place from A-DNA course to any other kind.

Type 2 -»L&—bend is similarly possible at a site where a
conformational change from Watson-Crick type structure to any
other kind is needed. The Z-bends are possible both at the

3t -end of the polynucleotide chain as well as at the interior
where an opening up of the chain occurs by way of a conforma-

tional change from A-DNA structure to any other kind,
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