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ABSTRACT

A new two }rn'tua.! bond scheme spanning the three chemical bonds, P-05-C5'-C4’ and
C4’-CY-03-P on either side of the C4 atom of the repeating nucleotide unit has been developed
io study the ordered as well as random coil conformational properties of polynucleotide chains. An
imoortant feature of this scheme is its ability to effectively account for the main sources ,of ﬂﬂx;bility
in a polynucleotide chain and to incorporate the mear neightour (long range) conformational
devendence that exists among them. Using this scheme, unyerturbed end-to-end dimensions and
persistence lengths of randomly coiling polynucleotides have been computed and are in excellent
acreement with the experimentally determined values. The results most importantly, demonstrate
that the random coil consists of a large proportion of comactly stacked helizes (A or distorted A-
form) characterised by g~ g~ and C¥ endo conformations for the phosohodiester and thz nucleotide
resyectively interspersed by small proportions of loosely wound helical segments characterised
by te~ and C2' endo geometries. 1t is argued that the occurrence of other conformational blends
dictated by near-neighbour (long range) interactions in small percentage decreases the chain dimen-
sions.. These results are in sharp contrast to all the earlier interpretations Which invoke a high

percentage of extended rg~ conformations.

INTRODUCTION

HEORETICAL as well as experimental studies
on nucleic acid constituents have established
that rotations around the various chemical bonds
of the rereating nucleotide unit are greatly restricted".
Detailed insights concerning their dependence on the
rotations about adjacent and near-neighbour bonds
have also been obtained more recently®>®. These
together with the results of x-ray structure of yeast
tRNAP*® have demonstrated™® that the main source
of variety in nucleic acid chains avises predominantly
from rotations around the P-O bonds of the inter-
nucleotide phosphodiester, the exocyclic C4’-C5’ bonds
and the sugar ring pucker. In other words, rotations
around the two adjacent C5—-C4’ and C4-CY (4
and ¢') and 05’-P and P-0% (w and ") bonds (Fig. 1)
mainly dictate the conformations of nucleic acid
chains both in the ordered helical as well as loop and
bend structures. The rotations around the two
temaining C5-05” and C3-03’ bonds (¢ and ¢') have
been shown to exist predominantly in the preferred
trans conformational domain. The correlations
between ¢ and ¢ (P} and @ and &' and also the
dependence of the latter iwo on the former, viz., o
and o’ and @ and ¢ are also recognised. These
stereochemical considerations are strongly suggestive
of treating the nucleotide unit in terms of two blocks,
comprising three bonds each, viz., P-0O5~-C5'-C4
and C4'-CY-Q3-P spanning the four atoms P to C4
on the §'-end and C4’ to P on the 3'-end of the repedts
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ing nucleotide unit (Fig. 1). The virtual bond lengths
P-C4’ and C4-P calculated from crystal structures
of 5’-nucleotides, 3'-nu:leotides, di- and oligo-nucleo-
tides and yeast tRNAPP show that they are around
3-9 A and 3-8 A resoectively'®. This “blocked nucleo-
tide’’ has some similarities to the situation in peptidest,

Recognition of these stereochemical features inherent
to the nucleotide unit readily suggests that the eafire
polynucleotide chain can be regarded as a sequence
of two virtual bonds P-C4’ and C4-P (Fig. 1) per
repeating nucleotide and 1ts  conformation being
governed by two pairs of rotation angles (¢, ') within
the repeating unit and (0, @) between the repeating
units. This situation greatly simplifies the analysis
of ordered helical as well as random coil conforma.
tions of nucleic acid chains, The present scheme of
virtual bonds is unique in that, it permits as a natural
follow up () implicit consideration of varation of
the sugar pucker, in contrast to earlier schemest®is
where indesendent treatment was neécessary, (it) corre-
lation between the nature of the sugar pucker and
C4'-C5" tond oricntation (indirect estimate of base
sequence effect) and (iii) neac-neighbout. (long range)
correlation between ¢ and @' and ¢ and o

Using this virtual bond scheme, we report here
unperturved end-to-end dimensions  and also pRrsise
tence lenuths of polynucleotide chains in exvellent
agreement with exerimentally determined 1aluest**t,
Results of our studies show that the random CO}l
conformation  of poly pucleotides  anists P'{ﬂdﬂml'
npantly 1 the conmactly stavked A-form {or dmv.:,-t'fcd
A-form) possessing the preferred g7g” conform.:ztuzn
for the phosphodiester concomitant with the Cd'=
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endo geometry for the nucleotide backbone in sharp
contrast to earlier modelst*1'? which invoked very
high percentage of extended and unstacked backbone

conformation.

Base

Fic. 1. Schematic representation of the new two
virtual bond scheme in a section of a polynucleotide
chain. Virtual bonds spanning the atoms P to C4’
on the 5’-side and C4' to P on the 3'-side are indi-
cated by dotted linss / and 1, respectively. The
rotations (@, ¢’) around the two C-O bonds are assigned
the most preferred trams conformation. The pairs
of rotations (f, ¢') and (o, ®) completely describe
the spatial configuration of a polynucleotide chain.
The long range conformational relations between
(w,¢) and (¥, @) can easily be seen. The virtual
bend scheme is reminiscent of that in peptides.

THEORETICAL TREATMENT

Virtual Bond Parameters

According to the above scheme of virtual bonds
shown in Fig. 1 by dotted lines, the magnitude of

[ Currem
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their lengths [ and /, are independent of the rotat; on
anples (§, ¢') and (@', ©), but depend on the values
ofg and@’. They have been assigned their preferreq
values of 180° and 210° consistent with theoretica)
n.m.r. and X-ray studies'. The bond lengths ang bonci
angles used here are the same as reported earliers
The bond lengths and other parameters associated
with the virtual bonds are given in Table 1.

TABLE 1
Virtual bond parameters for the blocked nucleoride

o

Yirtual bond lengths
[ (&) [, (A)

— Y

Geometrical Parameters

n° AR A

3-97 3-85 23-73  28-22 20-46 14-73

Mean Square Dimensions

The scheme of virtual bonds described above permits
one to describe the spatial configuration of a poly-
nucleotide chain 1n terms of the orientation of the
successive alternating virtual bonds /, and /. The
relative orientation of the virtual bonds are deter-
mined by successive {J, ¥’} and (', ) values. The
mean square end-to-cnd distance of such a chain is

given by
- o H
(?"2)0 = Z‘ Z ((lap‘ + Ib,f) . (,ﬂ}i + (b,f))

=1 4=1
(r2), = %1% + xI3 4 2xIT (T ) 1, + 2 Z'<‘ g + l-;-r
- =<4 ~
-, + 1) 3

wherte [, and [, are the two virtual bond lengths consti-
tuting the repeating unit and x is the degree of poly-
merisation. The value of {r?), can easily be obtamned
by resorting to matrix techniques. When the rota-
tions in the successive residues are independent of
caclt other or in the absence of near-neighbour
correlation between (w’, ¢') and (w, §), the above can
be expressed following the methodology of Flory** as

() =2 [10000}[G, G,)* ¥)
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Where G, and G, are the generator matrices of the
order 5 X 5 defined by
LI (T 132

Ty L

M

0 0 1



‘Vgl. 49, No. 21
Nov. 5, 1980

and
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(1) b

0 0 1
(T ) and (T, are the statistical mechanical averaged

G‘b:: )

matrices averaged over the rotational states of (¢, ¥')
and (@', @) respectively. T, and T, are the trans-

formation matrices which transform any vector m
the coordinate system of the virtual btonds /, and [,
into their preceeding one.

Using the atove exyression the characteristic ratio
of an infinitely long chain is expressed as

(r“)ﬁ,/N-Ih:i

2

0
0

= Lt *_?[10000] (G, G, 1”1 0 § (3)
0
{

N=»

where N = 2x, represents the total numeter of virtual
bonds in the chain and L? is the average squared
virtual bond length,

Consideration of interdejendency  tetween the
rotations of the peighbouring residues, namely, (J', )
and {(@,y), the above expression reduces 1o

{r'do ~ ~1G
Y- Lt ——[10000] G,[G,,] b
NL? N-»co NL? -~ 7 N

where G,_ is a 5 x 5 matrix which represents (w, ¥)

interdependence and 1s given by

f

o /2
L (L) + T(LTY 4 (I 1+ 3
G,, = N )
- d (TbTu> (Toy I, + b
0 0 ! J

(1)
Similarly, expression for G, correlating (', o)
dependence can be obtained. However, in order to
completely consider the inter-relation between the
rotations of the successive nucleotide residucs, trans-
formation matrices have to be averaged over all the
combined rotational states of (P ©'w )
For a polynucleotide chain, described by the atove

scheme of double virtual bonds, the persistence vector

P is given by

P= Lt [E
~ THo0 =~

e

(5)

O
O] [A, A.’:]I[ 1

et

where E ig the identity matrix of order 3 % 3 and O
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is a pull matrix of required order. A_ and A, are

4 X 4 matrices exnressed as

F(T) L T,) !
Aﬂzt(-) ~] and Abr-[( » 3-’] (6)
Y Lo 1 o 1

The components of the persistence vector, nimely,
{x}, (») and (z) are given by (1, 4), (2, 4) and (3, 4)
elements of the product matrix obtained from (5).
The persistence length is given by the component (x)

of the persistence vector P,

The transformation matrices T, and T, are e¢valuated

gy "

using standard procedures.

RESULTS AND DiISCUSSION

Assignmeny of Statistical Weights

Two rotatignal states have been assigned for o
with values of ' = 86° (g+) and ¢’ = 156° (¢) corres-
ponding to the C¥-endo (3.) and C2'-endo (2)) sugar
puckers in accordance with overwhelming exper-
mental’>2~2% and theoretical eviden:e*. However, it
1S possible to assign other states along th: pssudo-
rotation path such as O (1’) endo, etc., In this scheme,
Similarly, three states corresyonding (o th? well known
g*, t and g~ conformations have been considered for
rotation around CV¥-C5” bond {¢). While there Is a
strong vreference for the gt rotamar, possibilities of
a small proportion of t and g~ conformars have
also been surgested 2%, Further n.mur. studies™-3
find that there is a tendenzy for increased ¢
oodulations when there s bias towards 2 sugar
sucker, An analysis?® of x-ray strustures has €acher
Jed to similar dedendence of ¢ and ¢, This has been
taken into account in assigning the staustical weights
for ¢ and ¢'.

The favoured phosphodiester (@ @) rotations ana.
lysed earlier as a function of sugas pucker (¢} as wel}
as exo-cyclic C¥-CS* () torsions showed marked
restriction for gauche g+ and g7) roiations of ¢
comnared to trans for both 3, and 2o sugar puckers,
Further, P-OY rotations {3} are greauy ivlucned
by changes in the sugds pucker (J7) precedmng it
while P-05' torsions {w) are intuenced by C4-.C3
rotations  (4) following it.  Similac cocrelations
between @ and ¢ and @ and ¢ have also been estas
blishzad with regard o stashed confurmations from
helical parameler calcutations®,  This near-neighhour
bond correlations arise DECaude of the proaymity of
the P-O5 () and C5-C4" ($) bonds and P 03 ()
and C4- €3 ($") bonds concomitant with their paraliel
oricntations induced by the preferred frans charaster
of the honds which hink them. These coreelations
have to be considered while assizning the statistical
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woights to P-O bond rotations when  the inter-
dependence of rotauons in the neighbouring residues
are incorparated.

Characteristic ratio {C,) evaluated under the approxi-
mation of free rotaueon, by assigning equal statistical
weights to all the rotational states has a value of 1-4,
C, values of 1-3 and 17 have been obtained for
C3.endo and CY-endo polynucleotide c¢hains The
higher values of C; compared to 11 obtained Dby
simgle virtual bond treatment are ‘ndicative of the
restrctions imposed by the sugar pucker.

values of characteristic ratios (C,) evaluated In
ithe absence of free rotation and long range dejendenly
of ¥, @ and @, ¥ are shown in Table [{, along with
the various statistical weight combinations for ¥, ¢
and ', ©. The most farsoured g* state has been
assigned the maximum statistical weight followed by +.
The g~ rotational state for ¢ which represents a hugh
energy conformation due to unfavourable electro-
static interactions between the adjacent phosphate
growys, especially for the 3, sugars 1S not considered.
For similar reasons, the phosyhodiester conforma-
tions gtg*,8°8,8 &° and rr are not included.
Phos yhodiester conformations £7¢~ and 7g~ are assigned
relatively higher statistical weights comrpared to g~ ¢
and g+ tecause of thewr hgher probability of occur-
rence in accordance with theoretical calculalions®,
It should be mentioned here that the upfield shifts
in the P" resonances observed at high temperatures
in certain oligonucleotides have been interpreted® as

due to the rg— phosphodiester.

It is clear from Table II that values of characteristic
ratios {(C,. ) depend on the nature of the sugar pucker
and phosphodiester conformation, A small fraction
of chain-Teversing £~ ¢ or the rg™ phosphodiester
sharply lower the chain dimensions. Value of C,
varies from 10-20 depending upon the combipation
of phosphodiester, sugar and C4’-C5” bond confor-
mations. The experimental value of C, ~ 18 is
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realised_when the contribution from g~ g~ is over 70%
concomifant with similar contribution of 3, sygar
puckers. Increase in 2, and g~ phosphodiester popy-
lation gradually increases the chain dimensions beyond

the experimentally determinsd value, due to the

extended nature of 2, sugar pucker and rg~ phosaho-
diester.
corl conformation of polynucleotides exisis predomi-
nantly in the stacked h:zlical states similar to A-form
or distorted A form along with a small proportion
of loosely wound helical segments corresponding to
1g~ phosphodiester and a C2'-endo sugar pucker.
This is in sharp contrast to e€arlier results'®47 obtained
from a different two virtual boad and single virtual
bond treatment wherein a very large percentage of
extended rg— conformation was invoked to obtain
eX gerimental agreement of C_,.

This clearly demonstrates that ths random

Characteristic ratio (C,) computed as a function

of _the degree of polymerisation (X} is shown in Fig. 2.
Lt is clear that saturation value is reachzd for X values
around 27-.28,

23

20

iS5
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O35 150 250 350 450
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Fig. 7. Plot of characteristic ratio C; computed

as a function of degree of polymerisation (X} corres-
ponding to YIT set of statlstical weight in Table 1L,

Tasie 1L
Charactervistic ratios C,, obtained as a function (¢, ¢') and (o', ) rosarional states
Statistical weights for the rotational states of Statistical weights for the rotational states of
(i, ¥') (w’, 0)
e G
g*+/3E gt/2E t/3E tj2E tgt gt g g e
g5 0-2 0-25 0-75 16°38
0-75 0-25 0-25 0-75 181
075 0-25 0-2 0-8 17:63
1 . - . - 03 0-7 14: 65
0-7 g-3 0-001 0-001 03 (- 698 14- 64
06 0-4 ‘e . 0-001 0-001 03 g 698 1674
0:73 0-24 0 01 Q-02 0-02 0 02 0-2 0-76 105
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Persistence lengths of about 55-65 A have been
obtained by the use of same statistical weight combi-
nations which reproduce experimentally observed C,.
This is again in agreement with the experimentally
observed®® value of 75 A, which is not corrected for
solvent effects. It may be mentioned that previous
¢alculations*>!? using different virtval bond schemes
ied to low values of persistence lengths. Incorpora-
tion of imterpendence of rotations in the neighbouring
residues (long range correlation) invokes tedious
calculations because of statistical mechanical averag-
ing of a very large number of combinzd rotational

states. 'The results of such calculations are to be
reported elsewhere??,

CoNCLUSION

Resresentation of the nucleotide repeat in terms
of the above two virtual bond scheme greatly simli-
fies the analysis and interpretation of random cail
conformations of polynucleotides consistent with the
preferred rotational states. Ths distinct advantage
of the new scheme lies in its ability to include simul-
tancousiy varions combinations of sugar puckers and
long range conformational correlations. The scheme
can also be effectively utlised for the analysis of
ordered hzlical, loop and bend structures.
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