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Configurational Statistics of Polynucleotide Chains. An Updated
Virtual Bond Model to Treat Effects of Base Stacking?
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ABSTRACT: An updated virtual bond scheme has been developed to include “long-range” effects of base
stacking in the treatment of the spatial configurations of the polynucleotides. As a consequence of the relative
rigidity of rotations about the C-O bonds (¢’ and ¢) of the sugar-phosphate backbone, it is possible to represent
the six chemical bonds constituting each nucleotide repeating unit in terms of two virtual bonds of comparable
magnitudes (spanning C-C-O-P bond fragments of the chain). The “long-range” (three-bond) interdependence
of the alternate C-C and O-P bonds in the polynucleotide backbone somewhat complicates computations
of chain averages compared to our previous treatments. Despite this complexity, the “long-range” interactions
introduce a novel theoretical probe to deduce the solution conformation of the phosphodiester linkages («w/'w)
from the experimentally observed conformations of the C-C rotations (¢'¢). On the basis of hard-core
conformational analysis and Karplus treatment of NMR coupling constants, we have modeled the helix-to-coil
transition of poly(rA) over the temperature range -12 to 60 °C. At low temperatures the molecule is a flexible
helix similar in conformational detail to the A-RNA family of structures. At higher temperatures as the nucleotide
residues fluctuate over 12 distinct conformational domains, chain dimensions decrease in accordance with
experimental data. In contrast to the conventional concept of unstacked, randomly coiling polynucleotides,
these computations describe poly(rA) at high temperatures as a highly stacked system with 5 out of 12 of

the nucleotides in such arrangements.

Recent applications of polymer chain statistics to the
polynucleotides have provided a useful framework for
relating subtle features of chemical architecture to the
macroscopic properties of this system. As a consequence
of geometric constraints imposed by the very complicated
skeletal structure (cf. Figure 1), it is possible to represent
the nucleotide repeating units comprising six chemical
bonds by imaginary virtual bonds that span structural
segments of fixed conformation. The virtual bond scheme
first offered to treat the unperturbed dimensions of ran-
domly coiling polynucleotides entails two such segments,
one spanning four chemical bonds and the other two.! A
later model applied to flexible nucleic acid helices involves
a single virtual bond repeating unit that connects suc-

*In honor of P. J. Flory, a dear friend and teacher.

0024-9297/80/2213-0721%01.00/0

cessive phosphorus atoms of the chain.?* In both schemes
the mutual orientation of any pair of successive virtual
bonds is independent of the orientation of all other such
pairs; statistical mechanical analyses of the spatial con-
figurations of the polynucleotide as a whole are conse-
quently facilitated.

Until now, the design of virtual bonds in polynucleotides
and other biopolymers®® has stemmed from the local
conformational preferences of all pairs of successive ro-
tation angles in the chain. In the two-virtual-bond scheme
for polynucleotide random coils, the parameters originally
determined to be flexible are the «'w and ¢y angle pairs
(cf. Figure 1).1% More recent studies,'®!* however, suggest
that ¢ is a “rigid” parameter confined almost exclusively
to trans or ¢ conformations and that only the o', w, ¢, and
¢’ angles vary in polynucleotides. Because furanose
puckering (or ¢’) is fixed within the longer of the two

© 1980 American Chemical Society
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Figure 1. Section of an extended polynucleotide chain showing
chain atoms and rotation angles. In the poly(rA) system treated
here, X, is hydroxyl and BASE is adenine.

virtual bonds, the unperturbed dimensions of the random
coil must be interpreted in terms of a conformational co-
polymer of differently puckered nucleotides (the so-called
Cs-endo or °E and Cy-endo or %E units).? In the single
virtual bond treatment of flexible polynucleotide helices,
on the other hand, only the ’ and w rotations are allowed
to vary. Chain dimensions of DNA double helices spanning
a range of chain lengths between 2% and 2!2 nucleotide units
are reproduced by allowing only minor (~15°) variations
in these two angles from a fixed reference conformation.*

Although the heterocyclic base is not itself a part of the
skeletal backbone, the conformation of the polynucleotide
chain may be markedly affected, under certain conditions,
by the interactions of bases attached to adjacent furanose
residues. At low temperatures that favor the stacking of
adjacent bases, the unperturbed dimensions of the poly-
(riboadenylic acid) (poly(rA)) chain are increased dra-
matically compared to those of the largely unstacked
system.!®16 According to various X-ray crystallograph-
icl2-141719 gnd theoretical?"% studies detailed below, such
strong interactions between bases appear to introduce
“long-range” third-bond rotational correlations that may
be important in the randomly coiling as well as in the
helical state.

In this paper we develop a new virtual bond scheme that
incorporates long-range third-bond effects of base stacking
into the polynucleotide chain. The influences of base
stacking are notably absent in our earlier studies of poly-
nucleotide random coils based upon sequential confor-
mational analysis of the furanose-phosphate backbone
without attached bases.!® Here we represent the six
skeletal bonds of the nucleotide repeating unit by two
virtual bonds that span the two C,—C-0-P segments of
the chain backbone. These two virtual bonds are similar
in appearance to the virtual bonds that span the three
chemical bond repeating units of polypeptides® and poly-
saccharides.® In accordance with the long-range effects,
the conformations of the phosphodiester linkage (i.e., an-
gles " and w) depend upon the conformation of the nearest
furanose unit (angles ¢’ and v, respectively). Successive
values of ¥ and ¢/, however, appear to be independent so
that the configurational analysis of the polynucleotide as
a whole reduces to the analysis of a single-nucleotide
two-virtual-bond repeating segment of the chain. As we
shall demonstrate, this new approach to rotational inter-
dependence allows us to follow, for the first time, the
conformational details of the noncooperative helix-to-coil
transition in single-stranded poly(rA). We monitor the
conformation of the phosphodiester rotations on the basis
of the experimentally observed values of ¥/ and ¢ at dif-
ferent temperatures.!! At very low temperatures (-12 °C)
we describe poly(rA) as a flexible A-type helix with end-
to-end dimensions consistent with those measured by
Stannard and Felsenfeld!® for a (close to) completely
stacked system. As the temperature increases, the com-
puted unperturbed dimensions additionally reproduce data
found experimentally by Eisenberg and Felsenfeld'® at 10,
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25, and 60 °C for poly(rA) chains subject to different de-
grees of unstacking.

Virtual Bond Scheme

Long-Range Conformational Effects. Recent quan-
tum mechanical (PCILO)?*? and semiempirical energy?*
analyses of various dinucleoside triphosphates support the
unusual crystallographic observation in the (pdApdT),'"
molecule that pentose pucker (') is correlated with the
orientation of the 3’-phosphate group («’). In 3E sugars
where ¥/ is gauche™ (g7) (or 120 % 60° defined with respect
to the trans = 0° orientation of atoms C5—~C;—C3—03), the
«’ angle is found in the gauche® (g*) range. In ?E units
where ¥ is t, the o’ parameter is shifted into the ¢ range.
In both the computations and the X-ray data, the inter-
vening ¢’ angle is confined to a preferred ¢ rotation. A
similar correlation of the ¥’ and «’ angles is seen addi-
tionally in the various fiber diffraction!® and theoretical®?
models of A (°E-type sugar puckering) and B (?E-related
sugar puckering) nucleic acid helices and in the composite
data® of the three recently refined X-ray crystallographic
models of yeast t-RNAFh 12714 In these latter X-ray
studies, the ¢’ angle varies over a rather broad range of
values (predominantly t) with apparently no effect upon
the interdependence of ¥/ and «’.

PCILO computations suggest, in addition, a second
long-range correlation between the w and ¥ angles of the
polynucleotide chain.??? Energetically favored stacked
states occur for the combinations wy = gg%, tt, and g*g~
when the intervening ¢ angle is fixed in its ¢t range. These
three different stacking geometries appear as well in the
three refined t-RNA models'?#2! while both the g*¢~ and
tt combinations of w and ¢ occur in models of poly-
nucleotide helices deduced by X-ray fiber diffraction
data.’®2 A low-energy valley connecting the three stacked
wy angle combinations also results from minimization
studies of classical potential energy functions in several
model dinucleoside monophosphates.?® In contrast to the
PCILO predictions of almost exclusive preference for stacked
geometries, the X-ray data'?' and classical potential
studies? predict, as well, the occurrence of several non-
stacked wy angle combinations in polynucleotide systems.

The major uncertainty in the analysis of polynucleotide
conformation in solution is the phosphodiester linkage.
The various theoretical predictions of potential energy in
model phosphodiesters are widely discrepant.?” Unfortu-
nately, there is no direct and reliable experimental means
to monitor the two P-O rotations. The observed 3'P
chemical shifts are useful thermodynamic measures of
helix—coil transitions®®?® but are not able to describe the
blend of random-coil conformations with certainty.’* On
the other hand, the proton coupling constants associated
with the ¢ and ¢ angles are fairly reliable measures of
these two rotations.?*2 Under the assumption that the
above long-range interdependence of the ¥’ and wy angle
pairs holds in both polynucleotide helices and random
coils, it is possible to monitor the P—O rotations indirectly
from observed ¢’ and ¢ values and thus to model poly-
nucleotide chains in detail under various experimental
conditions.

Rotational Isomeric States. The preferred ¢ confor-
mations about the two C-O bonds of the polynucleotide
chain backbone are represented here by the rotational
isomeric states ¢’ = 30° and ¢ = 0°. These values are
consistent with the relatively narrow ranges of angles ob-
served directly in model systems by NMR!3132 and X-ray
crystallographlcm 12714 analyses and also predicted by
various theoretical energy estimates.®?’3% The choices of
fixed rotational states are both convenient and well
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Figure 2. Section of a polynucleotide chain showing virtual bonds
(heavy lines) and coordinate axes (dashed lines) of the chain
backbone. The parameters w,, Wy, {o, by Tas Ty kay and «p, are
defined in the text.

founded for bonds such as these having distinct confor-
mational minima separated by energy barriers that sub-
stantially exceed KET.

Assignment of ¢’ and ¢ to their rotational isomeric state
values fixes the distances that separate C, atoms from the
following, as well as the preceding, P atoms in the chain.
It is appropriate then to introduce two virtual bond vectors
v, and vy, joining these atoms as shown by the heavy solid
lines in Figure 2. The lengths v, and v}, of the two bonds
depend upon the values assigned to the ¢ and ¢’ angles,
respectively, as detailed below. With these two rotation
angles fixed, the spatial configuration of the polynucleotide
chain can be represented by the alternating succession of
virtual bond vectors v, and v,. These two bonds may thus
replace the six real bonds of the repeat unit. Major sim-
plification of the representation of the spatial configuration
of the chain as a whole is achieved in this manner. As
outlined below, it is advantageous with respect to both the
helical conformations and to the random coil.

The orientation of virtual bond v,; with respect to vy;_;
and with respect to the structure spanned by vy,_; is de-
termined by «’ and w, as is apparent from Figures 1 and
2. Similarly, the orientation of vector vy; with respect of
v,; and the portion of the chain spanned by v,; is deter-
mined by the ¢ and ¢’ angles. In accordance with the
long-range third-bond effects cited above, the conforma-
tions of the w'w angle pair are dependent upon the values
assigned the preceding ¥/ and succeeding ¢ rotations of the
chain sequence. Simultaneous rotations of the w’« angle
pair are also known to exhibit mutual interdependence in
that certain conformational combinations of the two angles
(g*g™) are sterically forbidden. Successive rotations of the
Y angle pairs centered at the C, atoms in the chain,
however, are apparently independent of one another. The
almost identical conformational behavior of E-3E and
SE-’E dimers as well as of 2E-2E and ?E-°E dimers in
various theoretical® % and X-ray'"183¢ studies is suggestive
of approximate Yy’ rotational independence. On the other
hand, the slight correlation between NMR coupling con-
sants that monitor the ¥ and ¢ values in a series of ribo-
and deoxyribonucleosides®*® is indicative of some con-
formational dependence between these two parameters.
It is not clear whether the very small differences (0.4 Hz)
in y-related coupling constants in the nucleoside series can
be attributed to significant conformational variations or
whether these are simply the consequence of electroneg-
ativity differences®?% between ribose (mixed °E and 2E
populations) and deoxyribose (predominantly ?E puckering
systems). The absence of the Yy’ = g*¢~ conformational
sequence in the available X-ray structures of nucleic acid
analogues is also suggestive of Y4’ rotational interdepen-
dence.” The ¢ = g* rotamer, however, is highly disfavored
by steric®® and anomeric effects® regardless of the pucker
of the adjacent pentose. The Y4/ rotation angle pair is thus
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approximately independent because consecutive rotations
of these two angles do not entail unfavorable second-order
interactions in regions of conformation space permitted
by first-order interactions of the separate angles. Statis-
tical mechanical treatment of the spatial configuration of
the polynucleotide chain is greatly simplified as a conse-
quence of the mutual independence of ¢ and /.

Virtual Bond Parameters. The virtual bonds v, and
v, may be related to the structural parameters of the po-
lynucleotide chain by using methods of matrix algebra. For
this purpose, a right-handed Cartesian coordinate system
is defined for each chemical bond of the chain as follows.
The x axis is chosen parallel to the direction of the chem-
ical bond and the y axis is located in the plane defined by
the chemical bond and its predecessor in the chain se-
quence, as illustrated in Figure 2 for chemical bond O5-P.
The direction of the chain is defined from left to right in
the figure. The direction of the y axis is chosen to make
an acute angle with the preceding bond vector.

A chemical bond vector in the B-C coordinate system
may be transformed into the coordinate system of its
predecessor A-B upon multiplication with the orthogonal
matrix Tappc(fB,x). This matrix is a function of 68, the
supplement to the fixed valence bond angle between the
two bonds, and of x, the angle of rotation about A-B
(defined with respect to trans = 0°). The matrix Tgnc
is simply expressed as the matrix product

T sppc(68,x) = X(x - 180°)Z(-6B) (1
where
1 0 0 ]
X(x)=| 0 cos x —sin x (2)
0 sin x cos x|
and
cosf9 —sing 0]
Z(6)=| sin6 cos 8 0 (3)
0 0 1]

The matrix product T,_; of the form
Taz = TascTreep - - - Txyv,yz 4)

then serves to transform a vector in the coordinate system
of chemical bond Y-Z into the coordinate system of
chemical bond A-B. The vectors v, and v, spanning the
nucleotide repeating units are thus given in the coordinate
systems of chemical bonds P-O5 and C,—Cj, respectively,
by the sums of sketetal bond vectors as

Va = IP—05/ + TP~C5/IO5/—C5/ + TP—C4/1C5/—C4’ (5)
and
vy = Iogcy + Tepopdey-oy + Tep-ploy-p (6)

Each bond vector 1in these expressions is represented in
its own coordinate system and the serial products are
defined following eq 4. The magnitudes of the virtual
bonds are obtained from the scalar products of v, or v,
with itself. Values of the virtual bond lengths as well as
values of orientational parameters that relate the virtual
bonds to the chemical bonds of the polynucleotide are
listed in Table I. In these computations chemical bond
lengths and valence angles are maintained at the standard
fixed values listed in Table II. As the pentose undergoes
pseudorotation, the backbone valence angles at C, and Cy
are expected to fluctuate by approximately 2 and 1°, re-
spectively, from these values (associated with the preferred
3% and %E ring puckering).
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Table I
Geometrical Parameters of the Virtual Bond Scheme

virtual (or¢"),
bond deg v,A «,deg ®,deg ¢, deg r,deg V¥, deg

a 0 395 135 0.0 90.0 90.0 0.0
b 30 3.88 28.6 21.5 16.0 27.5 42.0
Table I1

Standard Structural Parameters of the
Polynucleotide Backbone

bond lengths, A bond angle and supplement, deg

C-C  1.52 O-P-0 76.0=¢"F

C-0 1.44 P-O- 58.5=00s" = Oy’

O-P 1.60 0-C- 70.0 = 6Cs’ = 9C’
C-C- 64.0 = 6%

Qoo

Mean-Square Dimensions. The mean-square unper-
turbed end-to-end distance (r?), of a polynucleotide chain
comprising x nucleotide repeating units is expressed by
the average scalar product

(r?)o = zx‘ifi (VT + V) vy + vy)) =
i=1j=

M=
M=

[(vTat'vaj> + <VTbi'Vbj> +

i 1

17
2(vT vy + 20vTv )] ()

where v,; and vy, are the column representations of the two
virtual bonds, and vT,; and v7T}; are the transpose or row
forms of the two vectors.

Evaluation of the average scalar products appearing in
eq 7 requires that all virtual bonds in the polynucleotide
chain be expressed in the same coordinate system. For this
purpose let a right-handed Cartesian coordinate system
be affixed to each virtual bond in the chain with its x axis
in the direction of the given bond and its y axis in the plane
defined by the virtual bond vector (v, or vp) and the
chemical bond vector (P-Os or C,~Cs) that projects from
the same atom (P or Cy) as the virtual bond. The positive
direction of the y axis also makes an acute angle with the
preceding chemical bond vector (O;-P or C;-C,). (See
Figure 2.)

Angles employed in the various transformations outlined
below are denoted in Figure 2. The parameters «, and «;,
are the angles formed by the respective virtual bonds with
the chemical bond vectors that share the same origin. The
angles ¢, and 7, are defined with respect to the dashed
vector w, that is normal to the planes defined by the
positive z axes of virtual bond vector v, and of the chemical
bond vector along C;~Cy (i.e., w, = (zc,c, X 2,)) where
the z’s represent unit vectors along the z axes of the given
bonds and the X denotes the vector product. The {, and
7, angles are analogously defined in terms of the hypo-
thetical wy, vector equal to zg,p X z,,

The matrix

Tp-oy,0,(karw = Pa) = X(w — ) Z(x,) 8

effects the transformation of a vector from the coordinate
system of virtual bond v, into the coordinate system of
chemical bond P-Oy, while the matrix

Toicyumlknt’ — Bp) = X~ &) Z{xy) )

transforms a vector from the coordinate system of virtual
bond vy, to that of chemical bond C,~Cy. The parameters
®, and &, are the supplements to angles formed by the
positive z axis of the designated virtual bond with the 2
axis of the chemical bond vector of common origin when
the associated rotation angle (w or {/, respectively) is equal
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to 0°. Similarly, the matrix
TUE,C5’*C4’({a!‘pavTa) = Z({a)X(\I/a)Z(—Ta) (10)

transforms a vector in the C5-C, coordinate system into
that of virtual bond v, and the matrix

Ty, 00-p($0: V5, 70) = Z{E) X (V) Z(-7p) (11)

effects a transformation of a vector in the Q3P coordinate
system into that of virtual bond vy. The ¥, and ¥, pa-
rameters are the supplements to the angles defined by the
z axes of the respective virtual bonds and the designated
chemical bonds.

Transformation of a vector in the coordinate system of
one virtual bond into that of the preceding virtual bond
involves three successive transformations of vectors. The
matrix T, for the transformation from the coordinate
system of vector v, to the coordinate system of vector v,
immediately preceding it is expressed by the product

Tab = Tv,,C5’—C4’(g-ay\llaaTa)TCS’—C[,C(—Ca’(0C4,s\[/) X
TC4'—C3/,Ub(Kb!¢/ - Qb) (12)

It is a function of the independent pair of rotation angles
 and ¢’ only. All other quantities occurring in eq 12 are
parameters whose values are fixed. The fixed angles,
however, vary with the specific values assigned the ¢ and
¢’ rotations.

The matrix representing the transformation from the
coordinate system of virtual bond v, to that of the pre-
ceding virtual bond vy, is given as the product

Tba =
To,05-p($or ¥ 70) Toy-p.p-0y (0F,0) Tp_oy s, (kas = ®5) (13)

This matrix depends upon the interdependent «’w rotation
angle pair; all other parameters in the above expression
are fixed.

The scalar products appearing in eq 7 can now be for-
mulated in terms of the transformation matrices T, and
Ty Separation of terms where i = j together with com-
binations of terms where j — i = k leads to the expression

(r%)y = x0,2 + xvp? + 2vT (Tp)vy +
x-1
2k§[VTa<(TabTba)k)Va + VT ((TpaTan)®) vy +

VTa<(TabTba)kTab>Vb + va<(TbaTab)k—1Tba>va] (x Z k;
14

As a consequence of the independence of successive nu-
cleotide residues at the juncture of the ¢ and ¢’ rotation
angles, the serial products of transformation matrices in
eq 14 can be separated into factors, one for each inde-
pendent unit of the chain. The average products
(T To*) = (T(Y)TE)T(W)T(w)*) and ((Ty,Top)*) =
((T()T()T)T(Y))*) are thus reexpressed as
(TW))(TW)T ()T (w)TW)*(T()T(«)T(w)) and
(T()T ()T ) (TE)T ()T ()T W)Y (T)), respec-
tively. The expression in eq 14 then takes the form of a
finite geometric series in the six averaged matrix products
("g((tgfd’w\ﬁ)), (T w'w)), (Tww)), (T(ww)), (T)), and
( )

The summation in eq 14 for a chain of x repeating units
is alternatively expressed in terms of a product of generator
matrices

", =[1 0 0 0 019a(8ap) "9 (15)

HOOoOOQ
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where the 5 X 5 matrices 9,, 9., and §,, are given re-
spectively by

L VT Ty va¥/2
§a =10 (T(u) Va (186)
0 0 1

Gab =
1 vTAT(W P+ VTRT(Wwy ) (Ve +up?)/ 2+ v T (T(w'w) Vg

0 (T(y'w'wy) (T(Y'w'wPVa+<T(Y'PVp
00 1
(17)
1 vTM(w'ew)  vp?/2
gp=10 <(TH'ww) (T(y'Pvy (18)
0 0 1

Statistical Weight Matrices. For the purpose of
evaluating the averaged transformation matrices in eq
16-18, we introduce three statistical weight matrices
U,(¢¥',"), Us(ow',w), and Uw,y) that relate the rotational
interdependence of these angle pairs (see below). We also
define a premultiplication matrix U;(y’) and a postmul-
tiplication matrix U;(y) that reflect the rotational pref-
erences of these two independent angles.

With statistical weight matrices Uy, . . ., Us constructed
in this manner, the partition function for each independent
nucleotide unit is

z= U1U2U3U4U5 = U1(5) (19)

where U, is a short-hand notation for the serial product.
The required average transformation matrices are given

by

(Ti(i’—i)) =
z7(U,9 ® Ey)||IT/||[(U @ Ey)||T||);,“ V(U ® ® Ey)
(20)

in terms of the four transformation matrices T;(¥’), Ty(e'),
Ti(w), and T,(y) where 1 < < i’ £ 5; Eg is the identity
matrix of order 3; ® denotes the direct matrix product; and
[IT;|| is the pseudodiagonal matrix formed from the T,
matrices for the rotational isomeric states of bond i in the
diagonal array. The subscript appended to the expression
in square brackets applies to both U and T matrices en-
closed therein.

Hard-Sphere Approximations. Each distinct con-
formational minimum of the ¥/ and ¢ rotations is ap-
proximated in the computations below by a single rota-
tional isomeric state. According to numerous theoretical
studies,>#333839 the minima associated with these two C~C
bond rotations are separated by conformational energy
barriers that substantially exceed R7T. These data, how-
ever, have been challenged by Levitt and Warshel,*! who
claim to find a very low barrier to pentose pseudorotation
in ribose and deoxyribose. Such low energy barriers are
not consistent with available NMR and X-ray measures
of ring puckering in various nucleic acid analogues.® The
Y/ rotation is thus assigned here rotational isomeric states
of 261 and 320° corresponding to the observed 2E and °E
ranges, respectively, of this angle. The ¢ parameter is
assigned three rotational states at 0 and £120° corre-
sponding to classical threefold rotations in the ¢ and g*
ranges, respectively. The «'w phosphodiester rotations,
in contrast, are sampled at smaller 30° intervals in view
of both the theoretical uncertainty of these two angles?’
and the apparently low P-O rotational barrier suggested
by broadly dispersed X-ray observations.!%!214 For sim-
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plicity, the glycosyl conformation angle x is maintained
in an anti (30°) orientation that positions the more bulky
portion of the base away from the sugar-phosphate
backbone; variations of this angle to the much less pre-
ferred syn range are expected to shift the y rotation from
the usually favored g~ to the ¢ range and hence to alter the
conformation of the sugar—phosphate backbone.?3° Ac-
cording to a model by Govil et al.*? of the unusual poly-
(8Br-rA) double helix, on the other hand, the syn-anti
conformational transition is not expected to perturb the
polynucleotide backbone.

The long-range interdependence of the Y/’ rotation
angle pair is based upon the available X-ray and theoretical
data cited above. When the y angle is positioned in the
g range associated with °E puckering, the « rotation is
assigned to states between 30 and 120° in its g* range. If
the ¢ rotation is in the t range associated with 2E puck-
ering, ' is allowed to assume conformational states be-
tween -30 and 60° in the ¢ range of this angle. The sta-
tistical weight matrix U,(¥/,«’) is thus given by the ex-
pression

011110
Uw)=111100 1

where the rows index the two rotational values of ' and
the columns the twelve (0-330°) states of «’. For sim-
plicity, all sterically allowed states are assigned a statistical
weight of unity and all disallowed states a weight of zero
in accordance with a hard-core potential. The 0’s are null
vectors of order 1 X 7.

The interdependence of the «’w rotation angle pair is
based upon our previous hard-core analysis of steric in-
teractions in the dimethyl phosphate fragment of the pol-
ynucleotide backbone.! Of the 144 possible combinations
of these angles sampled in a 30° analysis, 35 states centered
about the (180°,180°) all-cis conformer are disallowed by
second-order contacts between Cy and Cy. The 12 X 12
statistical weight matrix Uj(w’,w) is given by

(21)

[
[y
=

Uy(w',w) = (22)
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where the 1’s are unity matrices of orders required to
conform.

The long-range interdependence of w and y is described
by a hard-core potential that reflects allowed rotational
departures from the three low-energy wy stacking geom-
etries. When v is positioned in either the t or the g*
rotational state, variations of the w angle away from the
t and g~ states, respectively, are free of steric contacts
involving adjacent bases. If ¢ is confined to the g~ range
found in most nucleic acid helical structures, however,
severe steric contacts are noted if w is varied outside its
preferred g* range. The 12 X 3 U,(w,¥) statistical weight
matrix based upon these contacts is

Uw,v) = (23)

b b e

0
1
0
0

O R
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where the 1’s are unity vectors and the 0’s null vectors of
order 3 X 1.

The U;(¢’) matrix describing the sugar puckering
through the ¢’ rotation is given by the 1 X 2 row vector

U (¥) = [Fsg  Fagl (24)

where Fgg represents the fractional population of 3E sugar
puckering and Fy; = 1 — Fyg the amount of 2E puckering.
The Fy parameter is varied in the calculations reported
below.

Finally, the Us(¢) matrix is given by the 3 X 1 column
vector

th
Us(v) = | Fiy (25)
FEE

F,, refers to the fractional population of ¥ = g~ conformers
wﬁere Oy is in the so-called double gauche (gg) confor-
mation with respect to atoms Oy and Cy. Fj, is the sta-
tistical weight of the ¢ = ¢ state where Oy is gauche to O,
and trans to Cy and F,, the weight for = g* where O
is trans to O, and gauche to Cy. F,, is varied in the cal-
culations below with F,, and F,, determined by the rela-
tionships Fyy + Fj + Fgy = 1 and F,, = Fyy/3.

The conformational details of the phosphodiester linkage
are deduced indirectly from the rotational assignments of
¥ and ¢ by using the above matrices. The predominant
&*g" phosphodiester conformer of A-RNA12-1419 {5 favored
when y/ is 3E and y is g~ while the observed tg* phos-
phodiester state in B-DNA%% is favored when ¢/ is 2E and
¥ is g The helices described by these rotational assign-
ments, however, are flexible structures with limited vari-
ations in «’ and w. If the ¥ and ¢ populations are mixed
among the various allowed conformational states, the
phosphodiester motion is close to the free motion expected
in a random coil. Among the conformers included in the
array of random coil states are the A- and B-helical fam-
ilies, the so-called Watson—Crick helical structure,? various
intercalated structures closely related to the helical geom-
etries,3 several sharp bends and reversals of the backbone,
and even a backbone conformer close to the unusual zigzag
state (Z-DNA) reported recently in the crystal structure
of (dCpdG),.# Associated with the 2E units of the random
coil are extended «' = ¢ values of the phosphodiester
linkage; these conformers were previously found to be
important factors in accounting for the relatively large
characteristic ratio of polynucleotide random coils.?’
Notably absent from the random coil states, however, is
the w'w = g*t, ¥ = g~ chain reversal conformer or =-bend
observed in the TyC and anticodon loops of t-RNA** and
predicted to occur in classical energy minimization studies
of ApA.?64> This omission is not surprising since the =-
bend also involves values of ¢’ and ¢ outside the ¢ ranges
considered here. Furthermore, the r-bends in t-RNA are
found at pyrimidine—pyrimidine and pyrimidine-purine
sequences, respectively, rather than in a purine-purine
fragment of the chain. The theoretical n-bend in ApA is
also predicted to be >3.0 kcal/mol in relative energy.?

Results of Numerical Calculations

Furanose Conformation. The conformation of the
pentose in solution may be estimated by using so-called
Karplus equations that relate proton—proton coupling
constants J to the internal torsion angles 7 of the struc-
ture.®3 The mean value of J, expected for °E and closely
related puckering states is 0.2 Hz and that associated with
’E puckering and closely related states is 9.0 Hz.32 The
parameter Fyg used in these computations may thus be
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Table IIT
NMR Conformer Populations of ¢ ' and y
J1 't
W), =),
system C Hz? Fygz Hz® Fg
poly(rA) 22 2.0 0.79
rA; rAMP 22 6.0 0.87
(rA),; (rA), 72 4.8 0.47 7.0 0.64
poly(rA) 86 59 022 7.3 0.57
approximate Fap F,

~0.0065¢ + 0.93 —0.0045¢ + 0.96

¢ Data reported by Evans and Sarma.!

t dependence
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Figure 3. The calculated dependence of the limiting characteristic
ratio upon temperature (lower abscissa) and Yy conformer

populations (upper abscissa). The open and closed circles denote
experimental data explained in the text.

related to the experimentally observed ;. values by the
relationships, Fag = (9 - J19)/(9 - 0.2).

Similarly, the conformation of the ¢ rotation in solution
may be deduced from the sum of coupling constants =
between the H, and two Hy protons.’? If the protons
adopt a gauche orientation with réspect to each other, J
is predicted by Karplus analysis to assume an average
value of 2.7 Hz. On the other hand, if the protons are
trans, the mean J value is 7.1 Hz. These average J/ values
are computed here by using several states within the re-
spective ranges rather than for a single rotational state in
each range. The sum of average coupling constants for the
gg or ¥ = g conformer is 9.8 Hz while the T associated with
either the £g or gt conformers is 5.4 Hz. The value of F,
may then be related to the observed T values, following
Sarma,? by the expression, F,, = (9.8 - £)/(9.8 - 5.4).

Values of Jyo and = observedg in NMR studies of poly-
(rA) and its low molecular weight analogues at several
temperatures are listed in Table IIL!' The respective Fsg
and F, values associated with these data are also given.
The linear dependence of both Fyg and F,, with temper-
ature, as suggested by the data, is recorded in the table.
These equations are utilized in the computations of chain
dimensions reported below.

Polynucleotide Dimensions. Values of the charac-
teristic ratio C, = (r?),/nl?, where n = 6x is the number
of chemical bonds along the chain backbone and 2 is the
mean-square bond length, were evaluated as a function of
the experimental ¥’ and ¢ populations by using eq 15
above. The limiting values C. = lim,_,.C, are plotted in
Figure 3 as a function of temperature t. The approximate
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Figure 4. Contour diagram of the limiting characteristic ratio
C.. as a function of the /' (Fag) and ¢ (F,,) conformer populations.
The flexible A-RNA helix is found at Fig = F,, = 1 while the
flexible B-helix is located at Fyp = 0, Fy = 1

Y’ and ¢ populations associated with various temperatures
are reported in terms of Fyg and F, along with the upper
abscissa. Also reported in the figure are the unperturbed
dimensions of partially stacked poly(rA) (x = 1740 nu-
cleotides) obtained by Eisenberg and Felsenfeld!® at three
different temperatures as well as the characteristic ratio
found by Stannard and Felsenfeld'® for a helical fragment
of the molecule (x = 94) at -12 °C. Because limiting values
of C., are obtained within 90% for chains as short as 65
residues in these computations, the experimental data are
compared to theoretical infinite chains.

The experimental points in Figure 3 are matched sur-
prisingly well by this very approximate conformational
analysis. The agreement may be improved when the di-
mensions are reassessed in terms of the potential energies
of the Yo', w'w, and wy rotation angle pairs, Computations
of C.. by us based upon the available PCILO potential energy
surfaces??? are found to exceed the dimensions of un-
stacked chains (calculated C., ~ 25) and to fall consider-
ably below those of the ordered helix (calculated C., ~ 35).
The '« and wy surfaces used in these latter computations
must be approximated, as to be detailed elsewhere, from
the several w’w potential surfaces reported for all possible
combinations of ¢ and ¥.

The limiting chain dimensions of Figure 3 are replotted
as a function of Fyz and F,, on the contour surface in
Figure 4. In agreement with our earlier work on poly-
nucleotide random coils,® C., is found to depend upon the
sugar pucker; here C,, varies from ~14 for all-°E chains
to ~20 for all-’E chains in a highly random system, such
as poly(rU), where £ ~ 8.0 Hz or F,; ~ 0.35. The in-
creased value of ?E random coil dimensions is due pri-
marily to the more extended ¢ backbone conformations of
both / and «’ in this type of unit. According to these data
a flexible B-type (°E) single-stranded helix is less extended
than a similar A-type (°E) helix. According to recent
electric dichroism studies by Charney and Milstien,* a
B-type double helix in solution is more extended than an
A-type helix. It is possible for us to reproduce this ex-
perimental observation if we decrease slightly the allowed
ranges of «’ and/or w. The data is Figure 4, however, are
seen to depend much more strongly upon F,, than Fag.
The increase of C., with F, is a consequence of the limited
rotational flexibility in « that is correlated through the U,
matrix from ¢ in this range. Several wy conformational
combinations allowed at low values of F,, are local bends
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of the polynucleotide backbone that depress chain di-
mensions. If the correlations between ¥/o’, w'w, and wy
are ignored and these four bonds are allowed to rotate
freely over their respective first-order domains, C.. drops
to 8.0.

Discussion

The above updated virtual bond scheme was designated
to incorporate the strong influences of base stacking in the
analysis of the spatial configurations of the polynucleotides
(i.e., nucleic acids). Virtual bond schemes offered here-
tofore to treat this system!™ are based upon short-range
nonbonded interactions within the sugar-phosphate re-
peating units of the chain backbone. According to several
recent X-ray!” 2 and theoretical®'-?¢ studies, the poly-
nucleotide is subject to “long-range” (three-bond) base
stacking effects that involve rotations about the alternate
C-C and O-P bonds in each C-C-O-P fragment of the
sugar-phosphate backbone. Because rotations about the
intervening C-O bonds are approximately rigid, each C-
C-0O-P chain fragment may be replaced by a hypothetical
virtual bond. The six chemical bond nucleotide repeating
unit is then simplified into two virtual bonds of comparable
magnitude and also of similar size to the virtual bond
repeating units of polypeptides® and polysaccharides.®®
In contrast to our previous analyses in terms of inde-
pendent virtual bond units,™* the orientations of the vir-
tual bond pair constituting each Cy-to-Cy nucleotide re-
peating residue are interdependent in this study. The
chain, nonetheless, may be approximated as a sequence
of independent nucleotide residues, each comprising two
virtual bonds.

While the long-range interdependence of backbone ro-
tations introduces a new level of complexity in the treat-
ment of polynucleotides, it offers a novel theoretical probe
to deduce the conformational details of the very flexible
(and, to date, experimentally uncharacterized) phospho-
diester rotations. We estimate these parameters for
poly(rA) here from the experimentally determined con-
formations!! of the two associated C—C backbone rotations.
At low temperatures where the sugar pucker () is locked
in the °E range and the acylic rotation about C5-Cy ()
is confined to the so-called gg conformer, the intervening
phosphodiester linkage adopts the g*g™ conformation
typical of A-RNA double helices. As the temperature
increases and alternate conformations of ¥/ and ¢ become
available, the phosphodiester rotations vary over more and
more regions of conformation space. Under conditions
where the pentose occurs with equal frequency in ?E and
SE puckered states and where the threefold C;-C, back-
bone rotation is also free, the conformational domains of
«" and w, as modeled here, include the standard ¢t, tg*, tg,
g*t, and g*g* angle combinations. The hard-core ap-
proximations that we invoke, however, exclude completely
the g't, g°g7, g%, and g*g~ phosphodiester combinations.
In more refined estimates of intramolecular potential en-
ergy,??44 these four conformers occur with very low, al-
though nonzero, probabilities.

The observed variations of ¥’ and ¢ with temperature
thus provide a detailed conformational description of the
entire transition of poly(rA) from a highly-stacked, sin-
gle-stranded helix to a partially unstacked randomly coiling
chain. The approximately linear dependence of coupling
constants (and fractional ¥’ and ¢ populations) with tem-
perature!! reflects the well-known noncooperative nature
of this transition.” Previously we approximated the
poly(rA) transition by random occurrences of fixed helical
nucleotide units within a randomly coiling chain back-
bone.? Long helices described by the earlier approach are
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rigid rods in contrast to the flexible structures observed
in solution at low temperature® and described by the
present scheme. The earlier random coil backbone also
covers more and slightly different regions of conformation
space than presented here. The hard-core interactions
described by eq 21-23 allow 12 different combinations of
the flexible /w’wy quartet of angles per nucleotide of the
random coil (tttt, ttgtt, ttgt, tetgt, ttg*g®, ttgt*, ttgtg,
gg'tt, gg%g"t, ggttgt, g5 et g g7 g*e-). The five
combinations of angles noted in boldface entail base
stacking and describe loosely wound helical backbones;*25
moreover, four of these five stacked geometries fit known
X-ray fiber diffraction patterns.? In contrast to the
conventional concept of a completely unstacked random
coil, approximately 5 out of 12, or 42%, of the nucleotides
in the poly(rA) chain at high temperature assume stacked
geometries typical of ordered systems. In other words, only
58% of the poly(rA) molecule unstacks in this helix—coil
transition! Such a highly stacked random coil may ac-
count, in part, for the considerably lower enthalpy of base
stacking determined by direct calorimetric measurements*
in poly(rA) and its low molecular weight analogues com-
pared to that deduced by van’t Hoff analysis of various
physical parameters. The computed calorimetric enthalpy
assumes total unstacking of bases over the helix—coil
transition while the van’t Hoff values simply reflect the
extent of reaction between two states of unspecified con-
formational detail. According to the above rough analysis,
the computed calorimetric enthalpy should be corrected
by the factor (1/0.58).

Finally, in accordarce with the hard-core analysis offered
here, the long-range conformational effects in the poly-
nucleotide backbone depend upon the sequence of atta-
ched bases. The allowed combinations of backbone rota-
tions, for example, will increase in pyrimidine systems
which entail fewer steric contacts between bases.® The
conformational freedom will also differ slightly between
deoxyribo and ribo systems substituted at the C, pentose
atoms by protons and hydroxyl groups, respectively.*
Hence, in heterogeneous DNA or RNA helices certain
segments of the chain will be more subject to rotational
fluctuations than other parts. Such conformational dif-
ferences become important in site specific recognition of
the nucleic acids by various proteins, drugs, and other
outside agents.
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