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ABSTRACT

Molecular modelling has been used to probe the con-
formational preferences of double stranded DNA — RNA
hybrids. As might be expected, the sugars of the DNA
strand have higher conformational flexibility, but, for
the majority of the repetitive sequences studied, these
sugars prefer a C,-endo pucker, while ribose sugars
uniformly adopt a C;-endo pucker. This gives rise to
a strongly heteronomous duplex conformation. One
exception to this rule involves the thymidine strand of
poly(dT).poly(rA), which marginally prefers a C;-endo
pucker. Our study further indicates that the DNA
strands of the hybrids favour backbone torsions in the
canonical B domain, rather than the modified values
proposed on the basis of fibre diffraction studies. Back-
bone conformational transitions can nevertheless be
induced leading to an ay-flip (a:y, g-/g* — t/t) or to
the ofS~-flip form proposed from fibre studies («:3:y,
g-/t/g+ — t/ig*/t). The latter transition is also found to
be linked to B, — B, transitions (e:{, t/g- — g~ /t).

INTRODUCTION

Double stranded DNA —RNA hybrids play key roles in a wide
variety of biological information transfer processes. Notably, they
act as primers during DNA replication in the form of Okazaki
fragments, they are intermediates in the reverse transcription of
retroviral RNA and in the transcription of DNA into messenger
RNA. However, the conformational properties of such hybrids
have been much less studied than those of more usual DNA
duplexes, in part due to difficulties in synthesising pure RNA
oligomers in significant quantities (1,2). The first information
concerning the secondary structure of DNA —RNA hybrids was
obtained from fibre diffraction experiments on DNA from the
fd phage associated with its transcribed RNA (3). The authors
of this study suggested that the corresponding diffraction patterns
were not indicative of a B conformation and it was commonly
assumed that the strong preference of RNA strands to adopt the
A conformation would probably force this conformation on
hybrid duplexes. The first study providing evidence contrary to
this assumption was presented by Gray and Ratliff in 1975 (4).
Their investigation of the circular dichroism of poly(dAC).poly
(rGU) and poly(dGT).poly(rAC) indicated conformations inter-
mediate between those of pure DNA and RNA duplexes.

However, upon reduction of the relative humidity of the samples,
both spectra tended towards that of the canonical RNA duplex.

In 1981, Zimmerman and Pheiffer (5) showed that fibres of
the homopolymeric hybrid poly(dT).poly(rA) could adopt two
distinct conformations depending upon their relative humidity.
At low relative humidity, an A conformation was found, with
all sugars adopting C3-endo puckers. At high relative humidity,
a heteronomous conformation resulted, having B-like C,-endo
sugars within the DNA strand and A-like C3-endo sugars within
the RNA strand. Later 3'P nuclear magnetic resonance studies
of the same hybrid (6) were in good agreement with the fibre
diffraction models in that a conformational transition was
observed around 90% relative humidity. Further fibre studies
from Arnott’s group also proposed heteronomous conformations
for the homopolymer hybrids poly(dA).poly(rU) and
poly(dI).poly(rC) (7). More recently, high resolution 2D NMR
studies (8), have shown that the hybrid oligomer d(CGTTATA-
ATGCG).r(CGCAUUAUAACG) also adopts a heteronomous
secondary structure, with Cz-endo sugars in the RNA strand,
and less clearly defined S-domain puckers in the DNA strand.
Similar conclusions were reached in a study of the hybrid
oligomer d(GTCACATG).r(CAUGUGAC) (9).

Recent theoretical work from our laboratory (10) using the
Jumna algorithm, has indicated that B-DNA with regular
repeating sequences is commonly associated with a number of
conformational sub-states belonging to the B-family. These sub-
states generally have similar stabilities, although their
conformations can differ significantly. It has been found that these
sub-states could be characterised by their sugar puckering, which
in turn was linked to many other features of local helicoidal
conformation. In contrast, studies of A-DNA showed no such
multiplicity of sub-states (11). In the present study we apply
similar techniques to an investigation of the conformational
properties of DNA —RNA hybrids. We take into account the
effects of base sequence and also study a certain number of
conformational transitions involving backbone dihedral angles.

METHODOLOGY

Details of the Jumna algorithm (Junction Minimisation of Nucleic
Acids) and its associated Flex force field have been presented
elsewhere (12— 15). Jumna models the flexibility of the nucleic
acid fragments, by a combination of helicoidal and internal
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variables. Helicoidal variables determine the position of each
nucleotide (3’-monophosphate) with respect to a common helical
axis system, while single bond rotations at the glycosidic bond
and within the phosphodiester backbone and valence angles within
the sugar rings describe internal nucleotide conformations.
Harmonic constraints are used to ensure the closure of sugar rings
and of backbone linkages between nucleotides during energy
minimisation.

There are several advantages of working within a framework
of helicoidal parameters. Firstly, the number of degrees of
freedom needed to model a nucleic acid fragment is approximately
one tenth of those needed in classical Cartesian molecular
mechanics. Secondly, this choice facilitates the imposition of
helical symmetry by simply making appropriate sets of parameters
identical to each other. If such symmetry is appropriate for the
problem in hand, a further reduction in the number of degrees
of freedom can be achieved. Direct use of internal and helicoidal
coordinates also allow many features of nucleic acid conformation
to be controlled during the course of an energy minimisation.
One example of this involves fixing desired values for sugar phase
angles, which can be achieved using a quadratic penalty function
of the difference between the actual and the desired phase angles.
These phases can be translated via the standard pseudorotation
formula (16) into forces which act on the atoms of the sugar ring
and generate the necessary ring dihedral angles. Directly
controlling sugar pucker turns out to be a very effective way of
passing between different nucleic acid conformations (17). The
current version of the Jumna program (version 7.2) is provided
with an new option for automatically producing 1- and
2-dimensional adiabatic maps along chosen vectors or within
chosen planes of conformational space. This option is put to use
in the present study for locating energy minima and determining
pathways between different conformational states.

It should be stressed that although Jumna does not model
changes in bond lengths or in valence angles (other than those
associated with the sugar rings), this does not prevent the
detection of fine base sequence effects on nucleic acid
conformation. The experience we have gained in treating both
static conformations and transitions pathways (17,18) suggests
that the increased ease of minimisation using Jumna more than
compensates for the loss of the stiffer degrees of freedom.

Since all calculations presented here involve regular repeating
base sequences it is preferable to model infinite, symmetric
polymers rather than irregular oligomers, where end-effects can
confuse underlying sequence effects. Jumna simulations were
therefore carried out with helical symmetry constraints.
Conformational energies are presented as energies per repeating
unit (Ecen), this unit consisting of either 1 or 2 nucleotide pairs
depending on whether mono or dinucleotide symmetry is
imposed. Interactions of the central repeating unit with 9
nucleotide pairs on either side are taken into account and end-
effects can therefore be considered to be absent. As in earlier
studies (10,17), solvent dielectric damping was taken into account
via a sigmoidal dielectric function (12,19) and the net phosphate
charges were reduced to —0.5¢ (+0.25¢ being added to each
anionic oxygen) to mimic the effect of counterion binding.

RESULTS AND DISCUSSION

The four possible homopolymer DNA—RNA hybrids

poly(dT).poly(rA), poly(dA).poly(rU), poly(dG).poly(rC) and
poly(dC).poly(rG) were energy minimized while imposing
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Figure 1. Conformational energy (kcal/mol) of dT.rA, constrained to
mononucleotide symmetry, as a function of: ribose sugar phase.
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Figure 2. (a) Conformational energy (kcal/mol) of dT.rA models as a function
of deoxyribose sugar phase: 1. with the most stable backbone conformation (aBvy:
g~ /vg™), I, with an ey flip (@8y: vt/t), IL. with an By flip (aBy: tigtir).
(b) B;—By; transition provoked by decreasing sugar phase for the dT.rA model
with an a7y flip.
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mononucleotide symmetry. For each of these homopolymers, the
energy per repeating unit was calculated as a function of
deoxyribose sugar pucker for values ranging from C;-endo to
C,-endo (corresponding to phases ranging from roughly 0° to
180°). In view of recent computations which indicated that the
most stable form of the DNA duplex poly(dA).poly(dT) exhibited
a dinucleotide repeat (20), the homopolymer DNA —RNA hybrid
calculations were also performed with dinucleotide symmetry
constraints. In order to cover the full range of dinucleotide
sequences, these calculations were completed by studies of the
alternating sequence hybrids poly(dAC).poly(rGU), poly(dTG).
poly(rCA), poly(TA).poly(rUA), poly(dCG).poly(rCG), poly
(dAG). poly(rCU) and poly(dTC).poly(rGA) using dinucleotide
symmetry constraints.

The conformational complexity of the systems to be
investigated was reduced by noting that the ribose sugars
remained steadfastly around the Ci-endo pucker, as has
frequently been observed experimentally for helical RNA’s (21).
Figure 1 shows the dependence of Ecen upon the phase angle
of the ribose sugars of poly(dT).poly(rA) (abbreviated hereafter
as dT.rA), under mononucleotide symmetry. The resulting sharp
energy minimum centred on the Cy-endo pucker is typical of
all the ribose sugars in the hybrid polymers studied. This may
be contrasted, in figure 2, with the relative ease of modifying
the deoxyribose between C;-endo and C,~endo forms. Sugar
pucker flexibility in DNA—RNA duplexes thus appears to be
limited largely to the deoxyribose strand and consequently
studying repuckering effects in homopolymers under
mononucleotide symmetry becomes a one constraint problem.
By a similar rational, the study of alternating sequences (or
homopolymers) under dinucleotide symmetry will be a two

Table 1. Conformational energies per repeating unit (kcal/mol) for homopolymer
hybrids with imposed mononucleotidic symmetry

Sequence A form B form AE (B—A)  AEact.
dG.rC -38.8 -41.0 =22 3.6
dC.rG -40.4 —-41.5 -1.1 2.5
dA.rU -24.2 —24.5 -0.3 2.3
dT.rA —24.4 -22.4 2.0 2.7
dT.rA —-18.3 -19.3 -1.0 2.6
(with aBy flip)

dT.rA -21.9 -21.7 0.2 0.9
(with ay flip)

AEact. corresponds to the calculated activation energy necessary escape from
the most stable state.

constraint problem; one constraint being applied to each
symmetry distinct deoxyribose sugar. (It should be noted however
that although only deoxyribose phase angles are controlled in the
mapping described below, ribose phase angles are free vary, as
are all other degrees of freedom within the nucleic acid polymers
studied).

As discussed in the introduction, various conformations have
been proposed for DNA —RNA hybrids. These models share the
feature that the DNA strand seems to behave in a polymorphic
manner, adopting either B or A conformations as a function of
sequence and environment. For a given homopolymer, we have
found that the transition from A to B form within the deoxyribose
strand occurs with no significant change in structure for the ribose
strand. The base pairs constituting the hybrid double helix are
therefore sufficiently flexible to allow these effects. Such
decoupling of the two strands within a duplex structure has also
been observed in the case of pure DNA duplexes (20). Table
1 gives the conformational energies of the two stable forms
located for each of the homopolymer sequences. Since continuous
adiabatic mapping of sugar phase angle was used to locate these
two energy minima, it is also possible to determine the energy
barrier separating these forms. These values cover a range of
roughly 2 — 4 kcal/mol. With the exception of the hybrid dT.rA,
the DNA strand is most stable with C,-endo sugars.

For dT.rA, three distinct states could be found which persisted
for all deoxyribose sugar puckers (figure 1). These states were
distinguished by the o (03'-P-05'-C5), 8 (P-O5’-C5’-C4') and
v (05'-C5'-C4'-C3') backbone dihedrals which adopted either
the g~/t/g* conformation found in both canonical A- and B-
DNA, changes of « and « to trans (which we will term an oy
flip), or changes of a, 8 and y to « t/g*/t conformation
(hereafter termed an o8y flip). The latter backbone conformation
corresponds to that proposed by Zimmerman and Pheiffer using
fibre diffraction (5). The aBy flip leads to a preference for
C2'-endo sugars within the DNA strand for all the base sequences
investigated as well as a certain number of changes in helicoidal
parameters. These involve a decrease in Xdisp (more negative
by 1A — 4.4A, with the exception of the B form of dT.rA where
it was 0.3A more positive). Twist also decreased significantly
for the dA.rU and dC.rG (3.7° — 6.5°), but was almost
unaffected for the other sequences. Rise decreased for dT.rA and
dG.rC (0.2A — 0.5A), but increased for the remaining
sequences. It should be remarked that conformations involving
ay flips have been observed crystallographically and Heinemann
and co-workers (22) have suggested that such transitions facilitate

Table 2. Comparison of calculated and experimental torsion angles for dT.rA and dA.rU

Strand Conformation « B ¢ é € %

DNA dT.rA model 297 176 251 134 187 56
dT.rA model (aBy flip) 208 87 322 141 202 162
dT.rA fibre (ref. 5) 180 96 324 152 182 166
dA.rU model 294 181 244 145 189 53
dA.rU fibre (ref. 7) 291 184 259 130 186 51

RNA dT.rA model 279 174 283 92 207 67
dT.rA model (aBv flip) 276 175 284 94 210 66
dT.rA fibre (ref. 5) 272 174 283 97 214 75
dA.rU model 277 170 296 84 201 74
dA.rU fibre (ref. 7) 284 180 288 84 207 60




Figure 3. Stereoscopic diagram of dT.rA in its most stable conformation.

greater intrastrand stacking. An apparent anti-correlation between
the values of o and v has also been pointed out (23).

Table 2 compares the backbone torsion angles of the DNA and
RNA strands in our models with those of the Zimmerman and
Pheiffer and also of Arnott. A close agreement is seen in the
case of the model with the o3y flip. In contrast, the backbone
with canonical o, B8 and vy dihedrals corresponds to the
conformations of the other homopolymers studied and to the fibre
model proposed for dA.rU (7) with the exception of a change
in the phase angle of the deoxyribose sugars which leads to a
difference in the backbone dihedral 6. As the data in figure 2
and table 1 show, the state without the ay or a3 flips is in fact
more stable for almost the full range of the deoxyribose pucker
values studied. This finding is supported by recent 2D NMR
studies (9). Figure 3 shows a stereo plot of the most stable dT.rA
structure. An intra-strand hydrogen bond within the RNA strand
(between a ribose O2'-hydroxyl group and the 3'-ribose O4’,
3.0A) which has been noted experimentally, is also evident in
this model. This conformation exhibits an important base pair
buckle and a large propeller, often seen with AT pairs. It
nevertheless maintains good hydrogen bonding within each base
pair.

When an oy flip is present, it actually results in a further
backbone transition as the deoxyribose phase angle is decreased.
As figure 2 shows, this change involves a smooth B; to By
transition (24, 25) corresponding to a change in the difference
e—¢ (C4'-C3’-03'-P and C3’-03'-P-O5’ respectively) from
roughly —100° to +100° (tg~ — g7t). It may also be
remarked that this transition is essential to maintaining the o8y
flip in dT.rA with a A-form of the DNA strand. If a By
conformation is enforced then the values of o, 3 and v return
to their canonical values. Similar transitions in the A-form of
the DNA strand were also observed with dinucleotide sequences
upon which the o8y flip was imposed.

Concerning the oy flip, it is remarked that the RNA strand
of the hybrids may also undergo the oy flip (as observed
experimentally in certain RNA duplexes, 26), but as for the DNA
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Figure 4. 3D-conformational energy surface and corresponding contour plot for
dCG.rCG as a function of the cytidine and guanidine sugar phase angles within
the DNA strand.

strand, this change always led to less stable structures and will
not be discussed further.

When dinucleotide symmetry was allowed to develop in the
homopolymers, all conserved mononucleotide conformations with
the exception of dA.rU. This polymer developed a dinucleotide
conformation with successive sugar phases differing by roughly
20° and successive base pair twist angles differing by roughly
5°. This conformation was more stable by 0.3 kcal/mol. This
change is analogous to the symmetry reduction observed earlier
for the dA.dT duplex (20).

We now turn to the study of alternating base sequences. In
this case, mapping all possible deoxyribose puckering requires
a 2-dimensional energy surface. Such data is shown in figure
4 shows for the case of dCG.rCG, the two dimensions of the
map corresponding to the sugar phases of guanidine and cytidine
within the DNA strand. This map is typical of all the surfaces
obtained for alternating base sequences under dinucleotide
symmetry without ay or afy flips. The global minimum is
located at phase values corresponding to C,-endo for both
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Figure 5. Stereoscopic diagrams of dCG.rCG. Top: DNA strand in the A
conformation. Bottom: DNA strand in the B conformation.

Table 3. Conformational energy per repeating unit (kcal/mol) sugar pucker for
alternating sequence hybrids with imposed dinucleotidic symmetry

Sequence Nucleotide =~ Phase Amplitude  Energy

dAC.rUG A 154 43.6 -67.1
C 167 34.2

dCG.rCG G 159 39.7 —-87.2
C 158 41.7

dGA.rCU G 148 43.2 —-67.0
A 158 38.6

dTA.rAU T 151 40.5 -50.2
A 155 39.4

dTC.rAG T 155 4.4 -67.2
C 156 39.0

dTG.rAC T 157 38.9 —66.9
G 150 422

Table 4. The resulting global minima after the imposition of an oy flip, at various
positions, on the dinucleotide sequences

RY GT § N YR TG N N Al GT N S
GC S E CG S N GC N N
AT s s TA N N AT § N
AC § E CA N N AC N S
RR GA N N YY TC N N Al GA N S
AG N N CT N N Al TC N S

Key: R=purine, Y=pyrimidine, S=C2’-endo, N=C3'-endo, E=01"-endo,
s=E/S. RY, YR, RR and YY indicate a flip is present at this type of step. ‘All’
indicates that flips are present at all steps.

Figure 6. Conformational energy contour plots for dCG.rCG as a function of
the cytidine and guanidine sugar phase angles within the DNA strand: (a) ay
flip at each dCdG step; (b) ay flip at each dGdC; (c) oy flip all dinucleotide
steps in the DNA strand.

deoxyribonucleotides. Slightly less stable local minima are located
in the remaining corners of the map, correspond to structures
with mixed C,-endo/C;-endo sugar puckers or to pure C;-endo
puckers within the deoxyribose strand. Moving from the global



minimum to any of these secondary minima results in a loss of
2—3 kcal/mol and requires passing energy barriers of roughly
1.5 kcal/mol. Figure 5 shows stereoscopic diagrams of dCG.rCG
with its deoxyribose strand in both the A and B conformations.
It is remarked that the occurrence of mixed puckers in duplex
DNA has been the subject of several investigations (27, 28). Such
states have been observed, for example with the alternating
sequence dTA.dTA under low salt conditions. Table 3 lists the
conformational energies and the deoxyribose sugar puckers for
the most stable minima located for each sequence. Although all
the DNA strand sugars adopt the Cy-endo classification, the vast
majority of them lie close to the C,~-exo conformation with
relatively low phase angles (8).

The introduction of an oy flip with dinucleotide sequences
generally resulted in a loss of stability of several kcal/mol, but
also affected the relative stability of the minima discussed (see
table 4). When the flip occurs only at alternate dinucleotide steps
of the type purine —purine (RR), pyrimidine —pyrimidine (YY)
or pyrimidine —purine (YR) (except CG), both sugars change
to Cy-endo puckers, for RY steps the results are sequence
dependent. In cases where the oy flip occurs at all dinucleotide
steps, alternating Cy-endo and C,-endo sugars result, except in
the case of CG. An example of such effects on the energy surface
for dCG.rCG is shown in figure 6. It is finally remarked that
apBy flips were in general lost during surface calculations, the
8 dihedral easily reverted to its canonical value and this change
lead to improved stability.

CONCLUSIONS

The molecular modelling carried out on DNA —RNA hybrids
has shown that with virtually all homopolymeric and alternating
sequences, the DNA strand adopts B-like C,-endo sugar
puckers while the ribose strand always remains A-like with
Cy-endo sugars. The only exception to this rule involves the
dT.rA hybrid duplex which was found to favour Cs-endo
puckers within the DNA strand, but was also shown to be able
to pass to a B-like conformation with an energy difference of
only 2.0 kcal/mol. This appears to be in line with the observed
polymorphic behaviour of dT.rA under conditions of varying
humidity, variations that we presently are unable to model
explicitly. Our optimal hybrid conformations had canonical A/B-
DNA backbone dihedrals (aBy: g=/t/g*) in agreement with
recent experimental studies (9). These conformations have
structural characteristics in between those of the usual A- and
B- forms. In particular, they exhibit minor groove widths smaller
than those of A-DNA duplexes, but larger than those in B-DNA.
This finding is also in agreement with NMR studies of hybrids
and has been used to explain the activity of RNase H towards
these molecules (29). In contrast to Zimmerman and Pheiffer’s
fibre conformation (5) our findings do not support the existence
of what we have termed an «By flip (aBy: t/g*/t) within the
DNA backbone. Inducing such a conformation in our case led
to less stable structures and also led to a By_p; backbone
transition at low deoxyribose phase angles.
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