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Abstract

Ž . Ž . Ž .A 27-mer sequence was synthesised as DNA duplex DD , RNA duplex RR , and RNA]DNA RD hybrid in
Ž . Ž .order to characterise their structural and dynamic features. The hydrodynamic radius R and the rise b values ofh

the three samples were consistent with the conformations predicted by CD analysis. The value of the torsional
Ž .constant a of the samples containing RNA was approximately twice that of the DD sample and followed the order:

DD-RD-RR. The same order was observed in the thermodynamic stability and in the reduction of the
electrophoretic mobility. g-Ray footprinting analysis was carried out to resolve the individual strand conformation in
the hybrid. The RNA strand preserved its conformation, while the DNA strand showed local deformations mainly at
TA and TG steps. Q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

DNA and RNA chains associate in many bio-
logical processes with either homologous or het-
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Ž .erologous strands to produce DNA]DNA DD ,
Ž . Ž .RNA]RNA RR and RNA]DNA RD double

helices. Due to their specificity in interacting with
proteins and in particular in being differently

w xrecognised by nuclease enzymes 1 , many studies
have been carried out to try to identify the rele-
vant differences in their conformation and
thermodynamic properties. More recently, the
interest in these studies has increased due to the
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widespread use of oligonucleotides in antisense
strategy. Hybridisation of DNA oligomers with
target mRNA, aimed at repressing gene expres-
sion, requires detailed information on their struc-
ture and stability.

Apart from structural and thermodynamic
properties, it is interesting to study the dynamic
features of short oligonucleotide duplexes. This
approach integrates structural information and
gives insight into the conformational adaptability
of nucleic acids to interact with other macro-
molecules.

Ž .The fluorescence polarisation anisotropy FPA
technique is a useful tool for studying nucleic acid
dynamics. FPA measurements follow the fluores-
cence decay of dye bound to the molecules as
related to its motion in solution. These measure-
ments, performed on duplexes of sizes ranging
from 10 to up to 50 bp modelled as rigid cylin-
ders, furnish the hydrodynamic radius and the
torsional constant values of the macromolecules
w x2,3 . Recently this approach has been used to
correlate changes in the dynamic properties and
in particular in the torsional fluctuations due to

w xthe presence of defects in DNA duplexes 4 , to
w xthe effects of the DNA sequence 5 and to

w xstrandedness 6 . This analysis can be extended to
RNA duplexes, which are usually found in the A
conformation.

An intriguing problem is represented by the
structural and dynamic properties of the hybrid
RNA]DNA helices, also in relation to RNase
enzyme activity. Discussion is still open about
whether the cause of the structural recognition of
this enzyme is related to the minor groove width
or a more general conformational adaptability
w x7,8 .

In this paper we studied the dynamics of deoxy-
or ribo-oligonucleotide duplexes and of a hybrid
sample; all had the same base pair numbers and
sequence and were formed by the association of a
purine-rich and a pyrimidine-rich strand.

Structural information, derived from circular
dichroism and electrophoresis analysis, and ther-
modynamic data were obtained to characterise
the different nucleic acid forms more effectively.

w xIn agreement with other authors 9]11 we showed
that the hybrid duplex conformation has an inter-

mediate character between A and B forms. These
measurements generally produce average values
of the observed parameters. In order to investi-
gate the individual character of the RNA and
DNA strand in the hybrid samples we used g-ray
footprinting technique. These experiments pro-
vided insight into the nucleic acid’s fine three-di-
mensional structure and made it possible to anal-
yse the accessibility of the sugar phosphate back-

w xbone to the attack of hydroxyl radicals 5,12]14 .

2. Materials and methods

2.1. Materials

Both DNA and RNA oligomers were prepared
by solid-phase automatic synthesis on an ABI
392 apparatus, according to the cyanoethyl-
phosphoramidite chemistry, at the 1-mmol scale.
The samples were purified by HPLC on a column

Žof Pure DNA Dynamax-300 A Rainin, Woburn,
.MA, USA , 5 mmol, 21.4=50.0 mm, by a gradient

of acetonitrile in sterile triethylammonium
Ž .acetate, 0.1 M pH 7 .

The oligonucleotide purity was checked by de-
naturing polyacrylamide gel electrophoresis
Ž .PAGE and usually the samples to be used con-
tained less than 2% of lower molecular weight
fragments.

Samples were dissolved at a concentration of 1
mg mly1 in deionised water. DNA and RNA
single strand concentration was calculated accord-

w x w xing to Cantor et al. 15 and Gray et al. 16 ,
respectively. The annealing of the DD and RR
duplex samples and of the two possible hybrid
forms was performed at a 1:1 molar ratio in the
desired buffer, by heating solutions to 908C and
cooling them slowly to 48C. For spectrophotomet-
ric and fluorescence analysis the buffer used was
10 mM Tris]HCl, 50 mM NaCl, 1 mM Na EDTA2
Ž .pH 7.2 . Footprinting experiments were per-
formed in 10 mM Na phosphate buffer at pH 7.2.
Complete annealing of the samples was checked
by PAGE in 45 mM Tris]borate, 1 mM

Ž .Na EDTA, TBE buffer pH 8 at 48C, 80 V for 172
h. The hybrid with the RNA pyrimidine-rich
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Fig. 1. Sequences of DNA and RNA homologous and heterol-
ogous duplexes.

strand, especially in the buffer used in footprint-
ing experiments, was very unstable at low temper-
atures. The hybrid with the RNA purine-rich
strand formed a stable duplex and was used
throughout this work.

The sequence of the samples is shown in Fig. 1.

2.2. Fluorescence dynamic measurements

The dynamics of RNA and DNA duplexes was
followed by monitoring the fluorescence polarisa-

Ž .tion anisotropy decay FPA of the ethidium
Ž .bromide EB dye bound to homologous and het-

erologous duplexes. A frequency domain fluo-
Ž .rometer K2-ISS, Urbana, IL, USA was used,

exciting the dye fluorescence emission with the
514-nm 0.5-W output of a Coherent Innova 90C
argon laser. The modulation ratio of the excita-
tion light was always in the range of 60]70% and
the detection cross-correlation frequency was 80
Hz. A detailed report of the experimental setup is

w xgiven elsewhere 6 .
The duplexes, at a concentration of 0.6 mM

oligonucleotide, were dissolved in the buffer and
EB added at a ratio of 1 mol of EB per 300 bp, in
order to avoid energy transfer phenomena. Ther-
mostatation was allowed by a circulating water

Ž .bath Haake K15 and the temperature of the
block containing the sample cuvette was continu-
ously monitored during the measurements in the
range 4]308C with an Ellab probe.

Lifetime determination between 4 and 308C
was carried out in all the samples at each temper-
ature before performing the corresponding
anisotropy measurement. For the lifetime mea-

surements, 10 frequencies logarithmically spaced
in the 2]40 MHz interval were acquired. The
excitation polariser was set at 368 with respect to
vertical polarisation of the laser and polystyrene
latex was used as the reference. The data were
analysed with the ISS fluorometer software run-
ning on a PC, using the lifetime value of free
ethidium equal to 1.7 ns. The lifetime vs. temper-
ature data were fitted by a linear regression and
this dependence was accounted for in the fol-
lowing FPA data analysis.

Anisotropy data were acquired at 20 frequen-
cies in the 2]40 MHz interval with the excitation

Ž .polariser kept fixed at 08 i.e. vertical and the
emission polariser automatically rotated at 0 and
908 for each acquisition. The error for phase and
modulation ratio was 0.28 and 0.004, respectively,
amounting to f1% of the signal.

In the frequency domain, the quantities usually
measured to characterise the fluorescence polari-
sation anisotropy decay are the difference

Ž .between the phase angles F of the two compo-
nents, parallel and perpendicular, with respect to

Ž .the excitation beam, and the demodulation M
ratio, according to:

DFsF yFH I

DLsM rMI H

These quantities are related to the time decay of
Ž .the fluorescence intensity I as measured when

the relative orientation of the excitation polariser
Ž .and the emission analyser are parallel I orI

Ž .orthogonal I , by means of Laplace transforms.H
The Laplace transforms

`
iv tŽ . Ž . Ž .Ž .f v s d tI t e sL I ivHp p p

0

5where ps or psH were computed and com-
bined as:

Ž . Ž . Ž . Ž .Im f Re f yIm f Re fH I H IŽ .D v sarctg Ž . Ž . Ž . Ž .Re f Re f qIm f Im fH I H I

and:

Ž . < Ž . < < Ž . <L v s f v r f vH I



( )F. Barone et al. r Biophysical Chemistry 86 2000 37]4740

The decay of fluorescence anisotropy is well de-
scribed by the product of correlation functions,
which are referred to as the motions of the nu-
cleic acids themselves:

2I yII HŽ . Ž . Ž . Ž .r t s s r A t C t F tÝ0 n n nI q2 III H nsy2

where r is the EB limiting anisotropy value,0
w xwhich is usually found to be equal to 0.36 17 . An

are the internal correlation functions which are
fully described by trigonometric functions of the
angle u formed by the EB dipole and the helical
axis, which has been assumed to be equal to 70.58
w x Ž . Ž .18 . C t and F t are the torsional and then n
bending correlation functions, respectively. All
the correlation functions are fully described else-

w xwhere 5 .
For a straight fragment, the rotational diffusion

coefficients can be computed by assuming that
the DNA behaves as a straight cylinder of length

w xL and radius R, i.e. 19 :

2Ž . Ž .D sk Tr 3.8441 phLR 1qd ;I B I

Ž . 3D s3k T ln pqd rphLH B H

Ž . 2
d s 0.677rp y 0.183rp ;Ž .I

Ž . 2
d sy0.662q 0.917rp y0.05rpH

Ž .where ps Lr2 R , T is the absolute tempera-
ture and h is the solution viscosity.

Phase differences and demodulation ratios in
the FPA measurements were fitted with a Vax
station in order to obtain the hydrodynamic
parameters. During the fitting procedure the tor-
sional constant a , the hydrodynamic radius Rh
and the rise b were the free parameters.

2.3. Circular dichroism and UV melting

Ž .Circular dichroism CD spectra were recorded
by means of a Jasco J710 spectropolarimeter
between 200 and 320 nm, with a scanning rate of
10 nm miny1. The spectral resolution was 0.2 nm

wand the band width 1 nm. The samples approx.
2.5 mM of oligonucleotide in 10 mM Tris HCl, 50

Ž .xmM NaCl, 1 mM Na EDTA pH 7.2 were ther-2
mostated with a Peltier-type temperature control

Ž .system Jasco, Model PTC-348 WI at 108C, in
1-cm path length cells. A nitrogen stream was
flushed on the cuvette wall to avoid water con-
densation.

UV absorption changes at 260 nm were fol-
lowed by means of a Cary 3 UVrVIS spectro-
photometer. The temperature was controlled by a
Peltier device and raised at a rate of 0.58C miny1.
Absorbance values of the samples were corrected
for thermal expansion of the water and nor-
malised at one value of optical density at the
lower temperature. Thermodynamic analysis was

w xperformed according to Breslauer 20 . Hyper-
chromicity was calculated as percent change of
absorbance between 4 and 808C.

2.4. Gel electrophoresis

Samples were electrophoresed on non-denatur-
ing 15% polyacrylamide gels in TBE buffer at
48C, 80 V for 17 h. After the run DNA bands
were visualised by staining with ethidium bromide
and photographed under ultraviolet light. The
band migration was measured by densitometric

Žanalysis of the negative film ULTROSCAN XL,
.Pharmacia LKB .

2.5. g-Ray footprinting

DNA and RNA single-stranded oligomers puri-
fied by HPLC were further purified by denaturing
PAGE. The fragments, eluted by an overnight
incubation in deionised water at 378C, were

Žethanol-precipitated with 3 M NaAcetate pH
. Ž5.2 . The 59 CTCTTCTGCTTGTTATTCTTAT-

. ŽTCTTC 39 DNA, the 59 GAAGAATAA-
.GAATAACAAGCAGAAGAG 39 DNA and the

Ž .59 gaagaauaagaauaacaagcagaagag 39 RNA
oligomers were 59-end labelled by incubation with
w 32 x Ž .g- P ATP Dupont and the T4 polynucleotide

Ž .kinase enzyme Boehringer-Mannheim . After
purification through a Sephadex G-25 column,
the 59-end labelled oligomers were annealed in 10

Ž .mM sodium phosphate buffer pH 7.2 with an
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excess of unlabeled complementary strands in
order to obtain the following duplexes: DDU ,
RDU , DU D, RU D, RU R, where the U symbol
indicates the labelled strand. Complete annealing
was checked by 15% PAGE analysis in recirculat-
ing TBE buffer at 80 V and 48C for 17 h.

Annealed samples were irradiated at a concen-
tration of approximately 40 nM of oligonu-
cleotide. The irradiation was performed in an

Ž .ice-water bath in a GammaCell 220 AECL ,
equipped with a 60Co source, at the dose of
approximately 50 Gy. The dose rate was approxi-
mately 5 Gy miny1.

Irradiated samples were run on 20% denatur-
Žing polyacrylamide sequencing gels 20=40=

. w x0.04 cm , containing 7 M urea in TBE buffer 21 .
The identification of guanine and adenine bases
on sequencing gels was performed according to

w xNegri et al. 22 . A short- and a long-run gel were
run at 28 W, for 2 and 4 h, respectively, in order
to obtain a better resolution of the lower and
upper part of the gel. Fixed gels were dried at
608C for 10 min and autoradiographed using a
Kodak X-OMAT S film with intensifying screens.

The densitometric analysis of the autoradio-
graphs was performed by an ULTROSCAN XL
Ž .Pharmacia LKB laser densitometer. The area of
each band was evaluated using the public domain

w xNIH Image program as already reported 5 . In
the analysis, the first and the last two or three
bands were omitted from area integration, con-
sidered of too high and too low intensity, respec-
tively. The maximum calculated error, deriving
from both measurement and analysis repro-
ducibility, was equal to "10%.

3. Results and discussion

3.1. DNA and RNA dynamics

Lifetime values show very large differences
among homologous DNA, RNA and hybrid du-
plexes. As Table 1 shows, the lifetime values of
the bound EB at 08C span from 23.6 ns in DNA
to 29.8 ns in RNA samples. An intermediate
situation was found for the hybrid duplex. These
results suggest differences in the geometry of the

Table 1
Lifetime values for DNA and RNA samples and dependence
on temperature

Ž .Sample t nsbT

DD 23.6]0.05 T
RD 27.4]0.05 T
RR 29.8]0.05 T

intercalation site of the EB, which exhibits greater
affinity for RNA-containing duplexes.

The lifetime values decrease with temperature
Žwith the same slope in the three samples Table

.1 . This effect may be due to the increased expo-
sure of the intercalated EB to the solvent
molecules, following the increase in thermal mo-
tion, and to the onset of base-stacking decrease.

More information on base stacking and on the
hydrodynamic properties of these molecules can
be drawn from FPA measurements, through the

Ž .Fig. 2. FPA measurements: demodulation ratios top and
Ž .phase differences bottom of DNA, RNA and hybrid duplexes

as a function of the modulation frequency at 108C. Circle,
ŽDD; square, RD; and triangle, RR. The samples 0.6 mM of

.oligonucleotide were in 10 mM Tris]HCl, 50 mM NaCl, 1
Ž .mM Na EDTA pH 7.2 .2
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Table 2
Main parameters derived from FPA analysis

y1 9 2Ž . Ž . Ž . Ž .Sample a 10 J R nm b nm Dj 8 xh

DD 7.2"0.2 1.07"0.03 0.33"0.01 4.21"0.02 1.04
RD 13.2"0.3 1.27"0.03 0.28"0.01 3.12"0.02 1.02
RR 14.3"0.3 1.28"0.03 0.27"0.01 2.99"0.02 1.00

study of the decay of the fluorescence polarisa-
tion anisotropy of the bound EB dye.

Fig. 2 shows the phase difference and demodu-
lation ratio of DD, RD and RR samples as a
function of the modulation frequency. The RR
duplex shows the largest differences. The differ-
ential phase peak in the RR duplex and the
region of increased demodulation are shifted to-
wards lower frequencies. Both these experimental
findings are consistent with a reduction in the
rotational relaxation time and thus, a slower mo-
tion of the sample. The hybrid duplex behaves
similarly to the RR duplex.

Ž .In Table 2 the torsional rigidity constant a ,
Ž . Ž .the hydrodynamic radius R , the rise b , andh

Ž .the rms fluctuation angles per base pair Dj at
10 "18 are reported. Dj is defined as: Dj
's kTra , where k is the Boltzman constant and

T the absolute temperature. As Table 2 shows,
duplexes containing RNA are approximately twice
as rigid as the corresponding DNA sample.

We recently observed a variation of approxi-
mately 10% in the torsional constant in two 27-
mer DNA duplexes with the same base composi-

w xtion and different sequence 5 . We attributed
these changes mainly to stacking interaction
between neighbouring base pairs. In this case, the
RR and DD samples of identical sequence also
differ in the sugar structure, so the large differ-
ences observed in rigidity can be due to variations
both in the base]base interaction and in the
sugar backbone structure. In the hybrid sample,
there are only two TrU substitutions with respect
to the DD sample, while the rigidity constant is
very similar to that of the RNA duplex, which
contains another 16 TrU substitutions. The com-
parison of these two samples indicates that base
substitution affects the torsional constant less
than the backbone modification.

The calculated radius as well as the rise in the
DD sample are characteristic of the B form, while
the values in the RR and RD duplexes are indica-
tive of A-like conformations. Taking into account
the rise value shown in Table 2, a length value
reduction from 8.9 nm in the DD duplex to 7.3
nm in the RR duplex and to 7.6 nm in the RD
sample was calculated.

Table 3 shows the rotational diffusion coeffi-
cients of the three samples at 108C. A reduction
in the asymmetry of the RD and RR samples of
approximately 60]70% was found with respect to
the DD duplex, as indicated by the decrease in
the D rD ratio. The D value of the hybrid isI H I
lower, possibly due to a shape deviating from the
classic cylindrical model.

Fig. 3 reports the behaviour of the torsional
constant with temperature. The temperature de-
pendence of the duplex torsional constant is com-
plex and mainly related to interactions such as
hydration forces, hydrogen bonds, base stacking
and to the structure of the sugar phosphate back-
bone. As the temperature increases toward the
melting point, the a values of the studied samples
converge to the same value of approximately 2.5
=10y19 J at 608C, when empirically fitted with an
exponential law. Corresponding to this value, a
rms fluctuation angle of 7.78 per bp is derived, i.e.
an increase of approximately twofold in the Dj
value is obtained in the temperature range

Table 3
Rotational diffusion coefficients of RNA and DNA samples at
108C

Sample D D D rDI H I H
Ž . Ž .MHz MHz

DD 20.9"1.2 3.1"0.2 6.7
RD 16.7"1.0 3.8"0.2 4.4
RR 18.9"1.1 4.6"0.3 4.1
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Fig. 3. Torsional rigidity constant of DNA, RNA and hybrid
duplexes as a function of the temperature. Circle, DD; square,

ŽRD; and triangle, RR. The samples 0.6 mM of oligonu-
.cleotide were in 10 mM Tris]HCl, 50 mM NaCl, 1 mM Na2
Ž .EDTA pH 7.2 .

between 4 and 608C. It should be observed that
this increase in the twist angle fluctuations with
temperature is consistent with the onset of the
destabilisation of the double helix. Better
knowledge of the temperature dependence law
could be useful to estimate relative thermody-
namic stability.

3.2. Circular dichroism spectra

In order to support the results of the dynamic
measurements and in particular the conforma-
tions suggested by the structural parameters de-
rived from FPA analysis, we performed CD spec-
tra.

Circular dichroism spectra between 200 and
320 nm were recorded at 108C, at which tempera-

Ž .ture all duplexes are thermally stable Fig. 4 . The
DD duplex shows a typical conservative spectrum
with two equally pronounced positive and nega-
tive peaks at approximately 280 and 250 nm. The

Fig. 4. Circular dichroism spectra at 108C of DNA, RNA and
hybrid duplexes. Bold line, RR; thin line, RD; and dashed

Ž .line, DD. The samples 2.5 mM of oligonucleotide were in 10
Ž .mM Tris]HCl, 50 mM NaCl, 1 mM Na EDTA pH 7.2 .2

RR duplex clearly shows a non-conservative spec-
trum with a positive maximum at 265 nm, while a
negative band is present with a minimum at 210
nm. The recorded spectra are characteristic of
the B and A nucleic acid conformations, respec-
tively.

The hybrid RD sample shows a CD spectrum
very similar to that of the A form. In fact, the
spectrum appears to be non-conservative in shape
with a negative band at lower wavelength as well.
Thus, the hybrid conformation is very similar to
that of the RR duplex, in good agreement with
some literature data obtained in a RD sample,

w xwith a purine-rich RNA strand 9,10 .

3.3. Thermodynamic properties

The thermal stability of the DD, RD and RR
duplexes was analysed by UV melting experi-
ments and the calculated thermodynamic
parameters are shown in Table 4. It is evident

Table 4
Ž . Ž . Ž . Ž . Ž .Change of enthalpy D H , entropy DS and free energy at 378C DG , melting temperature T and hyperchromicity Hyp of37 m

DD, RD and RR duplexes

Sample D H DS DG T Hyp37 m
y1 y1 y1 y1Ž . Ž . Ž . Ž . Ž .kJ mol kJ mol K kJ mol 8C %

DD y613"42 y1.8"0.1 y68"3 55.6"0.5 35.8"1.1
RD y688"50 y2.0"0.1 y75"4 58.4"0.5 39.9"1.2
RR y834"59 y2.3"0.2 y100"5 64.7"0.5 41.6"1.2
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from the data that the order of stability is DD-
RD-RR.

The stability difference between duplexes
formed by DNA or RNA strands can be due to
the presence of a 29-OH group in the ribose
moiety in RNA and of a C-5 methyl group in
thymine moiety of DNA. In purine-richrpyrimi-
dine-rich RNA or hybrid RNArDNA duplexes,
the absence of the C-5 methyl group is always
destabilising, while the presence of the 29-OH
group produces opposing effects, according to the

w xcontext 23 . In particular it is stabilising in RNA
duplexes or in hybrids with a purine-rich RNA
strand, but destabilising if the RNA strand is
pyrimidine rich. Thus, the net effect of the two
contributions to stability depends on the base

Ž .composition and the structure RNA or DNA of
the purine-rich or pyrimidine-rich single strands
w x9,10 .

In the hybrid studied in this work, the absence
of the C-5 methyl group is expected to have little

Žinfluence on the thermodynamic as well as con-
.formational properties with respect to the DD

duplex, as it only involves two U bases in an RNA
strand. Therefore, it must be the backbone struc-
ture that is mainly responsible for the greater
stability compared with the DD sample. The
higher enthalpic contribution to the change in

Ž .free energy at 378C DG in the melting transi-37
tion indicates an increase in base stacking, which
can be correlated to a larger base]base overlap in
the A-like form of the hybrid. The entropic con-
tribution is also larger in the hybrid than in the
DD sample, according to the larger torsional
rigidity observed by FPA measurements and at-
tributed to the structure of the RNA strand back-
bone. That produces a partial compensation of
the increased enthalpic contribution and moder-
ates the net increase of DG . A correlation37
between the thermodynamic parameters and the
torsional constant values, reported in Tables 4
and 2, respectively, is evident.

Hyperchromism of the hybrid duplex has an
intermediate value between that of DD and RR,
closer to the RNA duplex. This result confirms a
more extensive base stacking compared to that of
DNA, according to the A-like conformation, also
revealed in CD spectrum of the RD samples.

Fig. 5. 15% PAGE of DNA, RNA and hybrid duplexes in 45
Ž .mM Tris]Borate, 1 mM Na EDTA, TBE buffer pH 8 at2

Ž .48C, 80 V. Lane M, 20 base pairs bp ladder; lane 1, DD; lane
2, RD; and lane 3, RR.

3.4. Electrophoretic mobility e¨aluation

As Fig. 5 shows, the electrophoretic mobility of
the samples is progressively reduced in the order
DD-RD-RR according to their mass, i.e.
16 706, 17 034, and 17 206, respectively. This be-
haviour is in agreement with previous results ob-
tained on similar samples of various length and

w xcomposition 10,24,25 . However, the gel mobility
of the samples containing RNA is still less than
expected based on the true mass values. In fact,
the RNA duplex and the hybrid sample migrate
like DNA duplexes of approximately 25 400 and

Ž .21 800 Da, respectively Fig. 5 .
In a non-denaturing gel, samples migrate with

an apparent molecular weight which is related to
the true molecular weight, the shape and the
charge. In this study, all duplexes have the same
number of bases and the molecular weight dif-
ferences are essentially due, as already noted, to
the presence of ribose instead of deoxyribose and
to the TrU substitution. Relevant differences in
shape, in particular in the hydrodynamic volume,
could also contribute to the reduced mobility of
duplexes containing RNA. This hypothesis agrees
with the FPA results, previously shown in Table 2,
from which an overall increase in the hydrody-
namic volume may be evaluated for the RR and
RD duplexes with respect to the DD sample.

As far as the RD sample is concerned, it is
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evident that the hybrid sample migrates closer to
the RR duplex. This result agrees with the find-

w xings of Lesnik and Freier 10 who showed that
Žhybrids with a high content of pyrimidine greater

.than 70% on the DNA strand, as in our case,
migrate closer to the RNA homologous duplexes,
while samples with a lower pyrimidine content
have a mobility similar to that of DNA samples.

In the RD sample, there was no exact correla-
tion between the electrophoretic migration and
the hydrodynamic volume as it can be evaluated
from Table 2, possibly due to the rough approxi-
mation of the rigid cylinder model, which may
have to be further refined. Good correlation was
observed between the torsional constant values
and the electrophoretic data.

3.5. g-Ray footprinting analysis

Hydroxyl radical footprinting has proven very
useful in the characterisation of the fine structure
of nucleic acid fragments. Many studies have been
published on the effects of sequence and strand-

w xedness on DNA conformation 14,26,27 , yet the
application to RNA is original, apart from some
studies where hydroxyl radicals were produced by

w xchemical methods 28 .
The aim of footprinting experiments was to

analyse the fine conformation of the three sam-
Ž .ples DD, RD, RR to understand whether indi-

vidual characteristic conformations are possible
in the DNA and RNA strand of the hybrid sam-

w xple, as suggested by NMR studies 7 .
In DNA, different kinds of damage might be

caused by OH radicals produced in solution by
g-ray irradiation. We only looked at the breakage

Ž .of the sugar phosphate chain frank strand break .
This damage is mainly due to the direct interac-
tion of the hydroxyl radicals with H49, H591 and

w xH592 hydrogen atoms of the sugar moiety 29 .
The cutting frequency depends mainly on the
sequence and the wideness of the minor groove,
so that changes in the backbone conformation of
the oligonucleotides can be detected.

The labelled RNA purine-rich or the DNA
pyrimidine-rich strand was analysed in association
with the homologous and the heterologous strand:
RU R and RU D, DDU and RDU. The cutting pat-

Ž .Fig. 6. g-Ray footprinting analysis. a Comparison of the
cutting frequency of purine-rich RNA labelled strand in asso-

Ž U .ciation with the complementary RNA strand R R and with
Ž U . U Uthe DNA strand R D : bold line, R R; and thin line, R D.

The cleavage pattern of purine-rich DNA labelled strand
Ž U . U Ž .D D is also reported as a marker: dashed line, D D. b
Comparison of the cutting frequency of pyrimidine-rich DNA
labelled strand in association with the complementary RNA

Ž U . Ž U .strand DD and with the RNA strand RD : bold line,
DDU ; and thin line, RDU. Arrows indicate sites of major

wchanges in cutting probability. The samples 40 nM of oligonu-
Ž .xcleotide in 10 mM sodium phosphate buffer pH 7.2 were

irradiated on ice-water bath at the dose of approximately 50
Gy.

tern of the RNA purine-rich strand of the RU D
Ž .sample Fig. 6a looks quite similar to that ob-

tained for the same strand in the RU R sample, so
that no relevant changes in the RNA backbone
conformation seem to occur. In the same figure,
the breakage pattern of the DNA purine-rich
strand in the DU D sample, which is in the B form,
appears very different from the other two profiles.

Comparison of the backbone accessibility of
the DNA pyrimidine-rich strand in the RDU and

U Ž .DD samples Fig. 6b reveals differences at vari-
ous nucleotide sites. The changes in accessibility
to radicals are distributed along the chain and
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occur mainly at some selected sites corresponding
to interruptions of pyrimidine runs along the
chain, i.e. at TA and TG steps. According to the
data reported in Fig. 6a, the conformation of the
RNA strand in the hybrid duplex, and possibly its
length, are almost unchanged. Thus, a deformed
B conformation can be stabilised in the DNA
strand of the RD hybrid to allow hydrogen bond-
ing between complementary strands. We can hy-
pothesise that the more flexible DNA strand de-
forms at TA and TG steps, which can be con-

w xsidered as preferential hinge points 30 , in order
to anneal the hybrid.

4. Conclusions

FPA measurements, performed on duplex sam-
ples with either DNA or RNA strands and on a
hybrid RNA]DNA sample enabled us to charac-
terise the dynamic properties of samples with the
same number of base pairs and composition, but
differing in the presence of 29-OH or 5-methyl on
one or both the strands. In particular the three
samples had a purine-rich and a pyrimidine-rich
strand.

Comparison of experimental and theoretical
w xdata predicted by the model 2 , as modified by

w xCollini et al. 3 , allowed us to evaluate structural
parameters such as the torsional constant, the
rise and the hydrodynamic radius.

The RNA duplex was found to be twice as rigid
as the DNA duplex of identical sequence and
base number, i.e. as14.3=10y19 and 7.2=10y19

J at 108C, respectively. It is characterised by a
more compact structure, with reduced asymmetry
with respect to the DNA duplex. The rise and the
radius of the RR duplex are characteristic of the

ŽA-form of nucleic acids bs0.27 nm, R s1.28h
.nm . The hybrid duplex dynamics resemble that

of the RR sample, as the rise and the radius were
found equal to 0.28 and 1.27 nm, respectively, and
the torsional constant was 13.2=10y19 J at 108C.
The observed variations in a enabled us to dis-
criminate between different nucleic acid confor-
mations.

The higher rigidity and the changes in shape
associated with the presence of an RNA strand

were further confirmed by electrophoretic mea-
surements. The suggestion that the RR and the
RD duplexes were in an A-like form was sup-
ported by CD analysis. However, the intermediate
character of the RD duplex conformation, identi-
fied as an A-like form on average, was investi-
gated more thoroughly to explain some features
revealed by electrophoretic measurements.

The use of the g-ray footprinting method al-
lows us to indicate that the RNA conformation in
the RD sample is very similar to that assumed in
the RR duplex, while the conformation of the
DNA strand is altered with respect to the DD
form. The different conformation of the two
strands may allow local distortions of the double
helix mainly at TA and TG steps, which act as
hinge points.

Finally, we applied static and dynamic methods
and showed that the RR, RD and DD samples
have different forms in solution. We could not
evaluate minor groove dimension changes, often
invoked to explain the variability of enzyme activ-
ity. However, we were able to evaluate parame-
ters such as hydrodynamic radius, rise and torsio-
nal flexibility, which can be relevant in the inter-
action with enzymes.
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