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Abstract A synthetic DNA triple helix sequence was
formed by annealing apyrimidinic 21 mer single strand se-
guence onto the complementary purinic sequence centred
on a 27 mer duplex DNA. Melting of the third strand was
monitored by UV spectrophotometry in the temperature
range 10—90°C. The T, of thetriplex, 37°C, waswell sep-
arated from the onset of duplex melting. When the same
triple helix was formed on the duplex bearing one nick in
the center of the pyrimidinic sequence the T, of the trip-
lex was shifted to approximately 32°C and overlapped the
melting of the duplex. We have used fluorescence pola-
rization anisotropy (FPA) measurements of ethidium bro-
mide (EB) intercalated in duplex and triplex samplesto de-
termine the hydrodynamic parameters in the temperature
range 10—40°C. The fluorescence lifetime of EB in the
samples of double and triple stranded DNA is the same
(21.3£0.5 ns) at 20°C, indicating that the geometries of
the intercalation sites are similar. The values for the hy-
dration radii of the duplex, normal triplex, and nicked trip-
lex samples were 10.7+0.2, 12.2+0.2, and 12.0+0.2 A.
FPA measurements on normal triplex DNA as a function
of temperature gave a melting profile very similar to that
derived by UV absorption spectroscopy. For thetriplex car-
rying anick, the melting curve obtai ned using FPA showed
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a clear shift compared with that obtained for the normal
triplex sample. The torsional rigidity of the triplex forms
was found to be higher than that of the duplex form.
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Abbreviations CD Circular dichroism - EB Ethidium
bromide - EDTA Ethylene-diamino-tetraacetic acid - FFT
Fast Fourier transform - FPA Fluorescence polarization an-
isotropy

Introduction

The detection of the decay of the fluorescence anisotropy
of DNA intercalated with EB molecules has been applied
by several authors (Barkley and Zimm 1979; Schurr et al.
1992; Collini et al. 1995) to the study of DNA dynamics.
This approach, applied to long DNA seguences, plasmids
and short synthetic oligomers, has been mainly based on
the comparison of the experimental data with a compre-
hensive model of the dynamics of abendable and twistable
rod — the DNA helix — developed by Allison and Schurr
(1979).

Recently, Duhamel et al. (1996) have applied a simple
model developed by Szabo (1984) to the analysis of FPA
studies of short DNA fragments. This model neglects the
decay due to bending deformation, which dominates in
long DNA samples, and ascribes the anisotropy decay en-
tirely to the torsional motion of the dye. Thismotion isde-
scribed by two parameters:. the delocalization angle of the
dye [If] induced by dye twisting coupled to DNA dynam-
ics, and the hydrodynamic radius R;,. One of the aims of
the present paper is to show how these simplified models
allow oneto study mixturesof sampleswith different forms
and to follow transitions among them.

Nucleic acids carry out their biological role by assum-
ing a great variety of forms. The role of DNA sequences
which form atriple helix has been investigated since their
discovery (Felsenfeld et al. 1957). Synthetictriplestranded
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nucleic acid structures can be formed on a homopurine-
homopyrimidine duplex by the addition of a third strand
of appropriate sequence. This strand is positioned in the
major groove and binds to the duplex via Hoogsteen hy-
drogen bonds. A rolefor triple helix DNA in chromatin as-
sembly and gene expression has been suggested and struc-
tural datahavebeen obtained by avariety of physico-chem-
ical techniques (see Soyfer and Potaman (1996), for are-
view).

FPA allows one to characterize the nucleic acid struc-
ture and to gain information on the hydrodynamic radius
and elastic properties of these molecules, by studying the
fluorescence of the dye coupled tothe DNA motions. Spec-
trofluorometry of intercalated EB in triplex DNA oligonu-
cleotide, originally performed by Mergny et al. (1991),
showed that its binding behaviour in triple helicesis sim-
ilar to that observed in duplex DNA.

DNA interconversion between double and triple strand
forms occurs in narrow temperature ranges, in a sequence
dependent fashion, but usually with a transition midpoint
of 10—-15°C. We have studied the melting transition of a
synthetic oligonucleotide triple helix by FPA measure-
ments at temperatures ranging from 10°C, where EB is
intercalated in the triple helix, up to 40°C, where dissoci-
ation of the third strand is complete but EB is still bound
to the duplex DNA. The derivation of hydrodynamic pa-
rametersasafunction of thetemperaturerequiresthe meas-
urements of the lifetimes of bound EB at various temper-
atures both in the duplex and triplex DNA forms.

FPA measurements on isolated duplex and triplex sam-
ples, inthetemperaturerange 10—25°C, wheretheseforms
are stable, allow one to define the hydrodynamic radii.
Thereafter, theresidual fraction of triple helix present dur-
ing athermal transition in the range 10—40°C was evalu-
ated and compared with that obtained by conventional UV
melting measurements. The reliability of the method has
been checked by analyzing another sample which bears a
nick and which shows different thermal stability.

Materials and methods
Oligonucleotide preparation

Oligonucleotides:

1) CGA(TC)s(T);;AGC
2) GCT(A);,(GA)sTCG
3) (M)1(CT)s
4) (T)1.AGC
5) CGA(TC)s

were synthesized using a Beckman SM automated DNA
synthesizer. Oligonucleotide length homogeneity was
checked by denaturing gel electrophoresis. The fraction of
short contaminating fragments was usually less than 3%.
The concentration of single strands was determined spec-
trophotometrically with molar extinction coefficients cal-
culated using nearest-neighbour analysis (Cantor et al.

1970): £=2.23x10°M*cm™, £=3.02x10°Mtecm™,
£=1.60x10°M~tem™, g=118x10°M*tem™, &=
1.08x10° M~tecm™.

In order to obtain the samples shown in Fig. 1, oligo-
nucleotides 1) and 2) (duplex D), 3) and 1) + 2) (triplex T),
3) and 1) + 4) + 5) (nicked triplex nT) were mixed in the
appropriateratio. Annealing was performed by heating the
oligonucleotides at 80°C for 10 min and allowing them to
cool down to 4°C over a 16—18 h period. Annealing, as
well as spectroscopic measurements, were performed in
10 mm Na phosphate pH 6.1 buffer, 0.1 mm Na,EDTA,
200 mm NaCl.

Gel electrophoresis

Samples were electrophoresed on non-denaturing 15%
polyacrylamide gels, 30:1 acrylamide/bisacrylamideratio
(17x10x0.075 cm) in Tris-acetate pH 6.1 buffer, 200 mm
NaCl at 30 mA for 24 h, 4°C. The buffer was recirculated
during the electrophoresis. DNA bandswere visualized by
staining with ethidium bromide and photographed under
ultraviolet light.
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Fig. 1la—c Sequence of the DNA samples. The third strand forms
Hoogsteen pyrimidine-purine bonds with parallel orientation. a Du-
plex; b normal triplex and ¢ nicked triplex



CD measurements

Circular dichroism spectrawererecorded between 320 and
200 nmwith a Jasco J710 spectropolarimeter. The spectral
resolutionwas0.2 nmwithabandwidth of 1 nm. Thescan-
ning rate was 10 nm/min and every spectrum was the av-
erage of two measurements. The samples were thermo-
stated by means of a Haake H20 bath in a cylindrical wa-
ter-jacketed quartz cell (1 cm optical path length).

UV melting curves

The absorbance at 260 nm as a function of temperature
was recorded with a Cary 3 UV/VIS spectrophotometer.
Briefly, sampleswere placed in 1 cm quartz cellsand ther-
mostated using a Peltier device that ensured temperature
control inside the sample cell to within 0.1°C. The tem-
perature was increased at a rate of 0.5°C/min and data
pointswererecorded every 0.2°C. Absorbanceval ues, cor-
rected for the thermal expansion of water and normalized
to A, = 1 at the lower temperature, were plotted against
temperature. When the transitions were well separated in
theabsorbance profiles, thefraction of triplex samples(a+)
was calculated by the ratio:

Avex — Ar
Amax = Amin
where A, and A, are the absorbance values at 44° and

4°C respectively and A isthe absorbance value at thetem-
perature T.

aT:

Dynamic fluorescence measurements

Lifetimes and fluorescence polarization anisotropy meas-
urements were performed on a K2-1SS phase-shift fluo-
rometer (Urbana Illinois, USA) using the 514 nm 0.5 W
output of a SpectraPhysics 165 CW argon laser. The mod-
ulation ratio of the excitation light was alwaysin therange
60—70% and the detection cross correl ation frequency was
80 Hz (see Gratton 1984 for further technical details).
Samples were placed in 1 cm quartz cells and a long
pass filter (550 nm) was placed between the sample turret
and the photomultiplier to minimize detection of scattered
light. For the lifetime measurements 10 frequencies loga-
rithmically spaced in the 2—40 MHz interval were ac-
quired. The excitation polarizer was set at 35° and a poly-
styrene lattice was used as the reference. In the FPA meas-
urements 20 frequencies were acquired in the 2—40 MHz
interval with the excitation polarizer kept fixed at 0° (i.e.
vertical) and the emission polarizer periodically and auto-
matically rotated to 0° and 90° for each acquisition. The
differences between the phase shiftsand the ratios between
the modulation ratios measured for the two positions of the
polarizer and theanalyzer characterizethefluorescencean-
isotropy as discussed in the following section. The errors
for the phase and modulation were 0.2° and 0.004 respec-
tively, amounting to =1% of the signal. The temperature
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of the samples was controlled by means of a circulating
water bath (Haake K15) in therange 10—40°C. The stabil-
ity of the temperature to within 0.5°C was checked before
and after each acquisition. The DNA samples were dis-
solvedinNaphosphatepH 6.1 buffer, 200 mm NaCl. Ethid-
ium bromide (2,7-diamino-10-ethyl-9-phenyl phenanthri-
dinium bromide) was from Boehringer and was dissolved
in the same buffer at a fixed concentration of about 1 mm.

Toavoid energy transfer processes between intercal ated
dye moleculesthe DNA base pair/EB ratio and DNA base
triplet/EB ratio were usually greater than 200.

The data were analyzed with the ISS fluorometer soft-
ware for lifetime determination and with a VVax for the an-
isotropies.

Theory

The computation of the fluorescence anisotropy decay for
a realistic DNA model has been given by Allison and
Schurr (1979). The DNA helix isimagined as a bendable
and twistable set of N +1 stacked cylinders which repre-
sent the base pairs. In general, the fluorescence anisotropy
is given by products (Schurr 1984) of internal geometric
factors A, (t) for the particular dye intercalating geometry,
and of bending F,(t) and torsional C,(t) correlation func-
tions:

r(t)_ (I I]) —

2ty 0 3 AOGORO

(1)

wherergistheinitia anisotropy value, assumed to be 0.36
for the dyewobbling (Millar et al. 1982). Theinternal cor-
relation functions A, (t) are related to the angle 6 formed
by the EB dipole and the helix axis, assumed to be 70.5°
(Schurr 1984):

sm@

A -Dgcosze—égz,

A =3cos?0sin’6; A, =
Thetorsional correlation functions C, (t) are related to the
relaxation time 1, of the Ith normal mode and to its corre-
sponding mean square amplitude df by:

3

where Q,, is the element of the normal mode transforma-
tion matrix associated with the Ith normal mode and to the
mth subunit asreported by Schurr (1984). These quantities
are given by:

cn(t)—(N+1)‘1exp( n2D||t)
N+1

2
zexp%n zd|Q2 @

~dasin?[(1 - m/[2(N+D)]]°

2 _ ke T
~4asin?[(1-1)m/[2(N +1)]]
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1

Qu =[2/(N+1)]2 cos%n—%%l ~1) /(N +1)§

_  ksT
4 D I (N+1)
where a isthe DNA torsional constant which isrelated to
the torsional rigidity C and to the base pair height
b=L/(N+1) through a =C/b.

For a straight fragment, the rotational diffusion coeffi-
cientscan be computed by assuming that the DNA behaves
asastraight cylinder of length L and radius R, i.e. (Tirado
and Garcia de la Torre 1980):

Dy=ks T/[(3.8441)m7LR2(1+ &)l
Dy =3kg T(Inp+d5)/ L3 @
8y =(0.677/ p) - (0.183/ p?);

S =-0.662+(0.917/ p) - 0.05/ p?

where p=(L/2R), T is the absolute temperature and nj is
the solution viscosity.

The bending correlation functions F,(t) are expressed
according to:

F, (t) = exp|-(6-n?) D t] g

2 (l e—t/Tk)D (4)
wofie-ming (o8]

where

A = —InD (0)

0
2
@ )Z (2|<+1)ZD

and
D, () = (Z,) Y2 exp(-2Z, /3)(n1’2/2)erf (zg’z)

and Z,,=(6—n? L/4P; erf isthe error function.

1 _kgTPK¢

1= LU o (i R+ ¥ Dk e R g

o o (ke
2L

and

The maximum number of relaxation bending modes, K4
was chosen as the index k for which Ty, > T, and was typ-
ically equal to 10. The dynamic persistence length P was
computed from the bending rigidity A according to:
P=A/(KT).

More recently, Duhamel et al. (1996) have shown that
for short polynucleotide fragments (6-32 base-pairs) one
can satisfactorily describe the FPA databy means of asim-
pler dynamic model proposed by Szabo (1984). Inthispic-
ture one considers the short DNA fragment as arigid rod

endowed with a proper rigid body rotational diffusion co-
efficient. The depolarization of fluorescence arising from
the motion of the dye coupled to the base-pair twisting is
described by rotational diffusion of the dye between two
reflecting barriers at an angle 1 The further assumptions
of the model are: (1) the dye waobbling inside the inter-
calation pocket and the base-pair twisting are independent
internal motions, and (2) the internal bending motions
can be disregarded for such short DNAs. The bending cor-
relation functions are therefore assumed to be F,(t) =
6=t while the torsional correlation functions are
given by the product of the rigid body spinning diffusion
motion and the internal torsional motion of the dye inside
the binding pocket:

Co()=e "Dt (1) (5)

where:

SR =T (17 = =" () I
7T UHWr)H PTHOOH

The 8 appearing in the definition of the A, (t) (Eqg. (1)) is
again the angle between the dye dipole moment and the
axis around which the rotational motion of the dye occurs.
This model allows the computation of the FPA decay asa
sum of simple exponential decays:

r(t) _1_-eo,
. 4 &0t (3c0s?(6) - 1)

+31; &P *D)t §n2 () cos? (6) (6)
_,_% |6 (2P +4D)t gind (@)

where tumbling and spinning diffusion coefficients can be
computed according to Tirado and Garciade la Torre (see
Eq. (3)). One can easily perform the analytical Laplace
transform of theintensity decays| (t), | 5(t) needed to com-
pute the phase shifts and the demodulation ratios, meas-
ured with the frequency modulated excitation light. How-
ever, this simplified picture of DNA dynamics should be
compared to the more realistic one developed by Allison
and Schurr (1979). This has been partially performed by
Duhamel et al. (1996) and will be extended in the Results
section to the case of different torsional constants and per-
sistence lengths.

In the presence of several dye species, the contribution
of each of these to the decay of fluorescence anisotropy is
summed in the total anisotropy, weighted by the corre-
sponding fluorescence intensity

s Befeno

M Ox O

S

where x;, 7; and r, (t) are the fractional intensities, the flu-
orescence lifetime and the anisotropy of thei-th speciesre-

r(t)=

(7)



spectively computed with some model for the DNA dy-
namics. We assume here asinglelifetime decay for theflu-
orescence of each species, as experimentally confirmed
(see Results).

In the present study of triple helix melting, one expects
to have the following fractions in solution (1) free ethid-
ium, X, (2) ethidium bound to DNA double helices, Xp,
and (3) ethidium intercalated DNA triple helices, x;. One
might also think of a small contribution from ethidium
bound to melted single strands.

Both in the numerical simulations and in the data fit-
ting, the free dye anisotropy contribution was described by
a single exponential decay r;(t)=rq e V™, where r;=0.4
and 1; =100 ps (Madge 1983). The computed anisotropy
time decays were converted into the measurable quanti-
ties, i.e. the fluorescence phase shift differences A (w) =
@ (w) —®)(w) and thedemodul ationratios A (w) =M /M
as suggested earlier by Weber (1977).

The Laplace transform of the time decay of the fluores-
cence intensity as measured when the relative orientation
of the excitation polarizer and the emission analyzer are
parallel, 1) (t)=1ly(t) (1+2r (1)), and orthogonal, I(t)=

Lot () (1—r (1)) are:

fp (@) = [dtl, () €® = L(1p)(iw) (8)
0

where p = || or p = O were computed and combined as:

A (@) =|fo () /[ (@)

Im(fy) Re(fy) —Re(fy) Im(fy)
Re(fo)Re(fy) +Im(fg)Im(f))

(9)

tg(A(w)) =

The Laplace transform of Duhamel’s model (Egs. (1) and
(6)) was easily computed analytically while that of
Schurr’s model (Egs. (1), (2) and (4)) needed a numerical
FFT procedure.

Results
Sample characterization

The study described here has been performed on purified
and well characterized triple helix DNA. Proper annealing
of the three strands was checked by electrophoretic anal-
ysis and circular dichroism measurements. In Fig. 2 the
electrophoretic pattern of samples obtained by adding to
the normal duplex form an increasing amount of the third
strand and annealing them as described in Methods section
arereported. Theresulting samplesareshowninlanes1-4,
where the formation of the slower migrating band of the
triplex is evident. This reduced mobility is due to the in-
creased molecular weight and stiffness of thetriplex DNA
form. In lane 4 the addition of a stoichiometric amount of
the third strand results in the complete formation of the
triplex. The samples of Fig. 2 were analyzed by circular
dichroism and the resulting spectra are shown in Fig. 3.
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1 2 3 4

Fig. 2 Electrophoretic patterns of DNA duplex and triplex. 15%
polyacrylamidegel electrophoresisrunin Trisacetatebuffer, 200 mm
NaCl, pH 6.1 at 30 mA for 24 h, at 4°C, Lane 1 contains duplex sam-
ple; lanes 2—4 contain the reaction products of the annealing of the
duplex sample with the third strand at ratios 1:0.24, 1:0.5 and 1:1
respectively
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Fig. 3 Circular dichroism spectra of duplex and triplex DNA sam-
plesat 10°C. The samplesat 1.7 10™* M, were thermostated in acy-
lindrical water-jacked quartz cell, 1 cm path length. Spectrawerere-
corded at arate of 10 nm/min with a spectral resolution of 0.2 nm
and abandwidth of 1 nm. 1) duplex DNA; 2, 3, 4) duplex/third strand
at molar ratios of 1:0.24, 1:0.5, and 1:1, respectively

The gradual formation of triplex is mainly evident in the
200-230 nm region of the spectra through a decrease in
ellipticity at 209 and 220 nm. Minor changes occur in the
higher wavelength range of the spectra which assume the
usual duplex form. Inthe spectrathe sharp shoulder around
265 nm, characteristic of poly dA-poly dT and of A-form
containing DNASs (Gray et al. 1992) is evident. A reduc-
tionin ellipticity at thiswavelength is observed following
triplex formation, in agreement with results reported el se-
where (Manzini et al. 1990). A similar procedure was car-
ried out for theannealing and characterization of the nicked
triplex (data not shown).

Figure 4 shows the absorbance UV melting profiles of
the normal and nicked triplex samples. In the normal sam-
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Fig. 4 UV melting absorbance profiles of triplex sasmples. ® Nor-
mal triplex and o nicked triplex. Absorbance valuesat 260 nm were
normalized to an optical density of 1 at 260 nm. Correction factors
for thermal expansion were taken into account
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Fig. 5 Delocalization angle xand hydrodynamic radius R, from
the Duhamel fit of simulated datawith a = 5x 1072 erg, P=200 nm
(m); a =5x107*? erg, P=50 nm (&) and a =8 x 10~*? erg, P= 200 nm
(®@). Thecontinuous and dashed lines correspond to thetorsional con-
tribution OyorOto the delocalization angle (see Eq. (10)) with
a=8x10""?erg and a =5% 1072 erg respectively. The inset shows
the normalized x? values and the solid line in the lower plot indi-
cates the simulation value of R,=10 A

ple the triplex to duplex and duplex to single strand tran-
sitions are well separated and T,,, values of 37° and 60°C,
respectively, can be derived. In the nicked sample the two
transitions overlap and we cannot assign T, values to the
duplex and triplex components. As previously observed
(Bonincontro et al. 1993, Barone et al. submitted paper)
the introduction of a nick in the duplex strongly destabi-

lizes the DNA structure, and the melting of the triplex is
only slightly affected.

FPA simulations

The assumptions leading to the simple Duhamel model
need to be checked against arealistic model for DNA dy-
namics, which we assume to be the one developed by
Allison and Schurr (1979) summarized in Materials and
Methods. Theaimisto assessthereliability of the simpler
Duhamel model for fitting FPA data from multi-compo-
nent solutions such as those expected during melting tran-
sitions. The general procedure consists in the simulation
of FPA decays for single or two-component solutions of
polynucleotides by Schurr’smodel (Egs. (2), (4)) and their
subsequent fitting to asingle or two-component Duhamel’s
model (Eg. (6)). In the following the limiting anisotropy
and the angle between the dye dipole and the DNA axis
werekept at r,=0.36 and 6 = 70.5° in both simul ationsand
fitting.

FPA decays for single component solutions of double
stranded DNAs were simulated according to Schurr’s
model. The simulation parameters were: DNA radius
R, =10 A, torsional constant 5< a < 8x 102 erg, dynamic
persistence length 50<P<200 nm and number of base
pairs 10<N <50. Different values of Poisson noise were
added to simulated data. The phase shift differences A (w)
and demodulation ratios A (w) were then computed accord-
ing to Eqg. (9) from the time decay of the fluorescence
intensities and the simulated FPA data were fitted to
Duhamel’s model for one polynucleotide species by keep-
ing asfitting parameters R, and the dye del ocalization an-
gle I Theresults of the simulations performed for differ-
ent values of a and P, averaged over the different values
of the added Poisson noise are summarized in Fig. 5. The
fitting is usually successful for N <30, asjudged from the
X2 value, and depends on the extent of the DNA flexibil-
ity: for P=200 nm and a =8x107'2 erg the fitting is sat-
isfactorily up to N=40. The best fit hydrodynamic radius
R;, is always found within 10% of the simulation value;
however, when assuming P= 200 nmand a=8x10*? erg,
agreement within =3% isfound in the range 10<N < 30.

In order to assess the relative contribution of the tor-
sional and bending internal motions to the amplitudes I,
and |, (Eqg. (5)) of Duhamel’s model, a comparison with
what is predicted by Schurr’s model for the internal tor-
sional dynamics alone, isinteresting.

The torsional contribution to the delocalization angle
Myorkcan be estimated by inverting either of the two rela-
tions:

. DZ + +
?MD =(N +1)‘1Nz1 expErNizl d? Qr%l%
0 ((ror)/2) O meto U . (10)

Csin ({Iror)) & ot ta
DMD =(N+)1y exp 4 2, & Gk
A (hor) [ m=1 U 1= -



The two estimates of [;oglobtained by inverting the pre-
vious equations agree within =1% for torsional constants
a=5-8x10"?erg. The delocalization angle increases
with the length (Fig. 5) and decreases with a, reflecting
the reduced torsional mobility experienced by thedye. The
comparison of dogr[to the best fit values of the simulated
data, shows that for lower torsional rigidities the effect of
the bending motion on [iCis not negligible (Fig. 5). Good
agreement between I0and [ og0is found for relatively
rigid DNAs, a =8x107? erg, while for a =5x107? erg
neither the simulated data at P=200 nm or those at
P =50 nmarequantitatively described by thetorsional con-
tribution gl These results make us confident that
Duhamel’s model can be used to satisfactorily describe
FPA data on short (<30 bp base pairs) DNA fragments and
allows an accurate determination of their radii. However,
information on DNA torsional and bending rigidity are not
as directly obtainable as the radius Ry,, since depolariza-
tion dueto DNA flexibility isdescribed by asingle param-
eter: the dye delocalization angle [T

The ability of Duhamel’s model to describe FPA data
for atwo-component solution was verified by numerically
simulating FPA decays of amixture of two DNA fragments
of the same length but different radii: Rp=11A and
R;=12.6 A. As discussed in the following section, these
values are within the range of our best experimental esti-
mates of the double and triple helix radii. The total aniso-
tropy was computed by means of Eq. (7) with M =2 and
Schurr’sanisotropiesfor thetwo species (Eq. (2), (4)). The
fluorescence lifetimesfor the dye bound to the two species
were 1p = 1+ = 22.5 ns and fractions of the D species were
Xp =0, 20, 40, 60, 80, 100% (Xp + X7 =1): no free dye con-
tribution was considered. The elastic parametersfor DNA
were kept at o =8x1072 erg, P=200 nm.

The simulated data for different fractions of species D
were first fitted to a single species Duhamel model (see
Eqg. (6)) to obtain an average polynucleotide radius R[]
and a delocalization angle I In Fig. 6 (upper panel) R0
is plotted versus the simulation value of x5 showing a
smooth decrease from the value (R, =Ry to the value
[(R,= Rp. Thevaluesof thehydrodynamicradiusfor xp =0
and xp = 100% averaged over the different levels of Pois-
son noise added to the data are [R,F12.6+0.2 A and
[R,=11.0+0.3 A respectively. The delocalization angle
showed no clear trend versus X as can be expected since
the simulation values of the elastic polynucleotide param-
eters were the same for the two species.

The same set of simulated datawas then fitted to a pop-
ulation of two species of polynucleotides described by
Duhamel’s model (see Eqg. (6)). Possible free parameters
for this fit are the hydrodynamic radii, the delocalization
anglefor the two species and the fractions of the D species
Xp. However, in order to reduce the number of fitting pa-
rameters, for each level of added Poisson noise, a single
speciesfit (i.e.M =1inEq. (7)) tothexy =100 and xp = 0%
data sets was first performed. The two values of the best
fit hydrodynamic radii, R, Rl and delocalization angles
ot W were identified with those for the T (xp = 0%)
and D (xp = 100%) speciesand kept fixed in the subsequent
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Fig. 6 Fits of the simulations of the two-component solution
(a=8x%10712 erg, P=200 nm) versus the D species simulation frac-
tion xp. The upper panel shows the best fit hydrodynamic radius Ry,
obtained from the single-component Duhamel fit for different levels
of added Poissonnoise: 0 0.1%, O 1.6%, A 3.2%, @ 4.5%, m 6.4%.
The lower panel showsthe best fit value of the xp, fractions obtained
from a two-components Duhamel’s fit: symbols refer to the same
added Poisson noise levels as in the upper panel

fit of the simulated data in intermediate values of xp with
the two species model. The best fit values of the D frac-
tion, Xp, versus their corresponding simulation values are
plotted in Fig. 6 (lower panel) for different levels of added
Poisson noise. Theresults are very satisfactory at least for
anoise level up to 1.6%, which is higher than the typical
experimental level (=1%). Thisagreement doesnot change
substantially when the delocalization angle [I5- is allowed
to be an additional free parameter in the fit.

Finally, we considered the effect of some statistical or
systematic error on the estimates of R{t, R on the fitting
result. The fitting procedure described above was per-
formed while keeping the D and T species radii at values
slightly different from Rfl', Rfl!, i .e. the ones obtained from
asingle component fit to the data sets at xp =0 and 100%.
The average difference between the best fit and the simu-
lation values of xp was found to be always <7% when the
error on the estimates of the radii was <2% and one could
reach 20% average difference when the error of the radii
was as high as 7—10%. This showed that the typical ex-
perimental error (=1%) inthe estimate of RA!, R induces
at most an uncertai nty =5-6%in the evaluation of thefrac-
tions of the two components.
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FPA measurements

The determination of the polarization anisotropy of EB
bound to duplex and triplex samples requires the knowl-
edge of the respective lifetimes. They were measured at
varioustemperaturesin therange 10—35°C for the duplex,
and in the range 10—20°C for the normal triplex sample.
Thevaluesat 20°C obtained for theduplex are21.3+0.5ns
for the bound form and 1.7+ 0.2 nsfor the free form. The
temperature dependence of the lifetime of the bound form
was fitted by linear regression and was accounted for in
the anisotropy fitting procedures. The lifetime at 20°C of
EB bound to the triplex was 21.2+ 0.5 ns, similar within
error to that of the duplex. Itstemperature dependence was
Tg =—0.00458T —0.0039.

InFig. 7, thephase shift (Ag) and modulation ratio (Am)
measured at 20°C for duplex and normal triplex samples
in the frequency interval 2—40 MHz are reported; the con-
tinuous lines are the best fit obtained according to Schurr.
Some differences are readily distinguishable in the curves
obtained for these samples. The single strand phase shift
and demodul ation ratio were measured asacontrol and are
reported in the same figure. The sequence of the single
strand has been designed in order to avoid the formation
of secondary structures and we have measured a very low
level of EB binding to thisform. Asreported in the legend
the amount of single strand present in the FPA measure-
ment is about one third of the mass of the triplex and has
been adopted to simulate the complete dissociation of the
triplex.

FPA measurements were carried out for duplex, normal
triplex and nicked triplex at various temperatures and fit-
ted according to the Schurr or Duhamel models. The val-
ues of R,, and OCare reported in Table 1. The R, of the du-
plex obtained with both modelsis smaller than that of the
triplex forms based on the expected increase in diameter
after the annealing of the third strand. The mean values of
11 A obtained using Schurr’s model and 10.7 A obtained
using Duhamel’ s fitting procedure for one component are
inthe range of the valuesreported in the literature for short
DNA fragmentsin solution (Fujimoto et al. 1994, Nuutero
et al. 1994, Duhamel et al. 1996). The R, of short synthetic
DNA oligonucleotides in normal triplex form and in the
nicked triplex, which has never been previously reported,
were found to be equal to 12.2 A and 12.0 A respectively
with Duhamel’s model. The minor difference (3%) in the
Ry, obtained using Schurr and one component Duhamel
models correlates well with what is observed by FPA sim-
ulations (see Fig. 5).

At low temperature, where the conformation of each
sample is well defined and differentiated, marked differ-
ences in the torsional constant a and in the rotational dif-
fusion angle d0were observed in the three samples. Both
parameters are related to the rel ative motions of base pairs
or triplets in the duplex or triplex form of DNA. Higher
values of a, characteristic of more rigid structures, and a
lower MCvalue, the signature of areduced diffusional mo-
bility, observed in both normal and nicked triplex indicate
that these samples have a stiffer structure compared to the
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Fig. 7 Phase shift (lower part) and modulation ratio (upper part) at
20°C, as afunction of the frequency of single third strand (m), du-
plex (@) and normal triplex samples (A). The continuous curves are
the best fit curves obtai ned according to Schurr’smodel. The amount
of single third strand (m) was 1.4x10™4 M

duplex. FPA measurements carried out on well character-
ized DNA samples can show, by analysis of the torsional
rigidity, subtle differences in conformation, such as those
due to the breakage of one strand. In fact, in Table1 it is
shown that the normal triplex at 10°C hasahigher a value
of 6.6+0.3x107*2 erg that decreases to 5.7+0.3x107? erg
for the nicked samples. A linear decrease of a with tem-
perature was observed in all three samples. At the present,
we can not easily explain such behaviour, but itiscertainly
not correlated with the thermal stability of the duplex,
which is confirmed by the constancy of its hydrodynamic
radius with temperature up to about 40°C.

The Ry, values of the triplex samples obtained by fitting
with the Schurr and the one component Duhamel models
decrease with temperature. This trend is due to the transi-
tion of thetriplex to the duplex form and in order to weight
their relative amount the experimental datawerefitted with
the two component Duhamel procedure. This model takes
into account the presence of two species; triplex and du-
plex, with intercalated EB. At 10°C a single species is
present, the triplex form, but on increasing the tempera-
ture the relative amount of the two species varies; near
40°C amost al the triplex has became duplex. The mix-
ture model requires the introduction of some fixed param-
eters. The MOvaluesfor the duplex at various temperatures
were taken from Table 1 and the R, of duplex and triplex,
averaged in the range 10—-20°C, were 10.7 A and 12.2 A
respectively. We have assumed these values to fit the re-
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Table1l Parameters derived by

fitting FPA data according to Sample T°C Schurr Duhamel
Allison and Schurr (1979) with
ro= 0.36 and A =8.22 or Duha- One component Two components
mel et al. (1996) with ry=0.36 B
and 8=70.5° in the two com- R”&h a-107? R”&h o o X7
ponent model R, =10.7 A, (A) (erg) (A)
Ryr=12.2A andR,,1=12 A
were fixed Duplex 10 111 42 107 375 - -
, 12.4 11.0 38 106  39.1 - -
" 14.5 11.0 3.8 10.7 39.3 - -
i 16 11.0 3.6 10.6 40.0 - -
18 111 34 108 411 - -
20 111 33 107 417 - -
22,6 112 28 107 440 - -
" 24.6 11.0 29 10.6 43.3 - -
B 30.3 111 2.6 10.7 45.6 - -
. 375 114 19 108 505 - -
Normal triplex 10 125 6.6 122 324 R2 1
, 15 124 56 121 346 341 094
20 125 45 121 375 373 096
25 12.4 4.2 12.0 38.6 37.7 0.89
, 30 121 31 116 430 402 061
35 118 27 114 448 381 042
, 40 116 17 110 523 56.8  0.18
Nicked triplex 10 12.3 5.7 12.0 34.1 33.9 0.98
. 15 121 50 11.8 359 349 084
20 12.3 43 11.9 38.3 37.9 0.94
25 11.7 35 11.3 409 364 048
30 11.6 3.0 11.2 43.5 38.1 0.41
" 35 10.8 21 10.3 49.2 45.1 0
40 104 15 98 553 - -
sidual fraction and the Ovalues of normal triplex at the 1.2 -
various temperatures (Table 1). ]

The samefitting procedure was used to calculate there- A 7
sidual fraction of the nicked triplex form versus T, after 0.8 a 3
verifying that the hydrodynamic radius of the nicked du- - C .,
plex hasthe same value as theintact duplex form (data not S E N ] x
shown). The temperatureinterval waslimited to 30°C ow- o4k &, -
ing to the greater instability of thisform and to the higher “F ‘ B
values of x? (>1.2) obtained by fitting with the mixture o e 4
model beyond thistemperature. The R, value of the nicked -
triplex used in the fit was 12.0 A (Table 1), as obtained in (U SR I DU PR FETEY. VIRTE P
the temperature range 10—20°C. Theresidual fractions of 10 20 T°CSO 40

the normal and nicked triplex as a function of the temper-
ature arereported in Table 1 and plotted in Fig. 8 together
with the residual fraction of the normal triplex form, ob-
tained by the analysis of UV melting data. In thisfigure a
shift of the melting temperature of the nicked triplex sam-
ple toward lower temperatures is evident. In particular it
must be pointed out that at 25°C the value of the normal
triplex residual fractionisstill near unity, whilst that of the
nicked form is strongly reduced. A graph of the residual
fraction of the nicked triplex sample obtained from the UV
melting data, has not been reported because of the over-
lapping of theduplex and triplex transitions. Itis, however,
evident that the difference in T,,, of the two triplex forms
is well represented by the FPA thermal analysis. Finally
we note that some differences beyond 25°C are observed
between UV and FPA profilesfor thetriplex sample; these

Fig. 8 Triple helix residual fraction vs temperature. Residual frac-
tion of A normal and A nicked triple helix DNA evaluated from
FPA measurementsand @ normal triplex deduced from UV melting
data

could be due to slight hysteresis phenomenarelated to the
heating rate we used in the absorbance experiments. We
have observed by UV melting measurements on a similar
triplex structure that a reduction of the heating rate from
0.5°C/min to 0.1°C decreases the melting temperature by
about 2°C (data not shown).
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Conclusions

Using FPA measurements we have been able to calculate
theresidual fraction of triplex during its melting transition
in the temperature range 10—-40°C. Moreover, the esti-
mated relative amount of the triplex and duplex speciesis
in good agreement with that obtai ned from the correspond-
ing UV melting curve, suggesting the possibility of using
FPA analysis to accurately monitor conformational varia-
tion in DNA samples. With the FPA analysis we discrim-
inate melting temperature differences of about 5°C, as ob-
served by the comparison of normal and nicked triplex
samples.

FPA in comparison with conventional UV spectroscopy
yields structural and dynamic information. We have esti-
mated differences in the hydrodynamic radius of our sam-
ples ranging from 12.2 to 10.7 A. Literature data derived
by X-rays analysis on RNA and DNA triple helix fibers
(Arnott et al. 1973, Liu et al. 1994) and theoretical calcu-
lations (Raghunathan et al. 1993) show a displacement of
the triple helix axis with respect to that of the double he-
lix, with a concomitant increase of the triplex diameter by
3 A. Our data are consistent with these findings and con-
firm that the third strand in atriple helix is deeply buried
in the major groove of the duplex.

Thetorsional rigiditiesof our triplex DNA oligonucleo-
tides are higher than those of the corresponding duplexes.
Millar et al. (1982), using timeresolved fluorescence spec-
troscopy, reported a value of 1.9 for the ratio of the tor-
sional rigidity of apoly(dA) - poly(rU) - poly(rU) triplex to
that of duplex DNA. We obtain asmaller triplex to duplex
ratio of the torsional constant (a) equal to 1.2. Thisdiffer-
ence can be ascribed to the different nature of the samples,
i.e. DNA or RNA-DNA hybrid triplex, but the increase in
stiffness of the triplex due to the association of the third
strand with the duplex DNA is confirmed. Finally we note
that torsional rigidity isaffected by theintroduction of one
single-strand breakage and the difference is readily de-
tected by FPA measurements.
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