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ABSTRACT:. The thermodynamics of hybridization and the conformations of decameric mixed purine-
pyrimidine sequence PNA/PNA, PNA/DNA, and DNA/DNA duplexes have been studied using fluorescence
energy transfer (FET), absorption hypochromicity (ABS), isothermal titration calorimetry (ITC), and circular
dichroism (CD) techniques. The interchromophoric distances determined in the FET experiments on
fluorescein- and rhodamine-labeled duplexes indicate that the solution structures of the duplexes are
extended helices in agreement with available NMR (PNA/DNA) and crystal X-ray data (PNA/PNA).
The melting thermodynamics of the duplexes was studied with both FET and ABS. The thermodynamic
parameters obtained with ABS are in good agreement with the parameters from calorimetric measurements
while FET detection of duplex melting gives in most cases more favorable free energies of hybridization.
This discrepancy between FET and ABS detection is ascribed to the conjugated dyes which affect the
stability of the duplexes substantially. Especially, the dianionic fluorescein attached via a flexible linker
either to PNA or to DNA seems to be involved in an attractive interaction with the opposite dicationic
lysine when hybridized to a PNA strand. This interaction leads to an increased thermal stability as
manifested as a-34 °C increase of the melting temperature. For the PNA/DNA duplex where fluorescein

is attached to the PNA strand, a large destabilizatidin,{= —12 °C) occurs relative to the unlabeled
duplex, probably originating from electrostatic repulsion between the fluorescein and the negatively charged
DNA backbone. In the case of the PNA/PNA duplex, the sense of helicity of the duplex is reversed upon
conjugation of fluorescein via a flexible linker arm, but not when the fluorescein is attached without a
linker to the PNA.

Oligonucleotides and their mimics are becoming increas- B B B
ingly interesting for use as gene-targeted drugs and molecular
biology tools (L, 2. Among these, peptide nucleic acids o o} o o} o
(PNAs) have been shown to have certain advantages ] ]
compared to other analogues €). In PNA, the negatively -0 0\,',"0 0\,‘,"0 /.
charged backbone of DNA is completely exchanged for a
neutral achiral pseudopeptide, composedNef2-amino- (5") DNA
ethyl)glycine units, onto which the nucleobases are attached
(Figure 1).

A mixed-sequence PNA strand can hybridize with comple-
mentary single-stranded DNA, RNA, or another PNA strand
to form stable duplexes with high sequence-selectiaty (

5). The thermal stabilities increase in the series DNA/DNA
< PNA/DNA < PNA/PNA (5, 6). According to NMR
experiments, PNA/DNA mixed-sequence duplexes adopt a
structure possessing features of both A-form and B-form (N-terminal) PNA
DNA (7), while oligopyrimidine PNAs with homopurine

-
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Ficure 1: Chemical structures of DNA and PNA. The deoxyribose
phosphate ester backbone in DNA has been changdd-(@
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perpendicularly stacked bases, and with a helical rise of 18 determinations of the unlabeled strands were based on
base pairs per turn and a diameter of 28 )( Recent absorption at 260 nm measured at 8D. At 80 °C, the
molecular modeling and molecular dynamics simulation nucleobases are considered completely destacked, and the
studies gave solution structures for the PNA/PNA and PNA/ absorptivity is therefore assumed to be the sum of the
DNA duplexes in good agreement with the aforementioned absorptivities of DNA monomers taken from literatug,
experimental datal@). It has also been observed that For the studied sequences, one obtains an effeetie=
polypyrimidine PNAs can displace the homopyrimidine 112 x 10° cm* M~ per single strand. The absorptivity
strand of a duplex homopurine-homopyrimidine target to determinations of the labels were accomplished by comparing
form a triplex on the purine targe8) the absorptivity profiles of the fluorescently labeled PNA
PNAs might find applications as anti-sense reagents, asstrands and those of the free labels (attached to a glycine),
artificial suppressors of gene expressid®,(13, or as all measured at 80C. Setting the-max value of the residual,
activators of transcriptiorild). In the field of biotechnology, i.e., the contribution of the nucleobases, to the value found
PNA oligomers have been found useful in many of the aboveezso=112x 10°cm*M~*at80°C, the fluorescein
applications in which traditional synthetic oligonucleotides maximum absorptivity was calculated ago = 81 x 10°
are used, however, with the additional benefits of having a cm™* M~ for the PNA-conjugated andes = 64 x 10°cm™*
higher binding affinity to nucleic acid targets and resistance M~* at 80°C for the DNA-conjugated fluorescein, both at
to nuclease and proteolytic degradation. Applications include 80 °C. The corresponding procedure for rhodamine gave
restriction enzyme blocking16), screening for genetic  €ss6 = 91 x 10° cm* M~* for both PNA- and DNA-
mutations 16), and nucleic acid capture enhancement of the conjugated rhodamine, using thg, value from above. Both

selectivity of PCR 17). these values are quite high and close to the literature values
Fluorescent probes and FET have been widely used in theOf the free fluorescein and rhodamine labey.
DNA field, to detect hybridization18, 19, and to study Hybridizations. The appropriate single strands were

the thermodynamics and kinetics of hybridizatioR0)( hybridized by the following procedure: heating of the
Using FET, overall distance and structural information about Solutions of single strands to 8C, adjustment of concentra-
nucleic acids has been obtainetl( 22. tion (2—3 uM in strands) by absorbance measurements,
We here report on FET, absorption hypochromicity (ABS), mixipg (at 80°C) of the single-strand solutions, and slow-
circular dichroism (CD), and isothermal titration calorimetry €00ling to room temperature (28C). The samples of
(ITC) measurements made in order to characterize structuralfiuorescently labeled oligomers, used for the energy transfer
and thermodynamic aspects of the interactions of the PNA/ €XPeriments, are either duplexes of fluorescein-labeled
DNA duplex binding motif and to compare it with PNA/ oligomers hybridized to unlabeled complementaries (donor
PNA and DNA/DNA duplexes. Important issues are to alone, D) or duplexes of fluorescein-labeled oligomers
distinguish the relative importance of enthalpic and entropic NYPridized to rhodamine-labeled complementaries (donor in
contributions to the free energy of hybridization, whether e presence of acceptor, DA), e.g., Fl-aha-PNA1/PNA2 (D)
the hybridization can be described by a two-state equilibrium @nd Fl-aha-PNA1/PNA2-aha-Rh (DA). For the other du-
model, or if any significant precursor outer-sphere complexes Pl€xes studied, see Figure 2. The acceptor-labeled and the
are formed (which FET would reveal sensitively). Finally, unlabeled strands were used in approximately 20% excess

we investigate using FET if the somewhat hydrophobic in the hybridizations, to minimize the possibility of having

character of PNA might lead to folded or collapsed structures NOnhybridized donors in the samples.
in solution. Fluorescence Energy Transfelhe rate of energy transfer

from a specific donor to a specific acceptor, according to
MATERIALS AND METHODS Forster’s theory of fluorescence energy transi6-28), is
given by
Chemicals. Two mixed-sequence complementary decam-
ers of PNA @3) and DNA were studied; base sequences and 1 (RO)G

notations are given in Figure 2. The fluorescent dyes were TS
D

2 ®

end-conjugated to the PNAs via a linker consisting of an
aminohexanoic acid (-aha-) and a thiourea group, formed
when fluorescein isothiocyanate (Molecular Probes, Eugene)
or tetramethylrhodamine isothiocyanate (Fluka) are reacted
with the amino end of the aminohexanoic acid (Figure 2).
For fluorescein attached to the oligonucleotide, the linker
was 6-amino-2-hydroxymethyl-1-hexanol (-ahh-), and the
rhodamine-labeled oligonucleotide was obtained from Med- R,\e
Probe AS,'Osl'o, with the'sar.ne Imker'(-'ahh-). As references (_m) = (8.79x 10725)K2n*4¢D Jon )
for determinations of extinction coefficients of the dyes, we c
used fluorescein and tetramethylrhodamine isothiocyanates,
respectively, conjugated to the methyl ester of glycine. wherex? is the orientation factom the refractive index of
All experiments were carried out in 10 mM sodium the medium between donor and accepigy,the quantum
phosphate buffer (pH 7.7), except for the quantum yield Yield of the donor, andloa the overlap integral. The
reference which was fluorescein in 0.1 M NaOH. orientation factor is defined as
Absorption MeasurementsAbsorption spectra were re- 5 5
corded on a Cary 4 spectrophotometer. Concentration K“ = (cosbp, — 3 cosby, cosb,) 3)

whererp is the donor lifetime in absence of the acceptor,
Ry the critical Faster distance, an® the actual distance.
The Ry value is the distance at which the energy transfer
accounts for half of the deactivation processes of the donor.
It is calculated from
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a) H-GTAGATCACT-1lys-NH, (PNAl)
HoN-1ys-CATCTAGTGA-H (PNAZ2)
5’ -GTAGATCACT-3"’ (DNA1)
3’ -CATCTAGTGA-5" (DNAZ2)
b) o

N Rhodamine
=X )L /\MrGTAGATCACT lys

0
. l T /u\/\/\/
Fluorescein ys-CATCTAGTGA \r

(Fl-aha-PNA1/PNA2-aha-Rh)
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lys- CATCTAGTGA)M \,r T
(Fl-ahh-DNA1/PNA2-aha-Rh)
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CATCTAGTGA

(Fl-aha-PNA1/DNA2-ahh-Rh)
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T

CATCTAGTGA /[/\/\/“\,r

(FI-ahh-DNA1/DNA2-ahh-Rh)

Ficure 2: (a) Sequences of PNA and DNA used in this study (all lysines witbnfiguration). (b) Schematic structures and notations of
the fluorescently labeled PNAs and DNAs. Strands positioned in antiparallel orientation.
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where the angle®pa, 04, and Op describe the relative
orientations of the electric transition dipole momer8)(
The overlap integralJpa, describes the spectral overlap

Ratilainen et al.

excitation wavelength, 470 nm, as for the energy transfer
studies was used.
Fluorescence anisotropy) (s a measure of the rotational

between the emission spectrum of the donor and the mobility during the lifetime of the excited state of the

absorption spectrum of the acceptor. It is defined as

_ JTo@ea@)r’ da
S o) o2

wherefp(4) is the corrected emission spectrum of the donor
andea(4) the absorption spectrum of the acceptor.

The energy transfer efficiencyg, was calculated by
comparing the fluorescence intensitya, of the donor in
the donor/acceptor duplex with the intensity, of the donor
strand in duplex with the complementary unlabeled strand.

(4)

|
E=1-—>
ID

(5)

fluorescent probes3g). It is defined as

= Iy — Glyy ®)

Iy + 2Glyy
where the first subscript refers to the excitation polarizer (V
= vertical, H = horizontal) and the second one to the
emission polarizerG = Iyy/lyy is an instrumental correction
factor.

Evaluation of Melting Cures. The physical property, i.e.,
absorbance at 260 nm or fluorescence energy transfer
efficiency, plotted vs temperature, was fitted with a six-
parameter function to a two-state modeb) of the hybrid-
ization. This model assumes that single strands are in
equilibrium with only one base-paired duplex structure; i.e.,
there are no partially base-paired structures in the melting

We also used the sensitized emission of the donor in Orderprocess $7) Furthermore, the Change in heat Capacity

to determineE according to a method described by Clegg
(30). Both approaches gave the saBwithin +£4% for all

(AC,°) between the two states is assumed to be zero, and
the thermodynamic parametetdd® and AS’ are assumed

studied duplexes. Once the energy transfer efficiency andto pe temperature-independent.

the critical Foster distance are determined, the actual
distance, R, between the doneracceptor pair can be
calculated as

1 1/6
Rie Y

Circular dichroism (CD) is defined as the difference
between the absorption of lefty, and right,A;, circularly
polarized light 81).

R

(6)

CD=A-A )

The equilibrium constari can be expressed in either of
the following exponential forms of eq 9 (depending on which
pair of thermodynamic parameters are fittedlH®° andAS’
or AH° andT,,) as well as in terms of the extent of reaction
o (fraction of strands in duplex form):

4
c/c°

K = eCAHIRD+HASTR) SAHIRIAM~(UTr)] —

200
(1 — a)’c/c ®)

cr is the total concentration of single strands, &fids the

CD measurements were made on a Jasco 700 spectropogpit concentration 1 M. Solving far gives an expression
larimeter. All CD spectra shown are noise-reduced by the o — f(AH° AS® T) or a. = g(AH®, T, T) which is combined
algorithm in the software package, each spectrum checkedith a model in which the physical property (e.8ago O

“visually” not to be distorted.
Fluorescence measurementsre performed on a SPEX
Fluorologz2. The excitation wavelengths were chosen so

E) of pure single- and double-stranded forms is allowed to
vary with temperature according to a linear approximation:
As= msT + bsandAq = myT + by, yielding a fitting equation

as to excite the donor as selectively as possible (470 nm) oy the form

the acceptor only (560 nm). To check if any anisotropy

might affect the fluorescence signals, measurements were

performed both with and without polarizers at magic angle
(32). This test showed no significant effect, and measure-
ments were thereafter performed without the polarizers. In

A=0A;+ (1 — o)A,

containing a total of six fitting parameterAH®, Tp, my,
by, mg, bs (37—39). The deviations ofns andmy from zero

(10)

all measurements, the absorbance at the excitation wavecan be regarded as a consideration of the temperature

length was held sufficiently low<0.05) to allow the inner-
filter effect to be neglected3@). The spectral bandwidth
was held constant at 1.8 nm in both the excitation and
emission light paths. In all the temperature studies, the

dependence of the intrinsic quantum yield and of nucleobase
stacking dynamics.

Isothermal Titration Calorimetry (ITC)A MicroCal ITC
MC-2 system was used in conjunction with an electronically

sample holder was held at a constant temperature using aontrolled circulating water bath. A solution of one of the
thermostat-controlled water jacket. After each temperature strands (about xM) was placed in the cell (volume 1.4
change, the sample was equilibrated for approximately 3 min/ mL) and the titrant solution (about 0.1 mM) in a 100

(°C change).

The quantum yield of the fluorescein label, i.e., the donor,
was determined from duplexes with the unlabeled comple-
mentary PNA sequence at different temperatures.
reference used was fluorescein in 0.1 M NaOH, with a
quantum yield of 0.93 at room temperatuBd), The same

syringe, whose needle is designed as a paddle-shaped stirrer
rotating at 400 rpm. The syringe is controlled by a stepping
motor, allowing precise injectionsH0.1uL). Typically 20

Theinjections of 4uL each and 5 min apart were made. The

integrated peaks (pulses) of the heat production upon each
injection were plotted against the molar ratio. With the
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Ficure 3: Fluorescence spectrum of the Fl-aha-DNA1/PNA2-aha- Figure 4: Quantum yields of fluorescein conjugated to PNA and
Rh complex as a function of temperature (3& °C). The sample  DNA, respectively. Legend: <¥) free fluorescein, ¢) FI-PNA1/
was excited at 470 nm. The peaks at about 520 and 590 nm arePNA2, @) Fl-aha-PNA1/PNA2,¥) Fl-ahh-DNA1/PNA2, @) FI-
characteristic of fluorescence from fluorescein and rhodamine, gha-PNA1/DNA2, and&) Fl-ahh-DNA1/DNA2.

respectively.

o ) o o results for the FI-PNA1/PNA2, Fl-aha-PNA1/PNA2, Fl-ahh-
built-in software, MicroCal Origin, the binding isotherms DNA1/PNA2, Fl-aha-PNA1/DNA2, and Fl-ahh-DNA1/
were fitted to a two-state bmdmg model, giving ngmgncal DNA2 duplexes are displayed in Figure 4.
values of both the enthalpy of bindingki) and the binding Also shown in Figure 4 is the temperature dependence of
constant K). the fluorescence quantum yield of unconjugated fluores-
RESULTS cein: with increasing temperature, the quantum yield de-

creases. By contrast, the quantum yields of all labeled

Fluorescence Propertiesin Figure 3 are shown repre- duplexes, except for FI-PNA1/PNA2, increase (or remain
sentative fluorescence emission spectra of the Fl-aha-DNA1/more or less constant) when going to higher temperatures
PNA2-aha-Rh complex at various temperatures{85°C). (see below). Thus, it seems that fluorescein, attached to a
For the lower temperatures, the contributions from fluores- flexible linker either on a PNA or on a DNA strand, is subject
cein and rhodamine emission at about 520 and 590 nm,to a quenching process that is not as efficient at the elevated
respectively, are of comparable intensity, indicating extensive temperatures. The origin of this process will be discussed
excitation energy transfer from fluorescein to rhodamine. At below. For FI-PNA1/PNA2 which has the fluorescein
the excitation wavelength (470 nm), fluorescein absorbs attached directly to the PNA strand, the quantum vyield
about 90% of the exciting light and, thus, the contribution decreases slightly with increasing temperature. The quantum
from directly excited rhodamine is almost negligible. That yields of fluorescein conjugated to proteins and nucleic acids
the rhodamine emission is due to energy transfer is alsoare between 0.2 and 0.5 at room temperatde-¢2), so
confirmed by the fluorescein-like excitation spectra measured the values observed here (0-1@.38) are as expected.
at low temperature with the emission wavelength set to 650 Values of the overlap integralda, eq 4) of Fl-aha-PNA1/
nm where rhodamine fluorescence dominates (data notPNA2-aha-Rh, Fl-ahh-DNA1/PNA2-aha-Rh, Fl-ahh-PNA1/
shown). With increasing temperature, the fluorescein emis- DNA2-ahh-Rh, and Fl-ahh-DNA1/DNA2-ahh-Rh at different
sion intensity increases rapidly as the melting temperaturetemperatures were determined using a maximum molar
is approached while that of rhodamine decreases; i.e., theabsorptivity of 91 x 10° cm™* M~ for rhodamine (see
energy transfer is switched off at the highest temperatures.Materials and Methods). For Fl-aha-PNA1/PNA2-aha-Rh
This illustrates that the DNA/PNA duplex melts at the higher and Fl-ahh-PNA1/DNA2-ahh-Rh]pa was approximately
temperatures and the two strands separate, leading taconstant, and equal to (410.1) x 1013 cnf mmol™?, over
distances between the fluorophores exceeding the criticalthe entire temperature range, whereas for Fl-ahh-DNA1/
transfer Foster distanceR) by several orders of magnitude. PNAZ2-aha-Rh and Fl-ahh-DNA1/DNA2-ahh-Rh there was

To calculateR of eq 6, we first determind,, which a linear dependence on temperature, increasing fronx 3.3
involves determination of the donor fluorescence quantum 1073 cm® mmoi* at 2°C to 3.6 x 1073 cm® mmol~?! at 85
yield, ¢p, and the overlap integrallpa, together with the °C. Our values are in agreement with previously reported
orientation factorx?. The temperature dependence of the values 43).
donor (fluorescein) fluorescence quantum yield was deter- In the lower panel of Figure 5, the critical "Fter
mined for duplexes with one fluorescein-labeled PNA or distancesR, (eq 2), are shown, calculated assuming random
DNA strand and one unlabeled PNA or DNA strand. The relative orientation of the donefacceptor pair €2 = 2/5).
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Ficure 5: Donor-acceptor distance as calculated from fluorescence s ke 6: Energy transfer efficiency vs temperatumll) l-aha-

energy transfer. Top panel®) Fl-aha-PNA1/PNA2-aha-Rhy( PNAL/PNA2-aha-Rh ¥) Fl-ahh-DNA1/PNA2-aha-Rh &) Fl-aha-
FI-ahh-DNAl/PNAZ-aha-RhQ FI-aha—PNAl/DNAZ-ahh-Rh, and PNAl/DNA2—ahh-thz)ind4) FI-ahh-DNAl/DNAZ-a#fZ-Rh
(a) Fl-ahh-DNA1/DNA2-ahh-Rh. Bottom panel: critical’ Eoer ' '

distance Ry, of the FI-Rh pair. @) FI and Rh on PNA, ¥) Fl on 1.0
PNA and Rh on DNA, ©) Fl on DNA and Rh on PNA, andx)
Fl and Rh on DNA.

PNA1/PNA2
(ABS)

Ry has been determined over the entire temperature range PN/(?EF%?AZ
(1.5-87°C), taking into account the temperature dependence
of the spectral characteristics of fluorescein as noted previ-
ously 22). At 25 °C, the critical Foster distances are
determined to be 48 A for Fl-aha-PNA1/PNA2-aha-Rh, 52
A for Fl-ahh-DNA1/PNA2-aha-Rh, 54 A for Fl-aha-PNA1/
DNA2-ahh-Rh, and 52 A for Fl-ahh-DNA1/DNA2-ahh-Rh.
In the literature, there are reports of rBter distances
(assumingx? = ?3) for the fluoresceirrhodamine pair
between 49 and 54 A at room temperatut8, (44, 45.

The anisotropies of fluorescein- and rhodamine-labeled
double-stranded PNAs at 2C were around 0.12 for Fl and 0.2
0.14 for Rh, and were comparable to values obtained for 1
fluorescein conjugated to oligonucleotide®( 24. From DN/(*QI/EQ')\IAZ
the anisotropies, we estimate, using the protocols of Dale y
and co-workers29, 39, that«? is in the interval 0.4-1.9 at 0.0 T T T T 1 |
25°C. Hence, the standard assumptioncdéqual to%/; at 0 10 20 30 40 50 80 70 8 0 100

Temperature/°C
the lower temperatures may not be justified in this case. With . . .
P Y J FiGUrRe 7: Fitted melting curves of the studied 10-mer PNA/PNA,

«?in the |r!terval 0,41:9, a relguvely large er_ror leveHL0/ PNA/DNA, and DNA/DNA duplexes, as obtained from absorbance
+20%) will be associated with the determinBgland the  hyperchromicity (ABS) and fluorescence energy transfer measure-
final interchromophoric distances in this case. ments (FET), respectively.
Energy Transfer. The fluorescence energy transfer ef-
ficiencies E) of the samples Fl-aha-PNA1/PNA2-aha-Rh, ahh-Rh. Atthe melting temperature, i.e., where half of the
Fl-ahh-DNA1/PNA2-aha-Rh, Fl-aha-PNA1/DNA2-ahh-Rh, strands are dissociated, which occurs at°68for PNA1/
and Fl-ahh-DNA1/PNA2-aha-Rh were measured at different PNA2, at 47°C for PNA1/DNA2, at 55°C for DNA1/PNA2,
temperatures as shown in Figure 6. and at 18°C for DNA1/DNAZ2, the calculated distances
In the upper panel of Figure 5, the calculated interchro- increase rapidly.
mophoric distances for the four systems are shown. Atlow Melting Cures. The energy transfer data (Figure 6) were
temperatures, i.e., when the strands are in duplex form, theconverted to melting curves that show the fraction of strands
distance between fluorescein and rhodamine is more or lessn duplex form () vs temperature (Figure 7) by fitting the
constant and equal to 40 A for Fl-aha-PNA1/PNA2-aha-Rh, measured data to eqs 9 and 10 with the sloping base lines
54 A for Fl-ahh-DNA1/PNA2-aha-Rh, 44 A for Fl-aha- andAH° andT,, being fitting parameters, as described under
PNA1/DNA2-ahh-Rh, and 51 A for Fl-ahh-DNA1/DNA2-  Materials and Methods.

0.6 DNA1/PNA2
(FET)

DNA1/PNA2
(ABS)

0.4 —~

Fraction in duplex form, o

DNA1/DNA2
(ABS)

.

PNA1/DNA2
(FET)

PNA1/DNA2
(ABS)
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Table 1: Thermodynamic Parameters of the Formation of the Studied PNA/PNA, DNA/PNA, PNA/DNA, and DNA/DNA Duplexes from
Single Strands, Obtained from Different Meth&ds

sample Tw?(°C) AH°(Ty) (kJ/mol) TAS(298 K) (kJ/mol) AG°(298 K) (kJ/mol)

From Fluorescence Energy Transfer (FET) Experinfénts

Fl-aha-PNA1/PNA2-aha-Rh 68 (69) —4204+ 19 —321+ 15 —994 34

Fl-ahh-DNA1/PNA2-aha-Rh 55 (57) —303+ 14 —232+ 11 —714+25

Fl-aha-PNA1/DNA2-ahh-Rh 47 (49) —257+ 14 —197+ 11 —60+ 25

Fl-ahh-DNA1/DNA1l-ahh-Rh 18 (20) —265+ 16 —228+ 14 —37+30
From Absorption Hyperchromicity (ABS) Experimefts

PNA1/PNA2 63 —260+ 7 —197+6 —63+ 13

DNA1/PNA2 52 —276+ 8 —219+7 —57+15

PNA1/DNA2 53 —248+ 8 —193+7 —554+ 15

DNA1/DNA2 18 —245+ 8 —217+7 —28+ 15
From Isothermal Titration Calorimetry (ITC) Experimetits

PNA1/PNA2 - —265+ 11 —2024 249 —63+ 139

DNA1/PNA2" - —212+6 —162+5 —50+ 11

DNA1/DNA2" - —205+ 4 —-178+ 4 —27+8

aMeasured in 10 mM phosphate buffer, pH 2 Tncertainties iflys less thant0.5°C. ¢ Errors inAH® andTAS are standard deviations from
the fitting procedured At 2.8 uM strand concentration. Values ®f, in parentheses correspond taBl. ¢ At 5 uM strand concentratior Errors
in AH° and AG® are taken as standard deviations from the fitting proceduree high equilibrium constant for PNA/PNA makes the titration
curve steep at saturation and thus contains only a few data points giving problems fitting the binding ckhstdrgréfore, we use th&G® from
ABS measurements in this case to calculBS’. " Measured at 10C, but AG® has been corrected to 298 K.

Figure 7 also shows fitted ordinary melting curves of three 200 250 300 350 400 450 500 550
different complexes, from absorbance hyperchromicity mea- ! ' ' ' ' '
surements on the unlabeled decameric complexes PNA1/ A
PNA2, DNA1/PNA2, PNA1/DNA2, and DNA1/DNA2. For ik
all the studied duplexes, except for DNA1/DNA2, the melting 15 iy
curves determined with FET have sharper transitions com- :
pared to those determined with the standard absorption
hyperchromicity technique. This difference is especially 1.0 -
pronounced for the PNA/PNA duplexes, and, thus, for this
duplex, the two techniques give distinctly differeaH®
values. As will be discussed below, this is attributed to
interactions between the fluorescent dyes and the duplexes
which give rise to an increased thermal stability of the labeled
duplexes. The fitted thermodynamic parametérs,and
AH°, from analysis of the curves were used to calculate \
TAS. CombiningAH® andTAS’ yields AG°. The calcu- 054\
lated thermodynamic parameters are shown in Table 1.

As a complement to the FET and ABS measurements, we

0.5

Aellem M base™)

have also determined thermodynamic quantities of hybridiza- -0
tion using isothermal titration calorimetry (I'_I'C). The 200 250 3(',0 35'30 4(')0 4},0 5(')0 550
agreement between ABS and ITC thermodynamic parameters Wavelength/nm

is reasonable at least for DNA/PNA and DNA/DNA du-  pgures: CD spectra of Fl-aha-PNA1/PNA2Y, FI-PNAT/PNA2
plexes. In the case of PNA/PNA, the ITC measurement (— - —), Fl-aha-PNAL/DNA2 ¢ —), Fl-ahh-DNAL/PNA2 (-,
gives only a reliablAH value, which agrees with that from  scaled by 1/3), and Fl-ahh-DNA1/DNA2-(- - —).

absorption hyperchromicity, but due to the intrinsic problem

of extracting both the\H and a highk value from the same _Circular Dichroism Spectra. Figure 8 shows circular
titration, theAS® value is calculated from thaH from ITC dichroism spectra of PNA/PNA duplexes with fluorescein
and AG® from ABS. Consequently, the error inS will attached either via a flexible linker or directly to the PNA,

be larger. It should also be noted that the ITC values haveas well as the spectra of the Fl-ahh-DNA1/PNA2, Fl-ahh-
been corrected for the pronounced self-melting (measuredDNA1/PNA2, and Fl-ahh-DNA1/DNA2 duplexes. Conjuga-
with ABS) of the single-stranded PNAs. This melting tion of fluorescein directly (no linker) to one of the ends
process is due either to dissociation of self-associated (FI-PNAL/PNA2) gives a spectrum very similar to that
structures or to destacking of bases in the single strands. Theeported for the PNAL/PNA2 duple®) However, conju-
correction is necessary since the ITC measurements aregation of the fluorescein label via the flexible aha-linker gives
performed below th&,, of the single strands (about 4@5 a radically different CD spectrum (Fl-aha-PNA1/PNA?2),
°C). Unfortunately, the corrections introduce relatively large almost a perfect mirror image of that of unlabeled complex.
uncertainties in the final ITC values (for PNA-containing In addition, an induced CD band appears in the fluorescein
duplexes) due to the difficulty in evaluating the broad melting absorption region with a maximum at about 500 nm.
curves of the single strands. Therefore, we believe that of Upon increasing the temperature, the induced CD de-
the methods used here, the ABS technique yields the mostcreases (Figure 9). Also in the case of Fl-ahh-PNA1/DNA2,
reliable thermodynamic information. Fl-ahh-DNA1/PNA2, and Fl-ahh-DNA1/DNA2 we observe
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the ABS measurement. For this duplex, it is instead a more
favorable entropic contribution that leads to the higher
stability relative to the DNA1/DNA2 duplex.

For the three PNA-containing duplexes, the quotieh&’/

AH?° varies between 0.76 and 0.79 whereas for the DNA1/
DNAZ2 duplex it equals 0.88. In a study of the ionic effects
on the stability of 10-mer and 15-mer mixed-sequence PNA/
PNA and PNA/DNA duplexes, it was found that these
duplexes are destabilized by high concentrationt /) of
Na' salts with different monovalent anions (gEDO", Cl-,
and CIQ~) (6). The destabilizing effects followed the
lyotropic series 46) with the least destabilization with
CHsCOO ™ and the largest destabilization with GIO On
the basis of these observations, it was suggested that
hydrophobic interactions play an important role for the
stabilization of PNA-containing duplexes. In addition, results
from molecular-dynamics simulations suggest that the in-
teraction of PNA with surrounding water molecules is much
200 2;() 2"10 2('50 22'30 3(')0 320 less favoyable thgn the intg_raqtion of DNA with Wat¢&x
Wavelength/nm Thus, an interesting possibility is that the differences in water
structure around the PNA and DNA backbones could explain
0.14 — our observation of more important enthalpic contributions
to the free energy of hybridization for the PNA-containing
0.12 duplexes. The importance of hydrophobic interactions for
PNA/DNA hybridization will be further investigated in
forthcoming studies. The relatively large entropic contribu-
tion in the case of the DNA/DNA complex is in agreement
with the well-studied role of counterion association upon
formation of this duplex47, 48.

Interestingly, theAH® andTAS® values for the PNA/PNA
and PNA/DNA duplexes determined in this study are less
negative than the values determined (with ABS) by Tomac
etal. @) for duplexes with the same sequence as used here
but involving PNAs lacking -lysines at the C-terminus. This
indicates that the terminal lysine also plays a role in
stabilizing the unlabeled duplexes. This is not surprising,
since the positively charged lysine residue increases the
solubility of PNA strands dramatically.

-0.02+ The different CD spectra and the different end-to-end

! ! ! ! ! ' distances obtained from FET measurements of the PNA1/
440 460 \A‘):\?elengt,?ﬁ?n 520 >40 DNA2 and DNA1/PNA2 duplexes indicate that these two
Ficure 9: CD spectra of Fl-aha-PNA1/PNAZ2 at different temper- gzﬁ:?l(;i f;anv(;a glr:f[(re(;?)?(;[ itcr)l#;:ilérft?c')nzhtl:)s’tr\?ée ﬁégeg;glrz(;r%?t
atures (20, 35, and 5TC). L ;
hybridization for these two duplexes. Indeed, we find small

induced CD in the absorption band of fluorescein, whereas but sig_nificant differences in thermodynamic parameters for
in the 206-300 nm region the CD spectra are nearly identical € Mixed-sequence PNAL/DNAZ2 and DNA1/PNAZ du-

to the spectra of the corresponding unlabeled duplex reported?!€Xes, but the overall stability as reflectedTin and AG®
previously 6). is nearly the same, probably due to enthalpytropy

compensation49). However, it must be noted that the
DISCUSSION thermal stability is certainly sequence-dependent, and the

thermal stability range of PNA/DNA duplexes has been

Thermodynamics of HybridizatiorOne of the objectives  found to be larger than that seen for DNA/DNA duplexes.

of this study was to characterize the hybridization thermo- For instance]l, of a PNA/DNA duplex varies from 38C
dynamics of PNA/PNA and PNA/DNA duplexes and make for the PNA sequence TTTTCCTCTGQ) to 70°C for the
comparison to the DNA/DNA duplex. At the low ionic PNA sequence AAAAGGAGAGRY).
strength conditions used, the lack of electrostatic charges in  Fluoresceir-PNA Interactions Change the Handedness
the PNA backbone is expected to be reflected in more of a PNA/PNA helix. The chirality of the terminal amino
favorable enthalpies of hybridizatior-AH® larger) for the acid and choice of neighboring base pairs are known to
PNA1/PNA2, PNA1/DNA2, and DNA1/PNA2 duplexes influence the preferred helicity of PNA/PNA duplexes (
compared with the DNA1/DNA2 duplex. This is indeed 52), but there is no simple relation to the absolute config-
what is observed except for the PNA1/DNA2 duplex where uration of the amino acid$@). While the CD spectrum of
the difference is very small and within the error margins of the FI-PNA1/PNA2 duplex is very similar to that of the

Ae/icm M base™)

0.10 -

0.08 —

0.06 —

0.04

Ae/(cm™'M'base™)

0.02

0.00
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unlabeled duplex (Figure 8), the Fl-aha-PNA1/PNA2 com- terminal amino acid could then change the preferred helicity.
plex has a CD spectrum in the 22800 nm region which, For the 10-mer PNA/DNA and DNA/DNA duplexes, the
in essence, is a mirror image of the PNA1/PNA2 spectrum preferred chirality is much more energetically favorable
with, however, about twice the molar CD amplitude. In compared to that of the PNA/PNA duplex. This is so
addition, Fl-aha-PNA1/PNAZ2 displays a positive induced CD because each suggshosphate moiety provides a local bias
band corresponding to the fluorescein absorption band contributing to the overall helicity.

centered at 500 nm. Effects of the Fluorescent Labels on the Thermodynamics

In a study of PNAs having-13 chiral cyclohexyl moieties  of Hybridization. The melting temperaturd ) of a duplex
inserted in the PNA backbon&3), it was concluded from  is frequently used as a measure of the thermal stability. This
correlation with melting temperature and CD data for the is the temperature at which the fraction of single strands in
corresponding DNA/PNA duplexes that the PNAL1/PNA2 duplex equals 50%.
duplex withL-lysine at the C-terminal is most probably a According to the two-state moded®), T, is expected to
left-handed helix, which is opposite to the assignment in the increase with concentration {{ is linearly dependent on
first study by Wittung et al.9). Since the CD spectrum of In c¢r). Ty, values measured by the two techniques are
Fl-aha-PNA1/PNA2 in the 226300 nm region is a mirror  expected to differ, since FET and ABS measurements are
image of that of the PNAL/PNA2 duplex, we conclude that performed at different concentrations, due to different
the fluoresceirraha attachment leads to a stabilization of sensitivities of the two methods. Therefore, to compare the
the right-handed helix which becomes the dominating results of the two methods, tfig,s from the FET measure-
structure. A plausible mechanism behind this stabilization ments were corrected for the difference in concentrafigs (
is a favorable electrostatic interaction between the dianionic in parentheses in Table 1). Despite the correction, we see
fluorescein moiety and the dicationic chiral lysine on the significant differences between the FET and ABSs,
opposite PNA strand. As the temperature is increased fromranging from a £C lower FET than ABSI, for the PNA1/

20 to 50°C, which is still well below the melting temperature DNA2 system up to a 6C higher T, from FET for the

of the duplex, we observe a parallel decrease of the intensitiesPNA1/PNA2 system (Table 1).

of the 500 nm CD band and the CD bands between 220 and The observed differences in thermodynamic parameters
300 nm (Figure 9). The decrease of the 500 nm band determined with the two methods can be due to either or
intensity with increasing temperature is direct evidence of a both of the two following reasons: (1) The melting transi-
weakened interaction between the fluorescein and the PNAtions cannot be described by a two-state (all-or-none) model;
duplex. This, in turn, leads to a shift in equilibrium between i.e., there is a significant population of intermediate states,
right-handed and left-handed helices toward the left-handedwhich inherently lead to different melting curves from the
one. Hence, the decrease of the CD signal in the-280D two methods probing different physical properties. (2) The
nm region is due to mutual cancellation by increasing duplexes used in the FET measurements are stabilized/
amounts of the left-handed helices. destabilized by the attached fluorescent dyes.

In the cases of Fl-aha-PNA1/DNA2, Fl-ahh-DNA1/PNA2, In the following, we argue that it is the second explanation,
and Fl-ahh-DNA1/DNA2, we also observe induced CD bands the influence from the dyes, that is the main cause for the
around 500 nm (Figure 9). By contrast, in these cases, theobserved discrepancies. Most importantly, we find the ABS
CD spectra in the nucleobase region are very similar to thoseT.s of Fl-aha-PNA1/PNA2 (67C) and Fl-ahh-DNA1/PNA2
of the corresponding unlabeled duplexes which indicates that(55 °C) to be 3-4 °C higher than those of the corresponding
the helicity is preserveds( 9). The two mixed duplexes unlabeled duplexes. This increaseTif is comparable to
both have positive induced CD as in the case of the Fl-aha-the gain in stabilization, as judged frofy, when an extra
PNA1/PNA2 duplex whereas the FI-DNA1/DNA2 duplex base pair is added to a PNA/DNA duplex4j.
exhibits negative induced CD. The difference in the sign  Since the increase of-34 °C in Ty, for the fluorescein-
of the induced CD could indicate a significantly different labeled PNA1/PNA2 and DNA1/PNA2 duplexes does not
position of the fluorescein in the Fl-ahh-DNA1/DNA2 duplex explain the whole difference between ABS and FET mea-
compared with the other three duplexes studied. surements on unlabeled and doubly labeled duplexes, re-

To summarize, we have found that the equilibrium spectively, the doubly labeled PNA1/PNA2 duplex was
between left- and right-handed PNA1/PNA2 helices is selected for further study using the ABS technique. The
strongly affected by the attachment of fluorescein via a ABS T, equals 70°C, and the thermodynamic parameters
flexible linker. This results in a net stabilization of the right- (AH° = —450 kJ/mol andTAS® = —344 kJ/mol) of this
handed helix as evidenced from the reversal of sign of the duplex are found to have even more negative values than
CD spectrum. A similar reversal of sign has been observedthose from the FET measurements given in Table 1. Thus,
by Wittung et al. for a PNA duplex with a terminal it seems that the rhodamine labeling also can affect the
L-glutamic acid when changing the pH from 5 (neutral hybridization thermodynamics.
glutamate COOH group) to 7 (negatively charged CPO The ABS Ty, of Fl-aha-PNA1/DNA2 (41°C) is 12°C
(52). Thus, it seems that it is quite easy to change the lower than that of the unlabeled duplex. In this case, the
difference in free energy between the left- and right-handed fluorescein conjugation leads to a significant destabilization
helices and that it can be controlled by intrinsic (attached probably originating from electrostatic repulsion between the
dyes) or extrinsic (pH, temperature) factors. This is not dianionic fluorescein and the negatively charged DNA
surprising since in the PNA/PNA duplex the effective backbone. Addition of the rhodamine moiety to the DNA2
mechanism of induction of chirality is thought to involve strand returns th&,, to that observed with FET (4%C), but
immobilization of rotation of the bonds near the amino acid it is still lower than for the unlabeled PNA1/DNA2 duplex.
(52). A slight perturbation of the environment around the The ABST,, values of the Fl-ahh-DNA1/DNA2 (18C) and
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DNA/DNA PNA/DNA PNA/PNA

e}

b

Ficure 10: Models illustrating the three different types of duplexes. From left to right: DNA/DNA, PNA/DNA, and PNA/PNA, with side
views in the upper row and top views in the lower. Arrows indicate distances between points of attachment of fluorescent labels and
correspond to 3536 A (DNA/DNA), 32—33 A (PNA/DNA), and 44-45 A (PNA/PNA).

Fl-ahh-DNA1/DNA2-ahh-Rh duplexes (20C) are not complex, stabilized by hydrophobic interactions between the
significantly different from that of the unlabeled duplex (18 PNA backbones [as suggested by the crystal struciu@é, (
°C). were formed, this species would have a reasonably strong

Thus, we conclude that the differences in thermodynamic €nergy transfer but little hypochromicity. No significant
parameters derived from the ABS and FET techniques are€nergy transfer was observed for this PNA/PNA pair which
to a great extent due to dye/duplex interactions. This doesSuggests that the formation of imperfect or outer-sphere
not mean that the other potential origin (deviation from a complexes is not the cause of the observed differences
two-state model) of a difference in results between the between the FET and ABS results.
methods can be entirely excluded, although we have no Structure of Duplexes.The average interchromophoric
evidence of additional, precursor complexes as was proposedlistances of the fully hybridized complexes obtained from
in a previous kinetic study of PNA/DNA hybridization using FET measurements were 40 A for the Fl-aha-PNA1/PNA2-
the BlAcore techniquebb). aha-Rh duplex, 54 A for the Fl-ahh-DNA1/PNA2-aha-Rh

One may envisage that the increased hydrophobicity of duplex, 44 A for the Fl-aha-PNA1/DNA2-ahh-Rh, and 51
PNA and lack of electrostatic repulsion when a PNA strand A for Fl-ahh-DNA1/PNA2-ahh-Rh. These distances can be
is involved would increase the probability of formation of compared to the maximum distances, obtained from simple
unspecific complexes. To test this idea, Fl-aha-PNA1 (FI- molecular modeling (Figure 10).
aha-GTAGATCACT-Lys-NH) was mixed with a non- The decameric DNA/DNA duplex was modeled as a
complementary 12-mer PNA labeled with rhodamingNH standard B-form structure. In this case, the fluorophores are
Lys-ATCAACACTGCA-Rh). PNA strands form duplexes attached not only to different ends, but also on opposite
preferentially in an antiparallel configuration, while the strands of the helix which leads to a distance 036 A
parallel configuration has a somewhat lower stabilify. ( between the points of attachment. A PNA/DNA decamer
The test RR-PNA used has the potential to form several was constructed correspondingly, by extending the solution
hydrogen-bonded base pairs antiparallel to the FI-PNA; NMR structure of a PNA/DNA octameb6). The end-to-
however, there would be either unpaired or bulging basesend distance was then estimated to be-32 A. In the case
separating them, so a well-stacked duplex could never beof the PNA/PNA duplex, the corresponding distance is
formed. If some kind of non-base-paired outer-sphere estimated to be 4445 A on the basis of the crystal structure
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of a PNA/PNA hexamerl(0).

Assuming fully extended linker arms, the maximum
distances between the dyes for the labeled PNA1/PNA2,
PNA1/DNA2, and DNA1/DNA2 duplexes are estimated to
be 75, 63, and 65 A, respectively. However, since the linker
arms are flexible, we expect shorter distances, and bearing
in mind the indications of interaction between dyes and
duplexes observed in the CD, anisotropy, and thermodynamic

measurements, the shorter measured distance is a strong

indication that the stack of bases in all duplexes studied is
elongated. This is in agreement with the relatively extended
solution NMR structure of a PNA/DNA octamer and adds
support to that the crystal structure of the PNA/PNA hexamer
is also relevant in solution.

CONCLUSIONS

(1) The hybridization thermodynamics for the formation
of mixed sequence decamer DNA/DNA, DNA/PNA, and
PNA/PNA duplexes have been characterized using fluores-
cence energy transfer (FET), absorption hypochromicity
(ABS), circular dichroism (CD), and isothermal titration
calorimetry (ITC). Overall, the methods give consistent
values of enthalpy and entropy of hybridization, but interac-
tions of fluorescent probes affect the results. We see no
indications of outer-sphere precursor complexes, and the
hybridization can be perfectly described by a two-state
model.

(2) The end-to-end distances obtained for the decameric
PNA/DNA and PNA/PNA duplexes in solution are all found
to agree well with structures determined by NMB6Y and
X-ray crystallographic 10) techniques, indicating that ex-
tended conformations are adopted also in solution.

(3) Fluorescein conjugated via a flexible linker to one of
the strands in the PNA1/PNA2 duplex stabilizes the right-
handed helical form, probably via an electrostatic interaction
between the fluorescein and the adjacent lysine on the
opposite PNA strand. The stabilization leads to a shift of
the equilibrium toward an excess of the right-handed helix.

(4) The fluorescence properties of the dyes, especially
those conjugated to PNAs, are highly temperature dependent,

and the temperature dependence has to be determined if FET30-

experiments are used for quantitative purposes.
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