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ABSTRACT. We studied the formation of triplex DNA in the puria@yrimidine-rich promoter site sequence

of cyclin D1, located at-116 to —99 from the transcription initiation site, with a molecular beacon
comprised of a G-rich 18-mer triplex forming oligodeoxyribonucleotide. Formation of triplex DNA was
monitored by enhanced fluorescence of the beacon, due to the weakening of fluorescence energy transfer,
upon its binding to the target duplex. Electrophoretic mobility shift assay confirmed triplex DNA formation

by these oligonucleotides. In low salt buffer (10 mM™atriplex DNA formation was not observed in

the absence of a ligand such as spermine. At room temperatut€)2he equilibrium association constant

(Kg) calculated in the presence ouM spermine and 10 mM Nawas 3.2x 10° M~L. TheK, value was

1.0 x 10° M~tin the presence of 150 mM Naand it increased by 10-fold by the addition of 1 mM
spermine AH, AS andAG of triplex DNA formation, calculated from the temperature dependenég of

in the range of 2645 °C, were—35.9 kcal/mol,—77 cal/(motK), and—13 kcal/mol, respectively, in the
presence of 150 mM NaCl. The corresponding values wes2.9 kcal/mol,—132.5 cal/(molK), and

—13.4 kcal/mol in the presence of 150 mM NaCl and 1 mM spermine. Structurally related polyamines
exerted different degrees of triplex DNA stabilization, as determined by binding constant measurements.
Comparison of spermine versus hexamine showed a 17-fold increase in the equilibrium association constant,
whereas bis(ethyl) derivatization lead to a 4-fold decrease of this value. In the absence of added duplex
and polyamines, the molecular beacon dissociated with a melting temperaturé®f B@ermodynamic
parameters of beacon melting were calculated from the melting curve, alkHhAS, and AG values

were 37.8 kcal/mol, 112 cal/(mdl), and 4.4 kcal/mol, respectively. These results demonstrate that
molecular beacons can be used for the direct determination of the equilibrium association constants and
thermodynamic parameters of triplex DNA formation in the presence of ligands such as polyamines.

Molecular beacons are a new class of nucleic acid probesfluorescent molecule (donor) and a nonfluorescent quencher
that make use of sequence-specific interaction of nucleic acid(acceptor) attached to thé &d 3 ends, respectively, of an
bases and the phenomenon of fluorescence energy transfewligonucleotide {, 2). When the donor and acceptor are in
They are designed to have a stem and loop structure with aclose proximity, they share electrons and can form a transient

complex that dissipates the energy as héatlq a stable
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(14—18). Transcriptional suppression of genes by stable A-T
triplex DNA formation at the promoter sites of such genes C—G
is an antigene strategy with potential therapeutic implications C—G
(10—13). The triplex DNA technology is directed to inac- G—C
tivate a target gene by a suitably designed oligonucleotide (I:— G
I

that can bind to the target duplex through the major groove
by Hoogsteen or reverse Hoogsteen hydrogen bondidg ( @
15). Cyclin D1 is one of the key cell cycle regulators,

overexpressed in a wide variety of human neoplasms, o '; o Q
including breast canced, 20. Overexpression of cyclin O ‘
D1 is suggested to deregulate cell proliferation and induce #

\
COOH /N O N\\ 0

tumorigenesis41, 22, suggesting that cyclin D1 plays an 0
important oncogenic role. Kim and Mille28) have identi-

fied an 18 nucleotide long purine.pyrimidine rich motif in
cyclin D1 promoter, located at-116 to —99 from the
transcription initiation site, which is capable of forming Fcure 2: Structure of the molecular beacon used in this study,
triplex DNA with a triplex forming oligonucleotide (TFO) with an 18-nucleotide loop region containing the cyclin D1 TFO.
oriented antiparallel to the purine-rich strand. This site is F (Fluorescein) and Q (DABCYL) are the fluorescent donor and
also the SP1 binding region (Figure 1), and the in vitro 2CCePtor (quencher), respectively.

inhibition of SP1 binding by a TFO suggests the possibility
of targeting cyclin D1 for antigene therapeuti@3)

Several experimental techniques have been used to inves
tigate triplex DNA formation, including melting temperature
(T) measurements, circular dichroism (CD) spectroscopy,
electrophoretic mobility shift assay (EMSA), affinity cleav-
age assay, and filter binding ass@y<27). Yang et al. 28)
and Aich et al. 29) have used the fluorescence resonance gy peRIMENTAL PROCEDURES
energy transfer (FRET) and polarization measurements to
directly determine triplex DNA binding constants. In this Oligonucleotides The molecular beacon and the target
technique, the donor and acceptor molecules are fluorescentiuplex DNA strands were purchased from Research Genetics,
and are attached to the TFO and one of the duplex strandsinc. (Birmingham, AL). The synthesis of the beacon mol-
respectively. The emission spectrum of the donor overlapsecule involved first the synthesis of modified synthetic
with that of the acceptor and the transfer of energy occurs gligonucleotides containing a primary amino group co-
as a result of dlpoledlpole COUp"ﬂg between the donor and Va|ent|y attached to the'3end and a Su|fhydry| group
acceptor. As a modification to FRET technique, we propose protected by a trityl moiety covalently attached to thed
a molecular beacon approach in which the molecular beacon(30). The quencher, 4-([4dimethylamino)phenyljazo)ben-
binds to the dUpIeX DNA and forms the tripIeX DNA in zoic acid (DABCYL) was Coup|ed to the' 2nd of the
which the donor and acceptor are no longer in close gligonucleotide. The oligonucleotide was then purified by
proximity due to the opening of the stem structure to single high-pressure liquid chromatography (HPLC), the protective
stranded form, thereby Ieading to enhanced fluorescence. group was removed, and a fluorescein molecule (donor) was

To determine the binding affinity of a TFO targeted to conjugated to the reduced thidl,(2). The molecular beacon
the promoter region sequence of cyclin D1, we designed apossessing both fluorophore and quencher moieties was
molecular beacon that exhibited very low fluorescence purified by HPLC, lyophilized, and used in our experiments.
emission because of energy transfer between the donor and’he structure of the molecular beacon used in our study is
acceptor molecules. There was a 20-fold increase in theshown in Figure 2. The molar concentration of the molecular
fluorescence emission intensity when this beacon bound tobeacon was calculated from UV absorption measurements
the target duplex. We used this increase in fluorescenceat 260 nm using the following molar extinction coefficients
emission intensity to determine the association constant offor each of the bases: 15.4 (A), 11.8 (G), 7.4 (C), and 9.6

(T) mM~tcm™L. The extinction coefficient of the beacon,

! Abbreviations: TFO, triplex forming oligonucleotid&;, melting calculated according to the nearest neighbor approximation
temperature; CD, circular dichroism; EMSA, electrophoretic mobility (31), was 332.6 mM*-cm2. Both fluorescein and DABCYL
shift assay; FRET, fluorescence resonance energy transfer; DABCYL, absorb at 260 nm with extinction coefficients of 9.6 and
4-([4-(dimethylamino)phenyllazo)benzoic acid; HPLC, high-perfor- 10 24 mmi.cmr, respectively; however, their contribution
mance liquid chromatography;-3—3, spermine; 3-3—3—3, 1,15- . .
diamino-4,8,12-triazapentadecane-8-3—4—3, 1,21-diamino-4,9,- O the calculated molar concentration of the beacon oligo-
13,18-tetraazahenicosane; BE, bis(ethyl). nucleotide is negligible <6%).

o o0—

the TFO with its target and evaluate thermodynamic param-
eters associated with triplex DNA formation. In addition,
we used this technique to evaluate the efficacy of the natural
polyamine, spermine (#(CH,)sNH(CH,),NH(CH,)sNH,)

and its synthetic analogues to stabilize the triplex DNA
structure at the cyclin D1 promoter region sequences.
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Table 1: Nucleotide Sequence of Oligonucleotides Used in This Study

oligonucleotide

nucleotide sequence e, mM~t-cm12

TFO
specific duplex (30-mer)

control duplex |
control duplex Il
c-erbB-2 duplex

c-myc duplex

5-GTGGGTGGGGGTGGGGGG-3
'BCCCCTGCGCCCGLLeeeaeeeeecreeeae-3
3-GGGGACGCGGGCGGGGGCGGGGGGAGGGCG-5
5CCGCCCCGCTCCCGCLeecTCeeaeeceacececee-3
3-GGCGGGGCGAGGGCGGGAGGGCGGGCGGGG-5
5-CCGCGCGGCCCTGCGCCGLCTCGGLGLGGeE-3
3-GGCGCGCCGGGACGCGGCGAGCCGCGCCGG-5
5CCCTCCTCCTCCACCTCCTCCTTCTCCT-3
3-GGGAGGAGGAGGTGGAGGAGGAAGAGGA-5
5CTCCTCCCCACCTTCCCCACCCTCCCCACCCTCCC CA-3
3-GAGGAGGGGTGGAAGGGGTGGGAGGGGTGGGA GGGGT-5

a ¢ values were calculated by the nearest neighbor approximation medfpd (

Control oligonucleotides were purchased from Oligos, Etc.
(Wilsonville, OR). These oligonucleotides were of the HPLC
level | purification grade and certified to contaird0% full
length oligonucleotide by capillary electrophoresis analysis.
The remaining material was mainly n-1 and n-2 length
oligonucleotides. Each oligonucleotide was checked for
integrity by 8-radiolabeling, followed by gel electrophoresis.
[y-32P]ATP was purchased from NEN Life Science Products,
Inc. (Boston, MA), and T-4 polynucleotide kinase, from Life
Technologies, Inc. (Rockville, MD.) We used the 30-mer
target duplex of the TFO and control duplexes for examining
the binding of the molecular beacon to form the triplex DNA.
Additional controls included the purirgoyrimidine-rich
promoter region sequences ofrycand cerbB-2 oncogenes
(31—33). The nucleotide sequence and extinction coefficients
of the oligonucleotides used in this study are given in Table
1.

Polyamines SperminglHCI| was purchased from Sigma
Chemical Co. (St. Louis, MO). The polyamine analogues
1,15-diamino-4,8,12-triazapentadecane-83-3—3, H,N-
(CH2)3NH(CH2)3NH(CH2)3NH(CH2)3NH2) and 1,21-diamino-
4,9,13,18-tetraazahenicosane-{3-3—4—3, H,N(CH,)sNH-
(CH2)4NH(CHz)gNH(CH2)4NH(CH2)3N H2) were Synthesized
and characterized as described earligd).( Bis(ethyl)-
Spermine (853—4—3, H5C2HN(CHz)gNH(CH2)4NH(CH2)3-
NHC;Hs) and BE-3—3—3—3 were also synthesized by
methods previously describe@4). (These compounds are

used was 10 mM Na cacodylate, pH 7.4, containing 0.5 mM
EDTA, unless otherwise specified. Fluorescence emission
spectra were recorded between 495 and 700 nm upon ex-
citation at 485 nm with a bandwidth of 5 nm for the excita-
tion and emission. A cylindrical quartz cuvette with volume
capacity of 35QuL was used for these measurements. The
experimental concentration of the molecular beacon was 10
nM, and that of the duplex target varied from 1 to 500 nM.
For fluorescence measurements at different temperatures,
a water-jacketed cell holder was used. The temperature of
the cell holder was controlled by a NESLAB (Portsmouth,
NH) water bath (model RTE 111) with a temperature sensor
attached to the sample chamber. For the measurement of
thermodynamic parameters using Ka versus 1T plots,
triplex DNA was preformed and incubated overnight as
described earlier and kept at the desired temperature for 30
min to attain equilibrium, before taking the readings. The
increase in fluorescence intensity leveled offf0 min of
mixing the oligonucleotides (ODNSs). The reversibility of the
dissociation of triplex DNA and the beacon was studied by
heating/cooling at a rate of 0.8C/min. The triplex DNA
stabilized by NaCl/spermine was stable up t*@5and then
dissociated to beacon structure. The melting temperature of
the beacon was determined to be &7 in the presence of
150 mM NaCl. To eliminate any effect from the beacon
dissociation in the evaluation of thermodynamic parameters
of triplex DNA, the isothermal measurements were done

abbreviated by a number system using the number of between 15 and 48C. These measurements were carried
methylene groups between the primary and secondary aminut in a standard 1 cm quartz cuvette.
groups.) The chemical structure and purity of the synthesized Melting Temperature () MeasuremenfThe T,, measure-

compounds were determined by elemental analysis, NMR,

HPLC, and mass spectrometry. Stock aliquot (20 mM) of

ments of the triplex DNA and beacon molecule were done
at a heating rate of 0.5C/min, with the fluorescence

the polyamines were prepared in deionized and distilled emission intensity at 515 nm and temperature recorded every

water, and appropriate dilutions were made for each experi-

ment.
Preparation of Triplex DNADuplex DNA was first pre-

pared by annealing equimolar concentrations of the corre-
sponding single strands. The target or control duplex, molec-

30 s. The cooling curve of the beacon was obtained by
decreasing the temperature at a rate of T3min and
recording the fluorescence intensity at 515 nm as a function
of temperature. Fluorescenegemperature profiles of the
triplex DNA and beacon molecule were recorded in 10 mM

ular beacon, and appropriate concentrations of polyaminesNa cacodylate buffer (pH 7.4), containing 140 mM NaCl.

were incubated for 5 min in a water bath at®5 cooled to
room temperature, and incubated for 16 h at°@2before

The melting profile of the triplex DNA was also generated
under the same buffer and NaCl concentration with 1 mM

use in fluorescence measurements. The buffer used was 1@permine.T, values were taken as the temperatures corre-

mM Na cacodylate (pH 7.4) with or without NaCl.
Fluorescence Measuremeni&he fluorescence measure-

ments were carried out using a Fluoromax-2 spectrofluo-

sponding to half-dissociation of the triplex/duplex/beacon,
and the reproducibility was within 4C between individual
experiments.

rometer (Instruments SA, Edison, NJ). All the measurements  Calculation of Equilibrium Association/Dissociation Con-

were done at room temperature (2€), except for the

stant and Thermodynamic Parameterie binding of duplex

temperature-dependent fluorescence measurements. The buff¢D) and the single-stranded TFO (S) to form a triplex DNA
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(T) can be represented as: 12
D+S=T (1)

At equilibrium, the association constar, is given by 1

Ko = [TVIDIS] = 1K, 2 )

whereKy is the dissociation constant of the triplex DNA.
In the molecular beacon experiment, the fluorescence
emission intensity of fluorescein increases on triplex DNA
formation due to linearization of the beacon structure and
the removal of the acceptor moiety (DABCYL) away from
fluorescein to prevent energy transfer. In our experiment,
the concentration of the duplex is increased while that of
the beacon is kept constant. At any given concentration of
the duplex, the observed intensity 0

Fluorescence Intensity (cps) x 10-5
-2

| L i
obs= ls T 17 (3 500 550 600 650

X . Wavelength (nm)
where |Is and I+ are the fluorescence intensities of the

unbound and bound (in the form of triplex DNA) beacon, Ficure 3: Fluorescence emission spectra of the molecular beacon

respectively. Concentration of the triplex at any concentration gh?fff}?ﬂt;%n%%?f{;m?gs gfst%g,\ﬁtggﬁ’.lg);'r?dlf 4n8|\rllm\l\/llaNc:élod_lyrl]aete
of duplex is calculated from the fluorescence emission concentration of the duplex increased from 0 to 100 nM 1:

intensity using the equations where[ the total concen- 0, 0.1, 0.25, 0.5, 1, 2.5, 5, 7.5, 10, 15, 20, 25, 37.5, 50, 75, and
100 nM). Concentration of the molecular beacon was 10 nM. All

[T] = {[|Obs— |S°]/[|T°° — |S°]}[SO] (4) measurements were performed at°Z2
[ — 1°][T] parameters of the beacon stem melting using a procedure
lpe= 1 + -r _s&7 (5) described by Bonnet et al3§). According to this method,
[Sol the dissociation constant of the beac#®" is represented

tration of beacon andys Is°, and I+* are the observed by the equation

fluorescence emission intensity and that of the free and totally b_ _ _
bound beacon, respectively. Ko ={(F =By = P} )
If “ o is the fraction of beacon that is converted to triplex

. whereF is the observed fluorescence intensity at a given
DNA, eq 2 can be written as Y -

temperature an@ andy are the fluorescence intensities of
K.={(ID.1 - oISNIST — aISDY/ S 6 the beacon in the closed and open forms, respectively. The
a=1(Pdl [SoD(Sdl [SoD}aiSd - (6) values of 5 and y were measured at 15 and 8,
where [Q] is the total concentration of the duplex. Expanding respectively. SincAG = —RTIn K, = AH — TASandKq

the equation, = 1/K,,

a={b— (b®— 4[SJID))"3/2 7) RI{(y —F/(F — )} = —AHIT+ AS  (10)
whereb = [Dg] + [Sq] + Kq. Since [T]= o[Sy], substituting Using this relationshipAH and AS were determined from
for T in eq 5 results in the slope and intercept of a plot Bfin{(y — F)/(F — 5)}

versus 1T. In these equation® is the gas constant ardis

[ =157 , y the absolute temperature (K).
lops=Is” + W{b — (b* - 4[SJD D3 (8) Electrophoretic Mobility Shift Assay (EMSA)e purine-
rich strand of the duplex was-8nd labeled with }-32P]-
Kq is determined by fitting the above equation to thgvs ATP and then annealed to its complementary pyrimidine-
[Do] curve using the Sigmaplot software. rich strand by heating at 90C for 10 min and cooling

The free energy of triplex DNA formatiom\G) at room overnight. The duplex target was incubated with the TFO
temperature (22C) was calculated from the standard relation @nd appropriate concentrations of the polyamine analogue
AG = —RTIn K, whereRis the universal gas constant and (3—4—3—4—3) in binding buffer containing 20 mM Tris-

T is the absolute temperature. borate_ (pH 7.8) and 5 mM Mg&lSamples were mcubated

The thermodynamic parametexsl, AS andAG of triplex ove_rnlght at 37°C,_separated by ele_ctrophore3|s_ on 10%
DNA formation were determined from the temperature Native polyacrylamide gels at 150 V in 90 mM Tris-borate
dependence of equilibrium association constant of triplex (PH 7-8) and 5 mM MgGl and analyzed by autoradiography.
DNA formation.AH andASwere determined from the slope RESULTS
and intercept of IrK, vs 1T plot according to the equation
In Ka = —(AH/RT) + ASR. Triplex DNA Formation in the Presence of 150 mM NacCl

Molecular beacon contains a loop structure and a stableFigure 3 shows the results of our fluorescence studies on
stem formed by WatsonCrick base pairing of the comple- the binding of the molecular beacon to its 30-mer duplex
mentary nucleotides. We determined the thermodynamic DNA target in cacodylate buffer with 150 mM NaThe
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Ficure 4: Plots of fluorescence emission intensity of molecular
beacon at 515 nm and 2€ with increasing concentration of target
duplex. The experimental conditions were the following: 10 mM
Na" (O); 150 mM Na (®); 150 mM Na + 1 mM spermine &)

The solid lines are the fitted curves according to eq 8 given in the
text.

Table 2: Equilibrium Association Constants of Triplex DNA
Formation at 22 C

Na*, mM polyamine (concn) Ka M™12
10 none b
3—4-3 (spermine) (kM) 3.2x 1C°
BE—3-4—3 (1uM) 7.2 x 107
3-3-3-3 (1uM) 1.4 x 10°
BE—3-3-3-3 (1uM) 3.6 x 108
3-4-3-4-3 (LuM) 5.3 x 10°
15¢° none 1x 1¢°
3—4-3 (spermine) (1 mM) x 109
3—-3-3-3 (1 mM) 7.9x 10°
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Ficure 5: Fluorescence emission spectra of molecular beacon at
different concentrations of target (A) or nonspecific (control duplex
1) (B) duplex in 10 mM Na cacodylate buffer, pH 7.4, containing
0.5 mM EDTA and 1uM spermine. The concentration of the
molecular beacon was 10 nM. Concentrations of duplex in figure
A were the following (nM): 1, 0; 2, 1; 3, 5; 4, 10; 5, 20; 6, 50;
7,100; 8, 250; 9, 500. For Figure B, the nonspecific duplex
concentrations were the following (nM): 1, 0; 2, 1; 3, 10; 4, 50; 5,
100; 6, 500. Molecular beacon and the target/control duplex were
incubated with spermine at 9% for 5 min and equilibrated at
room temperature for 16 h before use in fluorescence measurements.
All measurements were performed at 22

Effect of Polyamines on Cyclin D1 Triplex DNA Forma-
tion. The naturally occurring polyamine, spermine, and its
synthetic analogues are known to stabilize triplex DNA

aKavalues were calculated from fluorescence intensity versus duplex formation in both the pyrimidine- and purine-motif triplex

concentration plots generated at 22. Average values from 2 to 4
measurements are presented. The reproducibility was within 108b.
triplex DNA formation was observed in the presence of 10 mM Na
cacodylate buffer For increase of the Naconcentration to 150 mM,
140 mM NacCl was added to the 10 mM Na cacodylate buffer.

molecular beacon is weakly fluorescent in the buffer and in

DNA models 36—39). Therefore, we examined the ability
of spermine and several structurally related synthetic
polyamines to stabilize triplex DNA formation at the cyclin
D1 promoter target site using the molecular beacon. Figure
5A shows the effect of LM spermine on the fluorescence
intensity of the beacon in the presence of different concentra-

the presence of low concentrations of duplex; however, its tions of the 30-mer duplex target in 10 mM Na cacodylate
emission intensity increased with duplex concentration and buffer. There was a concentration-dependent increase in

stabilized at~20-fold higher intensity, as compared to that

fluorescence intensity up to & 1078 M duplex (beacon-

of the beacon alone. The fluorescence intensity versus duplexo-duplex ratio of 5), beyond which the intensity plateaued.
concentration plot showed that, in the presence of 150 mM In contrast, there was no increase in the fluorescence intensity
NaCl, the beacon binding was saturated at a duplex concenfrom the beacon when the duplex DNA was substituted by

tration of ~4 x 1078 M, i.e. beacon to duplex molar ratio
of 4 (Figure 4). The triplex DNA binding constant calculated
from this plot was (1.0 0.6) x 10° M~ (Table 2).

a control duplex (Figure 5B). We determined the association
constants of cyclin D1 triplex DNA formation in the presence
of polyamines, and these values are presented in Table 2.

The fluorescence intensity of the beacon did not change Although there was no indication of triplex DNA formation

significantly with increased concentrations of the 30-mer
duplex in the presence of the 10 mM Na cacodylate buffer
alone, suggesting the inability of 10 mM Nalone to

support the triplex DNA formation. To determine whether

in Na cacodylate buffer alone, evemui spermine stabilized
the triplex DNA with an association constant of 3x210°
M~1L Bis(ethyl)spermine was less effective than spermine
in stabilizing triplex DNA formation; however, the pentamine

the binding of the molecular beacon to the duplex target was (3—3—3—3) and hexamine (34—3—4—3) analogues of
sequence specific, we used 4 control sequences (Table 1)spermine were more efficient, with a 17-fold increased
These included scrambled sequences without and with 7 Gassociation constant in the presence o#3-3—4—3 com-

— C base substitutions and the G-rich promoter region
sequences of mycand cerbB-2 promoters. In all cases,

pared to the same concentration of spermine.
Increased stabilization of triplex DNA was also found with

there was no increase in the intensity of the beacon whenspermine in the presence of 150 mM NacCl (Figure 4 and

mixed with these duplexes up to a concentration of°1@
in the presence of 150 mM NacCl. (Results not shown. Also
please see Figure 5B.)

Table 2). There was a 10-fold increase in the association

constant in the presence of 1 mM spermine and about 8-fold
increase in the presence of the pentamine3-33—3.
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Ficure 6: Determination of thermodynamic parameters from Ficure 7: Fluorescencetemperature profiles of triplex DNA
temperature-dependent association constant validswas cal- formed from the molecular beacon (10 nM) and 30-mer duplex

culated from the slope, aniS, from the intercept. The experimental  target (50 nM) in the absenc®) and presencea) of 1 mM
conditions were 150 mM Na(®), 150 mM N& + 1 mM spermine  spermine. The experiments were performed in 10 mM Na cacody-
(4), and 150 mM Na + 1 mM 3-3-3-3 (H). late buffer containing 140 mM NaCl. The melting profile of the
beacon®) in the absence of duplex DNA (in 10 mM Na cacodylate
Table 3: Thermodynamic Parameters of Triplex DNA Association  buffer containing 140 mM NacCl) is also shown for comparison.

and Beacon Stem Melting The fluorescence data were collected at a heating rate of@.5
min.
Na*, polyamine AH, AS AG,
mM (concn) kcal/mol kcal/mol kcal/mol 8e+5
TFO binding 150 none —-359 77 —13.0 D 7045
150 spermine,1mM -52.9 -1325 -13.4 a enT
150 3-3-3-3,1mM -43.4 -103.1 -12.7 = gess|
beacon stem 150 none 378 112 4.4 2
melting® g Se+5 |
@ Thermodynamic parameters of TFO (beacon) association with its & e+5
duplex target were determined from Figure 6, as described in the text. g I
b Thermodynamic parameters of the beacon stem melting were deter- 2 3045 | /

mined from Figure 8. The parameters are listed as positive units because §
the measurements are based on the dissociation of the beacon stem®  2¢45|

2
o
To determine the thermodynamic parameters of triplex £
DNA formation, we next determined the, values in the Oe+0 ‘ » . . . , ,
presence of 150 mM NacCl, 150 mM NaCt 1 mM 0 20 3 4 50 60 70 80 90
spermine, and 150 mM NaCt 1 mM 3—3—3—3 under Temperature, °C

different (15-45 °C) isothermal equilibrium conditions.  Ficure 8: Heating () and cooling ®) curves of the molecular
Thermodynamic parameters were calculated from the tem-beacon in 10 mM Na cacodylate buffer containing 140 mM NaCl.

perature dependence Kf, values, using van't Hoff's plots ~ Both curves were generated at a rate of Wémin.
(Figure 6 and Table 3)AH, AS andAG values of triplex )
DNA stabilized by 150 mM NaCl were-35.9 kcal/mol,—77 DNA formed in the presence of 150 mM Nat 1 mM

cal/(motK), and—13 kcal/mol. There was a decreasehH ~ SPermine, with &, value of 55°C, indicating the stabiliza-
and AS values when 1 mM spermine was present. For the fion of cyclin D1 triplex DNA by the polyamine. The
triplex DNA stabilized by 150 mM NaCl and 1 mM-3— fluorescence intensity increased at higher temperatures,
3—3, the AH, AS, and AG were —43.4 kcal/mol,—103.1 indicating the thermal melting of the stem of the beacon
cal/(molK) and —12.7 kcal/mol. molecule. TheT, value of this duplex stem was 6T in

Thermal Denaturation of Triplex DNA and Molecular the presence of 150 mM NaThis T, value was confirmed
Beacon Figure 7 shows a comparison of the melting profile 10 be that of the beacon stem by independently performing
of triplex DNA and the beacon. Triplex DNA was associated & mMelting experiment of the beacon molecule in the presence
with high fluorescence emission because the beacon isOf 150 mM N&'. The melting of the stem, however, occurred
present in its linear form. The fluorescence intensity of triplex at & temperature higher than 8Z in the presence of 1 mM
DNA increased by~25% upon increasing the temperature SPermine. This res_ult indicates t_ha_t duplex s_tem is a_lso
from 15 to 45°C. There was a sharp decrease in the Stabilized by spermine, a result similar to previous studies
fluorescence intensity between 45 and°&2in the case of 0N duplex DNA stabilization by polyaminedq).
triplex DNA formed in the presence of 150 mM Nawith We also examined the reversibility of the duplex stem
a Ty, value of 48°C. The decrease in the fluorescence melting by recording the heating and cooling profiles of the
intensity is an indication of the dissociation of the beacon beacon in 10 mM Na cacodylate buffer in the presence of
TFO from the duplex and its reconstitution to the closed 140 mM NacCl (Figure 8). The heatirgooling curves were
beacon form. The decrease in the fluorescence intensitynearly superimposable, suggesting the absence of hysteresis
occurred between 50 and 6C in the case of the triplex = phenomenon. Therefore, we determined the thermodynamic
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8 Since the buffer used for EMSA experiment contained 20
mM Tris-borate and 5 mM MgG| we further examined
triplex DNA formation under these conditions by fluores-
cence spectroscopy using the molecular beacon. The binding
pattern was the same as observed in the presence of 150
mM NacCl. The fluorescence intensity increased by 15-fold
in the presence of 50 nM duplex (beacon-to-duplex ratio

5) and plateaued thereatfter.

RIn{(y-F)/(F-B)}

DISCUSSION

-8 . The data presented in this paper demonstrate the applica-
10 . . . . tion of a molecular beacon technique for the direct deter-
0.0027 0.0028 0.0029 0.0030 0.0031 0.0032 mination of equilibrium association constants and thermo-

1T dynamic parameters of triplex DNA formation at the cyclin

FiGURE9: Thermodynamic characterization of beacon stem melting. D1 promoter sequence under different environmental condi-
The AH and AS values were determined from the slope and tions. The molecular beacon approach has advantages in the
intercept of a plot oRIn{(y — F)/(F — )} against IT, according  selective determination afH, AS andAG of triplex DNA
to eq 10 in the text. formation at low temperatures-@5 °C) without interference
from duplex or the beacon stem. The duplex is nonfluorescent
and the dissociation of the beacon stem occurs at a higher
temperature T, = 67 °C) than that of triplex DNA
dissociation. Hence this approach is more useful for deter-
mining the thermodynamic parameters of triplex DNA
formation than the conventional UV melting studies, in which
the difference in the melting temperature of duplex and
triplex DNA is rather small and deconvolution to the
corresponding melting profiles is often difficult. Moreover,
equilibrium conditions are compromised in both melting

Duplex,yM 0 .01 .01 .01 .01 .01 .01 .01.01
TFO, uM o 0 1t 1 1 11 11
34343,y)M 0 0 0 051025 5 7510

T— m temperature- and EMSA-based determination of thermody-
D — - namic parameters of triplex DNA formation.

The molecular beacon approach may also be more useful
s @ than other fluorescence-based approaches, such as FRET and

fluorescence polarization measurements to study triplex DNA
formation @8, 29. Polarization of a fluorescent molecule
depends on the rotational flexibility and orientation of the
dipole moment of the fluorophore. Therefore a difference
in size alone may not necessarily change the polarizability
of the molecule significantly. In the FRET approach, TFO
and one of the duplex strands have to be fluorescently
labeled, and hence, the extension of this technique to cellular
FiGURE 10: Autoradiogram showing the effect of-3—3—4—3 applications is not feasible. In contrast, the donor and
on cyclin D1 triplex DNA formation. Lanes 1 and 2 represent the acceptor tags are present in the same beacon oligonucleotide,
labeled 30-mer purine-rich strand and the duplex, respectively. and therefore, beacon molecules can be targeted to cellular
parameters of the beacon melting from the slope and intercepstudies for real-time determination of the third strand
of a plot of R In{y — F)/F — j)} against 1T (Figure 9). hybridization with the genome. The molecular beacon, which
The calculated values &H, AS, andAG were 37.8 kcal/ is “dark” in the closed state, will be fluorescent or “shining”
mol, 112 cal/(molK), and 4.4 kcal/mol, respectively (Table after its hybridization because of its low background signal.
3). Triplex DNA formation at the cyclin D1 promoter was
Triplex DNA Formation Monitored by EMSAo confirm previously studied by Kim and Miller2@); however, we
the triplex DNA formation by cyclin D1 TFO and its duplex  found the ability of spermine and its analogues to facilitate
target, and its stabilization by polyamines, we used EMSA. triplex DNA formation at this target. Positively charged
Figure 10 shows the triplex DNA formation of the 18-mer ligands such as the polyamines have a demonstrated stabiliz-
TFO with the 30-mer target duplex (TFO to duplex molar ing effect on triplex DNA, partly because of their ability to
ratio = 100) at different concentrations of-3—3—4—3. shield the increased negative charge density created by the
EMSA results show a significant level of triplex DNA  association of three DNA strand374—40). For example, the
formation in the absence of the polyamine analogue in a phosphate charge distance in single-stranded, duplex, and
buffer containing 20 mM Tris-borate and 5 mM MgCl  triplex DNA are 4.3, 1.7, and 1.1 A, respective0f. The
Addition of 0.5-5 uM of 3—4—3—4—3 caused an increase K, values of the triplex DNA stabilized by spermine;3—
in triplex DNA formation, leading to 100% conversion of 3—3, and 3-4—3—4—3 were 3.2x 1%, 1.4 x 1(°, and 5.3
the labeled duplex to triplex DNA at &M of 3—4—3—4— x 10° M1, respectively, at 10 mM Na cacodylate buffer.
3. Thus, the “polyamine effect” increases with the number of
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positive charges on the polyamine. Bis(ethyl)polyamines are studies on the hybridization of molecular beacons to their
less effective than their nonbisethylated counterparts, a resultcomplementary and noncomplementary strands using dif-
in conformity with the efficacy of these compounds in ferent colored probes showed significant selectivity in the
stabilizing duplex DNA 41). In addition to their positive  recognition of the specific target by these beacd#. (In
charge, polyamines also exert structural specificity effects addition to scrambled sequences with some changes in bases,
in stabilizing triplex DNA @7, 42, suggesting possible we used 2 other duplexes, thergrcand cerbB-2 promoter
contributions from site-specific interactions of polyamines region sequences, as controls. The lack of an increase in
with triplex DNA. fluorescence intensity of the beacon in association with these
Most of the reported values of th&H of triplex DNA sequences indicates lack of cross-reactivity between the
are for pyrimidine motif triplex DNA, and the average value cyclin D1 TFO and anyc and cerbB-2 gene promoter
is in the range of 28 kcal/base for the third strand base sequences despite the presence of G-rich sequences in the
hydrogen bonding43, 44. Scaria et al.45) reportedAH oligonucleotides. This result is important to design gene
values of 2.4, 4.5, and 3.8 kcal/(miohse) for 10-mer purine/  specific TFOs for antigene therapeutics.
pyrimidine, purine, and pyrimidine motif triplexes, respec-  The presence of a-6C-rich sequence in cyclin D1 makes
tively, from calorimetric determination, showing that the it a target for the binding of the transcription factor SP1
mixed purine/pyrimidine sequences are the least stable. The(Figure 1). Kim and Miller 23) showed the binding of cyclin
sequence used in the present study is purine rich but contain®1 duplex to recombinant SP1 and prevention of the binding
three pyrimidine bases also. The averag¢value obtained  on triplex DNA formation. The increased extent of triplex
per third strand base in the present study (2.4 kcal{mol DNA formation in the presence of polyamines, at a fixed
base) for third strand base pair) is also in this range. The duplex:TFO ratio in EMSA (Figure 10), further suggests that
decrease in the value of the thermodynamic paramat&ts, polyamine analogues such as8-3—4—3 can be effective
AAS andAAG, 17 kcal/mol, 55.5 cal/(meK), and 0.4 kcal/l  secondary ligands to facilitate triplex DNA-mediated tran-
mol, respectively, in the presence of spermine as comparedscriptional inactivation.
to that in the presence of NaCl is a measure of the triplex |, the context of the present study, it is important to
DNA stabilizing effect of the polyamine. It is important o mention that fluorescence-based techniques are increasingly
note that the difference iAG is negligible despite a large  peing employed for studying biomolecular interactions,
decrease im\H. This is due to the corresponding decrease incuding the structural and conformational transitions of
in AS. This type of enthalpyentropy compensation is a pnA and protein-DNA interactions because of the sensitiv-
general property of weak biomolecular interactiod$)( j of the technique and the ease of experimentation. These
including DNA melting @7), protein unfolding and confor-  techniques are fast, very sensitive, nonradioactive, and
mational transitions48, 49, and drug-DNA interactions  nondestructive in nature. They can be used for fast and
(50). Although the origin of this phenomenon remains accurate determination of thermodynamic and kinetic pa-
obscure, water molecule reorganization around the macro-rgmeters of triplex DNA formation28, 29. FRET between
molecule cont(ibutes significantly to the enthalpy and entropy yonor and acceptor molecules attached to separate linear
changes but little to the free energy change. strands of DNA was found to be a suitable method for
The molecular beacon molecule has three parts. The centrakydying inter- and intramolecular associations of DNA, like
partis the TFO. The distal parts are mutually complementary pNA triplex and tetraplex formation56), and for the
and form WatsorCrick double-stranded stem structure —getermination of the orientation of the third strand along the
when the molecule is free in solution. The stem must melt g pjex target. Since the concentration of fluorescent probes
when the beacon molecule binds to a duplex to form triplex required is much lower than that necessary for other
DNA. Therefore, we determined tfig, and thermodynamic  conyentional methods, such as UV, CD and NMR spectros-

parameters of the stem melting (Figures 8 and 9; Table 3). copy and EMSA, problems associated with intermolecular
The AH value obtained for the beacon stem (6.3 kcal/base 35sociation are minimized in this technigs 57.

pair) is close to the average value for duplex melting ( In conclusion, the results presented in this paper demon-

kcal/mol t;lasehpalr) 2, 43’. SE53. Bonne;c et al. §5) strate the use of a molecular beacon to monitor the formation

;eportgt;l the Ct: Ge(r:r_rr1(():dyn§m|c paralmeters ot a be:con dsfnhnd stabilization of triplex DNA at a therapeutically impor-

orme rorg | and its Cgmpﬁ mentakry strand, an btl € tant target and to determine the association constants of TFO/

éﬂhéiszeéggtae?niisnf dp?)r;eusm that work are comparable duplex binding. This technique also allows the measurement
) of triplex DNA melting temperature, determination of

It is important to note here that triplex DNA fqrmat|on thermodynamic parameters, and the evaluation of ligand
between the beacon and the 30-mer duplex used in our studySpeciﬁcity effects on triplex DNA formation

might have involved hydrogen bonding from the stem part
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