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ABSTRACT. DNA triple helices offer exciting perspectives toward oligonucleotide-directed control of gene
expression. Oligonucleotide analogues are routinely used with modifications in either the backbone or
the bases to form more stable triple-helical structures or to prevent their degradation in cells. In this
article, different chemical modifications are tested in a model system, which sets up a competition between
the purine and pyrimidine motifs. For most modifications, &té° of purine triplex formation is close to

zero, implying a nearly temperature-independent affinity constant. In contrast, the pyrimidine triplex is
strongly favored at lower temperatures. The stabilization induced by modifications previously known to
be favorable to the pyrimidine motif was quantified. Interestingly, modifications favorable to the GT
motif (propynyl-U and dU replacing T) were also discovered. In a system where two third strands compete
for triplex formation, replacement of the GA or GT strand by a pyrimidine strand may be observed at
neutral pH upon lowering the temperature. This purine-to-pyrimidine triplex conversion depends on the
chemical nature of the triplex-forming strands and the stability of the corresponding triplexes.

Triple helices were first observed in 1957 for polyribo- same structuregj; a “TCG” triplex with a parallel orientation
nucleotides?). This observation gave rise to a new approach of the third strand is formed with HoogsteernAFT,
for sequence-specific recognition of double-stranded DNA: C-G*C+, and CG*G base triplets9). A high divalent cation
an oligonucleotide can recognize a double-stranded DNA concentration and a relatively high divalent/monovalent
target in a sequence-specific manner and form a local triple cation concentration ratio are often required for GT, GA,
helix (2, 3). Intermolecular triple helix formation has been and GTA triple helix formation.
conceived as a possible tool to control gene expression at Several problems still limit the use of oligonucleotides as
the transcriptional level] or induce site-specific mutations  potential drugs such as cell penetration of the TrOQd
(5). At least three structural classes of triple helix exist that accessibility of the DNA target. Chemically modified oli-
differ in the base composition of the third strand, in the gonucleotides have been designed to enhance their physi-
relative orientation of the phosphatdeoxyribose backbone, ological stability and to overcome the rapid degradation of
and in the thermodynamic parametess (n the first class, phosphodiester oligonucleotides by cellular nucleases. Dif-
the pyrimidine motif (TC motif), the third strand binds ferent modifications have been proposed involving either the
parallel to the purine strand of the duplex by Hoogsteen phosphate group [phosphorothioat&g)( phosphorodithio-
hydrogen bonds, forming-A*T and C-G*C+- triplets. This ates, methylphosphonated1j] or the sugarphosphate
class of triple helix is stabilized by an acidic pH. In the backbone [20-methyl-nucleotides12, 13, phosphorami-
second class, the GA motif, oligonucleotides containing dates 14), morpholino (5), and PNA (6)]. Binding of a
guanines and adenines bind in an antiparallel orientation tothird-strand oligonucleotide to a target duplex generally
the purine strand of the duplex by reverse-Hoogsteenresults in a thermodynamically weaker interaction than
hydrogen bonds, forming ‘G*G and T-A*A base triplets. observed for duplex formation itself6( 17, 1§. Base
The third class of oligonucleotides composed of thymines modifications have therefore been studied in an attempt to
and guanines, the GT motif, can bind either parallel or stabilize triple-stranded structures [e.g., 5-methyl-tig} &nd
antiparallel to the purine strand of the duplex, depending on 5-propynyl-dU @O0) for C and T, respectively].
the base sequenc&)( Some triple helices are hybrids In this report, we address the possibility of forming a triple
between these different classes: a “GTA” triplex is formed helix with various modified TFOs compared to isosequential
when GG*G, T-A*T, and T-A*A triplets are presentinthe  phosphodiester oligonucleotides (Figure 1A,B). We limited
our analysis to commercially available oligonucleotides. We
used a model system, which allows the formation of 9 base
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Table 1: List of the Oligonucleotides Tested in This Study

name sequence'(53) backbone sugar (P € (x107®)
Duplex Short Strands
9Pu GAAGAGAGG — H 104
9Py CCTCTCTTC - H 69
Pyrimidine Motif Clamp
22Py CCTCTCTTCCTTCTTCTCTCC - H 168
22PyS CCTCTCTTCCTTCTTCTCTCC PS H 168
22PymP CCTCTCTTCCTTCTTCTCTCC mP H 168
22PyRNA CCTCTCTTCCTT cuucucucc - OH 172
22PyOMe CCTCTCTTCCTT cuucucucc - OMe 172
22PymC CCTCTCTTCCTTMTTMTMTMC - H 168
22PydU CCTCTCTTCCTTCUUCUCUCC - H 172
22PypU CCTCTCTTCCTTCPPCTCPCC - H 171
22PypumC CCTCTCTTCCTTMPPMPMPMC - H 172
22PyOmC CCTCTCTTCCTT muumumumc - OMe 172
(G, T) Motif Clamp
22GT GAAGAGAGCCCTTGGTGTGTTG - H 218
22GTS GAAGAGAGRCTTGGTGTGTTG PS H 218
22GTmP GAAGAGAGECTTGGTGTGTTG mP H 215
22GTRNA GAAGAGAGQGCCTTgguguguug — OH 222
22GTOMe GAAGAGAGGQGCCTTgguguguug - OMe 222
22Gdu GAAGAGAGRCTTGGUGUGUUG - H 222
22GhU GAAGAGAGQCCTTGGBGBGBBG - H 222
22GpuU GAAGAGAGQCCTTGGPGPGPPG - H 222
(G, A) Motif Clamp
22GA GAAGAGAGGCCTT GGAGAGAAG - H 235
22GAS GAAGAGAGQCCTTGGAGAGAAG PS H 235
22GAmMP GAAGAGAGCCCTTGGAGAGAAG mP H 235
22GARNA GAAGAGAGCCCTTggagagaag - OH 235

a Column 1 lists the abbreviated name, followed by the primary sequence of the oligonucleotide (column 2), and the extinction coefficient at 260
nm calculated according to Cantor et al. (far-right colun2¥).(The abbreviated name follows the following convention: the length of the oligomer
(in nucleotides) is followed by the nature of the strand involved in the WatSuitk duplex (for short oligonucleotides) or the nature of the third
strand (Py, GA, or GT). The sequence is writtérid3 for all oligonucleotides. For the 22-mers, the primary sequences have been designed with
the following rules: the WatsenCrick complementary bases are located at the start of the sequéndeénéy are followed by the same connecting
loop (CCTT, boldface characters) and then by the triplex part (italics). RNA a@Me bases are shown by lowercase letters. Abbreviations: M
= 5-methylcytosine; P= 5-propynyluracil (or “pU"); B= 5-bromouracil (or “bU").¢ is given in M~ cm™2,

triplets [T-A*T and C-G*C+ in the pyrimidine (TC) motif, recognizes the WatserCrick C-G base pair and forms
T-A*A and C-G*G in the purine (GA) motif, TA*T and specific hydrogen bonds, “*”, with the guanine on the purine-
C:G*G in the GT motif 6, 8] on an oligopurine- rich strand of the duplex. The sequences of most of the
oligopyrimidine target duplex of 9 base pairs. The sequencesoligodeoxynucleotides investigated are listed in Table 1. We
of all oligonucleotides are given in Table 1. The asymmetry adopted the following convention for all the oligodeoxy-
of the sequence is a design feature which allows a corenucleotides: the first number indicates the length of the
Watson-Crick duplex to form in all cases without interfer-  oligodeoxynucleotide followed by the composition of the
ence from the additional third strand. UV melting was used third strand (Py or GT/GA) followed by the modification
to monitor the stability of the various complexes, and, based (e.g., S for a phosphorothioate backbone and dU for
on theTys, phase diagrams were constructed indicating the deoxyuracil base substitution). The simple Pu/Py label
relative stabilities of the complexes. Only a few articles deal indicates whether the oligonucleotide is involved in the
with a comparison of all three types of oligodeoxynucleotide purine or pyrimidine part of the duplex. Most melting curves
third strands §, 21—24), and none deal with a quantitative shown in this study were perfectly reversible, and no
comparison of commercially available chemical modifica- hysteresis was obtained [i.e., the melting profiles obtained

tions of a TFO in the three motifs. when heating or cooling the sample were superimposable,
in contrast to what is observed for intermolecular triplexes
EXPERIMENTAL PROCEDURES (26)]. The hairpin plus single-strand system allowed rela-

OligonucleotidesOligodeoxynucleotide probes were syn- tively short strands to be used to form a triplex which is
thesized by Eurogentec (Belgium) or Genosys (U.K.) on the distinguishable from the duplex by UV melting experiments.
0.2 umol scale. Purity was checked by gel electrophoresis. UV Absorption StudiesAll experiments were performed,
All concentrations were expressed in strand molarity using unless otherwise specified, in a 10 mM cacodylate buffer
a nearest-neighbor approximation for the absorption coef- containing 0.1 M LiCl and variable concentrations of MgCl
ficients of the unfolded speciegX). (0—20 mM), at =20 uM oligonucleotide strand concentra-

Nomenclature and Design of the Systdi@, GT, and GA tion. Thermal denaturation profiles were obtained with a
triplexes refer to the nature of the bases present in the thirdKontron Uvikon 940 spectrophotometer as previously de-
strand involved in Hoogsteen or reverse-Hoogsteen hydrogenscribed 6). Absorbance measurements were performed at
bonding. Concerning the base triplets, as an example, aeach temperature interval at 245, 260, 295, and 405 nm (the
C-G*G triplet is obtained when base G in a third strand control wavelength).



Chemical Modifications of DNA Triplexes Biochemistry, Vol. 41, No. 1, 2002359

Extraction of the Thermodynamic Parametérke quality A B
o

of most melting curves allowed a thermodynamic analysis . 0

of the transition using a previously described mod®l ( o Base NH \ .y

Although these thermodynamic parameters were obtained l )\ | /L

through model-dependent determinations, we believe, based X T ° | °
. . dU pU

on previous observationsg); that our measurements ac-

:
curately reflect theAH® and AS® of duplex and triplex ‘L\Q/Bas‘ o
NH,
Br.
H
\@O
bU |

formation. L
Electrophoretic Mobility Shift Assay (EMSAEither ° | i
duplex strand wag?P-end-labeled with T4 polynucleotide T o
kinase and j-32P]JATP, according to the manufacturer’s
protocol. The binding reaction was performed overnight at C 5
37, 20, or 4°C in 20 uL of 50 mM Hepes, pH 7.2, 0.1 M Watson-Crick  [GGAGAGAAG
LiCl, 10 mM MgCl,, 10% sucrose, and 04g/uL tRNA DNA duplex (9 bp) & |CCTCTCTTC
carrier. The solution contained 0.1 pmol of the end-labeled
probe (20 006-40 000 cpm). The binding mixtures were "Third" strand )
electrophoresed at 4C for 3 h (10 V/cm) on a 15%  Modified base duplex + tail 5
nondenaturing polyacrylamide (bis/acryl 19:1), 50 mM T—dU, bU, pU _.-/ma'
Hepes, pH 7.2, 10 mM Mgghel, dried, and analyzed with C—>mC C g
an SP phosphorimager (Molecular Dynamics). The apparent Modified backbone i
Kqis defined as the TFO concentration required to shift 50% PO —=PS, mP, RNA, 2’OMe 5

of the duplex radioactivity in the retarded band (triplex).

mC

Loop (CCTT)
RESULTS . V
Triplex

The triplex system is shown in Figure 1C. The sequence Ficure 1: Presentation of the system. (A) Backbone modifications
was arranged to be asymmetric to allow for a unique used in this study. PO: %H, Y=0— (DNA); X=0H, Y=0—
orientation of the third strand: the loop directs the “third ('E’;‘A)t?h?(jeo)c"'% Y;I?_Y(Zéawée)étlr:sl: h>é= Hh(:(:tsg Eg;‘%s'

N . . : phorothioate). mP: , Y=CHjs (methylphosphonate). ase

strand” to an antiparallel orientation (for GA, GT, and GTA modifications used in this studgU, uracil (“U” in Table 1); mC,

third strands) or a parallel orientation (for a CT third strand) 5_methyicytosine (“M” in Table 1); pU, 5-(1-propynyljuracil (“P”
with respect to the purine strand of the duplé}. (The in Table 1); bU, 5-bromouracil (“B” in Table 1). (C) Possible
complexes resulting from the association of two straise long

asymmetry of the sequence also allows a core WatSwitk ( _
duplex to form in all cases without interference from the Strand may associate with a short strand to form a duptex
additional third st_rand. The _s_tabilities of these complexes 8}'%‘:”3'nbgps'ggiﬁ;;ra;rgOéf\‘/gr'fleox'r‘g/h?hs:qt‘#ﬁ)?gf apr;cﬂtog?nttﬁgon
were compared with the stability of the short Wats@rick oligonucleotide (hatched) is chemically modified: the Watson
duplex, formed with two short strands of identical length. Crick strands and the 4-base loop are composed of regular DNA.
Another consequence of this covalent link of the third strand

with one strand of the duplex is to increase the stability of cytosine protonation2(7, 28. This variation at 295 nm is
the triplex and to speed up the kinetics of triplex formation the result of the difference in absorptia) between cytosine

as a result of the intramolecular nature of the reaction onceand N3-protonated cytosin@9). The melting temperature
the duplex is formed. of the triplex was pH-dependent (Figure 3, squares).

Stability of the Pyrimidine TriplexThe melting of the At higher pHs, two transitions are usually obtained (Figure
duplex (9Py/9Pu) is monophasic, concentration-dependent,2C) corresponding to the unfolding of the third strand
and pH-independent in the pH range B8 (6). The melting (triplex-to-duplex) and the dissociation of the duplex into
of the unmodified pyrimidine triplex (22Py/9Pu) is biphasic single strands. A plot of, vs pH produces a phase diagram
at pH 6.8 or higher (Figure 2C) and monophasic below this which helps to assign the various species formed (Figure
pH [Figure 2A,B, open squares, and réj]( At pH >7.1, 3). The impact of the third-strand modifications is im-
the two transitions are reasonably resolved: the first low- mediately apparent in the shifting of the triplex-to-coil (I1I
temperature transition is assigned to the conversion of ato I) and triplex-to-duplex (Il to 1) phase boundaries. As
triplex to a duplex-plus-tail species and the second transition, expected, the phase boundary of the duplex-to-coil (Il to I)
at higher temperature, to the melting of the duplex into single transition remains relatively unaffected by the third-strand
strands §). From the scheme presented in Figure 1C, one modifications. The TC triplex melts to a duplex-plus-tail with
can see that the first transition should correspond to ana Ty, of 24.5°C at pH 6.9 (10 mM sodium cacodylate, 0.1
intramolecular rearrangement, whereas the second transitiorM LiCl, 10 mM MgCl,) and melts from triplex to random
involves the separation of two strands. Thg of the first coil with a Tp, of 40 °C at pH 6. On substitution of the
transition was concentration-independent, as expected for arphosphate backbone with phosphorothioates,Tthelrops
intramolecular reaction, whereas the, of the second by 7.5°C at pH 6 (Figure 2A, triangles, and Figure 3B for
transition increased when higher strand concentrations werethe phase diagram). A destabilization is also observed with
used 6). At pH 6.0, direct melting of the triplex into single  the methylphosphonate substitution which lowersThédy
strands is observed, leading to a significant hyperchromism 15.5 °C at pH 6 and the melting curve becomes biphasic
at 260 nm (Figure 2A) and hypochromism at 295 nm (Figure (phase diagram: Figure 3C). The RNA andGMe ana-
2B), as previously described for DNA structures involving logues, however, are more stable and raiseTth@f both
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Ficure 2: Denaturation profiles obtained for the different triplexes. (A) Pyrimidine triplexes with modified backbones (260 nm) at pH 6.0.
(B) Pyrimidine triplexes with modified backbones (295 nm) at pH 6.0 (note the difference in the scaleyétis). (C) Unmodified
pyrimidine triplex shown at two wavelengths (260 nm, open squareg)-efts; and 295 nm, filled circles, riglytaxis) at pH 7.1. (D) GT
triplexes with modified backbones (260 nm) at pH 6.9. (E) GA triplexes with modified backbones (260 nm) at pH 6.9. In paBeladd

D—E, the melting profile of the duplex is shown for comparison (crosses). The melting profile of the reference, unmodified triplex (TC,
GT, or GA) is depicted by open squares. RNA third strand, filled circle©Me, filled squares; methylphosphonates (“mP”), diamonds;
phosphorothioates (“PS”), triangles. Except in panel C, most triplex mixtures give only one transition, corresponding to the direct dissociation
of triplexes into single strands. All experiments were performed in a 10 mM sodium cacodylate, 100 mM LiCl, 10 miudfjer at the
indicated pH. Strand concentrationu®1.

the triplex-to-coil transition by 5 and 7C, respectively, at by 13.5°C (pH 6.9). The second double modification of T

pH 6 and the triplex-to-duplex transition by 11 and 125 for pU and C for mC raises th&, of the triplex-to-coil
respectively, at pH 6.9 (phase diagram for 22PyOMe: Figure transition (pH 6) by 15.5°C and the triplex-to-duplex

3D). The base substitutions of propynyl-U for T and transition by 19.5°C at pH 6.9. This double modification

methyl-C for C raise thel,, of both the triplex-to-coil produces a pyrimidine motif triplex which is stable at room
transition by 7.5 and 5.8C (pH 6), respectively, and the temperature and neutral pH with &, of 44 °C. As the
triplex-to-duplex transition (pH 6.9) by 12 and 10°F, stability of the triplex is increased (i.e., when a favorable

respectively. The phase diagrams for 22PymC and 22PypUmodification is tested), the area corresponding to the region
are shown in Figure 3E and 3F, respectively. In constrast, of triplex stability extends to the detriment of the duplex
the base substitutions of dU for T have little effect on the region (compare Figure 3H to Figure 3A). In constrast, a
triplex-to-coil transition and a small destabilizing effect on drop in triplex stability shrinks the region of triplex
the triplex-to-duplex transition (not shown). The double predominance in a phase diagram (Figure 3B,C).
modification of the phosphate backbone f6x3Me and base The melting profiles were treated according to the method
C for mC raises thd@, of the triplex-to-coil transition by  described previously6j. Most melting profiles gave reason-
10.5°C (pH 6) and that of the triplex-to-duplex transition able linear fits for the monophasic triplex-to-coil transition
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Ficure 3: Phase diagrams for the pyrimidine triplexes. (A) 22Py, (B) 22PyS, (C) 22PymP, (D) 22PyOMe, (E) 22PymC, (F) 22PypU, (G)
22PyOmC, (H) 22PypUmC. All experiments were performed in 10 mM sodium cacodylate or acetate, 100 mM LiCl, 10 mMbMgCI

at variable pH with 3uM strand concentration; the diagram is divided into three areas, labeled “I”, “ll", and “lll”, which correspond to
melted strands, duplex tail, and triplex species, respectively. The experimental midpoint of the triplex-to-duplex transition (determined

at 295 nm) is indicated by open squares. The experimental position of the triplex or duplex to single strands (determined at 260 nm) is
indicated by filled circles.

observed at pH 6.0 (not shown). This allowed us to estimate 22Pytriplex from single strands is-118 kcal/mol, and
—AH°/R from the slope of the curve anrtiS’/R from the subtracting the value of-67 kcal/mol AH°® of duplex
y-intercept 6). The numerical results for all oligonucleotides formation) yields aAH® for third-strand association ef51

are summarized in Table 2. TheH° of formation of the kcal/mol. Substituting T with dU and pU yieldsH° values
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Table 2: Thermodynamic Parameters Obtained for the Pyrimidine
Motif Triplex?

Mills et al.

never gave rise to two independent melting transitions. An
indirect method was therefore usdsj fo estimate the\H®
of third-strand binding to a duplex taking advantage of the

oligos Tm AH° (calAnS:orl (4AOG°C) (4?30) fact that thermodynamic values are state functions and
+t9Pu (C) (kealimol) ~K™)  (kcal/mol) (M) independent of the reaction path. Théi® of third-strand
9Py 37 —67 —-191 76 4.8x10° binding is calculated as9 kcal/mol for the GT third strand,
22Py 40 -118 348 —86 9.5x107 and replacing T with dU gives 12 kcal/mol. The apparent
Modified Backbone Kg4 was calculated from the free energy and expressed as
gggﬁ b %g'gg c c c relative stability compared to the GT triplex. The duplex and
22PyRNA 45_5’ —94 —269 —96 1.9x 1077 GT triplex have aKd of 4.4 x 10% and 7.9x 1077 M,
22PyOMe  47.5 -121 —352 -11.0 19x10°8 respectively, at 46C (10 mM sodium cacodylate, 0.1 M
Modified Bases LiCl, 10 mM MgCl,, pH 6.9). Among the base substitutions,
gggydg jé . —ﬁg —gg; —l?-g g-gx ig; the GbU analogue is just as stable as the GT triplex, and the
22P§Ewc prg 63 i85 112 1ax10® GpU and GdU analogues are 1.8 and 2.7 times more stable,
Double Modification respectively. P
22PyOMC 50,5 109 —311 116 75x 10-° _The effects of backbone and _base modlflca_t|0ns_ are
22PypUmC 56 -135 —386 —146 59x 101 displayed as plots of, as a function of magnesium ion

2The oligo mentioned in the first column is mixed with the 9Pu
oligodeoxynucleotide. Buffer conditions are 10 mM sodium cacodylate
in 0.1 M lithium chloride and 10 mM magnesium chloride at pH 6.0.
b Determined at 295 nm (two transitions are observed as the triplex is
destabilized and its melting is uncoupled from the duplex melting).
¢Tml corresponds to the triplexduplex transition (for all other
transitions, a direct melting of the triplex into single strands is observed
at this pH; see Figure 2A).

Table 3: Thermodynamic Parameters Obtained for the GT Motif
Triplex

AH° AS AG® Kd

concentration (Figure 4A,B). The methylphosphonate and
phophorothioate analogues have similas and magnesium
dependency as the phosphate GT triplex. The RNA and 2
OMe analogues show slight magnesium dependency but are
not significantly more stable than the duplex. As increasing
[Mg?*] leads to an increase ifi,,, one may conclude that
there is a net magnesium uptake upon triplex formation. This
increase is also more pronounced for triplexes than for
duplexes. For the GT and GdU triplexes at 4D, a net
magnesium uptake of 0.92 and 1.47 ions/triplex was calcu-
lated, as compared to 0.38 for the duplex. The GpU and GdU

complex Tn® (kcall (calmol® (40°C)  (40°C) relative analogues are more stable than the GT triplex, with the dU
+9Py (°C) mol) K™  (kcal/mol) (M) stability? for T replacement being the most stabilizing.
9Pu 375 —64  —180 -7.8 44x10°% 04 To establish whether the mP backbone and the pU and
22GT 42 -713  -204 —90 79x107 1 dU for T base substitutions could stabilize an intermolecular
Modified Backbone triplex, we performed bandshift assays on a different system
acIS a0 TR Tr o B L 10 06 in which a 13 (d-GGTGGTGGTGGTG) or 15 (d-GGTG-
mP 42 —69 —191 -9.2  59x 10 1.3 . . ;
220GTRNA 40 —78  —222 —85 15x10°¢ 05 GTGGTGGTGTT) base long oligonucleotide could bind to
22GTOMe 395 -59  —163 -84 15x10% 05 a 29 base pair DNA duplex (which includes the oligopyri-
Modified Bases midine—oligopurine target sequence, Figure 3)0) The
ggggg 335 —gg —igg —g.g g.ix }g; :11.8 affinity of the third strand for the duplex was tested by
2o0dU 445 —78  —212 96 305107 27 EMSA experiments at 4C in a 0.1 M LiCl, 10 mM MgC},

@ The Ty, corresponds to the melting temperature of the duplex-to-
coil or GT triplex-to-coil transition in 10 mM sodium cacodylate in
0.1 M LiCl and 10 mM MgC}4 at pH 6.9.° Relative stability is deduced
from K¢(GT)/Kq4 at 40°C.

for third-strand formation of—47 and —56 kcal/mol,
respectively. The double substitution of T with pU and of C
with mC gives—68 kcal/mol.

Stability of the GT TriplexesThe melting behaviors of
the GT triplexes were different: under all conditions tested,
the transitions were monophas#),(in agreement with the
related system of Vo et al30). These transitions are very
similar in shape as well as in hyperchromicity, which is
identical to what is observed during the melting of the duplex,

pH 7.2, 50 mM Hepes buffer with a radiolabeled duplex and
increasing concentrations of the third strand. Although
bandshift techniques tend to underestimate binding affinities
(32), the apparenKys determined at 4C were ranked in
agreement with the spectroscopic results with the exception
of GTmP which is less stable than GT in the intermolecular
system. The appareHts rank as follows: 13Gd&- 13GpU
(0.4uM) < 13GT (1uM) < 13GTmp (2uM); and 15GdU
(0.5uM) < 15GpU (0.9uM) < 15GT (10uM) < 156GTmP

(15 uM).

Stability of the GA TriplexeS.he melting behavior of the
GA triplexes is reminiscent of the GT triplex (Figure 2E),
and the unmodified GT and GA third strands were of similar
affinity under all conditions judging from their melting
temperatures (39.5 and 4Q).

but they are shifted to higher temperatures (Figure 2D). These These transitions could be analyzed as two-state bimo-

transitions could be analyzed as two-state bimolecular
processes. The values AH° given in Table 3 correspond
to the formation of a triplex from single strands: they do
not give a proper estimate &fH° of triplex formation when

lecular processes. The values AH°® given in Table 4
correspond to the formation of a triplex from randomly coiled
single strands: they do not give a proper estimatédf

of triplex formation when a third strand is added to a duplex.

a third strand is added to a duplex. An uncoupling between Again, an uncoupling between the melting of a double and
the melting of a double and a triple helix was not observed a triple helix was not observed for the GA triplexes, which
for the GT (and GA; see next paragraph) triplexes, which never gave rise to two independent melting transitions. In
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5. A) 29Y  5' TGCGCCCACCTCCTCCTCCTCTTGCGCGT
" 2 ;‘:A 29R  3' ACGCGGGTGGAGGAGGAGGAGAACGCGCA
. aps i3er 5 GGTGGTGGTGGTG
42 R 156T 5’ GGTGGTGGTGGTGTT
O a0 = __® RNA 15¢du 5 GGUGGUGGUGGUGUT
[ o S . ! OMe
E 38 ‘O duplex A) 13GT B) 15 GT
36 - s = . Ry*1 2 § 12 3 510uM 2.5 1 2 3 510 20uM
DY R
“i’?"' el I aasess®t o

32— .
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Magnesium concentration (mM)

C) 13GT D) 15GT
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32 ,
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Magnesium concentration (mM) G) 13GdU H) 15 GdU
4 ©) - 1251zl 28123 s
m
44}_ .8 g:“
o L e Sttt
42 1‘ i I% dy
_ RNA
© 40 ) s : OMe Ficure 5: EMSA in the GT motif. Top: Sequence of the duplex
E 1 0 ‘ - .+ duplex and of the TFOs. (A) 13-mer, unmodified (“PO”) TFO. (B) 15-
s 38s L mer, unmodified (“PO”") TFO. (C) 13-mer, methylphosphonate
36% e (“mP”) TFO. (D) 15-mer, methylphosphonate (“mP”) TFO. (E) 13-
> ™ mer, propynyl-dU (“pU”) TFO. (F) 15-mer, propynyl-dU (“pU”)
34 TFO. (G) 13-mer, deoxyuracil (“dU”) TFO. (H) 15-mer, deoxyuracil
T - (“dU”) TFO. The sequences of the radiolabeled duplex sequence
s2 10 and of the unmodified TFOs (13GT and 15 GT) are shown at the
Magnesium concentration (mM) top. The TFO strand concentration (620 M) is indicated above

each lane. “RY*” corresponds to the duplex (no TFO added).
FiGure 4: Magnesium concentration dependency of the GT and
GA triplexes. (A) GT triplex: Effect of backbone modificatior (
axis: log scale). (B) GT triplex: Effect of base modificatiax (

Table 4: Thermodynamic Parameters Obtained for the GA Motif

axis: log scale). (C) GA triplex: Effect of backbone modification Triplex

(x-axis: log scale). The unmodified GT, GA triplexes and duplexes AH° AS'  AG 3 )
are shown in each curve by open squares and crosses, respectively.‘m’gplex BN (kc"’l"/ (cal mol” k(40| ) C)I Ka (40°C) re'g‘.tl'."e
Experimental conditions: 10 mM sodium cacodylate buffer, 0.1 Py (€ mo) K™ (kealimo) (M) stabilis
M LiCl, 1—20 mM MgC}, at pH 6.0. 9Pu 375 —66 —188 -7.6 4.4%x 1076 0.4

22GA 415 —-67 —189 -83 17x10°¢ 1
— — — 6

terms ofKg, the GAS and GAm_P analogues are 1.4 and 1.2 gggﬁip i;'s 72‘31 71;3 72:‘51 i:ii igﬁ i:;’
times as stable as the GA triplex whereas GARNA and 22GARNA 41 —-61  —167 -84 27x10% 06
GAOMe are destabilized. 22GAOMe 39 58 —160 —-8.0 2.8x 1076 0.6

The GA analogues (Figure 4C) show a similar trend of aThe Tr, corresponds to the melting temperature of the duplex-to-
; oil or GA triplex-to-coil transition in 10 mM sodium cacodylate in
magnesium c_jependency to the GT analogues. The phosphat .1 M LiCl and 10 mM MgC} at pH 6.9.> Relative stability is deduced
phosphorothioate, and methylphosphonate GA triplexes haveg,o Ko(GA)/Kq at 40°C.
similar Tps, while the RNA and 20Me analogues are
The Tr, difference with the duplex is hardly significant  gimijlar phenomenon occurred when modified TFOs were
especially at low magnesium concentration, demonstrating ysed. A significant hyperchromism at 295 nm is observed
that these triplexes are either not formed or very unstable. for TC, but not for GT or GA, triplex formation. Pyrimidine
Strand Exchange: GTs TC Triplexeslt is possible to triplex formation involves cytosine protonation, and this
create a competition between the CT and GT third strandshyperchromism is the result of the difference in absorption
for the same duplex by combining two 22-base strands (¢) between cytosine and N3-protonated cytosine. Therefore,
(Figure 6A). A triplex-to-triplex transition was reported at this wavelength we can follow the + Ds or T< T
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Ficure 6: Phase diagram for the triplex-to-triplex transitions. (A)
Scheme of the triplexes. The association of two long strands (22-
mers) may lead to the formation of a duplex2 tails, or a TC
triplex with an overhanging GT strand, or a GT triplex with an
overhanging TC strand. (B) Phase diagram for the 22Py/22GT mix
(unmodified, control GT third strand). (C) Phase diagram for the
22Py/22GpU mix (propynyl-dU-containing GT third strand). (D)
Phase diagram for the 22Py/22GdU mix (dU-containing GT third
strand). All experiments were performed in 10 mM sodium
cacodylate, 100 mM LiCl, pH 6.9, at variable Mg@bncentration.
Strand concentration: @M. The diagram is divided into 3 areas,
labeled “I", “lll +¢", and “Ill 7", which correspond to melted strands,
pyrimidine (TC) triplex, and GT triplex, respectively. The experi-
mental midpoint of the triplex-to-triplex transition (“3-3” determined
at 295 nm) is indicated by filled circles. The experimental position
of the GT triplex to single strands (determined at 260 nm) is
indicated by open squares.
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Table 5: GT Motif vs CT Motif: Triplex-to-Triplex Transitich

complex Tml AT Tm2

+ 22Py modification 295 nm 295 nm 260 nm
22GT none 19 43
22GTS PS 24 -1 41
22GTmP mP 19 +0 42
22GTRNA RNA 25 +6 39.5
22GTOMe 2-OMe 25 +6 375
22GbU bromo-U 19 +0 43
22GpuU propynyl-U 17 -2 43.5
22GduU deoxy-U 8 -11 455

2Tyl corresponds to the TC/GT triplex-to-triplex transition deter-
mined from analysis of the melting curve recorded at 295 MR2
corresponds to the GT triplex-to-coil transition determined from analysis
of the melting curve recorded at 260 nm. Buffer conditions are 10 mM
sodium cacodylate in 0.1 M lithium chloride and 10 mM magnesium
chloride at pH 6.9. AllT,s andATy, are given in°C, +0.5 °C.

transition without any interference from the second transition
(melting of the duplex: see Figure 2C, circles).

Figure 6B is a plot off , vs magnesium concentration for
this system and shows the GT triplex to CT triplex (Il to
[II) phase boundary as well as the GT triplex to coil (Ill to
I) phase boundary. The effect of replacing T with pU and
dU is shown in Figures 6C and 6D, respectively. It is clear
in Figure 6D that replacing T with dU stabilizes the GT motif
and, in doing so, shifts the triplex-to-triplex phase boundary
to lower Tp. The CT-to-GT triplex conversion can be
monitored at both 295 and 260 nm, and Whg¢s are shown
in Table 5. The GdU triplex can shift the phase boundary
with the CT triplex by 11°C more than the GT triplex,
making GdU the most stable analogue tested, which is in
agreement with the results from the simple triplex system.

DISCUSSION

Various chemical modifications of triplex-forming oligo-
nucleotides have been proposed in the past few years. Very
little data are available on the relative affinities of such TFOs
under identical conditions with the same target. In this study,
we have therefore compared different chemical modifications
on the three classes of triplexes. This systematic study
allowed us to demonstrate that pU and dU offer a significant
advantage for triplex formation in the “GT” motif.

Intramolecularys Intermolecular Triplexesn most of the
experiments described in this paper, the third strand is
covalently linked to one strand of the duplex via a CCTT
loop. The size of the loop (4 bases) was chosen to allow
sufficient flexibility (33). Therefore, the triplex-to-duplex
transition corresponds to an intramolecular reaction (see
Figure 1). The thermodynamic parameters deduced from this
type of complex are different from those determined for an
intermolecular reaction. This difference mainly concerns the
entropic factor,AS’, as the covalent link between two
interacting strands corresponds to a high local concentration
of the third strand and a reduction of the conformational
space of the systend4).

GT/GA vs Pyrimidine TriplexesAll canonical triplets
formed in the Hoogsteen mode+&+*C+ and T-A*T) or in
the reverse-Hoogsteen mode AFT, T-A*A, and T-A*G)
are based on the formation of two hydrogen bonds between
the base on the third strand and the purine base of the
Watson-Crick base pair. In contrast with these shared
properties, there are numerous factors that allow one to
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Table 6: Effect of TFO Modification on Triplex Stability

name abbreviation TC GT GA
Backbone
phosphorothioate PS = =
methylphosphonate mP - = =
2'-OH RNA + - <
2'-OMe OMe + - <
Base
methylcytosine mC + na na
uracil du = + na
propynyl-U pU + + na
bromouracil bU nd = na

a Abbreviations: PO, phosphate; PS, phosphorothioate; mP, meth-
ylphosphonate; OMe,"'2>-methyl; pU, 5-propynyl-U; bU, 5-bromo-
U; dU, 5-deoxyuracil; mC, methyl-C; base modifications are introduced
in a regular phosphate DNA backbone)(s as stable,{) more stable,
(—) less stable, and<) slightly less stable than the parent DNA triplex
with a phosphate backbone; na, not applicable (no thymine in the GA
motif); nd, not determined.

distinguish between these two classes of triplexes: (i) the
isomorphism of some base triplets, (ii) the positive charge
on each cytosine in the third strand of a pyrimidine triplex,
(iii) the exact location of the third strand in the major groove
of DNA, and (iv) the stacking interactions in the third strand.
Effect of Backbone Modification$able 6 is a qualitative
summary of the effects of base and backbone modifications
within the third strand of the TC, GT, and GA triplexes.
Backbone maodifications have sharply constrasting effects on

Biochemistry, Vol. 41, No. 1, 2002865

obtained from NMR data revealed that the@Me third
strand imposes the least distortion to the purine strand of
the duplex on triplex formation. The sugars of tHeOMe

and RNA strands also adopted a predominantly-&®io
conformation, which may be more favorable for triplex
formation than the CZendoconformation adopted by a DNA
third-strand. Furthermore, the stabilization gained from
replacing a DNA phosphate backbone with’&e RNA
backbone was compounded by replacing C with mC.

Effect of Base ModificationdVe chose mC to replace C
as a positive control as it is known to significantly stabilize
both polynucleotideX9) and oligonucleotide TC triplexes
(48). Replacing T with pU is even more favorable than
replacing C with mC, and the stabilization observed is
compounded with the double modification of T and C to
pU and mC, respectively. The solution structure of an
intramolecular system with pU and C in the third strand
reveals that increased stacking interaction is gained from the
extendedr system of pU which stacks favorably with the
5'-nucleotide 49).

In the purine motif, the GdU analogue is more stable than
either GpU or GbU. The most stable complexes we inves-
tigated are a pyrimidine motif DNA triplex composed of pU
and mC and a purine motif DNA triplex composed of G
and U withTy's of 44 and 44.5°C, respectively (10 mM
sodium cacodylate, 0.1 M LiCl, 10 mM Mgg&lpH 6.9).

Analysis of the Thermodynamic ParameteReveral
conclusions may be drawn from these results: Afj° of

the three motifs. Phosphorothioate and methylphosphonatepyrimidine triplex formation at pH 6.0 varies betweed7

substitutions destabilize the TC motif but are accommodated
in the GT and GA motifs. This corresponds to the results of
Hacia et al. 85) obtained by DNase | footprinting. Xodo et
al. (36) reported a 2C drop in theTy, per phosphorothioate
substitution in a TC TFO targeted to a hairpin duplex. This
destabilization is not due to the formation of a more stable

competing structure by the PS TFO as PS and PO TFOs

form i-motif tetraplexes with similaiTy, (37). In the GA
motif, the PS substitution has been reported as slightly
destabilizing 88).

We find that the methylphosphonate substitution signifi-
cantly destabilizes the TC triplex, in agreement with previous
results 89). The methylphosphonate TFO in the intermo-
lecular system of Lacroix and Mergn¥@ did not form a
triplex or an i-motif tetraplex. These results are in conflict
with the idea that a nonionic substitution should favor triplex
formation by overcoming strand repulsion. Interestingly, our
results show that the mP substitution favors the GT/GA
triplexes, in agreement with the report of Trapane et (
which shows that a 2:1 complex of mPdA and POdT or
mP(dAG)8 and PO(dTC)8 is more stable than the corre-
sponding PO third strands. Even more intriguing is the fact
that a mP oligonucleotide can form a 2:1 complex with a
pyrimidine strand of mMRNA that can inhibit protein synthesis
(42). With this result in mind, we are currently investigating
the stability of our mP clamp on an RNA pyrimidine strand.

Several articles report that a UC RNA third strand forms
a more stable triplex than TC DNA and that GU and GA
RNA do not form triplexes. These results are supported by
EMSA (43), affinity cleavage44), andT,, analyses45, 46.

The TC moatif is even further stabilized by-@Me substitu-
tion, and our results concur with those obtained by NMR
with an intramolecular systend7). The solution structure

and—51 kcal/mol, i.e..—5.4 + 0.6 kcal/mol of base triplet;
(iiy AH® of GT triplex formation is found between9 and
—12 kcal/mol, i.e.,—1.2 + 0.2 kcal/mol per base triplet;
(iif) the AH® of purine (GA) triplex formation is very close
to 0 (—1 £ 2 kcal/moal, i.e.,—0.1 + 0.2 kcal/mol per base
triplet).

In summaryAH® for GT triplex formation is roughly one-
third of the value found for the TC triplex, whereasd°®
for GA triplex formation is close to 0. This less favorable
enthalpy of triplex formation for the GT and GA triplexes
is compensated by a more favorable entropic contribution.
These results obtained with chemically modified triplexes
are in qualitative agreement with our results on DNA tri-
plexes 6).

Competition of the Pyrimidine Strand and the Guanine-
Rich Strand for Binding to the Core Duplex (The Strand
Displacement Phenomenor8tarting from the dissociated
strands at 90C, upon lowering the temperature, the guanine-
rich triplex is formed first without any interference from the
pyrimidine hanging strand. At even lower temperatures, the
pyrimidine single-strand extension is able to displace the GT
strand from the major groove of the duplex. This “triplex-
to-triplex” transition is concentration-independent and pH-
dependent. This triplex-to-triplex conversion is observed
under a large set of experimental conditions and for various
chemically modified TFOs. It is the result of the completely
different thermodynamic properties for GT and TC triplexes,
which allow the relative stabilities of purine and pyrimidine
triplexes to be reversed with temperature.

CONCLUSION AND FURTHER DEVELOPMENTS

A previous study allowed a direct comparison of the
stabilities of GT, GA, and TC triplexes. We have extended
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this work to mixed DNA/RNA/phosphorothioate third strands

and base analogues in either strand. In most experiments
presented in this paper, experimental conditions were chosen

to minimize intra- or intermolecular structures formed by

the separated oligonucleotides. It should be pointed out that 20.
some modifications may lead to stable undesired folded

structures that may hamper triplex formatigt0). Among

the various chemically modified oligonucleotides presented

in this study, it is striking to note that deoxyuracil offers a
significant advantage over thymine to form a “GT” triplex.
This stabilization was confirmed in a different sequence
context, with an intermolecular triplex, showing that deox-
yuracil should be chosen rather than T in most “GT” TFOs.
The utilization of circular oligonucleotides in the com-

plexes may also strongly influence the choice between the

different triplexes. This work was performed with a classical
B-DNA duplex, and only the TFO part was chemically
modified. It should be interesting to test the substitution of
either strand of the DNA WatsetCrick duplex by the
corresponding RNA strand in an attempt to mimic an
antisense clamp.
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