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ABSTRACT

Foldback triplex-forming oligonucleotides (FTFOs)
that contain an abasic linker, [2-(4-aminobutyr-1-yl)-
1,3-propanediol] (APD linker), in the Hoogsteen do-
main against pyrimidine bases of a C:G and a T:A base
pair were studied for their relative stability and
sequence specificity of triplex formation. In general,
the APD linker has less destabilizing effect against a
C:G base pair than a T:A base pair. Incorporation of
three APD linker moieties resulted in decreased
binding to the target, which was comparable to results
observed with three imperfectly matched natural base
triplets. The APD linker incorporation did not result in
the loss of sequence specificity of FTFOs, unlike in the
case of normal triplex-forming oligonucleotides
(TFOs). The introduction of a positively charged abasic
linker, however, resulted in decreased stability of the
triplex, because of loss of hydrogen bonding and
stacking interactions in the major groove. The results
of a molecular modeling study show that APD linker
can be readily incorporated without any change in the
conformation of the natural sugar-phosphate back-
bone conserving overall triple helix geometry. Further,
the modeling study suggests a hydrogen bond forma-
tion between the amino group of linker and N4 of
cytosine mediated by a solvent molecule (water) in the
floor of the base triplet in addition to a contribution from
the positive charge on the APD linker amino group.
Either a direct or water-mediated hydrogen bond
between the amino group of the APD linker and the 04
of thymine is unlikely when the linker is placed against
a T:A base pair.

INTRODUCTION

Polypurine and polypyrimidine sequences form PyPu:Py or
Pu Pu:Py triple helices (1-5). In a triple helix, an oligonucleotide
third strand binds in the major groove of the double helix forming
Hoogsteen hydrogen bonds with the purine target strand in either
parallel or antiparallel orientation (6,7). Widespread use of the

triple helix approach is impeded by the pH-dependence ofC+-G:C
triplet formation and the fact that their target sites are restricted
to purines. Several alternate designs (8-10) and modified bases
(11-16) have been proposed to overcome these problems, but
with limited success. Recently, two approaches have been
proposed to target all pyrimidine target sites using either
parallel-stranded hairpin duplexes in the Py.Pu:Py motif (17) or
circular oligonucleotides in the Pu.Pu:Py motif (18).
Another approach involves, incorporation of an abasic (null)

residue (1,2-dideoxy-D-ribose) in oligonucleotides opposite PyPu
base pairs to skip a pyrimidine base in a purine-rich target
sequence (19). The introduction of an abasic ribose into
oligonucleotides significantly reduced the stability of the triplex
compared with the triplets TA:T, C+-G:C, and G-T:A, and the
decrease in binding produced by an abasic residue was similar to
that observed with imperfectly matched natual base triplets (19).
A recent report described use of a 2-aminobutyl-1,3-propanediol
(APD) linker in triplex-forming oligonucleotides (TFOs) to skip
over pyrimidine interruptions in the target sequence and to form
triplex in a Pu-Pu:Py motif (20). The APD linker stabilized the
triplex but decreased sequence specificity. The increased triplex
stabilization by the APD linker containing TFOs did not result in
increased inhibition of SpI binding to the Ha-ras promoter (20).
However, utility ofthis linker in the PyPu:Py motifand its affmity
against C:G and T:A base pairs with respect to mismatched bases
was not investigated.

In the present study, we have substituted an abasic linker,
2-aminobutyl-1,3-propanediol [2-(4-amino-butyr-1-yl)-1,3-pro-
panediol] (APD), in the Hoogsteen domain of foldback triplex-
forming oligonucleotides (FTFOs) (21-26). The APD linker
matches up with one or three pyrimidine bases in the target
sequence in order to overcome the limitation of target sites to
polypurines in triplex formation. The linker maintains the normal
internucleotide distance (Fig. IA).
We selected a 19 base long sequence from the initiation codon

region of gag m-RNA of the HIV-1 genome as a target (Fig. 1B).
It is a purine-rich sequence with three pyrimidine base interrup-
tions at base sites 8, 12 and 14 from the 5'-end (see Fig. 1B). A
phosphorothioate oligonucleotide of 25 bases long that en-
compasses the current target site has antiviral activity against
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A

B 5'-AGA GAG ATG GGT GCG AGA G-3'

Figure 1. (A) Structure of 2-aminobutyl-1,3-propanediol (APD) linker, as

incorporated in oligonucleotides at required position, is shown in box.
Numbering of the linker carbons used to describe some of the molecular
modeling results is shown and B indicates nucleotide base. (B) Purine-rich
target sequence used in the study. Pyrimidine interruptions are shown in bold.

HIV- 1 and is currently being tested in human clinical trials (27).
We have synthesized several FTFOs with one or three APD
linkers in the Hoogsteen domain (third strand) against T:A orC:G
base pairs (Fig. 2). For comparison, we also synthesized and
studied several control oligonucleotides without the linker, but
with perfectly matched, or mismatched bases, as shown in Figure
2. In this report we describe the ability of the APD linker to bind
to mixed sequences by forming foldback triplexes, which we

determined by absorbance thermal melting and gel mobility shift
experiments. We also describe the influence of the APD linker in
the third strand against C:G and T:A base pairs on binding to the
target. In addition, we report the results of a molecular modeling
study of the effect of an APD linker on the resulting foldback
triplex structure.

MATERIALS AND METHODS

Oligonucleotide synthesis and purification

Oligodeoxyribonucleotides were synthesized on a Milligen 8700
DNA synthesizer using 0-cyanoethyl phosphoramidite chemis-
try. All the monomer synthons were obtained from Milligen. The
other reagents and solvents required for the synthesis were

purchased from either Milligen or Cruachem. The oligonucleo-
tides containing the APD linker were synthesized on a DNA
synthesizer using N-Fmoc-01-DMT-03-cyanoethoxydiisopro-
pyl-aminophosphinyl-2-aminobutyryl-1,3-propanediol that was

purchased from Clontech. The oligonucleotides were deprotected
by incubating with concentrated ammonium hydroxide at room
temperature for 1.5 h and then further incubating the supematant
at 55°C for 6 h. Oligonucleotides were then purified on a C18

Purine rich target sequences

1 AGAGAGAAGGGAGAGAGAG-3'
2 AGAGAGAAGGGAGTGAGAG-3'
3 AGAGAGAAGGGTGAGAGAG-3'
4 AGAGAGATGGGAGAGAGAG-3'
5 AGAGAGATGGGTGTGAGAG-3'
6 AGAGAGAAGGGAGCGAGAG-3'
7 AGAGAGATGGGTGCGAGAG-3'

Duplex-forming complementary
sequences

1D TCTCTCTTCCCTCTCTCTC-5'
2D TCTCTCTTCCCTCACTCTC-5'
3D TCTCTCTTCCCACTCTCTC-5'
4D TCTCTCTACCCTCTCTCTC-5'
SD TCTCTCTACCCACACTCTC-5'
6D TCTCTCTTCCCTCGCTCTC-5'
7D TCTCTCTACCCACGCTCTC-5'

Foldback triplex-forming sequences
(containing natural bases)

iX CTCTCTCTTCCCTCTCTCTC-3'kTCTCTCTTCCCTCTCTCTC-5
2X rTCTCTCTTCCCTCACTCTC-3'

XTCTCTCTTCCCTCACTCTC-5'
3X (TCTCTCTTCCCACTCTCTC-3'

TCTCTCTTCCCACTCTCTC-5S
4X (TCTCTCTACCCTCTCTCTC-3'(TCTCTCTACCCTCTCTCTC-5S'
SX TCTCTCTACCCACACTCTC-3'TCCTCTACCCACACTCTC-5
6XTCTCTCTTCCCTCGCTCTC-3
6X TCTCTCTTCCCTCGCTCTC-5'

7X rTCTCTCTACCCACGCTCTC-3'
CTCTCTCTACCCACGCTCTC-5

Foldback triplex-forming sequences
(containing APD linker in the
Hoogsteen domain)

2L TCTCTCTTCCCTCLCTCTC-3'
LTCTCTCTTCCCTCACTCTC-5'

3L rTCTCTCTTCCCLCTCTCTC-3'CTCTCTCTTCCCACTCTCTC-5
4L {TCTCTCTLCCCTCTCTCTC-3''TCTCTCTACCCTCTCTCTC-5S'
SL rTCTCTCTLCCCLC LCTCTC-3CTCTCTCTsACCCACACTCTC -5S'
6LTCTCTCTCCCTCLCTCTC-3'

6 TCTCTCTTCCCTCGCTCTC-5'
7L CTCTCTLCCCLC LCTCTC-3'

TCTCTCTACCCACGCTCTC-5

Figure 2. Sequences used in the current study. Bases under study are shown in
bold. Target sequences are shown from 5' to 3' and all other sequences from 3'
to 5' for easy comparison. Letter extensions D, X and L for the sequence
numbers stand for duplex-forming, foldback triplex-forming and linker
containing foldback triplex-forming oligonucleotides, respectively.

reverse-phase HPLC, using 0.1 M aqueous ammonium acetate
and acetonitrile containing 20% 0.1 M ammonium acetate solvent
system. HPLC-purified oligonucleotides were detritylated with
80% aqueous acetic acid for 1 h at room temperature. The
oligonucleotides were desalted on C18 reverse-phase Sep-Pak
cartridges (Waters) and the purity was checked by polyacrylamide
gel electrophoresis. Oligonucleotides that were less than 95-97%
pure were further purified by preparative 15% polyacrylamide gel
electrophoresis.

UV thermal melting experiments

UV thermal melting curves at 260 nm were determined at a heating
rate of 0.5°C/min with a Perkin-Elmer Lambda 2 spectrophoto-
meter in 100mM sodium acetate, pH 5.0 buffer containing 10mM
MgCl2. The oligonucleotide concentration was 1.5 jM per each
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Table 1. Thermal melting data of the complexes of oligonucleotidesa

Oligo nummber Complex with specifi TM(TM)b,Cbases under study CTmT), (

1+1D 5 A A-AT-T-T
1+1xA A

2+2D 5' A-A-TA_ 62.3T-T-A

2+2X =5A- -T-T 68.8 (6.5)
' -T T-A

-

2+2L (<='TTA 69.4 (7.1)

3+3D 5' A -T-A--- 62.4
X T A T-~

3+3X =G A-T 69.1 (6.7)
T L -T-

3+3L T-=TA=T 70.5 (8-1)

4+4D l_T_T-
A T. T

-~

4+4X ('A

4+4L
A - T T~

85

Figure 3. Thermal melting curves of representative foldback triplexes and
control duplexes. (A) 1+1D (0) and 1+1X (0); (B) 3+3D (0), 3+3X (0) and
3+3L (O); and (C) 5+5D (0), 5+SX (0) and 5+5L (E]).

5+5D A-A -A- 61.3
-A

A
A

5+5X 2
-T____ 61.5 (0.2)

63.0(L-L.7
5+5L AAA 63.0 (1.7)

strand. The mid point of the thermal melting curves (Tm) was

determined from first derivative curves obtained by plotting
d(absorbance at 260 nm)/d(temperature) versus temperature. Each
value reported is an average of two individual experiments. The
uncertainties in the Tm values were estimated to be within ± 0.5 °C.

Gel mobility shift experiments

The target oligonucleotides (1-7) were labeled with 32p at the 5'-
end using [y-32P]ATP and T4 polynucleotide kinase. A small
amount of labeled oligonucleotide was mixed with different
ratios of appropriate duplex- or triplex-forming oligonucleotide
in 100 mM sodium acetate (pH 5.0)110 mM MgCl2, heated to
95 0C for 10 min and cooled to room temperature before analysis
on gels. Each sample contained 0.1 A260 U of sonicated salmon
sperm DNA in a final volume of 20 jl. All the samples were
loaded on gel with glycerol-dye mix. Electrophoresis was carried
out on 15% native polyacrylamide gels at room temperature using
50 mM Tris-glycine, pH 5.0 as running buffer. After electro-
phoresis, gels were dried and autoradiographed using Kodak
X-OmatAR film at-70°C. Both gel and running buffer contained
100 mM sodium acetate and 10 mM MgCl2.

aSee Figure 2 for sequences and Materials and Methods for experimental
conditions.
bATm (shown in parentheses) is the difference between Tms of the foldback
triplex and the corresponding duplex.

Molecular modeling

Molecular modeling was performed on a Silicon Graphics Iris
Indigo workstation using Insight II program (version 2.3.1
Biosym Technologies, San Diego, CA). The coordinates of the
target purine-rich strand were generated using theLALS program
with the starting conformation as published (28), using the linked
atom least squares program (29) with helical parameters n = 12
and h = 3.26. The Hoogsteen strand was generated from the
purine strand coordinates by a rotation of 69.50 about the helix
axis. The coordinates of the Watson-Crick base paired pyrimi-
dine chain for the triple helix was generated from the coordinates
ofthe purine strand by applying a 2-fold symmetry operation. The
Watson-Crick strand was extended at the 3'-end by five bases
(-CTCTC-) in order to create a loop joining to the Hoogsteen
strand. The backbone torsions of the loop were then adjusted to
form a phosphodiester linkage with the Hoogsteen pyrimidine
strand. The loop structure was minimized, keeping the Watson-
Crick and the Hoogsteen pyrimidine strands fixed. Energy
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Table 2. Thermal melting data of the complexes of oligonucleotidesa

Oligo Complex with specific Tm(ATM)b, oC
number bases under study

6+6D S_ AA_G 65.1

6+6X T-C G 66.4 (1.3)

6+6L Q 71.8 (6.7)

7+7D 5- T- C 65.7

7+7X GCT 65.4 (-0.3)

7+7L S T 67.0 (1.3)

5+1D 5 ~T-T-T 48.2

5+1X C3IIT- _ _ 49.1

1+5D 5' A-AA 49.6A-A 49.

L
A 5.1+51L ( ' A A-A~ 54.9

A--- A~

aSee Figure 2 for sequences and Materials and Methods for experimental
conditions.
bATm (shown in parentheses) is the difference between Tms of the foldback
triplex and the corresponding duplex.

minimizations were performed using the Discover force field
with 100 steps of steepest descents followed by 500 steps of
conjugate gradient method in vacuum (dielectric of 1.0). As no

solvent or counter ions were modeled, electrostatic interactions
were not included during the minimization.
The bases in positions 8, 12, and 14 (opposite pyrimidine

interruptions in the target strand) of the Hoogsteen strand were

modified to have a sugar phosphate group alone (no base) or the
APD linker. The conformation of the APD linker was determined
by minimizing the triple helix structure keeping all the other
residues fixed and allowing only the conformation of the linker
to change. Additional minimizations, allowing all the residues to
move without constraints did not alter the structure significantly.
The ability of water molecules to bridge hydrogen bonds between
the amine of the APD linker and bases was explored by manually
docking a water molecule at stereochemically feasible sites close
to the base.

RESULTS AND DISCUSSION

Effect of basic (mismatch) and abasic (APD) linker
substitution in FTFOs over pyrinidine interruptions in
the target

The thermal melting data are shown in Tables 1 and 2.
Oligonucleotide 1X is an ideal FTlFO that contains all perfectly
matched pyrimidine bases in the Hoogsteen domain. The
foldback triple helix complex of oligonucleotide 1X and its
polypurine target strand 1 showed a Tm of 70.9°C with a single,
sharp, cooperative melting transition (Fig. 3A). The duplex of
oligonucleotide 1D with the same target strand 1 showed a Tm of

cu 0.4

. 0.35 -

0.3- l l l
C

0.55 -

0.45-

0.35 -

I I

25 35 45 55 65 75 85
Temperature, °C

Figure 4. Thermal melting curves of representative foldback triplexes and
control duplexes. (A) 6+6D (0), 6+6X (0) and 6+6L (0); (B) 7+7D (0),
7+7X (0) and 7+7L (O); and (C) 1+5D (0), 1+5L (0), 1+1X (O), 1+1D (U)
and 5+5D (A).

61.8°C (Fig. 3A). The difference (ATm) of 9.1°C in the thermal
stability of the foldback triplex (1-1X) and the corresponding
Watson-Crick double helix (1-1D) suggests tight binding of the
Hoogsteen domain of the FTlFO in the major groove (21).
The foldback triplex of oligonucleotides 2X (with an adenine

against T:A base pair) and the target 2 had a Tm of 68.8°C. The
corresponding duplex (2-2D) showed a Tm of 62.3°C. The
difference (ATm) in the Tms of the foldback triplex and the duplex
is only 6.5 °C (Table 1). The lower stability ofthe foldback triplex
of2-2X compared with 1-1X indicates loss ofhydrogen bonding
as well as stacking interactions that are the result of a mismatched
adenine base present in the Hoogsteen domain of oligonucleotide
2X. The foldback triplex of oligonucleotide 2L with an APD
linker against a T:A base pair and its target sequence 2 showed a
Tm of 69.4°C. When the mismatched adenine was replaced with
the APD linker (oligonucleotide 2L), the resulting foldback
triplex (2-2L) had 0.6°C higher thermal stability. The ATm
(Table 1) of the complex 2-2L compared with 2-2X, although
minimal, suggests that the abasic linker destabilizes the complex
to a lesser extent than a mismatched adenine base (see molecular
modeling results). The higher thermal stability of the foldback
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Figure 5. Relative binding affinity of representative duplex and foldback triplex-forming oligonucleotides as a function of gel mobility shift. Target sequences 1 and
5 were 32P-labeled at the 5'-end. The ratio of the added oligonucleotide in each lane is shown on top of the gel. Gels contain oligonucleotide combinations as labeled.
Bands labeled SS, DS and TS correspond to single, double and triple strands, respectively.

triplex of oligonucleotide 2-2L could result from charge
interactions between protonated amino group of the APD linker
and bases in the target strand and/or phosphodiester backbone.
The foldback triplexes of oligonucleotides 3X and 4X, which

have an adenine in the Hoogsteen domain, with their correspon-
ding target strands (3 and 4) showed Tms of 69.1 (Fig. 3B) and
69°C, respectively. The corresponding duplexes 3-3D and44D
showed Tms of 62.4 and 61.9°C, respectively. The lower Tms of
these foldback triplexes compared with the perfectly matched
triplex 1-1X could be the result of the mismatch in the Hoogsteen
domain. The foldback triplexes of oligonucleotides 3L and 4L,
which have an APD linker substituted for an adenine in the
Hoogsteen domain, with their target sequences 3 (Fig. 3B) and 4,
respectively, showed Tms of 70.5°C. These Tm values are very
similar to the Tm of the perfectly matched foldback triplex of
oligonucleotides 1-1X (Table 1). These results suggest that the
APD linker may be useful as a null site against a pyrimidine base
in the formation ofa stable foldback triplex. The differences in the
Tms of different duplexes and triplexes could result from local
sequence-dependent conformational effects.
The foldback triplex of oligonucleotide 5X, which has three

mismatched bases in the Hoogsteen domain, and its target
sequence 5 showed a Tm of 61.5'C (Fig. 3C). Comparison of Tm
of this mismatched foldback triplex with that of corresponding
duplex, 5-5D (61.3°C) suggests that the third strand contributes
insignificantly to the stability of the foldback complex. The
foldback triplex of oligonucleotide (5L), which contains three
APD linkers in place of the three mismatched adenine bases (5X)
in the Hoogsteen domain, had a Tm of 63.0°C (Fig. 3C). The
higher stability of -1.7°C for the complex of 5-5L over 5-5X
could result from the absence of destabilizing (steric) interactions
or the occurrence of charge interactions between protonated
amino group of the APD linker and the phosphate backbone. The
Tm of the complex 5-5L is lower than that of 1-1X, suggesting
a loss of hydrogen bonding and stacking interactions in the 5-5L
complex (19). These results suggest that multiple pyrimidine sites

might not be the best choice for targeting through triplex or

foldback triplex formation with APD linker substitution. A
pyrimidine site in a purine-rich environment can be targeted using
the APD linker approach without losing significant binding affinity
in PyPu:Py motif.

Effect of APD linker over C:G base p-r comprd with
A:T base pair

The foldback triplex of oligonucleotides 6-6X and the correspon-
ding duplex (6-6D) showed Tns of 66.4 and 65.1 °C, respectively
(Fig. 4A). The Tm of this foldback triplex indicates that the
presence of a G in the third strand against a C in the target strand
destabilizes the complex considerably (30). When G in the
Hoogsteen domain is substituted with the APD linker, the

resulting foldback triplex of oligonucleotides 6-6L showed a Tm
of 71.8°C (Fig. 4A). The Tm for the complex of 6-6L is 5.4°C
(Table 2) higher than that for 6-6X, suggesting that the APD
linker against a C:G base pair stabilizes the triplex.
The foldback triplex of oligonucleotides 7-7X, which has three

mismatched purine bases in the Hoogsteen domain against the
three pyrimidine interruptions in the target, showed a Tm of
65.4°C (Fig. 4B). Comparison of the Tm (Table 2) of complex
7-7X with that of the duplex 7-7D (65.7°C) suggests insignifi-
cant binding of the third strand in the major groove as a result of
three purine mismatches in the Hoogsteen domain of oligo-
nucleotide 7X. The foldback triplex ofoligonucleotides 7-7L had
a Tm of 67°C (Fig. 4B), which is about 1.6°C higher than the
mismatched foldback triplex of oligonucleotides 7-7X (Table 2).
Oligonucleotide 7L has three APD linkers; one against a C:G
base pair and two against two T:A base pairs. These results further
confirm that use of an APD linker over pyrimidine interruptions
in the target stabilizes the triplex complex compared with a

mismatched purine base. It is also clear that a mismatched purine
base in the third strand destabilizes the triplex considerably, at
least in the case of A against T and G against C.

. S

.S.'S
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Figure 6. Stereo drawings of the energy minimized foldback triplex structures
of (A) oligonucleotides 1-1X with matched bases in the Hoogsteen strand and
(B) oligonucleotides 7-7L containing three APD linkers in the Hoogsteen
domain against T:A and C:G base pairs.

Comparison of the Tm of the foldback triplex of oligonucleo-
tides 6-6L (71.8°C) with that of oligonucleotides 2-2L (69.4°C)
further suggests that an APD linker is better tolerated against a
C:G base pair than a T:A base pair. These experiments suggest
that (i) a guanine in the third strand is sterically incompatible with
a C:G base pair, as is the case of an adenine in the third strand
against a T:A base pair (31); (ii) an adenine in the third strand
against a T:A base pair is better tolerated than a G against a C:G
base pair (compare ATms of triplexes 2-2X and 6-6X) (Table 1

and 2); and (iii) the APD linker in the third strand against a C:G
base pair has a greater stabilizing effect on the triplex than against
a T:A base pair (compare TmS of foldback triplexes of oligonucleo-
tides 2-2L with 6-6L) (see also molecular modeling results).

Sequence specificity of FTFOs containing abasic
substitution

Complementary base recognition through Watson-Crick duplex
and Hoogsteen triplex formation is highly sequence-specific. The
foldback and circular oligonucleotides that bind to the single-
stranded target sequence are much more sequence-specific than
oligonucleotides that bind to the target either by just Watson-
Crick hydrogen bonding (antisense) or Hoogsteen hydrogen
bonding (antigene or TFOs). The FTFOs are more sequence-spe-
cific because they read the target sequence twice: first when they
form a duplex with the target sequence, and second when the
Hoogsteen domain binds to form the triplex (21,24). An abasic
site introduced into a TFO intended to bind to double-stranded
DNA containing pyrimidine interruptions can decrease the
sequence specificity by allowing the TFO to bind to non-targeted
sequences (19,20). This problem should not arise with FTFOs
that contain an APD linker in the Hoogsteen domain, because
sequence specificity is mainly determined by the Watson-Crick
domain, while the Hoogsteen strand contributes to the stability of
the resulting foldback triple helix.
The complex of oligonucleotides 5-4X contained three mis-

matches each in both the Watson-Crick and the Hoogsteen
domains. The Tm measured for this complex was 49.1 °C, which
is about 0.9°C higher than the corresponding mismatched duplex
of oligonucleotides 5-4D (Table 2), suggesting that the third
strand binds insignificantly because of the three mismatches. The
mismatched foldback triplex (5-1X) has 12.7 and 12.2°C lower
thermal stability compared with the perfectly matched duplexes
1-iD and 5-5D, respectively. The mismatched duplex of
oligonucleotides 1-5D had a Tm of 49.6°C, which is about 12.2
and 11.7°C lower than the perfectly matched duplexes of
oligonucleotides 1-iD and 5-5D, respectively. The foldback
triplex of oligonucleotides 1-5L, which contains three APD
linkers in the Hoogsteen domain and three mismatches in the
Watson-Crick domain, showed a Tm of54.9°C (Fig. 4C). This Tm
is about 8.1 °C lower than the corresponding triplex (5-5L) that
has no mismatches in the Watson-Crick domain and three APD
linkers in the Hoogsteen domain. Similarly, the triplex of 1-5L
has Tms 6.8 and 6.4°C lower than the corresponding duplexes
1-4D and 5-SD without mismatches (Fig. 4C). The higher Tm for
the complex of oligonucleotides 1-5L compared with that of the
complexes of oligonucleotides 5-1X and 1-5D could result from
the presence of three positively charged amino groups in the
former complex. This result demonstrates that the sequence
specificity of FTFOs is not altered significantly by the presence of
APD linkers in the Hoogsteen domain. The stability of triplexes,
however, depends on the base composition and experimental
conditions as well as flanking sequences, and therefore may be
different for each individual sequence.

Gel mobility shift

The relative binding strength of oligonuclotides to their target
sequences can be determined by the gel mobility shift assay.
Figure 5 shows the gel mobility of representative duplex and
triplex complexes. The control FTFO (1X) without any mis-
matches formed a stable complex at 1:1 (1:1X) ratio (Fig. 5A).
For comparison, the mobility of the duplex of oligonucleotides
1-iD is also shown in Figure 5A.
The FTFOs with an adenine mismatch in the Hoogsteen domain

(2X-4X) formed up to 75% triplex with their respective target
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Figure 7. Normal C:G C+ (A), and T:A T (B) triplets. The triplets containing linker against C:G and T:A base pairs are shown in (C) G:C L and (D) A:TL as observed
in energy minimized structures. Note position of water molecule that could mediate hydrogen bonding between amino group of the APD linker and N4 of cytosine
in (C). The arrows in (A) indicate polarity of each strand. The three strands in (B), (C) and (D) have the same polarity as in (A). The letters C, G, A, T and L stand
for cytosine, guanosine, adenosine, thymidine and the APD linker, respectively.

strands (2-4) at a ratio of 1:2 as determined by triplex band
intensity (data not shown). Under the same experimental condi-
tions FFlOs (2L4L) containing an APD linker instead of an

adenine mismatch in the Hoogsteen domain showed >90% triplex
band formation with their respective target sequences at the same
ratio (data not shown). At the next higher ratio (1:5) studied, these
oligonucleotides containing an adenine mismatch or an APD linker
formed 100% triplex formation. These results support thermal
melting data obtained with these oligonucleotides.

Oligonucleotide 5X, which has three adenine mismatches,
showed up to 55% (at 1:5 ratio) and 100% (at 1:10 ratio) triplex
formation with its target sequence (5) at high concentrations,
suggesting weak triplex formation (Fig. SB). Oligonucleotide 5L
with three APD linkers in place of the three adenine mismatches,
however, showed a >90% triplex band at 1:5 ratio with the same
target sequence (Fig. SB), indicating that the APD linkers are better
tolerated than the mismatched adenines in the Hoogsteen domain of
FTFOs. These results support conclusions drawn from thermal
melting experiments. We obtained similar results with oligonucleo-
tides 7X and 7L with their target sequence 7 (data not shown).

Molecular modeling

A stereo drawing of an energy-minimized structure of a perfectly
matched foldback triplex of oligonucleotides 1-tX is shown in
Figure 6A. Interstrand hydrogen bonding (see Fig. 7A and B for
hydrogen bonding pattern), intrastrand stacking, sugar-base and
phosphate-base interactions mainly contribute to the stability of
the complex. The triplex structure (7-7L) in which the Hoogsteen
strand contains APD linkers opposite the pyrimidine interrup-
tions in the purine-rich target strand is shown in Figure 6B.
Comparison of the two structures reveals that the backbone
1,3-propanediol (APD) structure adopts a conformation very

similar to the natural sugar-phosphate backbone, conserving the

overall geometry of the triple helical structure. The two methylene
bridges thatjoin C1' of the butyl chain with C2 of propanediol and
C1'-C2' ofbutyl chain adopt an extended trans confonmation while
the other two linkages joining C2'-C3' and C3'-C4' of butyl chain
adopt a gauche conformation (see Fig. IA for numbering). The
flexible APD linker does not interfere with Watson-Crick
hydrogen bonding at this site or the neighboring sites.
We further investigated if the amino group of the APD linker

could involve itself in hydrogen bonding with either the backbone
or the bases to stabilize the complex. When the APD linker is
placed against a C:G base pair, the orientation of the amine group

of the APD linker allows sufficient room between the bases to
accommodate a solvent (water) molecule in the floor of the major
groove, which could bridge a hydrogen bond between the amine
of the APD linker and the N4 of cytosine (Fig. 7C). When the
APD linker is placed against a T:A base pair, however, it adopts
a conformation such that no direct hydrogen bond formation
between the amino group of the APD linker and the 04 of
thymine is possible because of steric hindrance from the
C5-methyl group ofthymine (Fig. 7D). In addition, the C6-amino
group of adenine restricts the available space for a solvent
molecule in the floor of the major groove, so that any solvent
molecule within this restricted space is not capable of bridging a

hydrogen bond between the amine group of the APD linker and
the 04 of thymine. The additional hydrogen bond between the
amino group of the APD linker and cytosine base might explain
the stabilizing effect observed in thermal melting and gel mobility
shift studies when the APD linker is placed opposite a C:G base
pair rather than a T:A base pair. The positive charge of the APD
linker provides additional stabilization energy.

B

T

D
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CONCLUSIONS

A pyrimidine base in a purine-rich sequence can be targeted using
an abasic linker (APD) in FTFOs without significant loss of
binding affinity. The APD linker showed different affinities
against C:G and T:A base pairs. We were unable to distinguish,
however, whether this difference resulted from local sequence-

dependent conformational effects near the site of modification or

differences in the thermodynamic properties resulting from
changes in nearest neighbor interactions in the foldback triplex.
A molecular modeling study showed sufficient room for a solvent
(water) molecule to fit in the floor of the major groove between
the bases and mediate hydrogen bond formation between the
amino group of the linker and N4 of cytosine. It is unlikely that
this would occur with a T:A base pair, which could explain the
experimentally observed differences in the affinities of the APD
linker against a C:G and a T:A base pair. Sequence specificity of
the FTFOs was not affected by APD linker substitution, because
the sequence specificity is mainly dictated by the Watson-Crick
domain of the oligonucleotide. At the present time viable
approaches to targeting pyrimidine sites in the target sequence

through triplex formation do not exist. Using the present strategy,
one may be able to target at least a limited number of pyrimidine
sites in a purine-rich sequence through foldback triplex formation
without loss of sequence specificity and significant binding
affinity.
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