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ABSTRACT. A new strategy to form stable and sequence-specific triple helical DNA structures at mixed
purine/pyrimidine sequences using a combination of four C-glycosides (TRIPsides) has been described
[Li et al. (2003)J. Am. Chem. So0d 25, 2084]. The partial realization of the approach is demonstrated by
incorporating two of the four TRIPsides into oligomers that can potentially fold into intramolecular triplexes
that contain one or two major groove crossovers of the purine Hoogsteen H-bond information. Using
temperature-dependent electronic and fluorescence spectroscopy and differential scanning calorimetry, it
is demonstrated that stable triplexes form at physiological conditions at non-homopurine targets. In addition,
triplexes using the TRIPsides form in a highly sequence specific manner.

The inability to form stable structures in a sequence-
specific manner at mixed purine/pyrimidine sequences is the &
major deterrent in the development of antigene approaches
based on triple helix DNA formation. This problem arises
because the triplex forming oligomer (TFO) binds asym- 3
metrically in the major groove with its backbone close to
that of the purine strand with which it associates via
Hoogsteen H-bondingl(6). At mixed purine/pyrimidine
sequences, the TFO cannot read with continuity Hoogsteen
H-bonding information on the purine nucleobases because
this requires the TFO to traverse back and forth across the
major groove. This is not structurally possible. Reading 5
purine H-bonding information on both strands also requires

@

that the TFO be insensitive to strand polarity; however, both 5 5 3
the pyrimidine 7—10) and.p_urin(.a 11-19 mptifs for.DNA 0 4R id‘ﬁ o
triplexes have strong unidirectional polarity requirements. | N= SN ' N _H““N/=N R
Recently, we proposed a set of four C-glycosides, i.e., 3 N7\ N"‘”_N>__/< 5 3 3\ (N }_jN 5
. . L . ls, / \ 2
TRIPsides 15), based on 2-aminoquinoline and 2-amino- N N—HuO OH—N N
quinazoline heterocycles (Figure 1), that are designed to BoY ¢
differentiate between the four base pairing schemes in the H'NY/ ) N\YN‘H
major groove, i.e., G:C, C:G, AT, and T:A, and to “read” n M antiAT a"t'TAQ@N

Hoogsteen base pairing information on both strands without

having to change strand polarity8). The feasibility of the . . . i
. Ficure 1: Structures of the 2-aminoquinazoline (antiTA and
approach was initially demonstrated for a TFO that folds antiAT) and 2-aminoquinoline (antiGC and antiCG) TRIPsides

int_o an intramole_z(_:u_lar Friplex with both sequence and associated with their WatserCrick duplex targets: only antiGC
orientational specificity with a d(F)d(A)s duplex. A critical and antiTA were used in the current studies.

test of the TRIPside design is the ability to form triplexes at

mixed purine/pyrimidine sequences. The results of- UV  TFO’s composed of two of the TRIPsides can be targeted
visible melting, differential scanning calorimetry (DSC), and to mixed DNA sequences to yield stable and sequence
fluorescence studies presented herein provide evidence thaspecific triplex structures under physiological conditions.
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Ficure 2: Synthesis of antiGC phosphoramidite:
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[a] NC-CHD.EL; [b] POBR/PBr, 140-160 °C; [c] KI/I/Ni, 95 °C; [d],

bis(dibenzylideneacetone)Pd(0);Bu)sP/EEN, THF, reflux; [e] TBAF, 0°C; [f] NaHB(OAc)s;, HOAc/MeCN, —23 °C; [g] (i-PrCO}0,
pyridine; [h] DMTr-Cl, pyridine, 0°C; [i] 2-cyanoethyIN,N-diisopropylchlorophosphoramiditil,N-diisopropylethyl-amine, CkCl,, 0 °C.

and ethyl cyanoacetate (22.6 g) is added dropwise throughgel chromatography with EtOAc/EY (100:1) to give the

an air-condenser within 5 min. Then the temperature of the
reaction is allowed to drop to 22250°C, and after 75 min
the orange slurry is cooled, 7900 mL of CHC} is added,
and the resulting mixture is refluxed overnight to dissolve
the solid. This solution is vigorously mixed with,8 (60
mL), EtOH (30 mL), and saturated M2aOs solution (50 mL).
The resulting slurry is filtered, and the product, a pale-yellow
solid, is dried in vacuo over®s (10.5 g, 30% vyield). The
remaining filtrate can be partially concentrated to obtain
additional product: mp 260°C (lit. mp 258-259 °C
(decomp.) 17); *H NMR (DMSO-dg): 6 5.22 (s, 1 H), 6.12
(bs, 2 H, NH), 7.10 (dd, 1 HJ = 7.5 and 1.5), 7.25 (d, 1
H,J=75),7.43 (dd, 1 H}=7.5and 1.5), 7.88 (d, 1 H,
J=17.5), 10.62 (s, 1 H, OH); HRMS (FAB)Vz 160.0636
(M™), 160.0637 (calcd).

Synthesis of 2-Amino-4-bromoquinoli(®. 2 (11.13 g)

is heated with POBr(22.0 g, 1.1 equiv) in PBr(1.5 equiv)
at 140-160 °C under N for 19 h. The reaction is cooled,
basified wih 2 M NaOH (250 mL), and thrice extracted with
CHCI; (30 mL). The organic layer is concentrated, and the
residue is purified by silica gel chromatography using GHCI
acetone/BN (25:25:1) to afford the crude product that is
crystallized from benzene/hexane to furnish dark red prism
crystals (13.0 g, 84%): mp 137138°C; 'H NMR (CDCls)
0 4.86 (bs, 2 H, NH), 7.05 (s, 1 H), 7.33 (dd, 1 H = 6.5,
1.5), 7.58 (dd, 1 HJ) = 6.5, 1.5), 7.62 (d, 1 H) = 6.5),
7.96 (d, 1 H,J = 6.5); HRMS (FAB)m/z 221.9803 (M),
221.9793 (calcd).

Synthesis of 2-Amino-4-iodoquinoling).(3 (7.67 g) is
heated with Kl (29 g, 3 equiv.), Ni metal powder (10 g, 5.5
equiv), and 4 (240 mg, 1% of Ni metal powder) in DMF
(70 mL) at 95°C for 48 h, then at 180C for 15 min. The

desired product (9.1 g, 98%). An analytical sample was
recrystallized from benzene/hexane to furnish dark red
needles: mp 131132°C;'H NMR (CDCl): ¢ 4.91 (bs, 2

H, NHp), 7.06 (s, 1 H), 7.33 (dd, 1 H] = 6.5, 1.5), 7.58
(dd, 1 H,J=6.5,1.5), 7.62 (d, 1 H) = 6.5), 7.97 (d, 1 H,

J = 6.5); HRMS (FAB) m/z 269.9658 (M), 269.9654
(calcd).

Synthesis of 4#-b-Glyceropentofuran-3ulos-1-yl]-2-
aminoquinoline §). 1,4-Anhydro-30-(tert-butyldiphenylsi-
lyl)-2-deoxy-D-erythro-pent-1-enitol18) (2.79 g) and! (1.86
g) are dissolved in dioxane (110 mL) undes.N'hen a
catalytic amount of bis(dibenzlideneacetone)Pd(0) (0.81 g)
and ¢-Bu)sP (0.71 mL) are added to the reaction. After the
reaction is purged with Nfor 15 min, EtN (7 mL) is added.
The final mixture is then refluxed under,Mor 12 h, and
the reaction is cooled, filtered, and the filtrate is concentrated
in vacuo. The residue is purified by silica gel chromatography
with CH,Cl,/MeOH/EgN (gradient from 100:2:1 to 100:5:
1) to give the desired nucleoside and the quinetigeinoline
dimer side-product in a ratio 3:2 (total 2.14 g). This mixture
is dissolved in THF (10 mL) containing HOAc (0.6 mL)
and BuNF (4 mL, 1 M in THF) and stirred at 0C for 50
min. Then NHOH (2 mL) is added, and the solution is
concentrated in vacuo. The residue is subjected to silica gel
column chromatography with GBl,/MeOH/EgN (gradient
from 100:3:1 to 100:17:1) to give the desired desilylated
product (0.45 g, 25% overall yield*H NMR (CDCly): o
2.37 (dd, 1 HJ = 12.0, 11.0, C2H), 3.07 (dd, 1 HJ =
12.0, 11.0, C2-H), 3.73-4.11 (m, 2 H, C5H, C5'-H), 4.16
(bs, 1 H, C4H), 5.62 (m, 1 H, C}H), 7.20 (m, 1 H), 7.35
(m, 1 H), 7.50 (s, 1 H), 7.52 (m, 1 H), 7.73 (m, 1 H); HRMS

DMF is removed in vacuo and the residue subjected to silica (FAB) m/z 259.1072 (MH), 259.1083 (calcd).
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Synthesis of 4-[2Deoxy#-b-threo-pentofuranosyl]-2-ami-
noquinoline (antiGC)T). 6 (1.33 g) is dissolved in 120 mL
of AcCOH:CH:CN (1:1) and stirred underf\at —23°C in a
solid CQ, + CCl, bath. NaHB(OAC) (1.5 g) is added to the
cooled solution and the mixture stirred a3 °C for 75
min. The reaction is concentrated and stirred with@®&;
(5.14 g) in CHCI,/MeOH (1:1, 50 mL) at room-temperature

Li et al.

1 H); HRMS (FAB) m/z 655.2806 ([M+ Na]"), 655.2784
(calcd).

Synthesis of NIsobutyryl-4-[2-deoxyS-b-threo-pento-
furanosyl-3-O-(2-cyanoethoxy)(diisopropylamino)phosphino-
5'-0-(4,4-dimethoxytrityl)]-2-aminoquinolinelQ). The trityl
compound9 (0.26 g) is dissolved in C¥Cl, (10 mL) and
cooled in an ice bath underldtmosphere. Then Hunig base

overnight, and the material is chromatographed on silica gel (0.4 mL) is added followed by 2-cyanoethyN-diisopro-

using CHCI,/MeOH/EgN (gradient from 100:2:1 to 100:

pylphosphoramidite (0.15 mL). The reaction is stirred at O

50:1). The crude product is obtained as a pale yellow powder °C for 10 min, and then at room temperature for 75 min.

and is further purified by crystallization from a mixture of
benzene/CLCl,/iPrOH/EEN (20:30:2:1) to yield a white
powder (1.29 g, 96% vyield): mp 150 °C (decomp.);!H
NMR (DMSO-dg): 6 1.72-1.77 (m, 1 H, C2H), 2.35-
2.39 (m, 1 H, C2-H), 3.43-3.59 (m, 2 H, C5H, C5'-H),
3.88 (bs, 1 H, C4H), 4.20 (bs, 1 H, C3H), 5.54 (dd, 1 H,
J=4.0,6.0, CL:H), 6.38 (s, 2 H, NH), 6.95 (s, 1 H), 7.15
(t, LH,J=05.5), 7.42-7.46 (m, 2 H), 7.67 (d, 1 H) =
6.0); HRMS (FAB)mM/z 261.1231(MH), 261.1240 (calcd).
Synthesis of NlIsobutyryl-4-[2-deoxyf-p-threo-pento-
furanosyl]-2-aminoquinolineq). 7 (0.40 g) in dry pyridine
(20 mL) is cooled in an ice bath and treated with TMS-CI
(1 mL) under N. The reaction is stirred at T for 30 min,
then isobutyric anhydride (1.35 mL) is added, and the
reaction is stirred for an additioha h atroom temperature
under N. The reaction is then cooled in an ice bath and
cold HO (2.5 mL) added. After 15 min, concentrated NH
OH (2.5 mL) is added to give a solution approximately 2 M
in NHs. This mixture is stirred for another 30 min in an ice

After concentration in vacuo, the residue is dissolved in
CHCI; (30 mL), and washed thrice with saturated NaHCO
solution (30 mL) and thrice with $D (30 mL). The organic
phase is concentrated, and the residue is chromatographed
on silica gel with CHCIly/hexane/BO/EtN (50:100:150:
3). The final product is a pale yellow powder (0.3 g, 88%
yield): *H NMR (CDCl) ¢ 1.05-1.28 (m, 14 H), 1.46 (d,
6 H,J=7.0),2.26-2.24 (m, 1 H, C2H), 2.46-2.68 (m, 3
H, C2'-H), 3.38-3.42 (m, 2 H, C5H, C5'-H), 3.58-3.62
(m, 1 H), 3.76 (s, 6 H), 4.24 (bs, 1 H, GHl), 4.58 (bs,1 H,
C3-H), 5.76 (m, 1 H, CkH), 6.80-6.86 (m, 3 H), 7.24
7.43 (m, 12 H), 7.62 (dd, 1 Hl = 1.5, 8.5), 7.83 (d, 1 H,
J=28.5),8.13(d, 1 HJ=8.5), 8.61 (s, 1 H); HRMS (FAB)
m/z 833.4049 (MH), 833.4044 (calcd).

pK, of antiGC(7). To TRIPside7 (51.5uM) dissolved in
H,0 is added NaOAc buffer to give solutions with measured
pH values of 3.93, 5.34, 5.90, 6.32, 6.68, 6.93, 7.29, 7.36,
7.44, and 9.58. The UV spectra of these solutions were
recorded from 200 to 400 nm. The UV spectra at the different

bath and then concentrated under reduced pressure to afforggH values were analyzed by plottifgs; as a function of

an oil that is purified on silica gel with C}€1,/MeOH/EtN

pH to calculate the Ig,.

(100:10:1) to furnish the desired product as a pale yellow Preparation of OligomersThe 200 nmol scale synthesis

solid (0.4 g, 79% yield):'H NMR (CDCl;) ¢ 1.15 (d,J =
6.5, 6 H), 2.12-2.18 (m, 1 H, C2H), 2.60-2.65 (m, 2 H,
including C2'-H), 3.83 (dd, 1 HJ = 8.0, 4.5, C5H), 4.01
(dd, 1 H,J=18.0, 4.5, C5-H), 4.21 (dd, 1 HJ = 8.0, 3.5,
C4-H), 4.55 (g, 1L HJ=5.5, 3.5, C3H), 5.92 (dd, 1 HJ
= 2.5, 7.0, CL:H), 7.29 (s, 1 H), 7.47 (dd, 1 H] = 1.5,
8.5), 7.68 (dd, 1 HJ = 1.5, 8.5), 7.86 (d, 1 HJ = 8.5),
7.88 (d, 1 H,J = 8.5), 8.69 (s, 1 H); HRMS (FAB)n/z
353.1474 ([M+ NaJ"), 353.1580 (calcd).

Synthesis of Nisobutyryl-4-[2-deoxyS-p-threo-pento-
furanosyl-5-0-(4,4-dimethoxytrityl)]-2-aminoquinoline9).
Isobutyrate8 (0.17 g) is dissolved in dry pyridine (5 mL)
under a N atmosphere. Then 4:dimethoxytrityl chloride
(0.23 g) and BN (0.2 mL) are added to the solution at room
temperature. Another aliquot of trityl chloride ands/itis
added after 3 h, and the reaction is stirred undeatNoom
temperature for a total of 20 h. After concentration of the
sample, the residue is dissolved in CHEB0 mL) and
washed thrice with saturated NaHe(30 mL) and thrice
with H,O (30 mL). The solution is concentrated, and the
residue is chromatographed on silica gel with,CHMeOH/
EtN (100:2:1). The final product, which was crystallized
from EtO/hexane, is a white solid (0.24 g, 74% yield}d
NMR (CDClg) 6 1.26 (d,J= 7.0, 6 H), 2.26-2.25 (m, 1 H,
C2-H), 2.48-2.53 (m, 1 H, C2-H), 2.56-2.62 (m, 1 H),
3.38 (dd, 1 H,J = 10.0, 4.5, C5H), 3.53 (dd, 1 HJ =
10.0, 4.5, CB-H), 3.77 (s, 6 H), 4.084.10 (m, C4-H), 4.44
(bs,1 H, C3H), 5.75 (dd, 1 HJ = 4.0, 7.5, C1-H), 6.80—
6.86 (m, 3 H), 7.247.43 (m, 12 H), 7.62 (dd, 1 H = 1.5,
8.5), 7.81 (d, 1 H,) = 8.5), 8.04 (d, 1 H,) = 8.5), 8.57 (s,

of the oligomers were performed using standard solid-phase
phosphoramidite chemistry on an ABI 394 instrument. A 0.1
M CH3sCN solution of phosphoramiditel() is used with
coupling times of 7 min, which gives-99% coupling
efficiency. After the synthesis, the resin inside the cartridge
is mixed with 1 mL of concentrated NJ@H, placed in a
sealed bottle, and deprotected at*85for 8 h. The crude
oligomers were purified by HPLC: flow rate, 4 mL/min;
solvent, 0.1 M EN/HOAc (TEAA) (pH 7.0)/CHCN (9:1)

for 10 min, to 0.1 M TEAA (pH 7.0)/CHCN (3:2) over 15
min, and then to 100% CJCN over 5 min. The HPLC
fractions containing the oligomer were combined and ly-
ophilized, and the residue was detritylated with 80% HOAc
(30 uL per OD) at room temperature for 20 min. The final
product was purified on a Sephadex G-10 column and
confirmed by MALDI-TOF MS.

NMR Conformational Studie$he conformational analysis
of the antiTA and antiGC TRIPsides was determinedHy
NMR on a Varian INOVA 500-MHz Spectrometer using
NOESY with presaturation field strengjB; of 50 Hz and
a mixing time of 0.4 s at 23C in 10 mM sodium phosphate
buffer (pH 7.0) in DO containing 50 mM NaCl. For antiTA
TRIPside, the sample concentration was 19.2 mM, and the
relaxation delay for the NOESY experiment was 2.0 s. For
antiGC, the sample concentration was 14.4 mM, and the
relaxation delay was 2.7 s.

Thermal Denaturation Studied/elting curve transition
measurements were performed on an AVIV 14 DS UV/Vis
spectrometer equipped with an IBM computer as thermo-
programmer. Oligomers (36 uM strand concentration) are
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dissolved in 10 mM sodium phosphate buffer (pH 7.0, unless
stated otherwise) containing 50 mM NaCl. The oligomers
are heated to 80C and slowly cooled to OC, and held at
that temperature for 30 min. The temperature is scanned from
0 to 80°C with data-point collection in intervals of 0°Z.
Below 20 °C, the cell compartment is flushed with, tb
avoid condensation of 4 on the UV cells. The unfolding

of the oligomers was measured by the change in absorbance
at 260, 330, and 350 nm versus temperature. The transition

temperatur@y, was determined as the first derivative of the
melting curve and confirmed by shape analy4i8)(

Fluorescent Studies:luorescence emission spectra were
recorded at 0 and 83C from 330 to 600 nm with data-
point collection in intervals of 2 nm on an AVIV Automated
Titrating Differential/Ratio spectrofluorometer (model ATF105)
with a fixed excitation wavelength at 350 nm. The emission
and excitation slits were set at 5 nm. The concentration of
oligomers was 36 uM in 10 mM sodium phosphate buffer
(pH 7.0) containing 50 mM NacCl. The oligomer solutions
are heated to 88C and the spectrum is recorded, and then
slowly cooled to ®C, held at ®°C for 1 h, and the spectrum
is re-recorded.

Differential Scanning Calorimetry (DSCHeat capacity
functions of the triplex or duplex to coil transition of the
oligomers were measured using a Microcal VP-DSC dif-
ferential scanning calorimeter (Northampton, MA). Two
cells, the sample cell containing 0.6 mL of an oligomer
solution (80uM) and the reference cell filled with the same
volume of buffer solution, were heated from 0 to 11D at
a heating rate of 0.78C/min. Analysis of the resulting
thermograms yielded transition temperaturds,s, and
standard thermodynamic profiles for the unfolding of each
molecule (9). A typical experiment consists of obtaining a
heat capacity profile of a DNA solution against a buffer
solution. This experimental curve is normalized by the
heating rate after first subtracting a buffer versus buffer scan.
Integration of the resulting curvg ACpdT, and normaliza-
tion for the number of moles yields the molar unfolding
enthalpy,AH¢,, which is independent of the nature of the
transition. The molar entropy\S., is obtained by a similar
procedure,/(ACp/T)dT. The free energy at any temperature
T is then obtained with the Gibbs equatiokGZ(T) =
AHca — TASa, Which assumes similar heat capacities for
the hairpin and random coil states. AlternativeGg,(T)
is obtained using the following relationshipAGZ,(T) =
AHca(1 — T/Tw), which is rigorously true for intramolecular
transitions. Both methods yielded similar values.

RESULTS
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Ficure 3: Potential rotation of antiCG (anti) into pseudo antiGC
(syn).

Ficure 4: NMR NOESY analysis of antiGC (top) and antiTA
(bottom) TRIPsides: s (strong); m (medium); and w (weak) NOE.

and the sugar H*land H-2 protons, and a medium NOE to
H2" (Figure 4). In addition, there is a strong interaction
between the aromatic H-6 proton and the Hy&oton, a
medium interaction with H-1 and weak interactions with
the H-3 and -5’ protons. For the antiGC TRIPside, the strong
NOE interactions are between aromatic ring proton H-5 and
H-1' and H-2. Moderate NOE signals are seen between
aromatic proton H-3 and H*2and H-1, and weaker
interactions with H-5and H-3'. Overall, both molecules,
as predicted, appear to preferentially populateaati-like
conformation 16).

Characterization of Triplexe®L'’s 1—10 (Figure 5) were
prepared using a combination of antiTA, antiGC, and natural
nucleobase phosphoramidite derivatives following standard

Conformational Analysislmplicit in the recognition of solid-phase methods. OL-1 has a duplex region with two
specific Watsor-Crick duplex sequences by the amino- interruptions in the purine Hoogsteen H-bonding information
quinoline and aminoquinazoline bases is the requirement thatso triplex formation requires two major groove crossovers.
the heterocyclic rings adopt aanti-conformation with The potential triplex structures of all the oligomers used in
respect to the deoxyribose ring6). If there is appreciable  this study are shown in Figure 6. OL-2, -3, and -4 are similar
population of thesynisomer, antiGC and antiTA would be to OL-1, except OL-2 and OL-4 each have one mismatch,
pseudo-equivalent to antiCG and antiAT, respectively (Figure and OL-3 has two mismatches between the TFO segment
3). To experimentally determine the conformational prefer- and the duplex. OL-5 has a single crossover between the
ence of the heterocyclic ringd] NMR NOESY experiments  purine containing strands, while OL-6, similar to OL-1, has
were performed in aqueous buffer (pH 7.0) at room tem- two crossovers. Triplex formation was assayed by measuring
perature. The spectrum of the antiTA TRIPside shows a the changes in absorbance at three different wavelengths as
strong NOE between the H-4 proton on the aromatic ring a function of temperature in 10 mM sodium phosphate buffer
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OL-1:  5-[antiGC]-[antiTA]-[antiGC],-C,-G,-T-G-C-C;-A-C, (a)pH 7.0 (b) pH 8.2

OL2: 5-[antiGC]-[antiTA]-[antiGC],-C-G,-T-C-G,-C,-C,-G-A-C,
0esL 0.95
OL-3: 5-[antiGC]-[antiTA]-[antiGC],-C,-G-C-T-C-G,-C-C,-G-A-G-C
0.80F 0.90

260 nm 260 nm

£l B B

OL-4:  5-[antiGC],-[antiTA]-[antiGC] -C,-G-C-A-C-G,-C,-C,-G-T-G-C

OL-5: 5-[antiGC]-[antiTA],-C,-T,-G,-C.-C,-A,
OL-6: 5-[antiTA],-[antiGC]-[antiTA]-C-T,-G-T,-C-A,-C-A,

OL-7: 5°-G,-T-G,-C,-C,-A-C,

Normalized Absorbance

i 330 nm
OL-8: 5-C,-G,-T-G,-C;-C,-A-C, _ PP
OL-9: 5-C,-G,-T-G,-C,-C,-A-C, I ‘\\;_,ﬂ‘ﬁ
0.96 F— 0.96
OL-10: 5°-[antiTA]-Cs-T-Co-A,
Ficure 5: Sequences of oligomers. 0.9z os2p
350 nm 350 nm
-G-G-T-G-G-G G-G-T-G-G-G 0.88 0.88 | | " A
C;C LN ] o0 0 CsCO L] L I Ne 0 bi Aty By Th iy £ i L
oLy TEYEIEES S g ) Temperature (°C)
[ I o N o B o 3'"-C-C-A-C-C-C
3irererAsemee Ficure 7: UV—vis melting studies and pH dependency of OL’s
G-G-T-C-G-G . Cf‘C‘T‘C‘f‘f 1-4 at 3-6 uM strand concentration in 10 mM sodium phosphate
o ZCEC_;_;_X_Y_;_;_S. c one 3 e Y-Y-X-Y-Y-¥-5' )ee buffer containing 50 mM NaCl xaxis, temperaturey-axis,
B o m ,  mem absorbance): OL-1 (black), OL-2 (red), OL-3 (blue), and OL-4
3'-C-C-A-G-C-C 31-C-G-A-G-C-C (green) (see Figure 6 for sequences) at pH 7.0 (a) and 8.2 (b) at
G-G-A-G-G-C TG 260, 330, and 350 nm.
CsCl L] LI BN C_r.C * e 0
OL-4 SY-Y-K-¥Y-¥-¥-5' |Cs — -X-X-X-Y-Y-Y-5' |Cs - -
] ee e Table 1: Tyu of Oligomers Based on Electronic Speétra
3'-C-C-T-C-C-C- ' -A-A-A-C-C-C-
. A (nm)
-T-T-T-G-T-T -T-T-T-T-T-T
c( . c< oL pH 260 330 350
-K-H-E-Y-H-X-5' |Cs -EK-H-K-K-H-X-5' |Cs
OL-g& see e oo OL-10 ses s e e OL-1 7.0 63.7 62.8 63.1
3V -A-A-A-C-A-RA- 3" -B-B-A-A-RA-R- 8.2 55.2 43.2 43.4
FIGURE 6: Potential triplex structures of OL's6 and 10: Y= OL-2 7.0 62.7 55.6 58.7
antiGC and X= antiTA; Hoogsteen H-bond (circles); Hoogsteen- 8.2 21.3 27.8 n.d.
duplex mismatch (squares). OL-3 7.0 70.2 n.d. n.d.
8.2 68.9 n.d. n.d.
(pH 7.0) containing 50 mM NaCl. The antiTA and antiGC OL-4 87'2 Z,ff‘é” ggi 2'3'
heterocycles havénmax near 350 and 330 nm, respectively. OL-5 70 446 45.0 44.9
Therefore, the unstacking of the antiTA and antiGC TRIP- 8.2 40.1 20.6 n.d.
sides from a triplex structure can be detected by observing  OL-6 7.0 35.6 34.7 34.3
an increase in the absorbance at 350 or 330 nm with g'g 22'5 211 2%??

increasing temperature. AntiTA and antiGC also fluoresce Valnes (E1°C) based on frst derad s e (ref
i i ] i 2Values ° ased on first aerivative and shape analysis (re
yvhen excited at the!r V|S|b_le absorptlpn band. The changess) of melting curves (Figures 8 and 9): 10 mM l\bﬂﬂ)fbuffer)(/pH
in the_ﬂuorescence Intensity (_)f the oll_gomers_ at low () 7.0) containing 50 mM NaCF n.d. = not detected¢ Data from ref
and high (88°C) temperature is also diagnostic of structure 19,
since the stacking of the antiGC and antiTA C-glycosides
in a triplex will cause a significant increase in the fluores- and a reduction in th&y from 63 to 57°C at 330 nm (Table
cence intensity X6). 1). The hyperchromicity is 11 and 8% at 330 and 350 nm,
The results of the UWvis melts for OL’s -4 are shown respectively. In this case, there appears to be a decoupling
in Figure 7, and th@\’s calculated by first derivative and  of the triplex to duplex and duplex to random coil transitions.
curve shapel(9) analyses are presented in Table 1. At pH The presence of two mismatches between the WatESoitk
7.0, the most stable structure is OL-1 that haByaabove duplex and antiGC in the TFO (OL-3) results in a significant
60 °C based on the melting curves at 260, 330, and 350 nmdecrease in th&y, and loss of melting cooperativity and
(Table 1). The hyperchromicities at the three wavelengths hyperchromicity £€4%) based on the spectra at 330 and 350
is 16, 11, and 9%, respectivelyhe clear and consistent nm (Figure 7).

transitions at all the waelengths is eidence that OL-1 forms OL-4 was prepared to obtain evidence that the TFO
a stable triplex at a mixed purine/pyrimidine sequence, and segment in OL-1 simultaneously binds to purines in both
that it unfolds in a single cooperag processMoreover, complementary strands of the duplex target. OL-4 contains

the stability of the triplex is highly dependent on sequence. a single T:A to A:T transversion relative to OL-1. If the TFO
A single antiGC-C:G mismatch between the TFO segment segment is not binding to the T:A base pair, and only
and the duplex (OL-2) results in a decrease in cooperativity associated with the G:C pairs, there should be little if any
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(@) pH 7.0 (b) pH 8.2
1.00 1.00fF ]
0.95] 095} :
0
o Y 0o} g
Q 260 nm 260 nm 8
m 0.85] " ! Eb [ - 0.85 2;) ! . : . i " x
n N
"o- 1.00 100 (3.
7]
LD osg os6 | < .
<
T = 08zt ) , | |
S . 330nm |,.]  330nm 0 20 4 60 8 10
® O A temperature (°C)
E oop 1000 Ficure 9: Differential scanning calorimetry profiles for the
(o] unfolding of OL’s 1 and 79 in 10 mM sodium phosphate buffer
2 % 098 (pH 7.0) containing 50 mM NaCl: OL-1 (squares); OL-7 (circles);
OL-8 (triangles); and OL-9 (diamonds).
[1h=] § 0.82F
350 nm 350 nm Table 2: Thermodynamic Profiles for the Hetlioil Transition of
L] I o 08 > m = = OLl's 1 and #9?
o oL Tu AHca AGS, (293°K) TASa
Temperature (°C) oLl 620 880 110 770
OL-7 60.8 48.0 5.9 42.1
Ficure 8: Thermal melting studies of OL-5 (blue) and OL-6 OL-8 62.0 527 6.6 46.1
(magenta) in 10 mM sodium phosphate buffer (a) pH 7.0 and (b) (| -9 53.8 45.8 54 40.4

pH 8.2 containing 50 mM NaCl at 260, 330, and 350 nm.

a All values obtained in 10 mM sodium phosphate buffer (pH 7.0)

. . containing 50 mM NaCl. Experimental errors are indicated in paren-
difference between the melting curves of OL-1 and OL-4. cces as follows:Ty (0.5 °C); AHea (3%), TAS (£3%) and

The experiment at pH 7.0 shows that this mismatch highly AGs,, (+5%). OL's 7-9 below dashed line are control duplexes.
destabilizes the triplex: th&, drops to approximately 52
°C at 330 nm ATy = 10.7 °C), the cooperativity iS  pH (data not shown) with a calculate#pof 7.2, which is
diminished, and the hyperchrom|C|ty_|s reduced to 6 and 4% ¢|gse to the value of 7.3 reported for 2-aminoquinoli2@)
at 330 and 350 nm, respectively (Figure 7). Therefore, at pH 7.0 a significant fraction of antiGC should
OL-5, which has a single crossover, also forms a stable be protonated, which will allow two H-bonds to be made
triplex at pH 7.0 with alv of 45°C (Figure 8). In this case,  petween the TFO and the duplex. Accordingly, raising the
the hyperchromicity is 18% at 260 nm, and 12 and 11% at pH above the K, will decrease the fraction of antiGC that
330 and 350 nm, respectively. A triplex is also seen with is protonated, which should destabilize the triple-stranded
OL-6 that has two crossoversty near 34°C with 18% complex. TheTy of OL-1 determined at both 330 and 350
hyperchromicity at 260 nm and 10% at 330 and 11% at 350 nm drops from 63C at pH 7.0 to 43C at pH 8.2 ATy of
nm (Figure 8). Despite the differences in thg's, all the 20°C) (Table 1, Figure 7). Th&y at 260 nm is 55.2C, so
oligomers that do not have a mismatch unfold from a triplex at pH 8.2 there is resolution between the triplex-to-duplex
directly to a random coil. In contrast, the introduction of and duplex-to-random-coil transitions. A small decrease in
mismatches between the duplex and TFO uncouples the twohyperchromicity at 260 nm is observed, but there is a
transitions since th&y's at the different wavelengths are  dramatic drop by more than 50% at 330 and 350 nm. At pH
not the same (Table 1). 8.2, theTy of the hairpin duplex decreases by only 3@
Differential Scanning Calorimetry StudieSthe DSC (data not shown). Thdy for OL-2 measured at 330 nm
melting curves for OL-1 and the duplex control sequences drops by 16°C as the pH is raised from 7.0 to 8.2. There is
are presented in Figure 9 with the calculated thermodynamic no discernible transition at 350 nm, and the hyperchromicity
profiles shown in Table 2. The controls for OL-1 include a is reduced to 4%. At the higher pH, there is no evidence for
perfect hairpin (OL-7), one with &, tail (OL-8) and one triplex formation with OL-3. At pH 8.2, OL-4 has a broad
with a 8-Cs tail (OL-9). TheTy for OL-1 as measured by transition at 330 nm with only 3% hyperchromicity. Simi-
DSC shows a single transition and is within experimental larly, both OL-5 and -6 at the higher pH show noncooperative
error of the value derived from the UWis melt. The melting, low hyperchromicity €3%), and decoupling of the
symmetry of the DSC curve also confirms the intramolecular transitions from triplex-to-duplex and duplex-to-random-coil.
nature of the folded OL-1 triplext9). Significantly, theAHca A pH versusTy profile for OL-1 and OL-6 is shown in
for OL-1, which forms a triplex based on the electronic Figure 10. Decreasing the pH below 7.0 causes a small
spectrum, is 88 kcal mot or roughly twice the value increase in triplex stability. Clearly, the deprotonation of the
measured for the three hairpin control duplexes (OLZ9Y. antiGC residue has a major destabilizing effect on triplex
pKa Studies.The K, of antiGC was determined by formation because of the forfeiture of one Hoogsteen H-bond
measuring the change in its UV spectrum as a function of and/or the loss of cationic charge.
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indeed have a strong preference for the predicet-

70 conformation at physiological conditions.
Triplex Formation at Non-Homopurine Sequencéke
60 . X ; .
o melting results show that the triplexes without any mis-
50 matches between the duplex and TFO unfold directly to
= random coil, i.e., two-state transition. A two-state transition
40 is generally observed with intramolecular triplexes for
reasons previously discussez3), in contrast to the three-
30 state transition model for intermolecular triplexes. The
electronic and fluorescence spectroscopy data presented for
205|5 T o5 75 85 the three matched intramolecular triplexes (OL-1, OL-5, and

OL-6) confirm that as many as two crossovers in the space

PH of six base pairs does not present a barrier to the formation
Ficure 10: Relationship between pH and triplex stability for OL-1  of stable triplex structures. The DSC results show #aG°
and OL-6. (at 293°K) for OL-1 relative to duplex controls OL's-79
75— is more than 5 kcal mot, and the major component is the
1 AH term indicating the role of TRIPside stacking in the
] triplex.
1 Most importantly, evidence is provided showing that the
%) 50-_ TFO segment concurrently reads purine information on both
= Watson-Crick strands. There is approximately a 1G
=] decrease in thély at 330 nm due to the T:A to AT
254 transversion in the duplex target of OL-4. The nature of the
] OL-10 base pairing scheme, i.e., A:T versus T:A, at the site where
i antiTA is predicted to bind would have had little effect on
o] stability if the TFO “skipped” this position and only read
00 25 50 75 100 125 15.0 the G’s on one strand of the major groove (Figure 6, OL-
1-alt) rather than being simultaneously Hoogsteen paired to
I;(0°C) / It (88 °C) all the purines in the duplex (Figure 6, OL-1). The introduc-
FiGURE 11: Ratio of fluorescence intensitiels) (of intramolecular tion of an antiGC mismatch with a C:G base pair (OL-2)
triplexes at 0°C and 88°C versusTy. results in an even larger decrease in Tig and in fact

destabilizes the triplex to the point that there is a stepwise
. ] ) unfolding of the triplex and duplex structures. Together, the
Fluorescence StudieZhe fluorescence of the quinazoline  meiting experiments show that stable triplex formation with
and_ quinoline heterocycle_s IS ar)other useful probe Pf_ their the TRIPsides involves, and in fact requires, that the TFO
environment since there is a difference in the collisional pe sequence specifically paired with purines on both strands
quenching rate when the TRIPsides are exposed to solveniyf the Watsor-Crick duplex.
versus when they are part of a stable stacked structife ( To put the UV-vis melting data into perspective, the
21, 22). The fluorescence spectra at high (88) and low  nagyra triplex formed from’sTCTCTCT-G-TCTCTCT-G-
(0°C) temperature for the different oligomers were obtained. AGAGAGA has aTy, of 37.3°C at pH 7.0 in 16 mM NaCl
The ratio of the fluorescence emissip.xnear 430 nm (with (23 This natural triplex, which recognizes a homopurine
330 nm excitation) at the two temperatures for the perfect sequence, has seven bases and tlstaggeredcationic
triplexes (OL-1, -5, -6, and -10) was plotted versus e residues. OL-5, which recognizes a mixed purine/pyrimidine
at pH 7.0 (Figure 11). OL's 24 were not included in the  sequence and forms a six base pair triplex with three
analysis because thi’s for triplex to duplex and duplex  consecutie cationic residues, hasBy of 46 °C at pH 7.0
to random coil are not coupled as is the case for the otherin 50 mM NaCl. Therefore, at physiological pH, TFO’s with
perfect triplexes. The result of this plot is a linear response antigC and antiTA TRIPsides form triplexes at mixed purine/
that has a correlation coefficient’) of 0.99. pyrimidine sequences that are at least as stable as their natural
TFO counterparts at homopurine runs.
DISCUSSION Effect of Cationic antiGC TRIPsides on Triplex Stability
Conformational Analysis of antiTA and antiGC TRIPsides. Similar to the effect of protonated cytosines (at gH6.0)
Modeling of the TRIPsides bound to mixed DNA sequences in TFO sequences, the inclusion of cationic antiGC residues
suggested that the movement of the TFO backbone wouldalso has a dramatic stabilizing effect on the triplexes. For
be minimal while maintaining the predicted Hoogsteen base example, the introduction of one antiGC TRIPside in OL-
pairing needed for sequence specific recognitid®).(The 10 to create OL-6 results in a FC increase in th&)y and
Hoogsteen base pairing scheme shown in Figure 1 requiresa significant increase in cooperativit§g). The Ty of the
that the TRIPside heterocycles each adoyiconformations intramolecular natural triplex, i.e., '"FCTCTCT-G-
with respect to the C-glycosidic bong)( If this is not the TCTCTCT-G-AGAGAGA, at pH 6.2 in 10 mM sodium
case, antiGC by rotation to tyrrisomer could bind to both  cacodylate buffer containing 16 mM NaCl is 526 (23).
a G:C and C:G base pair as shown in Figure 3. The same isThis compares to dy of 23.2°C at pH 7.0 in the same
true for antiTA binding to T:A and A:T*H NMR NOE buffer system for 5T;—Cs—T7—Cs—A7. The ATy of 29.4
studies on the antiTA and antiGC TRIPsides show that they °C represents three protonated C residues°@0ncrease
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per C residue). ThAAG® between the two triplexes is 13.3
kcal mol™ (4.4 kcal mot? per C™-G:C triplet) 293). It should

be noted that the thermodynamic comparison of the triplex
stabilities cannot be simply correlated to the number of

Biochemistry, Vol. 43, No. 6, 20041447

the TFO segment and the putative release of protons and
cations. Furthermore, the entropy gain in the unfolding of
the third strand of intramolecular triplexes is lower than that
of intermolecular triplexes because this strand is already

protonated cytosines since the triplet stacking arrangementsestricted in the former. The overall melting behavior, mono-

in the two oligomers are very different because of the
dissimilar sequences. In other studies, the formation of-a C
G:C triplet has aAG®° of —3.0 kcal, a value similar to that
for the formation of a G:C base paR4). Depending on the
flanking triplets, the C-G:C triplet is thermodynamically
favored 3-4-fold over a T-A:T triplet 24). At neutral pH,

versus biphasic, depends on tH—AS compensative
relationship: the stacking interactions (enthalpy) of the TFO
are released only if the entropy gain is great@B)(
Deprotonation of antiGC at higher pH or the introduction
of TFO-duplex mismatches increases the enthalpy loss and/
or increases the entropy gain, and affords biphasic melting

the presence of successive cytosine residues in pyrimidine-curves due to specific destabilization of the binding of the

based TFO'’s can actually diminish the extent of stabilization
relative to TFO’s with isolated cytosines due to less efficient
protonation and the lowlq, of cytosine 25, 26). However,

at acidic pH, where the cytosines are all protonated, little, if
any, destabilization is observed indicating that adjacent
charges do not intrinsically affect triplex formatioB5j.

We have observed a significant destabilization of triplex
formation by raising the solution pH to 8.2 as this effect is
analogous to that described above for C's at pH 7.0.
Lowering the pH has a much more modest stabilizing effect,
and this is also understandable since tKg @f free antiGC
is 7.2. Analysis of the plots in Figure 10 show transitions at
pH 7.2, indicating that the K, of antiGC is similar in an
oligomer and monomer.

Sequence Specificitin addition to stability, the question
of sequence specificity is critical for the evolution of TFO’s

designed to bind to unique genomic sequences. The intro-

TFO. It is reassuring to observe similar thermodynamic
behavior between triplexes formed from natural bases and
TRIPsides.

In conclusion, UV~vis, fluorescence, and DSC evidence
are presented to show that the antiTA and antiGC TRIPsides
can form stable and sequence-specific intramolecular tri-
plexes at nonhomopurine sequences. While only two of the
four TRIPsides were used in this study, the ability to target
any duplex DNA sequence seems achievable. Studies are
underway to incorporate the remaining two TRIPsides
(antiAT and antiCG) into TFO’s to complete the four
monomer based double-stranded DNA recognition scheme.
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TFO’s and duplex regions has the requisite destabilizing

effect. For example, a single antiGC-C:G mismatch causes

OL-2 to melt more than 7C lower than the perfect matched
OL-1. An antiTA-A:T mismatch (OL-4) decreases stability
by approximately 10C, which is a value similar to what
we previously observed for the same type of mismatch in
OL-10 (16). In addition, a loss of cooperativity and hyper-
chromicity is associated with the presence of mismatches.
Similar changes iy have been reported for mismatches
involving natural bases in an intramolecular pyrimidine motif
(27, 28). Since the thermodynamic penalty for mismatches
with the TRIPsides is at least as large as with natural
triplexes, these molecules will bind with high stringency to
their Watson-Crick target. The destabilization caused by

transversional mismatches is also strong evidence that the

TRIPsides are in the anti-conformation in TFO’s.
Relationship Between Intramolecular Triplex Structure and
Monophasic Transitionslhe perfect triplexes involving the
TRIPsides all melt with monophasic transitions at pH 7.0
based on the similafy values calculated at 260, 330, and
350 nm. A similar phenomenon is observed with natural
intramolecular triplexes23, 24). However, this is not the
case in the mismatched oligomers, whereThes calculated
at 260 nm versus 330 and 350 nm differ. The decoupling of
the triplex-to-duplex and duplex-to-random-coil transitions
is also observed in the studies performed at the higher pH
of 8.2. Under these conditions, the reduced protonation of
the TRIPsides yields a reduction in Hoogsteen H-bonding
and a decrease in the favorable enthalpy contribution
associated with TFO stacking interactions. This is compen-
sated by an increase in the unfolding entropy contributions
associated with both increased conformational flexibility of

oligomers.
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