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Abstract: The negatively charged phosphodiester linkages in QN&(PQ,7)O-} have been replaced by a

novel methylthioure§-NHC(=SMe")NH-} backbone. The backbone is positively charged, achiral, and stable
and can be easily synthesized. A basic strategy for the synthesis of deoxynucleic methylthioureas (DNmt) is
described. Synthetic procedures are provided for thymidyl DNmt<}(inkages). Synthesis proceeds -3

5' direction and involves coupling of a protecte@isbthiocyanate with the correspondingémine of the
growing oligo chain. Coupling reactions at room temperature are nearly quantitative, and products are easily
purified. The method of continuous variation indicates that there is an equilibrium complex with a molar ratio
of d(Tmt) to r(Ap) or d(Ap) of 2:1. Continuous variation plots carried out at temperatures from 15%G 60
show a triple helical complex. Titration scans over the entire range of wavelengthsZ280m) confirm

binding in triple helical fashion. Thermal denaturation analyses show pronounced hysteresis with poly(dA) as
well as poly(rA). Hysteresis is more pronounced at higher ionic strengths due to a slower annealing process.
DNmt shows fidelity in binding to polynucleotides as there is little hyperchromicity observed in denaturation
of DNmt complexes to noncomplementary deoxynucleotides and ribonucleotides. The effect of ionic strength
on thermal denaturation is very pronounced, with stability greatest at low ionic strengths. Thermal denaturation
studies show melting points 6f15 °C per base pair in complexes of DNmt with poly(dA) and poly(rA).
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Scheme 1. Structures of Some Backbone-Modified
Oligonucleotides
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ethylmorpholino and dimethylamino phosphoramid&fe€s3,
aminomethyl phosphonatés,and guanido (Scheme 1) are,
among otherd3-40 some examples of backbone-modified oligos
with different electrostatic attractions. Small positively charged
oligos (DNG) show unprecedented binding to nucleic acids with
retention of specificity:>1641 The nonionic oligo DNAmMp
exhibits the ability to be transported into cells by passive
diffusion/fluid-phase endocytosis and is more resistant to
degradation than DNAZ Both DNAmp and DNAs, however,
have individual limited drawbacks of stereoisomeric complex-
ity,32 solubility (DNAmp), and toxicity (DNAs)-342 These
findings have led recently to the development of mixed
backbone oligonucleotides (MBGg)243where the phospho-
rothioates and methyl phosphonates have been alternated in al
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as DNmt (Scheme 1). In this publication we report on the
synthesis of thymidyl methylthioureas (Tmts) and the nature
of equilibrium complexes of pentameric Tmt with poly(dA) and

poly(rA).

Materials and Methods

Materials. The concentrations of nucleotide solutions were deter-
mined using the extinction coefficients (per mole of nucleotide)
calculated according to the nearest neighboring effédtsr d(Tmt)
we usedezss = 8700 Mt cmL. All experiments were conducted in
either (a) 0.015 M phosphate buffer (pH-7.5) or (b) 0.008 M
phosphate buffer (pH 6.85), and the ionic strengthwas adjusted
with KCI and are presented with the corresponding concentration of
KCI. The concentrations of nucleosides, expressed in M/base, were 2.1
x 107° to 6.3 x 1075 M, and the ionic strengtp = 0.06-0.6. The
concentration is referred to the limiting component forming the triplex
(e.g., a concentration of 2.4 10°5 M/base in the reaction of A 2T
means [A]= 2.1 x 1075 M/base and [T 4.2 x 107 M/base). All
stock solutions were kept atC between experiments.

Sample Preparation.Five magnetically stirred screw-cap cuvettes
of 1-cm path length were used for data collection: four with samples
to be measured and one for the temperature monitoring. The measure-
ment chamber was purged continuously with dry nitrogen to prevent
condensation of water vapor at lower temperatures. Annealing and
melting were followed spectrophotometrically at the given wavelength.

UV Spectroscopy and Data Collection.A Cary 1E UV/vis
spectrophotometer equipped with temperature programming and regula-
tion and a thermal melting software package were used for data
collection att = 260 nm. Spectrophotometer stability ahdlignment
were checked prior to initiation of each melting point experiment. For
the T determinations hypochromicity was used. Data were recorded
every 1.0. The samples were heated from 25 to°@at 5 deg/min
(Scheme 1), the annealing (930 °C) and the melting (1695 °C)
were conducted at 0.13 deg/min, and the samples were brought back
to 25°C at a rate of 5 deg/min. The reaction solutions were equilibrated
for 15 min at the highest and lowest temperatufes.

Synthesis. General Proceduredll reactions were performed under
a positive atmosphere of dry nitrogél NMR spectra were obtained
at 400 MHz unless indicated otherwise ati@ NMR spectra at 125
MHz; chemical shifts ¢) are relative to internal TMS, and coupling
constantsJ) are in hertz. Splitting patterns are designated singlet (s),

Joublet (d), triplet (t), quartet (g), multiplet (m), or broad (b). IR spectra

oligo backbone to produce improved antisense properties. TO\yere taken in KBr pellets using Perkin-Elmer 1300 spectrophotometer.

investigate the effects on binding and specificity of a positively
charged backbone with hydrophobicity, we have recently
designed the polycationic nucleotide linkage with methyl-
isothiouronium salté? or methylated thiourea$, abbreviated
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TLC was carried out on silica gel (kieselgel 6@sfr and 0.25-mm
coated commercial silica plates and visualized by UV light or
p-anisaldehyde in ethanol/sulfuric acid. Flash column chromatography
employed E. Merck silica gel (kieselgel 60, 20800 mesh) as the
stationary phase. Individual mobile-phase systems are described in the
Experimental SectionTtT refers to thymidyl dinucleotide with a
thiourea linkage, TmtT refers to a thymidyl dinucleotide with a
methylated thiourea linkage.

3'-Isothiocyanato-3-O-trityl-3 '-deoxythymidine (4).To a solution
of 300 mg (0.6192 mmol) of '&amino-3-O-trityldeoxythymidine in
20 mL of dichloromethane was added 150 mg (0.64 mmol) of
thiocarbonylpyridone, and the resulting solution was stirred at room
temperature for 6 h. TLC analysis in 80% EtOAc:20% hexanes shows
complete disappearance of the amiRe=€ 0.1). The product has B
value of 0.8 and pyridone of 0.45. The solvent was rotovaporated and
the product chromatographed in EtOAC:hexanes (1:1) to give 290 mg
of the product (88%)H NMR (200 MHz, CDC}): ¢ 9.636 (1H, s,
NH), 7.493 (1H, s, 6-H), 7.4937.279 (15H, m, trityl-H), 6.2899 (1H,
t, J = 6.18 Hz, 1-H), 4.606 (1H, q,J = 7.32 Hz, 1.82 Hz, 3H),
4.139 (1H, qJ = 7.32 Hz, 5.12 Hz, 4H), 3.60 (1H, ddJ = 8.18 Hz,
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charge on nitrogen.

(46) Blasko, A.; Dempcy, R. O.; Minyat, E. E.; Bruice, T. €. Am.
Chem. Soc1996 118 7892.

(47) Blasko, A.; Dempcy, R. O.; Minyat, E. E.; Bruice, T. Biochem-
istry 1997, 36, 7821.



Positively Charged Deoxynucleic Methylthioureas

5.12 Hz, 5-H), 2.858 (2H, m, 2H), 1.5612 (3H, s, Me)d™*C (de-
DMSO + CDCl;, 75 MHz): 149.794, 146.854, 142.249, 134.811,

J. Am. Chem. Soc., Vol. 120, No. 48, 12931

5'-OH-TmtT-3'-OH (6). To a solution of 30 mg (0.029 mmol) of
5'-O-trityl-TtT-3'-O-trityl (5) in 20 mL of ethanol was added 10 mL

127.558, 127.185, 126.628, 125.812, 109.767, 84.4025, 83.395, 80.2512pf methyl iodide, and the resulting solution was stirred at room

54.410, 11.657. IR (KBr pellet): 3190, 3050 (aromatie ig), 2083,

2047 (N=C=S), 1689 (G=0), 1458, 1273, 1099, 1068vz: 526.2 (M

+ H)*. Anal. Calcd: C, 68.6%; H, 5.2%. Found: C, 68.5%; H, 5.3%.
5'-Azido-3'-O-trityl-5 '-deoxythymidine (2). To a solution of 4 g

(14.96 mmol) of 5azidodeoxythymidinel) in 100 mL of pyridine

was added 50 mg (0.4098 mmol) of (dimethylamino)pyridine followed

by 10 g (0.035 mol) of triphenylmethyl chloride. The resulting solution

was stirred at 100C for 48 h. TLC analysis in EtOAc shows complete

disappearance of the starting materRl<€ 0.1). The product has &

value of 0.4. The solvent was rotovaporated and the resulting

concentrate chromatographed in EtOAC:hexanes (1:1) followed by

elution with 100% EtOAc to gig 7 g of theproduct (91.9 %)*H NMR

(400 MHz, CDC}): 6 8.651 (1H, s, NH), 7.967.25 (19, m, trityl-

H), 7.173 (1H, dJ = 1.2 Hz, 6-H), 6.33 (1H, qJ = 5.6 Hz, 3.6 Hz,

1'-H), 4.226 (1H, hJ = 5.6 Hz, 3.6 Hz, 3.2 Hz,'3H), 3.910 (1H, q,

J = 3.2 Hz, 2.8 Hz, 4H), 3.329 (1H, ddJ = 9.6 Hz, 2.8 Hz, 5H),

2.740 (1H, ddJ = 9.6 Hz, 3.2 Hz, 5H), 1.990 (1H, m, 2H), 1.860

(3H, d, J = 1.2 Hz, Me), 1.699 (2H, m,'2H). 61°C (CDCk, 125

MHz): 163.209, 150.055, 146.777, 134.474, 128. 885, 128.048, 127.

479, 111.245, 87.933, 84.549, 52.134, 39.079, 12.520. IR (KBr

pellet): 3051 (aromatic €H), 2928 (aliphatic C-H), 2099 (N=N=

N), 1686 (C=0), 1481, 1442, 1274, 10280z FAB: 510 (M + H)*.

Anal. Calcd: C, 71.4%; H, 6.0%. Found: C, 71.56%; H, 6.05%.
5'-Amino-3'-O-trityl-5 '-deoxythymidine (3). To a solution of 1.5

g (2.94 mmol) of 5azido-3-O-trityl-5'-deoxythymidine 2) in 100 mL

of ethanol was added 50 mg of palladium on carbon catalyst (10%).

The resulting solution was hydrogenated at 45 psi for 1 h. TLC analysis

in EtOAc showed complete disappearance of the starting mat&ial (

= 0.4). The product has B value of 0.1. The solution was filtered

temperature for 2 h, followed by heating to 36 for 20 min. TLC
analysis in EtOAc showed complete disappearance of the starting
material & = 0.6). The product has B value of 0.5. The solvents
were then evaporated under pressure, and the residue was washed with
hexanes and dried to give 29 mg of a@trityl-TmtT-3'-O-trityl as a
yellowish solid (97.6%).m/z 1024 (M + H)*. HRMS (FAB):
1023.4103.
To a solution of 20 mg (0.0195 mmol) of-B-trityl-Tmt-T-3'-O-
trityl in 10 mL of dichloromethane was added 10 mL of trifluoroacetic
acid. The resulting solution was stirred at room temperature for 1 h.
The solvents were then evaporated under pressure, and to the resulting
gel was added 100 mL of diethyl ether. The white precipitate obtained
was filtered off and washed with ether and dichloromethane to give 9
mg of dry product (85.7%)*H NMR (400 MHz,ds-DMSO): 6 11.56
(2H, NH), 9.677 (1H, br, NH), 9.33 (1H, dl = 6.8 Hz), 9.210 (1H,
br, NH), 7.914 (1H, s, 6-H), 7.688 (1H, s, 6-H), 6.452 (1H] & 6.8
Hz, 1-H), 6.336 (1H, tJ = 6.8 Hz, 1-H), 5.661 (2H, br, OH), 4.681
(1H, br, 3-H), 4.494 (1H, m, 3H), 4.292-4.054 (2H, m, 4H), 3.989-
3.60 (4H, m, 5H), 2.904 (3H, s, Me), 2.715 (2H, m;-}), 2.34 (2H,
m, 2-H), 2.00 (3H, s, Me).0*°C (ds-DMSO, 125 MHz): 168.101,
163.618, 163.375, 150.319, 150.266, 136.649, 136.140, 109.816,
109.490, 83.810, 83.408, 82.915, 70.398, 60.134, 54.717, 53.837,
46.752, 44.855, 37.640, 36.525, 14.844, 14.184. IR (KBr pellet): 3465
(O—H), 3385, 3451 (N-H), 3044 (aromatic €H), 2959 (aliphatic
C—H), 1682 (G=0), 1545, 1457, 1267, 1068¥z 539 (M + H).
HRMS (FAB): 539.1933, calcd for £H31NsOsS 539.19240.
5'-N-MmTr-TtT-3 '-OH (9a). To a solution of 200 mg (0.180 mmol)
of 3'-isothiocyanato-5N-MmTr-3',5'-dideoxythymidine ) in 10 mL
of anhydrous pyridine was added 100 mg (0.414 mmol)'edrBino-

over Celite and the solvent evaporated under pressure. Chromatography'-deoxythymidine 8) followed by 5 mg of (dimethylamino)pyridine,

in 15% MeOH:85% EtOAc gave 1.1 g of the pure product (77.4%).
H NMR (400 MHz, ds-DMSO): ¢ 7.646 (H, d,J = 1.2 Hz, NH),
7.446-7.264 (15H, m, trityl-H), 6.121 (1H, ¢ = 5.2 Hz, 4.0 Hz,
1'-H), 4.20 (1H, d,J = 5.6 Hz, 2-H), 3.782 (1H, pJ = 5.2 Hz, 3.2
Hz, 4-H), 3.347 (2H, br, NH)), 2.455 (1H, ddJ = 4.8 Hz, 5.2 Hz,
5'-H), 2.359 (1H, dd,J = 4.8 Hz, 5.2 Hz, 5H), 1.719 (3H, dJ = 1.2

Hz, Me), 1.410 (1H, dJ = 5.6 Hz, 2-H), 1.380 (1H, dJ = 6 Hz,
2'-H). 6°C (de-DMSO, 125 MHz): 163.573, 150.419, 144.198,

and the resulting solution was stirred at room temperature for 2 h.
Pyridine was evaporated under pressure, and 20 mL of water was added
to the residue to precipitate the product. The product was extracted
into 2 x 30 mL of chloroform, washed successively with water to
remove the excess amine. The organic extracts are dried over sodium
sulfate and evaporated to give 130 mg of a dry product (90.9b).
NMR (400 MHz, ds-DMSO): 4 10.596 (1H, s, NH), 10.550 (1H, s,
NH), 7.735 (2H, NH), 7.120 (4H, d = 7.6 Hz, trityl-H), 7.01 (2H, d,

136.111, 128.510, 128.047, 127.266, 109.620, 87.058, 86.527, 83.561, = 9.2 Hz, trityl-H), 6.89 (4H, tJ = 7.6 Hz, trityl-H), 6.819 (2H, m,

74.882, 43.179, 37.520, 12.083. IR (KBr pellet): 3388, 3316-KY,
3054 (aromatic €H), 2948, 2917 (aliphatic €H), 1655 (G=0), 1447,
1273, 1023m/z. 484 (M+ H)*. HRMS (FAB): 484.22312, calcd for
Ca9Hz0N30, 484.22363.

5'-O-Trityl-TtT-3 '-O-trityl (5). To a solution of 250 mg (0.474
mmol) of 3-isothiocyanate-50-trityl-3'-deoxythymidine 4) in 20 mL
of anhydrous acetonitrile was added 240 mg (0.496 mmol)-afiino-
3'-O-trityl-5'-deoxythymidine 8) followed by 5 mg of (dimethylamino)-
pyridine, and the resulting solution was stirred at room temperature. A

trityl-H), 6.437 (2H, d,J = 9.2 Hz, trityl-H), 5.88 (2H, m, tH), 4.734

(2H, d,J = 4.4 Hz), 3.897 (1H, m), 3.560 (2H, m), 3.407 (3H, s, OMe),
2.89 (1H, s), 2.22 (3H, m). 1.911 (3H, m), 1.669 (1H, s), 1.528 (3H,
s, Me), 1.416 (3H, s, Mep3C (CDCk, 125 MHz): 171.136, 164.460,
157.762, 150.988, 149.577, 145913, 140.549, 137.758, 136.043,
129.754, 128.480, 127.744,126.242, 123.731, 113.065, 111.510, 84.716,
77.206, 70.144, 55.101, 45.732, 38.115, 20.986, 12.452. IR (KBr
pellet): 3467 (G-H), 3285, 3248 (N-H), 3070 (aromatic €H), 2950
(aliphatic G-H), 2328, 1683 (€&0), 1545, 1457, 1267, 10630z

white precipitate began to appear after 20 min. The reaction was stirred FAB 796 (M + H)*. Anal. Calcd: C, 61.9%; H, 5.7%. Found: C,

for 2 h and the solution then cooled to°C for 30 min. The white
precipitate was then collected by filtration, washed with cold ether,
and dried to give 460 mg (96.2%) of analytically pure product. TLC
analysis in EtOAc showed complete disappearance of the amime (
0.1). The product hasR& value of 0.4, and the isothiocyanate hak a
value of 0.85H NMR (400 MHz, CDC}): 6 10.371 (1H, s, NH),
10.229 (1H, s, NH), 10.135 (1H, s, NH), 9.990 (1H, s, NH), 7.606
(1H, s 6-H), 7.456-7.233 (30H, m, trityl-H), 6.932 (1H, s, 6-H), 6.537
(1H, t,J = 6.8 Hz, 1-H), 5.989 (1H, tJ = 6.8 Hz, 1-H), 5.237 (1H,

b, 3-H), 4.287 (1H, b, 3H), 4.146 (1H, m, 4H), 3.790 (1H, m, 4

H), 3.65 (2H, d,J = 9.2 Hz, 2-H), 3.345 (2H, dJ = 9.2 Hz, 5-H),
2.489-2.334 (4H, m, 2H), 1.804 (3H, s, Me), 1.392 (3H, s, Me).
01°C (CDCl, 125 MHz): 173.526, 164.332, 164.036, 151.064, 150.926,

150.608, 146.785, 143.758, 143.364, 128.639, 128.101, 127.941,

62%; H, 5.68%.

5'-NH;3"-TtT-3'-OH (10a). To a solution of 120 mg (0.150 mmol)
of 5'-N-MmTr-TtT-3'-OH (9a) in 20 mL of chloroform was added 10
mL of acetic acid. The resulting solution was stirred at room temperature
for 4 h. TLC analysis in BUOH:CECOOH:H0 (5:2:3) shows complete
disappearance of the starting materkl<€ 0.8). The product has &
value of 0.4. The solvents were then evaporated under pressure, and to
the resulting gel was added 100 mL of diethyl ether. The white
precipitate obtained was centrifuged and washed with diethyl ether and
dichloromethane to give 75 mg of dry product (94.9%) NMR (400
MHz, d,-MeOD): 6 7.350 (1H, s, NH), 7.331 (1H, s, NH), 7.081 (2H,
d,J = 1.2 Hz, 6-H), 6.063 (1H, tJ = 7.2 Hz, 1-H), 5.955 (1H, t,J
= 6.4 Hz, 1-H), 4.185 (2H, m, 3H), 3.88 (3H, m), 3.676 (3H, s, br,
NHs"), 3.368 (1H, dJ = 3.2 Hz), 3.327 (1H, dJ = 3.2 Hz), 3.157

127.828, 127.433, 127.213, 127.152, 111.745, 111.199, 87.910, 87.478(2H, m), 2.480 (1H, br, OH), 2.235 (1H, m), 2.105 (2H, m), 1.779
85.680, 84.360, 75.097, 64.803, 55.556, 36.750, 12.240, 11.640. IR(3H, s, CHCO,-), 1.744 (3H, dJ = 1.2 Hz, Me), 1.733 (3H, d) =

(KBr pellet): 3395, 3451 (N-H), 3361, 3317 (N-H), 3050 (aromatic
C—H), 1692 (G=0), 1535, 1447, 1267, 10568Vz 1009.18 (M+ H)*.
Anal. Calcd: C, 70.2%; H, 5.6%. Found: C, 70.3%; H, 5.55%.

1.2 Hz, Me).0*°C (d--MeOD, 125 MHz): 178.892, 166.405, 152.416,
152.340, 139.588, 138.245, 112.012, 111.944, 88.487, 86.796, 86.363,
82.676, 73.019, 56.519, 42.887, 39.905, 36.810, 23.276, 12.944, 12.648,
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12.466. IR (KBr pellet): 35082700 (O-H, N—H + C—H), 2342, Scheme 2
1688 (C=0), 1545, 1459, 1267, 106&Wz. FAB, 525 (M + H)*. 95°C 95°C

5-N-MmTr-TtTtTtTtT-3 '-OH (9d). To a solution of 120 mg (0.088
mmol) of 3-N-MmTr-TtTtTtT-3'-OH (9¢) in 20 mL of chloroform was 5 deg/mi 013 deg/min \5 deg/min
added 10 mL of acetic acid. The resulting solution was stirred at room 0.13 deg/min
temperature for 4 h. TLC analysis in BUOH:@EDOH:H,0 (5:2:3) 25°C 10°C 25°C
showed complete disappearance of the starting mat&ial 0.6). The
product has & value of 0.35. The solvents were then evaporated under
pressure, and to the resulting gel was added 100 mL of diethyl ether.
The white precipitate obtained was centrifuged and washed with diethyl To— o T HO T
ether (2x 15 mL) and dichloromethane (% 15 mL) to give 100.5
mg of dry product {0¢ 99.5%).m/z 1089.20 (M+ H)™. TrO o T
To a solution of 105 mg (0.189 mmol) of-Bothiocyanato-5N-
MmTr-3',5'-dideoxythymidine 7) in 10 mL of anhydrous pyridine was _k-j 3 s=? 2. CF4CO0H ——Sﬁ
added 95 mg (0.0827 mmol) of-BIH;"-TtTtTtT-3'-OH (109 followed '|4| HN T HN— T
by 25 mg of (dimethylamino)pyridine, and the resulting solution was ¢ 0
s
4

Scheme 3. Synthesis of Dimeric Thymidyl Methylthioure&

ACN H'f 1. Mel HN

stirred at room temperature for 6 h. Pyridine was evaporated under
pressure and the residue washed wittx 20 mL of chloroform to
precipitate the product and remove any unreacted isothiocyanate. TLC
analysis in BUOH:CHCOOH:H,0 (5:2:3) showed complete disappear- Ny T N, T H,N T

ance of the amineR = 0.35). The product hasR value of 0.65. The —Sy Tr-Cl _b Ho/Pd _ky

white product obtained was filtered off, washed withx210 mL of Pyridine Ethanol

water, and dried to give 129 mg of product (95.5%). NMR (400 H

MHz, ds-DMSO): 11.351 (5H, br, NH), 8.126 (1H, s, 6-H), 8.114 (1H, 1 2 3

s, 6-H), 8.048 (1H, br, NH), 7.667 (2H, br, NH), 7.543 (2H, br, 6-H),

7.479 (1H, s, 6-H), 7.39 (4H, d = 5.6 Hz, trityl-H), 7.259 (4H, m, temperature. Compoun@ on the other hand was synthesized
trityl-H), 7.154 (2H, d,J = 5.6 Hz, trityl-H), 6.81 (2H, dJ = 6.8 Hz, in a two-step process from-&zido thymidine. Protection of
trityl-H), 6.68 (2H, d.J = 5.6 Hz, trityl-H), 6.16 (SH, m, 1H), 4.707  he 3_nydroxyl with triphenylmethyl chloride in pyridine
(3H, m), 4.19-3.82 (12H, m), 3.70 (3H, OMe), 3.684 (2H, 5), 3.567 (1 \\ed by reduction of the azide gave compot@id excellent

2H, br), 2.998 (5H, s), 2.372 (5H, m), 2.139 (5H, m), 1.9 (1H, s), . - . .
(1.807 (st, s, Mé), 1_7% 3H, s, (Me), 1_)759 (3H,(s, Me)), 1_705( (3H, )s yields. Protection of ‘3hydroxyl with base labile groups

Me). 6°C (d-DMSO, 125 MHz): 182.684, 172.218, 170.048, 163.767, (Phenoxyacetyl) led mostly to the rearrangement involving
157.420, 154.863, 150.690, 150.530, 150.483, 149.631, 146.273,nucleophilic attack by the'&mine. .
137.771, 137.581, 137.042, 136.117, 135.997, 135.895, 129.650, The reaction of3 with 4 was followed under varying
128.303, 127.742, 126.125, 123.959, 113.049, 110.001, 109.950,temperatures and solvents to optimize coupling reaction condi-
109.564, 107.682, 106.786, 84.439, 83.612, 83.077, 82.672, 82.268,tions. Heating the isothiocyanates to speed up the reaction led
81.675, 80.746, 79.210, 74.570, 71.286, 69.725, 55.395, 54.983, 54.142t0 slight decomposition of the isothiocyanate (reaction with
46.801, 44.784, 38.936, 38.306, 36.780, 36.343, 35.258, 21.198, 20.867¢races of moisture). The reaction proceeds to completion at room
5'24899[\'1—%1'3;%6%)2'233’ 1.2'1693 'Zéﬁ” "l’.e'r']et); (3:43‘*(122733223 temperature in a few hours with pyridine and acetonitrile as
(N=H), (aromatic EH), (aliphatic CH), & the solvents of choice. Thiour&was methylated with excess
0), 1542, 1455, 1266, 1068Yz FAB, 1643 (M+ H)*. Anal. Calcd: o . . .
. . . methyl iodide and the product detritylated with TFA to give
C, 54.1%; H, 5.3%. Found: C, 53.96%; H, 5.17%. . .
DNmt dimer6. Compounds was found to be analytically pure

5'-NH3"-TmtTmtTmtTmtT-3 '-OH (11d). To a solution of 20 mg
(0.012 mmol) of 5N-MmTr-TtTtTtTtT-3-OH (9d) in 3 mL of by HPLC, NMR, and MS. ThéH NMR (1D and 2D) spectrum

dimethylformamide was added 5 mL of ethanol and 20 mL of methyl Of compound6 is shown in the Supporting Information and
iodide. The resulting solution was stirred at4Dfor 5 h. The solvents shows the resolution of similar protons in the two sugar rings.
were then evaporated under pressure, and to the resulting gel was adde@he methyl peak of the thiourea is considerably deshielded and
20 mL of acetic acid and stirred for another 2 h. Acetic acid was then appears at 3 ppm. While the assignments can be easily made in
evaporated off and the glue-like residue dissolved in methanol and a dimer, |Onger sequences show much greater over]ap and the
precipitated with ether. The precipitate was collected by centrifugation compounds were then characterized by a combination of NMR,
and reprecipitated from methanather to give 19 mg of a yellowish —\,q "2 "and elemental analysis, and, in the case of methylated
product (90.47%). The product was then purified on a preparative thioureas, cation exchange HPLC, MS, and UV analysis.

Alltech WCX cation exchange column employing 1.50 M ammonium . ! :
acetate buffer (pH 7.0) as the mobile phase. The purity of the sample To extend the synthesis to the formation of polymeric DNmt,

was further confirmed by running it on an analytical cation exchange attempts were initially made to protect thet§droxyl with a
column wih 1 M guanidine-HCI as the eluant. The HPLC chromato- base labile protecting group so that tHe-8 chain extension
gram of compound.1d is shown in the Supporting Information and  could (a) be carried out by deprotection of the acid labile trityl
has a retention time of 18 min, consistent with the presence of five group, (b) improve the solubility of monom&rand thioureas

positive charges. IR (KBr pellet): 3275, 3239M), 3060 (aromatic in organic solvents, and (c) eliminate any possibility of reaction
C—H), 2948 (aliphatic GH} 1690 (G=0), 1542, 14+55- 1264, 1063.  petween the'3hydroxyl and the 3isothiocyanatd. Since initial
m'z. (FAB) 1427 (M+ H)", (ESI) 1427.4 (M+ H)", 714.3 (M+ attempts (see discussion above) to carry out that transformation

2+ — L.
2H)*", Amax = 266.7 nm. were unsuccessful, anhydrous pyridine was used as a solvent

to couple 5-aminodeoxythymidine8 with 5'-N-Mm-trityl-3'-
isothiocyanato-dideoxythymidine. The reaction proceeds to
Synthesis Initial studies were focused on attempts to completion in few hours, and thé-®H has no reactivity with
synthesize (Scheme 3) dimeric thymidyl methylthiouga the isothiocyanate. The lack of a protecting group at th@13
Coupling conditions for the formation of the thiourea linkage turned out to be a blessing in disguise because of the ease in
were optimized using compoun@sand4. The isothiocyanate  purification of polymeric thioureas that resulted from it. While
4 was easily synthesized by reaction of the corresponding 3 5'-N-tritylated thioureas are soluble in some organic solvents,
amino-5-O-trityldideoxythymidine with thiopyridone at room  the detritylated amines are easily precipitated on addition of

Results and Discussion
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Scheme 4. Synthesis Plan for T5-mtL(d)
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chloroform or ether, making the whole purification process purity of the sample was further confirmed by passing it through

rather trivial (see the Experimental Section).

an analytical cation exchange columnhwit M guanidine-HCI

The synthesis of1d (Scheme 4) was then accomplished via as the eluant. The HPLC chromatograms of compodrds-d
a cyclic process starting with a condensation reaction betweenare shown in the Supporting Information. The compoutitly

3'-isothiocyanato-5N-Mm-trityl-3',5'-deoxythymidine T) and
5'-amino-3-deoxythymidine 8), affording the 3—5' thiourea-
linked dimer9. The synthesis of was carried out by protection
of 5'-amino-3-azido-3'5'-dideoxythymidiné*5> with mono-
methoxytrityl chloride followed by hydrogenation of the azido
group. The reaction of the resulting-8mino-3-N-Mm-trityl-
3',5-deoxythymidine with excess thiopyridotieat room tem-
perature followed by flash chromatography gave compotind
in 65% overall yield. Chain extension from the dimer followed
a cyclic two-step process involving deprotection of thamino

11¢ and 11d have retention times of 9.8, 14, and 18 min,
respectively, consistent with the presence of three, four, and
five positive charges.

Equilibrium Complexes of Thymidyl DNmt with Poly-
(adenylic) Nucleic Acids.To investigate the interaction afLd
{5-NHz*-Tm-(Tmy)a-OH} with polynucleotides, we constructed
UV continuous variation plots at different ionic strengtips, (
wavelengths, and temperatures. The method of continuous
variation is based on the assumption that the decrease in
absorbance is proportional to the number of base pairs hydrogen

group with acetic acid. The resulting amine was then allowed ponded between the interacting species. Mixtureslaf with
to condense, in near quantitative yields, with another equwalentpo,y(rA) at 30°C (Figure 1) reach a minimum absorbance at a

of 7 in pyridine for 4-8 h, depending upon the length of the
oligomer. 4-(Dimethylamino)pyridine was added ir-80%

molar quantities to speed up the reaction. The thiourea-linked

thymidyl oligomers10b—d were successfully converted to
compoundsl1b—d by methylation of the thiourea linkages to

methylisothiouronium salts in excess methyl iodide. The reaction

can be carried out at room temperature or heated toC40f

necessary. Excess heating for over 4 h, however, results in partia

methylation of the 30OH. Deprotection of methylated polymers

with acetic acid was followed by a purification on a preparative

Alltech WCX cation exchange column employing 1.50 M
ammonium acetate buffer (pH-&.0) as the mobile phase. The

(48) Kim, S.; Yi, K. Y. J. Org. Chem1986 51, 2613.

mole fraction 0of~0.66 d(Tmt) to 0.34 r(Ap) (single phosphate-
linked riboadenosyl unit). These numbers indicate that triple-
stranded complexes are formed containing two d(Tmt) for every
r(Ap). The same results are obtained at 202 and 280 nm. The
absorbance change was much larger and the intersection of lines
much easier to define at 202 nm. At 16 and 60°C the plots
I(see the Supporting Information) have a minima at 0.67 mol %
of d(Tmt) at all three wavelengths. This confirms the stable
triple helical nature of the DNrRNA complex suggested by
the lack of hyperchromic shifts in the thermal denaturation
studies from 15 to 60C.

The plot for 11d with poly(dA) at 30°C is also centered
near a mole fraction of 0.67 d(Tmt) to 0.33 d(Ap) (Figure 1).
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o poly(dA)-260 nm Thermal Denaturation Studies. Annealing and melting
O poly(rA)-284 nm curves of complexes formed fromld {5'-NHz"-Tme(Tmos-
% BobUAY 262 nm OH} with DNA/RNA homooligomers exhibit hysteresis (Figure
— L ) 4) at the rate of heatingcooling employed (0.13 deg/min).
08 P 0.8 Rates of heating and cooling of up to 0.5 deg/min are generally
I \ k x ] slow enough to ensure attainment of the equilibrium in the case
L \ o 1 of duplex to coil transitions in oligonucleotides, i.e., heating
06 06 and cooling curves coincidé. The melting and annealing
< | i behavior of DNmt complexes with poly(rA) and poly(dA) was
04l [ 1 04 studied at different ionic strengthg)(at a rate of 0.13 deg/
B ° > . min. At low u the hysteresis observed is abnormally large.
ENv? ] Examination of Figure 4a reveals the cause of this large
0.2 i 0.2 hysteresis. The complex ra(Tmt), continues to melt after
r WMM—AL‘T’ﬁ reaching the terminal temperature of 95; this leads to an
initial apparent increase in absorbance as the temperature descent
0 o E— 20 — 20 — P e %0 — 1000 begins, thus causing the abnormally large hysteresis curve.
% Poly(A) With an increase ip (Flggre 4b,c) annealing becomes slower.
Denaturation studies at highshow larger hysteresis because
Figure 1. Job plots of poly(rA) (5.3x 107> M), poly(dA) (5.3 x the positive and negative charges are attenuated by added salt.

10°° M), and11din 15 mM K:HPQ; and 0.15 MKCI (pH 7.5) at 30 As stated previously, the large hysteresis at loweran be
C. attributed to the limitation of melting points measurement to
100 °C. This behavior is clarified on studying the melting

Unlike the mixing curves with r(Ap), these curves are much behavior (Figure 4d) of d(Tmgwith dA-20 (a DNA sequence
shallower, as the percent hypochromicity is much lower in containing 20 adenosine bases). As shown in Figure 4d, the
binding to polydeoxynucleotides. Equilibrium complexes are _Complex shows an ideal hysteresis curve as the triplex melting
the same from 30 to 66C (data not shown) and confirm the 1S Now well below 90°C and the hysteresis observed at low
stable triple helical nature of the complexes that DNmt forms IS @n accurate indication of the melting and annealing processes
with polydeoxyadenosyl nucleotides. Although these results ©f DNmtwith polynucleotides. In support of these observations
establish that the three-stranded complexes d@Frd)p) and is the fact that after t_hermal melting in a solution containing
d(Tmt)-r(Ap) form under these conditions, they do not specify 0-03 M KCI, reformation of the d(Tm#)poly(dA) complex is

the composition of equimolar mixtures of d(Tmt) with r(Ap) V&Y slow. The melting mixture does not return to its original
and d(Ap)* In particular, one cannot determine from these absorbency even after standing f_or 36 h at room temperature.
results whether two-stranded d(TFghp) is present in equimo- The return to or|g!nal absorbengy is even slpwer at hlgher ionic
lar mixtures or whether the equilibrium products are always strengths. There is@ above which the melting transitions for
d(Tmty-r(Ap) and free rA polymer. Continuous variation 11d complexes with poly(rA) and poly(dA) cannot be observe_d
experiments were carried out with the measurement of completeor are too Sha!”OW to be accurate representations o'f a melting
spectra of each of the different mixtures (Figuré®Figure 2 point. Increasing the concentrations of the respective strands
shows that, as more of d(Tmt) is being added (decreasing % c)fdoes however show better transitions at these ionic strengths.

: ; Fidelity in Binding to Polynucleotides. In the thermal
olyrA), there is a lowering of absorbance at almost all ) )
\F/)va\)//ele)ngths. g denaturation analysis dfld {5'-NHz"-Tm(Tmi)s-OH} bound

- . . to poly(dA) (Figure 5a), plots of absorbance at 260 mgsd)
Mixing curves with 0 to 50% Tmt are hypochromic at all e P . — aco
wavelengths between 235 and 285 nm and curves at anyvs temperature exhibit two distinct inflectiornib,{= 35°C and

. 65°C, u = 0.3). We assign the inflection points in Figure 5a to
wavelength, where a spectral change occurs, consist of two H“ ) 9 P g

intersecting straight lines with a single minimum at 66% Tmt represent denaturation curves of triple- and double-helical
residues. The hypochromicity in wavelengths greater than 280 structures ol 1dwith ss DNA{11¢;-poly(dA)} and{11c-poly-

nm is more pronounced at T& as opposed to 6. Since it (dA)}. Figure 5a also indicates that, under identical conditions,
is unlikely that d(TmBrA has the same absorbency per for solutions which containedl1d and either poly(dG), poly-

. ) g : dC), or poly(dT), no hyperchromic shift at 260 nm was
nucleotide over thls_ entire spectral range asf the mixture-rA E)bs)erved pbe{\(/vee)n ca.—ég °C. However, in the thermal
rA-d(Tr_nt)zz Itis Ioglgal to conclude t.hat a 1'.1 complex does denaturation analysis afld bound to poly(rA) (Figure 5b), plots
not exist in appreciable amounts in solutions under these of Agso Vs temperature exhibit only one inflectiofi,( = 65 °C
experimental conditions and that the sole complex isl(Amt),. atu = 0.15 andT,, = 85 °C atu = 0.03), representing the
Although it may not be very clear from the scale of the titration y

. . . . melting points of the triple helical structufe1d,-poly(rA)}.
scans (Figure 2), there are two isosbestic points for d(Tmt) and ; . ; :
poly(rA) mixtures. The first occurs at 287.4 nm in-66% As observed with polydeoxynucleotides, no hyperchromic shift

: . . .~ at 260 nm was observed between ca. 5 an@d®%or solutions
d(Tmlt)'mlxtures (Figure 3) due to an equivalence of extinction which containedi1d and either poly(rG) or poly(rC). There
coefficients for rA and rAd(Tmt); the second occurs at 296 was a hyperchromic shift at10 °C for the denatuaration of
nm in 67—-100% d(Tmt) and is due to an equivalence of

L o ) poly(rU) annealed to itsefft From these results, DNmt appears
extinction coefficients for d(Tmt) and réi(Tmt). to bind with DNA and RNA with specificity in forming hybrid

(49) It is well-known that the formation of AT2 and AU2 complexes duplex a}nd triplex Strucwres', . .
leads to a hypochromic shift at 280 nm, whereas formation of AT and AU Equation 1 (Scheme 5) depicts the annealing process (triplex
complexes does not. Thus A:T is isochromic at this wavelength with respect formation). Rates of formation of triplexes are generally slower
toA+ 1’,52(1)nd mixing curves carried out at 280 nm show no hypochromism than those of duplex formatiof(< ki). For example, in studies
see re . . - e
( (50) R”e;’ M.: Maling, B.; Chamberlin, M. J. Mol. Biol. 1966 20, with RNA-RNA complexes, triplex association rates have been

350. found to be 100 times slower than the duplex association Tates.
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Figure 2. Titration scans of poly(rA) (5.3« 10°5 M) and11d (80% poly(rA) to 0% poly(rA)) in 15 mM KHPQ, and 0.15 M KCI (pH 7.5) at
15°C.

T QV\ i ] Scheme 5. Triplex Annealing and Melting
0.4 \ - Ap+Tmt LS NG ApTmt K2y Ty Ap Tmt (low Temp) 1)
i / 70 1 Tt
0.3 \ /6 0 | TmtAmetL ApTmt LS N Ap+Tmt (high Temp) 2)
[ 50 - T
< | /;0\ ] of the backbones. Formation of triplex requires the attraction

of a positively charged Tmt to a neutral duplex (TAjp) and
thus is expected to be slower than the first step<{ki). In the
continuous variation plots (annealing, Figures 1 and 2), forma-
tion of the triplex as the major species at low temperatures is

TN

01T 287.4=== then due to the thermodynamic stability of the positively charged
nm Tmt-Ap-Tmt complex over the neutral Apmt duplex. In
[ melting the triplex below 95C, one can observe an intermediate
| NP IV ISP B SIS SIS S S duplex at highu such thaty' > ki' (eq 2).
220 230 240 250 260 270 280 290 300 Effect of lonic Strength (1) on Stability of DNmt-DNA/

A RNA Complexes. 11d{5'-NHz™-Tmr-(Tmi)2-OH} has a signifi-
Figure 3. Titration scans of poly(rA) (5.3« 10°° M) and 11d (90% cantly greater affinity for poly(dA) and poly(rA) than does
poly(rA) to 40% poly(rA)) in 0.15 mM KHPQ, and 0.15 M KCI (pH thymidyl DNA. As expected, we find that change irhas an
7.5) at 15°C, showing the inflection point at 287.4 nm. opposite effect on the ;Jvalues of DNmt hybrids with DNA

(Figure 6) or RNA as compared to DNA complexes with DNA

Electrostatic repulsions between negatively charged phosphategr RNA. This is due to electrostatic interactions being attenuated
have been suggested as the determining factor in rates ofgy increasing salt concentration. Thus, while DIRAA
association for RNA and DNA complex&These electrostatic  guplexes become more stable with increagingddNmt-RNA

repulsions become more important in the triplex than in the complexes become more stable with decreasdhis is in
duplex because the third strand has to come in contact with theaccord with our previous experience with DNGNA com-
duplex that has twice the negative charge of a single strand.pjexes. The oppositely charged backbones of the DRMA
Similar rate effects would be expected with DNBINA and complex provide stability. Increase jinsaturates the opposite
DNmt-RNA complexes. The association of Tmt and Ap (éq 1, charges and destabilizes the complex. At any givethe
ki) is expected to be fast due to attraction of the opposite chargesg(Tmt),-RNA triplexes are more stable than the d(TADNA
- triplexes.
1) Porshke, D.; M, EJ. Mol. Biol. 197 291. .
gz; Rg[fgeg ’M.;Fa'ucg,’n, B?; Mé?gnyg’ f |_3 ?’Ba?ceb’ F.; Giovannangeli, The thermal denat.ur.atlon results have been reduced to the
C.; Garestier, T.; Helene, @iochemistry1992 31, 9269. unit of T, per base pair in order to be able to compage/@lues
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Figure 4. (a—c) Hysteresis curve af1d and poly(rA) in 8.5 mM KHPO, and 8.5 mM NaHPQOKCI (pH 6.85) at different ionic strengthg &
0.06-0.3). (d) Hysteresis curve dfld and dA-20 in 8.5 mM KHPQO, and 8.5 mM NaHPO:KCI (pH 6.85) at an ionic strength of 0.03 (KCI). Data
were recorded every ®.4The samples were heated from 25 to“@ at 5 deg/min, the annealing (95 °C) and the melting (595 °C) were
conducted at 0.13 deg/min, and the reaction solutions were equilibrated for 15 min at the highest and lowest temperatures.

for DNmt bound to RNA and DNA with results of others for
DNA bound to modified nucleotides (Figure 7). The plots of
Tw/base pair of DNGRNA duplex and DNGRNA triplext>#1

as a function ofu are also presented for comparison. While
DNmt binds to poly(rA) and poly(dA) over a wide range of

ionic strengths, the binding is less strong than shown by DNG.

The effect of increasing on the destabilization of DNniDNA

and DNmtRNA complexes is much more pronounced compared
to DNA-RNA duplexes which become more stable with an
increase inu.

Conclusion

Replacement of the phosphodiester linkages of DNA with
methylthiourea linkages provides the polycation deoxyribo-
nucleic methylthiourea (DNmt). The thermal denaturation
analysis of11d {5'-NH3"-Tm(Tm)4-OH} bound to poly(rA)
and poly(dA) exhibits pronounced hysteresis. The DNG poly-
cation-d(Tg)-T-azidd>4* has been shown to bind to poly(dA)
and poly(rA) with unprecedented affinity and with base-pair
specificity to provide both double- and triple-stranded helices.
Positively charged DNmt, similarly has a significantly greater
affinity for poly(dA) and poly(rA) than does the DNA equiva-

lent. The effect of ionic strength on melting is more pronounced
with DNmt interacting with poly(A) and has an opposite effect
as compared to DNA complexes with DNA or RNA. This is
due, of course, to electrostatic interactions being attenuated by
increasing salt concentrations. Earlier works in this laboratory
show that the |, of the double helix of pentameric thymidyl
DNA with poly(dA) atu = 0.12 is ca. 13C,*! whereas the
DNmt duplex with poly(dA) is estimated to be greater than 80
°C. At an ionic strength of 0.03, on the other hand, the five
bases of DNmt are estimated to dissociate from a double helix
with poly(rA) at >80 °C. A comparison with other positively
charged oligonucleotides, ethylmorpholino phosphoramidate
(T/bp = 2—3) and aminomethyl phosphonatey(fp = 2—3) 3!
containing positively charged ammonium groups connected via
an alkyl linkage (Scheme 1, S6) to the central phosphorus atom
of the backbone) and DNG (guanido-linked backbongbp

= 15-25) shows that the melting temperatures for DNmt
complexes are much higher than the morpholino- or amino-
methyl-linked oligos. This implies that, like DNG, DNmt
maintains its positive charge in proper alignment to maximize
its interaction with the backbone of the negatively charged
phosphates of the opposite strand. On comparison with DNG,
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Figure 5. (a) Plots ofAxo vs T (°C) for (11d) annealed to poly(dA)
(+) atu = 0.03 (KCI), poly(dA) ©) atu = 0.3 (KCI), poly(dG) (),
poly(dC) (x), and poly(dT) ©) in 8.5 mM K;HPQ, and 8.5 mM Ng

HPQ, (pH 6.85) and an ionic strength of 0.15 (KCI). The concentration

of each of the oligonucleotides was 2.£710> M in bases. The ratio
of 11dto polynucleotides was 2:1. (b) PlotsAfsovs T (°C) for (11d)
annealed to poly(rA)d) atu = 0.05 (KCI), poly (rA) ©) atu = 0.12
(KCI), poly(rC) (+), poly(rG) (x) in 8.5 mM K;HPQO, and 8.5 mM

NaHPO,; (pH 6.85) and an ionic strength of 0.15 (KCI). The

concentration of each of the oligonucleotides was 2<1I0°° M in
bases. The ratio af1d to polynucleotides was 2:1.
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Figure 6. Plot of Ty, of 11db:poly(rA)/poly(dA) triplexes as a function
of ionic strength in 8.5 mM KHPO, and 8.5 mM NaHPO, (pH 6.85).
The concentration of each of the oligonucleotides was 2105 M
in bases. The ratio af1d to polynucleotides was 2:1.
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Figure 7. Plot of Ty, per base pair vg in 8.5 mM K;HPO, and 8.5

mM NaHPQ;, (pH 6.85). The plots are DNA. RNA duplem}, DNG-

RNA duplex (x), DNG-DNA (+), DNmt:RNA (@), and DNmtDNA

[first (O) and second transition&lf]. The concentration of each of the
oligonucleotides was 2.1% 10> M in bases. The ratio oi1d to
polynucleotides was 2:1. lonic strengths were held constant by adding
potassium chloride. The data points at 2@for melting of DNG and
DNmt complexes are approximations. The melting points for DNG
RNA complexes would be much higher than that for DNRNA
complexes.
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would conceivably cause a loss of fidelity in binding for longer
DNG sequences. The presence of an alkylated positively charged
thiourea allows us to investigate the balance between charge,
hydrophobicity, and fidelity. Conceivably, derivatives of DNmt
wherein the methyl group has been replaced with other moieties
to investigate the cell permeability and diffusion properties of
these compounds should not alter the enhancement in binding
as long as the positive charge rests on the backbone as opposed
to the linkers that are tethered toit.

From these results, the following conclusions can be drawn
about DNmt: (a) Thymidyl DNmt has much stronger affinity
for DNA and RNA, due to electrostatic attractions, than DNA
for RNA or vice versa. (b) Thymidyl DNmt is specific for its
complementary tracts of adenine bases and does not interact
with guanylic, cytidylic, or uridylic tracts. (c) The thermal
stability of DNmtRNA and DNmtDNA structures is attenuated
by increasing salt concentrations. (d) DNmt forms triple helical
structures from 15 to 60°C that are very stable under
physiological ionic strength conditions. (e) DNmt binding to
poly(rA) is stronger than that to poly(dA). (f) DNmt oligos can
be synthesized with relative ease, have an achiral backbone
linkage, and would be stable to enzymatic hydrolysis due to
the lack of a phosphodiester linkage.
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(Figure 7). The fact that DNmts bind less tightly, than the ja9s29416

guanido compounds (DNGSs), provides a measure of the strength
of control of binding with our cationic oligonucleotides.
Specifically, at lowu, a 5-mer of DNG does not even come off

(53) The comparisons in melting point differences presented are however
of a qualitative nature and should not be overinterpreted (as pointed out by
the reviewer) to conclude trends in the thermodynamic stability of these

poly(dA) in boiling water. Such strong electrostatic interactions different backbone-modified oligos.



