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Summary: Novel oligothymidylate analogues, achiral a t  
phosphorus, exhibiting enhanced resistance to the action 
of nucleases and satisfactory hybridizing properties toward 
complementary DNA and RNA sequences, are proposed 
as models for antisense oligonucleotides. 

The strategy of using synthetic oligonucleotides com- 
plementary to mRNA or double-stranded DNA to impair 
gene expression in living cells has provided the impetus 
to design and develop oligonucleotide analogues for ther- 
apeutic For instance, it  has been reported 
that an oligodeoxyribonucleoside phosphorothioate (28- 
mer) complementary to the mRNA of the HIV-1 rev gene 
inhibited the cytopathic effect of the virus in chronically 
infected H9 cells.6 It  could be argued, however, that the 
anti-HIV activity of the phosphorothioate oligomer may 
not result from an equal contribution of each of the dia- 
stereoisomers stemming from inherent chirality a t  phos- 
phorus. Consequently, the structure-activity relationship 
of oligonucleotide analogues could be better rationalized 
with oligonucleotides achiral a t  phosphorus. We wish to 
report the preparation of novel oligothymidylate analogues 
as models for antisense oligonucleotides. These oligo- 
nucleotides, achiral a t  phosphorus, were designed to form 
stable hybrids with native complementary DNA and RNA 
sequences and provide resistance against the nucleolytic 
activity of extracellular and intracellular phosphodi- 
esterases. 
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The synthetic design was based on the assumption that 
oligonucleotides having alternating (3’+3’)- and (5’+- 
5’)-internucleotidic phosphodiester links may not be rec- 
ognized as rapidly by nucleases as natural oligomers car- 
rying exclusively (3’-5’)-phosphodiester linkages and, 
therefore, may lead to significant hydrolysis retardation.78 
This strategy, however, would reduce by half the number 
of hybridizing nucleobases and, hence, severely restrict the 
application of similar oligonucleotides as antisense mole- 
cules. Theoretically, the hybridizing abilities of such ol- 
igonucleotide analogues could be optimized by the alter- 
nate substitution of a @-monodeoxyribonucleotide by an 
a-monodeoxyribonucleotide in the (3’-3’)- and (5’45’)- 
internucleotidic linkage motif. This concept was tested 
by the first-time synthesis of the +dTa oligomers 1 and 
2 via automated solid-phase phosphoramidite methodol- 
0gy.~9’O The oligothymidylate analogues 3, a-dTa,ll S- 
dTza12J3 along with the natural @-dTa and @-dAza were also 

~~~ ~ 

(7) Upon completion of this paper, it has been brought to our attention 
that oligonucleotides carrying terminal (3’+3’)- and (5’-W)-inter- 
nucleotidic phosphodiester linkages were stabilized against intracellular 
degradation.8 
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(10) The deoxyribonucleoside phosphoramiditea 4 and 5 required for 
the Synthesis of 1, 2, and 3 were easily prepared from nucleosidic pre- 
cursors according to standard procedurea (see supplementary material). 
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Table I. Thermal Denaturation Temperatures of Hybrids 
Formed with Oligothymidylate Analogues and Their 

ComDlementarY Unmodified DNA and RNA Seauences 

Communications 

8-dA28 P 4 2 8  Poly rA 
oligomer (PBS) (1 M NaCl PBS) (1 M NaCl PBS) 

B'dT28 54 68 63 
a,P-dT28 (1) 37 55 44 
a,P-dTPg (2) 37 55 44 
8-dT28 (3) 22 22 
a-dT28 52 70 77 
S-dT28 37 51 45 

prepared to instigate meaningful control experiments. The 
relative electrophoretic mobility of each purified oligo- 
thymidylate on a 20% polyacrylamide-7 M urea gel is 
shown in Figure 1. 

1 

2 
I- 

DMTrO DMTrO 

4 5 

T: l-thyminyl; DMTr: di(p-anisy1)phenylmethyl; iPr: isopropyl 

Equimolar amounts of oligothymidylate and P-dA28 or 
poly rA (MW > 100000) were annealed in PBS14 or 1 M 
NaCl PBS a t  20 "C. The thermal denaturation profile of 
each complex was recorded15 and the T, values reported 
in Table I. The oligomer 1 or 2 hybridized to P-dAzs and 
poly rA, as the resulting complexes had a Tm of 55 and 44 

(12) Like 1,2,3, a-dTze, &dTze, and P-dA,, the preparation of S-dTm 
was achieved according to the solid-phase phosphoramidite approach. 
However, the standard aqueous oxidation step of the synthetic cycle was 
replaced by a sulfurization reaction effected by a 0.05 M solution of 
3H-1,2-benzodithiol-3-one 1,l-dioxide in a~etonitri1e.l~ 

(13) (a) Iyer, R. P.; Egan, W.; Regan, J. B.; Beaucage, S. L. J .  Am. 
Chem. SOC. 1990,112,1253-1254. (b) Iyer, R. P.; Phillips, L. R.; Egan, 
W.; Regan, J. B.; Beaucage, S. L. J .  Org. Chem. 1990, 55, 4693-4699. 

(14) The composition of PBS (1X phosphate buffered saline pH 7.2; 
S. and S. Media, Inc.) is as follows: NaCl (8.5 g/L), NaH2P0,, (0.73 g/L), 
KH2P04 (0.21 g/L). 

Figure 1. Relative electrophoretic mobility of oligothymidylates 
(28-mers) a t  pH 8.3 (1X TBE buffer) on a 20% polyacrylamide7 
M urea gel. From left to right: S-dT,; a-dT,; P-dT, (3); a,P-dT, 
(2); a9P-dT2g (1); D-dT28; P-dAzs. 

Table TI. Relative Stability of Oligothymidylate Analogues 
to the Nucleolytic Activity of S1 Nuclease, Snake Venom 

(SVP), and Calf Spleen (CSP) Phosphodiesterases 
estimated percentage of hydrolysis (% ) 

~~~ 

oligomer s1 SVP CSP 
P-dT28 100 (0.25 h) 100 (0.25 h) 100 (0.25 h) 
a,B-dT2, (1) 12 (8 h) 45 (0.5 h);" 6 (4 h); 

11 (24 h) 73 (1 h)" 

78 (1 h) 

49 (1 h)d 

a,@-dT28 (2) 28 (2 h);" 49 (0.5 h); 50 (24 h)e 
43 (8 h)" 

78 (8 h) 
P-dT28 (3) 31 (2 h); 19 (0.5 h);d 5 (24 h) 

a-dT2, 9 (8 h) 96 (0.5 h) 16 (4 h); 

S-dT,, 100 (0.5 h)* 11 (1 h); 5 (24 h) 
40 (24 h) 

27 (2 h) 

"Based on a,P-d(T2,,T2,). *Incubation of S-dT28 in S1 buffer 
without added enzyme a t  37 "C for ca. 4 h did not promote de- 
tectable desulfurization of the oligomer according to 31P NMR 
spectroscopy. " Based on a,@-d(Tg8, T27, T26). Based on @-d(T,, 
T2,, T26). 'The only degradation product (50%) is tentatively as- 
cribed to a,@-dT27. 

"C, respectively, in 1 M NaCl PBS. These hybrids were 
considerably more stable than those formed with the 6- 
dTB oligomer 3, which exhibited a T, of only 22 "C under 
the same conditions (Table I). 

The difference in the length of the (3'-+3')- and (5'-+- 
5')-phosphodiester bridges relative to the natural (3'-+- 
5')-phosphodiester bridge may account for the lower T, 
values observed with the complexes formed with 1 or 2 
relative to those formed with the native P-dT28 oligomer. 
Interestingly, the phosphorothioate oligomer S-dT, gen- 
erated complexes with P-dA, and poly rA having stabilities 
similar to those formed with 1 or 2 in PBS or 1 M NaCl 
PBS. 

The oligothymidylates a,P-dTe8 1 and 2 exhibited en- 
hanced resistance to hydrolysis by snake venom (SVP) and 

(15) The thermal denaturation of DNA complexes and DNA/RNA 
hybrids in proper buffers was performed at a rate of 1 "C/min at 260 nm 
by a thermoelectrically controlled Perkin-Elmer Lambda 6 UV/vis 
spectrophotometer interfaced with an Epson Equity I1 computer. 
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calf spleen (CSP) phoephodiesterases (a 3'-exonuclease and 
a 5'-exonuclease, respectively) relative to @dT, and a-dT= 
(Table 11) .18 Particularly, CSP hydrolyzed the oligo- 
thymidylate 1 to the extent of 11% after 24 h at  37 "C. 
Under these conditions, (Y'dT28 was 40 % hydrolyzed 
whereas @-dTzs was completely hydrolyzed within 15 min. 
&dTa was also completely digested by SVP within 15 min 
at  37 "C. However, the hydrolysis of a-dTB by this 
phosphodiesterase was slower than the hydrolysis of @-dTB 
but was at  least 2 times faster than the hydrolysis of the 
oligothymidylate 2. The incubation of a,@-dT2s (1) with 
S1 nuclease (predominantly an endonuclease) for 8 h at 

(16) The conditions for the enzymatic digestion of the oligo- 
thymidylates were the following: (i) To 0.6 O.Dm of oligothymidylate 
was added 60 pL of 1 M Trie.HC1 (pH 9), water to a total volume of 597 
pL, and 3 pL of snake venom phosphodiesterase (Crotallus durissus, 9 
X IO-* U); (ii) To 0.6 O.Dm of oligothymidylate was added 60 pL of 1 M 
ammonium acetate (pH 6.5), water to a total volume of 599 pL, and calf 
spleen phosphodiesterase (4 X 10-a'U, 1 pL); (iii) To 0.3 O.Dm of oligo- 
thymidylate was added 30 pL of 1OX S1 buffer (0.33 M sodium acetate 
pH 4.5, 0.5 M sodium chloride, 0.3 mM zinc sulfate), water to a total 
volume of 298 pL, and S1 nuclease (20 U, 2 pL). These digestion reaction 
were incubated at 37 "C. Aliquots (100 pL) of the digests were withdrawn 
at  various time points, added to concentrated ammonium hydroxide (500 
pL), and 'subsequently evaporated to dryness under reduced pressure. 
The hydrolyzate8 were dissolved in water (75 pL) and directly analyzed 
by an Applied Biosystems Model 270A Capillary Electrophoresis instru- 
ment equipped with Micro-Gelloo capillaries operating at  300 V/cm in 75 
mM Tris-phosphate buffer (pH 7.6) containing 10% methanol. Unless 
otherwise indicated (Table II), the estimated percentage of oligo- 
nucleotide hydrolysis is defined as the integrated area under the peaks 
corresponding to fragments smaller than the full length oligomer. 

37 "C led to the partial hydrolysis of the oligothymidylate 
(12970, Table 11). In contrast, D-dT28 and S-dT, were 
completely hydrolyzed by S1 nuclease within 15 and 30 
min, respectively, under identical conditions. 

In conclusion, we have demonstrated that the a,@- 
oligothymidylates 1 and 2 were easily prepared and formed 
stable hybrids with complementary DNA and RNA se- 
quences that had T, values similar to those obtained with 
the phosphorothioate oligomer S-dT2& We have also 
shown that 1 and 2 were resistant to endonucleolytic and 
exonucleolytic hydrolysis relative to @-dT28, a-dTB, and 
S-dT,. To further assess the potential of alternating 
a,P-oligodeoxyribonucleotides with alternating (3'+3')- and 
(5'+5')-internucleotidic phosphodiester linkages as anti- 
sense molecules, the preparation of oligomers having the 
four different nucleobases is in progress in our laboratory. 
The ability of these oligonucleotide analogues to form a 
sequence-specific triple helix with large double-helical 
DNA in vitro or target particular mRNA in HIV-infected 
cells will be determined, and the data will be reported in 
due course. 

Supplementary Material Available: General procedures 
regarding the preparation of the deoxyribonucleoside phosphe 
ramidites and their precursors required for the solid-phase syn- 
thesis of the oligothymidylates mentioned in this paper along with 
a general procedure for the derivatization of long chain alkylamine 
controlled pore glass (LCAA-CPG) with nucleoside analogues (3 
pages). Ordering information is given on any current masthead 
page. 

Mechanism of Conjugate Additions of Dialkylcuprates to Bromonaphthoquinones 

Carl T. Wigal* 
Department of Chemistry, Idaho State Uniuersity, Pocatello, Idaho 83209 

John R. Grunwell and James Hershberger 
Department of Chemistry, Miami Unioersity, Oxford, Ohio 45056 
Received March 6, 1991 

Summary: The correlation of bromonaphthoquinone re- 
dox potentials with reactivity toward dialkylcuprates re- 
veals that the conjugate addition of Gilman reagents to 
bromojuglones proceeds via a single-electron-transfer 
mechanism. 

Lithium dialkylcuprates (&CuLi.LiI) are known to react 
with a,B-unsaturated carbonyl compounds to give the 
corresponding @-alkylated enolate.' However, despite 
efforts since the early sixties, the detailed mechanism of 
this conjugate addition remains uncertain. Copper(II1) is 
often suggested as a plausible  intermediate?^^ but there 
remains the question of how the copper(II1) intermediate 
is formed. Two accepted working hypotheses are: (1) 
direct nucleophilic addition of the organocopper species 
to the P-position and (2) stepwise addition consisting of 
an initial single-electron transfer (SET) from the cuprate 
to the carbonyl compound followed by combination of the 
carbonyl radical anion with the oxidized cuprate complex? 

(1) (a) House, H. 0.; Repress, W. L.; Whitaides, G. M. J. Org. Chem. 
1W6,31, 3128. (b) Posner, G. H. Org. React. 1972,19,1. 

(2) (a) Posner, G. H. An Introduction to Synthesis Using Organo- 
copper Reagents; Wiley: New York, 1980. (b) Bertz, S. H.; Dabbagh, G.; 
Mujsce, A. M. J. Am. Chem. SOC. 1991,113, 631. 

(3) Bertz, S. H.; Smith, R. A. J. J. Am. Chem. SOC. 1989,111,8276. 
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In this paper we show that the regiochemistry of conjugate 
addition to bromonaphthoquinones 1 and 2 allows unam- 
biguous distinction between the direct addition and SET 
pathways, and that the SET mechanism is in fact operative 
in these reactions. 

Y O  

0 

1 Y = O H  Z = B r  2 Y = O H  Z = B r  
.% Y = O H  Z=t-Bu 4p Y = O H  Z=t-Bu 
f Y = O H  Z-Me 
6 Y = O A c Z = B r  
2 Y = 6 -  Z = B r  

8 Y = O  Z = B r  

According to FMO theory direct nucleophilic conjugate 
addition to bromojuglones 1 and 2 should occur a t  the 
unsubstituted carbon, which has the largest LUMO 
coefficient.4~~ In fact, regiospecific nucleophilic additions 

(4) Rozeboom, M. D.; Tegmo-Larson, I. T.; H o d ,  K. N. J. Org. Chem. 
1981,46, 2338. 
(5) Grunwell, J. R.; Karipedes, A.; Wigal, C. T.; Heinzman, S. W.; 

Parlow, J.; Sumo, J. A,; Clayton, L.; Fleitz, F. J.; Daffner, M.; Stevens, 
J. E. J. Org. Chem. 1991,56, 91. 
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