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Synthesis of Oligodeoxyribonucleotide Ethyl Phosphotriesters 
and Their Specific Complex Formation with Transfer 
Ribonucleic Acid? 

Paul S. Miller, J. C. Barrett,i and Paul 0. P. Ts’o* 

ABSTRACT: Oligodeoxyribonucleotide ethyl phosphotriest- 
ers, d-Tp(Et)Gp(Et)G and d-Tp(Et)Tp(Et)Cp(Et)A, were 
synthesized by a stepwise, chemical procedure. These tries- 
ters are complementary, respectively, to 3’-CpCpA-OH 
(the 3’-amino acid accepting terminus) and to -UpGpApA- 
(the anticodon region) of phenylalanine tRNA from yeast 
and Escherichia coli. Tritium-labeled triesters were pre- 
pared by exchange of the H-8 protons of adenine and gua- 
nine in the oligomers in tritiated water. The association 
constants for binding of the triesters to their complementa- 
ry regions on tRNA were measured by equilibrium dialysis 
and were compared with those of oligodeoxyribonucleotides 
and oligoribonucleotides of the same sequences. In  1 M 
NaC1-10 mM MgC12 at O o ,  the association constants of the 
oligomers with both tRNAPheyeas, and tRNAPhecoli are very 
similar. The association constants of the ribooligonucleo- 
tides are 8 to 20 times larger than those of the correspond- 
ing deoxyribooligonucleotides, while the deoxyribooligonu- 
cleotide triesters exhibit binding constants slightly higher 

Oligodeoxyribonucleotide alkyl phosphotriesters are oli- 
godeoxyribonucleotide analogs containing an alkylated 3‘- 
5’ internucleotide phosphate linkage. In the preceding pa- 
pers of this series (Miller et al., 1971; DeBoer et ai., 1973; 
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than those of the deoxyribooligonucleotides. These differ- 
ences are discussed in terms of the differences in conforma- 
tions of the various oligomers. At low salt concentration 
(0.1 M NaCI, 1 mM EDTA), the oligonucleotide triesters 
have the same binding constants as at high salt concentra- 
tion, whereas the corresponding deoxyribo- and ribooli- 
gonucleotides show a four- to sixfold decrease in their bind- 
ing constants. This reflects the removal of the charge repul- 
sion between the neutral triesters and the tRNA. The bind- 
ing of oligomers to modified tRNAPheyeaat was also exam- 
ined. Removal of the Y base decreased the binding of anti- 
codon-complementary oligomers sixfold while removal of 
the 3’-CpA residues decreased the binding of the 3’- 
CpCpA-OH complementary oligomers 6- to 20-fold. This 
study provides the chemical and physicochemical basis for 
the investigation of the biochemical effects of these triesters 
on the aminoacylation of tRNA which is reported in the fol- 
lowing paper (Barrett, J.  C., Miller, P. S., and Ts’o, P. 0. P. 
(1974), Biochemistry 13, 4897). 

Kan et al., 1973) we have shown that these oligodeoxyri- 
bonucleotide analogs have the following novel characteris- 
tics. (1) The triesters are uncharged at neutral pH. (2) Tri- 
esters form base-paired complexes with complementary po- 
lynucleotides. The complexes have a higher stability than 
similar complexes formed by the parent diester, presumably 
due to the removal of charge repulsion between the phos- 
phate of polymer and the alkyl phosphotriester of the oli- 
gomer. (3) Trityl-containing derivatives of these compounds 
are very soluble in organic solvents, a feature which allowed 
us to investigate hydrogen-bonded, base-pairing interac- 
tions of these compounds in chloroform. (4) The methyl or 
ethyl groups of the dimeric phosphotriesters serve as report- 
ers in proton magnetic resonance (pmr) studies on the con- 
formation of the dimer, especially a t  the backbone region. 
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(5) The solution conformations of dinucleoside alkyl phos- 
photriesters are  similar to those of the parent diesters, al- 
though base-stacking interactions are slightly reduced. (6) 
The dinucleoside alkyl phosphotriesters are chemically sta- 
ble in neutral solution a t  room temperature and are com- 
pletely resistant to hydrolysis by exonuclease enzymes. 

I n  this paper we describe the synthesis of d- 
Tp(Et)Gp(Et)Gi and d-Tp(Et)Tp(Et)Cp(Et)A' and their 
tritium-labeled derivatives. The base sequences of these tri- 
esters are complementary to the 3'-CpCpA-OH, amino acid 
accepting terminus of most tRNAs,  and the -UpGpApA-, 
anticodon region of phenylalanine transfer RNA from yeast 
and Escherichin coli. These triesters were found to form 
hydrogen-bonded complexes with their complementary re- 
gion of these tRNAs a t  both high and low salt concentra- 
tions. The association constants of these interactions were 
determined by equilibrium dialysis experiments. The results 
of these binding studies are compared with the results of 
binding studies using the comparable oligoribo- and oligo- 
deoxyribonucleotide diesters. I n  the following paper the ef- 
fect of triester-tRNA complex formation on the aminoacy- 
lation of tRNA is described in detail (Barrett PZ al., 1974). 

Results and Discussion 
Syntheses and Stability of Oligonucleotide Ethyl Tries- 

ters. Oligonucleotide alkyl and aryl phosphotriester deriva- 
tives have been synthesized by a number of workers for use 
as intermediates in the syntheses of oligodeoxyribo- and oli- 
goribonucleotides (Letsinger et al., 1969; Eckstein and 
Rizk, 1967; Reese and Saffhill, 1968; Grams and Letsinger, 
1970; van Boom et nl., 197 1 ; Catlin and Cramer, 1973; Ita- 
kura et al., 1973). In all cases an appropriately protected 
alkyl or aryl nucleoside phosphodiester was condensed with 
a suitably protected nucleoside or nucleoside 3'-phospho- 
triester to yield the triester. 

In our work we have explored an approach in which the 
triester is formed from a suitably protected oligonucleotide 
phosphodiester intermediate by direct alkylation of the 
phosphate group (Miller et al., 1971). The alkylating agent 
in this reaction is ethanol together with N,N-dimethylfor- 
mamide, 2,6-lutidine, and p -  toluenesulfonyl chloride. The 
tosyl chloride or its complex formed by reaction with N , N -  
dimethylformamide, (CH3)2N+=CHOS02C6H4CH3-1) 
(Cl-) (Hall, 1956), activates the phosphate group for at- 
tack by the alcohol. Cramer and Winter (1961) reported 
similar formation of phosphotriesters from dinucleoside 
phosphomonochloridates in dimethylformamide. 

Previously Holg and Scheit ( 1  967) have reported alkyla- 
tion of the phosphate group of d-TpT using diazomethane. 
An 8% yield of phosphotriester was obtained, but all the 
thymine bases were methylated. Successful alkylation of d- 
TpT using diazomethane has been reported by Scheit 
( 1  967), the phosphotriester being obtained in 80% yield. 
More recently Nagyvary and coworkers (1973) synthesized 
oligothymidylate methyl triesters by the reaction of oli- 
gothymidylate with methyl methanesulfonate as the alkyl- 
ating agent. The reaction resulted in an 80% phosphotriest- 
er formation, accompanied by some methylation of the thy- 
mine base. 

I The system of abbreviations used is the same as that described by 
Schaller and Khorana (1963) and by van de Sande and Bilsker (1973). 
Np(Er )N indicates ethylation of the 3'-Y internucleotide phosphate 
linkage. Abbreviations used are: TosCI, p -  toluenesulfonyl chloride: 
Me3PhsC1, trimethylbcnzenesulfonyl chloride, 

Scheme I: Synthesis of d-Tp(Et)Gp(Et)G 
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The synthetic routes for the preparation of d- 
Tp( Et)Gp(Et)G and d-Tp(Et)Tp(Et)Cp(Et)A are  shown in 
Schemes I and 11. The basic scheme involves stepwise addi- 
tion of protected nucleoside 5'-phosphates to a growing olig- 
onucleotide chain followed by ethylation of the resulting 
phosphodiester linkage, to give oligonucleotide triesters of a 
defined sequence. Thus, in the case of d-Tp(Et)Gp(Et)G 
(Scheme I ) ,  the protected dinucleotide, d-MMTrTp-' 
GiBOiB, was synthesized by condensation of the appro- 
priately protected monomers and the product was isolated 
and purified by extraction procedures similar to those re- 
ported by Caruthers et al.  (1972). The diester was then 
ethylated. In this particular reaction an equivalent of N -  
methylimidazole was added to the ethylation media. N- 
Methylimidazole has been shown to increase the amount of 
phosphotriester formation in the synthesis of oligothymidy- 
late ethyl phosphotriestcrs (R.  Pless, personal communica- 
tion). However, a fluorescent side product which appeared 
to result from alkylation of the guanine ring was detected in 
this reaction. Therefore, addition of N- methylimidazole 
was avoided in further ethylation reactions involving gua- 
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TABLE I : Spectral Characteristics of Oligonucleotides and Oligonucleotide Triesters in Water, pH 7. 

d-TpG‘ 255, 270 (s) 229 1.18 

d-Tp(Et)G 255, 270 (s) 228 1.17 
d-Tp(Et)GpG 255, 270 (s) 227 1 .30  

d-TpGpG’ 255, 270 (s) 230 1 .24  32.5 x 103 

d-Tp(Et)Gp(Et)G 255, 270 (s) 227 1.24 33.3 x 103 
d-GpGpTc 255, 270 (s) 232 1.25 31.7 x 103 

E26O/E280  

d-Tp(Et)T 267 236 1 .53  
d-Tp(Et)TpC 267 237 

d-Tp(Et)Tp(Et)CpA 264 234 
d-Tp(Et)Tp(Et)Cp(Et)A 263 
d-TpTpCpA 263 235 1.80 

d-Tp(Et)Tp(Et)C 267 237 1 . 3 3  

234 1 . 7 7  35.8 x 103 
34.2 x 103 

- 
a The spectral properties of this compound are similar to those of d-pTpG (Biichi and Khorana, 1972). Similar spectral prop- 

erties were observed by Caruthers et al. (1972). The spectral properties of this compound are similar to those of d-TpGpG. 
Further characterization is given in the Experimental Section. 

TABLE 11 : Paper Chromatography and Paper Electrophoresis of Oligonucleotides. 

d-TpGb 
d-Tp(Et)G 
d-Tp(Et)GpG 
d-TpGpGa 
d-Tp(Et)Gp(Et)G 
d-GpGpTG 
d-Tp( Et)T 
d-Tp(Et)TpC 
d-Tp(Et)Tp(Et)C 
d-Tp(Et)Tp(Et)CpA 
d-Tp( Et)Tp(Et)Cp( Et)A 
d-TpTpCpAd 

0.24 
0.51 
0.061 
0.037 
0 . 2 9  
0.033 

0 .23  
0 .34  
0.16 
0.26 

R F C  

0.42 
0.70 
0.36 
0.22 
0.63 
0.18 

0 . 4 5  
0.67 
0 .40  
0.54 

Rma 

0.51 
0.67 0.65 
0.47 
0.32 
0.60 0 . 4 5  
0 .34  

0.78 
0.56 0.39 
0.66 0 . 4 3  
0.56 0.27 
0 .63  0.31 
0.37 0.07 

0.39 (dpG) 

0 . 2 9  (dpG) 
0.70 (dpG) 

0.66 (dpT) 
0.00 (dpT) 
0.45 (dpT) 
0.10 (dpT) 
0.23 (dpT) 
0.07 (dpT) 
0.57 (dpA) 

-0.21 (dpT) 

-0.17 (dpT) 

a Mobility relative to the indicated nucleoside 5’-phosphate at pH 8.5. The negative sign indicates that the compound moved 
toward the cathode, probably due to solvent movement. Similar chromatographic mobilities were observed by Ohtsuka et a/. 
(1972) using solvent systems A and F, and by Caruthers et a/. (1972) using solvent system F. The chromatographic and electro- 
phoretic mobilities of this compound are similar to those of d-TpGpG. Further characterization is given in the Experimental 
Section. The chromatographic mobility of this compound was similar to that of d-TpTpApC (Ohtsuka and Khorana, 1967). 
Further characterization is given in the text. 

nine-containing oligomers. 
The 3’-0- isobutyryl protecting group was selectively re- 

moved by treatment with aqueous sodium hydroxide solu- 
tion. The oligonucleotide chain was then extended by addi- 
tion of d-pGiBOiB. The resulting diester-triester intermedi- 
ate, d-MMTrTp(Et)GiBpGiBOiB, was readily purified by 
silica gel column chromatography. Ethylation then gave the 
fully protected phosphotriester which was also purified by 
silica gel column chromatography. The protecting groups 
were removed by hydrolysis in concentrated ammonium hy- 
droxide solution followed by treatment with 80% acetic 
acid. The resulting d-Tp(Et)Gp(Et)G was purified by pre- 
parative paper chromatography. An analogous stepwise 
synthetic procedure was followed in the preparation of d- 
Tp(Et)Tp(Et)Cp(Et)A (Scheme 11). The resulting oligonu- 
cleotide triesters are obtained as a mixture of diasteroisom- 
ers (Miller et al., 1971). No attempt was made to separate 

the diastereomers. 
During the syntheses, protecting groups were removed 

from samples of the various protected triester intermediates 
and the products were further characterized. For example, 
d-MMTrTp(Et)GiBOiB gave d-Tp(Et)G. This triester has 
ultraviolet (uv) spectral characteristics identical with those 
of d-TpG (Table I) and behaves as a neutral molecule on 
paper chromatography and paper electrophoresis (Table 
11). In addition, d-Tp(Et)G is resistant to hydrolysis by 
both spleen and snake venom phosphodiesterase enzymes. 
Removal of protecting groups from the triester-diester in- 
termediates, d-MMTrTp(Et)GiBpGiBOiB and d- 
MMTrTp(Et)Tp(Et)CAnpABZOAc, gave d-Tp(Et)GpG 
and d-Tp(Et)Tp(Et)CpA, respectively. These oligomers 
have uv spectral characteristics similar to those of the diest- 
ers d-TpGpG and d-TpTpCpA (Table I) .  Their paper elec- 
trophoretic mobilities indicated that these oligomers con- 
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TABLE 111 : Tritium-Labeled Oligodeoxyribonucleotides. 

cpmlA mal 

Unit 
-~ ---- - __ 
[aH]d-Tp(Et)Gp(Et)G 1 14 X IOfi 
[ 3H]d-TpGpG 1 07 X IOfi 

[ 3H]d-TpTpCpA 1 86 x IOa 
[3H]d-Tp(Et)Tp(Et)Cp(Et)A 2 67 X l o J  

- -__-~___ ~ _ - _ _ _  - --. 

' Counting efficiency, 38 %. 

Sp Act. EX- 
(Cljmol)' change 

45 52 
41 49 
11 26 
7 6 18 

- - 

._ _ _ ~  

tain only one charge (Table 11). Treatment of d- 
Tp( Et)GpG with snake venom phosphodiesterase, an exo- 
nuclease which requires a free 3'-hydroxyl group and pro- 
ceeds in a 3' to 5' direction, gave d-Tp(Et)G and d-pG as 
products. Similar treatment of d-Tp(Et)Tp(Et)CpA gave 
d-Tp(Et)Tp(Et)C and d-PA. Both oligomers were resistant 
to hydrolysis by spleen phosphodiesterase, an exonuclease 
which requires a free 5'-hydroxyl group and proceeds in a 5' 
to 3' direction. 

I n  general the oligonucleotide ethyl phosphotriesters are 
stable to hydrolysis in neutral, aqueous solutions and have 
been stored for periods of months under these conditions. 
The ethyl phosphotriester linkage is stable in 0.1 M hydro- 
chloric acid and in 0.1 M sodium hydroxide solutions for a t  
least 24 hr a t  28". In  addition, this triester linkage was 
found to be stable to hydrolysis in concentrated ammonium 
hydroxide solutions for a t  least 2 days and in 1 M sodium 
hydroxide for 10 min at  room temperature. These various 
pH conditions are often encountered in deprotecting oligo- 
nucleotides during synthetic reactions. 

While the triester linkage is resistant to snake venom and 
spleen phosphodiesterase, Dudman and Zerner (1 973) re- 
cently reported a phosphotriesterase activity in mammalian 
sera. We found that oligonucleotide phosphotriesters are 
completely stable to hydrolysis when incubated in  10% fetal 
calf serum or 10% human cord serum at 37" for up to 139 
hr. Under the same conditions the corresponding oligonu- 
cleotide diesters are hydrolyzed to their component mono- 
mers. The stability of the phosphotriesters under these con- 

ditions allows them to be used in biological studies on mam- 
malian cells in culture. 

Interaction of Oligonucleotide Triesters with tRNA.  The 
interaction of the oligonucleotide triesters with tRNAPhe 
from yeast and E .  coli was studied by equilibrium dialysis 
techniques. These studies required that the triesters contain 
a tritium label of relatively high specific activity. The tries- 
ters, d-Tp(Et)Gp(Et)G and d-Tp(Et)Tp(Et)Cp(Et)A, and 
the corresponding diesters were labeled by heating the oli- 
gomers in tritiated water a t  90" to exchange the H-8 proton 
in the purine ring (Ts'o et a f . ,  1969). After removal of ex- 
cess tritiated water by lyophilization, the labeled oligomers 
were purified by paper chromatography. As shown in Table 
111, this procedure gave oligomers of sufficiently high spe- 
cific activity for use in the dialysis experiments. 

The results of experiments measuring the interaction of 
the oligodeoxyribonucleotide triesters and their parent 
diesters with tRNAPheyeast and tRNAPhe,,/, are presented 
in Table IV. These studies were carried out a t  0" in a buffer 
containing 10 mM MgC12, 10 mM Tris (pH 7.5), and either 
1 M NaCl or 0.1 M NaC1. The latter condition approxi- 
mates the ionic strength conditions used in the in vitro ami- 
noacylation of tRNA. The t R N A  concentration was 40 p M .  
The association constants were determined directly by mea- 
surement of the ratio of tritium counts found on each side of 
the dialysis membrane as described by Uhlenbeck (1972). 
I n  the case of d-GpGpT, which did not contain a radioac- 
tive label, the binding constants to tRNAPhe were deter- 
mined by competition with GpGpU (Uhlenbeck, 1972). 
Competition studies with GpGpU were also carried out for 
the oligomers d-Tp(Et)Gp(Et)G and d-TpGpG. The same 
results were obtained as those obtained by direct measure- 
ment. 

For purposes of comparison, the ribooligonucleotides 
UpUpC, UpUpCpA, GpGpU, and UpGpG were also syn- 
thesized and their association constants to tRNAPheyed\t  
were measured. Similar measurements on the binding of 
these oligoribonucleotides to tRNAPheyeast have been made 
independently by Pongs et al. (1973) and by Cameron and 
Uhlenbeck (1973). Their studies were carried out under es- 
sentially the same conditions of salt concentration, tempera- 
ture, and tRNA concentration as the present investigation. 

TABLE I V :  Binding of Oligomers to tRNAP1leleast and tRNA1'"e,,l, at 0" 

tRNAPhecoli; 1 hl tRNAPhemil; 0.1 M 

tRNAPhe,,,,t; 1 M NaCla NaCl' NaCln 

d-Tp(Et)Tp(Et)Cp(Et)A 
d-TpTpCpA 
d-Tp( Et)Gp(Et)G 
d-TpGpG 
d-GpGpT 
UPUPC 
UPUPCPA 

3,000 
2,200 
2,400 

600 
12,9OOb 

1,600 (2,000)" 
48,000 (75,000)c 

(1 3, 700)d 
4,800 (4,SOO)c 

224,000 (30, OOOY 
(1 17, OOO)d 

3,600 
2,400 
1,700 
1,100 

12,OOOb 
2,000 

48,500 

7,300 
219,000 

2,400 
1,300 
2,000 

500 
11 ,2000 
2,300 

45,000 

4 ,  YO0 
204,000 

The buffer also contained 10 mM MgCI? IO mM Tris (pH 7.5). * Measured by competition with GpGpU. Pongs et ul., lY73. 
Cameron and Uhlenbeck, 1973. 
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While the results are basically similar to each other there 
are some discrepancies in the association constants mea- 
sured for UpUpCpA and GpGpU in the three studies. The 
different values obtained may reflect differences in the state 
of purity or the conformational state of the tRNAs used in 
these three studies. 

The results in Table IV  show that the oligodeoxyribonu- 
cleotide phosphotriesters form complexes with both 
tRNAPheleaat and tRNAPheco/,. Indeed the association con- 
stants observed for d-Tp(Et)Gp(Et)G and d-Tp(Et)T- 
p(Et)Cp(Et)A are slightly higher than those of the corre- 
sponding parent diesters, d-TpGpG and d-TpTpCpA. Thus, 
alkylation of the sugar-phosphate backbone does not inter- 
fere with binding of the triesters to the tRNA. These results 
are similar to those of our previous study on the 2U:lA 
complexes formed between poly( U) and phosphotriester de- 
rivatives of d-ApA (Miller et al., 1971). Complexes of 
poly(U) with d-/ip(Et)A and d-Ap(Me)A have higher 
melting temperatures than the complex formed with d- 
ApA. 

A significant difference is observed between the associa- 
tion constants for the oligoribonucleotides and the analo- 
gous oligodeoxyribonucleotides. The association constants 
of the oligoribonucleotides are eight to twenty times larger 
than those of the oligodeoxyribonucleotides. This difference 
may reflect the difference in conformations of the oligori- 
bonucleotides vs. the conformations of the oligodeoxyri- 
bonucleotides. Our laboratory has previously shown 
(Kondo et al., 1972) for the purine-containing dimers, d- 
ApA and ApA, that the extent of base-base overlap in the 
deoxydimer is much greater than that in the ribodimer. In 
addition, the extent of base-base overlap in a stacked dimer 
is much greater than that in a 10- to 1 1-fold helix. Thus in 
the present series, the deoxyoligomers must first reduce the 
extent of base-base overlap before they are in a suitable 
conformation to hydrogen bond with their complementary 
region of the tRNA. Compared to the corresponding ribool- 
igomers, which have a lesser extent of base-base overlap in 
their stacking mode, the complexes formed with the deoxy- 
oligomers would have a lower stability than the complexes 
formed with ribooligomers. A more rigorous discussion of 
this subject was presented in a recent paper concerning the 
effects of (2-2' substituents on polynucleotide conformation 
(Alderfer et al., 1974). Therefore the association constant 
would also be expected to be lower for the oligodeoxyri- 
bonucleotide triester, since their conformations and extents 
of stacking are very similar to those of the corresponding ol- 
igodeoxyribonucleotide diesters (Miller et d,, 1971). 

Table IV shows that the association constants for the var- 
ious oligdmers to both tRNAPheyeast and tRNAPhe,,/, are 
similar. Since these oligomers serve as probes of the secon- 

dary structure of the anticodon and 3'-ApCpCpA-OH ter- 
minus of tRNAs in these binding studies (Uhlenbeck et 
al., 1970), our results suggest that these regions in 
tRNAPheyeast and tRNAPheco/, have very similar conforma- 
tions. 

The specificity of binding was investigated by studying 
the interaction of the triester oligomers with modified 
tRNAPheyeast and with crude tRNA,,[,. The tRNAPheyeast 
was modified by treatment with dilute hydrochloric acid to 
remove the Y base from the anticodon loop (Thiebe and 
Zachau, 1970). The tRNAPheyeast was also modified by 
treatment with snake venom phosphodiesterase to remove 
the 3'-CpA residues from the amino acid accepting termi- 
nus (Simsek et al., 1973). Recently Cameron and Uhlen- 
beck (1973) and Pongs and Reinwald (1973) have demon- 
strated that removal of the Y base from tRNAPheyeast caus- 
es a seven- to eightfold reduction in the association constant 
of UpUpCpA for the modified tRNA. As shown in Table 
V, we observe five- and sixfold reduction in the binding of 
d-Tp(Et)Tp(Et)Cp(Et)A and UpUpCpA, respectively, to 
tRNAPheyeast - Y. It  is interesting to note that the binding 
of d-Tp(Et)Gp(Et)G and UpGpG to this tRNA was also 
decreased slightly. 

The association of d-Tp(Et)Gp(Et)G and UpGpG with 
snake venom phosphodiesterase treated tRNAPheqeast was 
reduced 14- and 19-fold, respectively, when compared to 
binding with intact tRNAPheyeast. The small amount of re- 
sidual binding observed may be due to binding to some 
tRNA molecules from which only the terminal A residue 
has been removed. A reduction in the binding of d- 
Tp(Et)Tp(Et)Cp(Et)A and UpUpCpA to this modified 
tRNA was also observed. 

The results of these experiments indicate that removal of 
the Y base not only disrupts binding of the oligomers to the 
anticodon region, but also affects binding at  the more re- 
mote 3' terminus. Similarly, removal of the 3'-CpA residues 
not only eliminates binding of the oligomers complementary 
to this region, but also reduces the binding constants of oli- 
gomers complementary to the anticodon region. This effect 
may result from a conformational change in the entire 
tRNA molecule induced by removal of the Y base or the 
3'-CpA terminus. 

The triester d-Tp(Et)Tp(Et)Cp(Et)A is complementary 
to the anticodon region of tRNAPhe, while the triester d- 
Tp(Et)Gp(Et)G is complementary to the 3'-CpCpA termi- 
nus, a sequence common to all tRNAs. Therefore, the ap- 
parent association constants for binding of d-Tp(Et)T- 
p(Et)Cp(Et)A should be greatly reduced if a crude mixture 
of tRNAs is used instead of pure tRNAPhe. However, the 
magnitude of binding of d-Tp(Et)Gp(Et)G to crude tRNA 
should be similar to the association constant for binding to 

TABLE v:  Binding of Oligomers to Modified tRNAs.' 

d-Tp( E t)Tp( Et)Cp(Et) A 3,000 600 900 300 

d-Tp( Et)@( Et)G 2,400 1200 170 2400 
4,800 3400 250 9900 

UPUPCPA 48,000 8200 29,100 1100 

UPGPG _______-- ---____ ~ _ _ _ _  - 
' 1 M NaCl, 10 mM MgC12,lO mM Tris (pH 7.5); 0"; tRNA concentration 40 FM. ' Unfractionated. 

~~~ 
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tRNAPhe. The results of binding experiments using a mix- 
ture of crude tRNA from E .  coli are shown in Table V. 
This mixture contains approximately 3.4% tRNAPhe as de- 
termined by aminoacylation with phenylalanine. The appar- 
ent binding constants of d-Tp(Et)Tp(Et)Cp(Et)A and Up- 
UpCpA to crude tRNA,,(i are greatly reduced compared to 
their binding to tRNAPheroii (see Table IV).  As predicted, 
the binding constants of d-Tp(Et)Gp(Et)G and UpGpG to 
the crude tRNA,.,,, are almost the same as those obtained 
for binding to tRNAPhecolj (Table IV) .  The above results 
(Table V) demonstrate that d-Tp(Et)Tp(Et)Cp(Et)A binds 
specifically with the anticodon region of tRNAPhe while d- 
Tp(Et)Gp(Et)G interacts specifically with the 3'-CpCpA 
terminus of all tRNA.  This specificity of interaction is fur- 
ther demonstrated by the aminoacylation experiments de- 
scribed in the following paper (Barrett et ul., 1974). 

The association constants for binding of the triesters d- 
Tp( Et)Gp(Et)G and d-Tp(Et)Tp(Et)Cp(Et)A to 
tRNAPheyea,t show little or no change when the salt concen- 
tration is reduced from 1 M NaCl with Mg'+ to 0.1 icf 
NaCl without ME2+ (Table VI) .  I n  contrast, the association 
constants of the diesters, d-TpTpCpA, UpUpCpA, aiid 
UpGpG, are significantly reduced when the salt concentra- 
tion is lowered. A similar effect on the magnitude of the as- 
sociation constant for binding of tipApCpA to tRNA'!',.,,,, 
in  I  mM EDTA-10 nilvI S a 2 H P 0 ~  a t  0" was reported 
when the sodium chloride concentration was decreased 
from 1.5 to 0.2 M (Uhlenbeck, 1972). This decrease in 
binding is attributed to an increase in charge repulsion be- 
tween the negatively charged sugar-phosphate backbone of 
the oligonucleotide diester and the tRNA as the ionic 
strength of the solution is lowered. Since the oligonucleotide 
triesters are neutral molecules, such charge repulsion is 
eliminated and changes in ionic strength do not significant- 
ly affect the binding constants. 

The stability of the oligodeoxyribonucleotide triesters 
and their ability to form specific complexes with comple- 
mentary regions of tRNA make these compounds attractive 
candidates as probes of the structure and function relation- 
ships of nucleic acid, both in vitro and in living cells. The 
effect of these triesters on the in vitro aminoacylation of 
tRNA is the subject of the following paper (Barrett et al. ,  
1974). 

Experimental Section 

Chemical Synthesis of Oligodeoxyribonurleotides and 
Oligodeoxyribonucleotide Phosphotriesters 

General. The deoxynucleosides and deoxynucleoside 5'- 
phosphates obtained commercially were checked for purity 
by paper chromatography. 5'-0- Mono-p- methoxytrityl- 
thymidine (Schaller et al., 1965), 3'-0- acetylthymidine 
5'-phosphate (Khorana and Vizsolyi, 1961), iV2,03'-diiso- 
butyryldeoxyguanosine 5'-phosphate (Weber and Khorana, 
1972), ,VA-p- anisoyl-3'-0- acetyldeoxycytidine 5'-phos- 
phate (Schaller and Khorana, 1963), and N h -  benzoyl-3'- 
0- acetyldeoxyadenosine 5'-phosphate (Weiman er al.,  
1963) were prepared by methods described in thc literature. 
2,4,6-Trimethylbenzenesulfonyl chloride ( MelPhsCI) ' 
from Aldrich Chemical Co. and p- toluenesulfonyl chloride 
(TosCI)' from Eastman Chemical Co. were each recrystal- 
lized from pentane before use. Anhydrous pyridine and 
N,N-dimethylformamide were prepared according to Mil- 
ler et al. ( I97 l ). Anhydrous ethanol was prepared by distil- 
lation from magnesium ethoxide (Shirley, 1951) onto mo- 
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TABLE V I :  Effect of Salt Concentration on the Bindiiig of Ohgo- 
mers to tRNAP''e,,,,t at  O"." 

- __ - - . - - - - - ___ - - - --_ - - - 
K ( ~ l )  

~- - .~ __ 
1 hi NaCI- 

10 m~ MgCI? 
0.1 M NaC1- 
I inv EDTA 

_ _  - - _  
d-Tp(Et)Tp(Et)Cp(Et)A 3,000 3,400 
d-Tp(Et)Gp(Et)G 2.400 2,500 
d-TpTpCpA 2.200 0 
UPUPCPA 48,000 14,800 
UPGPG 4,800 so0 

- - 

Each buffer contained 10 nib1 Tris (pH 7 5 )  The tRNA con- 
centration was 40 p u  

lecular sieves ( L h d e  Type 3A). 2,6-Lutidine was dried over 
molecular sieves. 

Descending paper chromatography was performed on 
Whatman No. 3MM paper using the following solvent sys- 
tenis: solvent A,  2-propanol--concentrated ammonium hy- 
droxide-water (7:1:2, v /v ) ;  solvent C, 1 M ammonium ace- 
tate-95YO ethanol (3:7, v/v;  pH 7.5); solvent F, l-propanol- 
concentrated ammonium hydroxide--water (50: 10:35, v/v);  
solvent 1, 2-propanol--water ( 7 : 3 ,  v / v ) .  Paper electrophore- 
sis was carried out on a Savant flat plate apparatua using 
0.05 M triethylamtnoniuin bicarbonate as buffer (pH 8.5) 
at  a voltage of 40 V/cm for 45 niin. I-lltra\iolet spectra 
were recorded on a Cary 14 uv spectrophotometer. Unless 
otherwise noted, all reactions and operations were carried 
out at  room temperature. 

Genrrcil C'ondensution Procedure. The protected nucleo- 
side or the pyridinium salts of the oligonucleotide and pro- 
tected nucleoside 5'-phosphate were dried by repeated evap- 
orations with anhydrous pyridine. The resulting gum was 
dissolved in dry pyridine; the solution was cooled to 0'; 
mesitylenesulfonyl chloride h a s  added and the reaction 
mixture was kept in  the dark at  room temperature. These 
operations were carried out in a dry nitrogen atmosphere. 
The reaction was terminated by addition of an equal volume 
of water at  O0, and, after storage (usually overnight) a t  
room temperature, the reaction mixture was diluted with 
water and the products were purified by extraction and col- 
umn chromatography. The isolated products Mere precipi- 
tated either from pyridine solution by dropwise addition to 
anhydrous ether for the diesters or from tetrahydrofuran so- 
lution by addition to hexane for the triesters. The precipi- 
tates were collected by centrifugation. thorough11 \+ashed 
with solvent, and dried under vacuum to give amorphous, 
white powders. The spectral characteristics of the protected 
oligomers are given in Table VII .  

General Ethylation Procedure. The protected oligomer 
diester was made anhydrous by repeated evaporation with 
anhydrous pyridine and the residue was dissolved in a solu- 
tion containing N,~-dirnethylformamide and 2,h-lutidine. 
Ethanol and p -  toluenesulfonyl chloride (TosCI) were added 
at  0" and after 1 hr at  room temperature a n  additional 
amount of ethanol and 'TosCl was added. These operations 
were carried out in a dry nitrogen atmosphere. The reaction 
was terminated after 2 hr total time by addition ol' water. 
The solvents were evaporated w i t h  frequent additions of 
50% chloroform-methanol to aid in the removal of the di- 
rnethylformamide, and the residue was dissolved i n  chloro- 
form. After extraction with water, the chloroform solution 
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TABLE VII: Spectral Characteristics of Protected Oligonucleotides and Triesters in Methanol. 

d-MMTrTpGiBOiB 
d-MMTrTpGiB 
d-MMTrTp(Et)GiBOiB 
d-MMTrTp(Et)GiB 
d-MMTrTp(Et)GiBpGiBOiB 
d-MMTrTp(Et)GiBp(Et)GiBOiB 
d-MMTrTp(Et)TOAc 
d-M MTrTp( Et)TpC-A “OAc 
d-MMTrTp(Et)Tp(Et)CAnOAc 
d-MMTrTp(Et)Tp(Et)C*”pAB70Ac 
d-M M TrTp( Et)Tp( Et)Ci “p( Et)ABzOAcb 

260, 230 (s), 277 (s) 
260, 233 (s), 277 (s) 
237, 263, 255 (s), 280 (s) 
234, 262, 255 (s), 280 (s) 
233, 258, 277 (s) 
258, 237, 280 (s) 
267, 225 (s) 
270, 305 (s) 
270, 305 (s) 
278, 315 (s) 
278, 315 (s) 

234 
243 
227, 243 
226, 243 
227, 238 
227 
240 
242 
243 
245 
244 

1.44 
1.40 
1 .38  
1 .34  
1.41 
1 .40  

1 .oo 
0 . 9 5  

0 .79  

a Similar spectral properties were observed by Caruthers er ai. (1972). * The spectral properties of this compound are similar to 
those of d-MMTrTpTpABZpC“” (Ohtsuka and Khorana, 1967). 

was dried over anhydrous sodium sulfate. The solution was 
then concentrated and the products were isolated by silica 
gel column chromatography. The products were precipitat- 
ed from a tetrahydrofuran solution by addition to hexane. 
The spectral characteristics of the protected oligonucleotide 
triesters are presented in Table VII. 

Removal of Protecting Groups. The 3’-0- protected oli- 
gomer was dissolved in 50% ethanol-pyridine and treated 
with an equal volume of 2 N sodium hydroxide for 7 min a t  
-5’ (3’-0-isobutyryl group) or 15 min at  room tempera- 
ture (3’-0-acetyl group). The reaction mixture was then 
neutralized with pyridinium Dowex 50X resin. The resin 
was filtered and thoroughly washed with 50% ethanol-pyri- 
dine and the combined filtrate and washings were evapo- 
rated. The products were isolated by precipitation. 

For complete removal of protecting groups, the protected 
oligomer was first treated with 60% concentrated ammo- 
nium hydroxide in pyridine for 2-3 days. After evaporation 
of solvents the residue was treated with 80% acetic acid for 
3-6 hr. The acetic acid was removed by evaporation. Spec- 
tral characteristics and mobilities on paper chromatography 
and paper electrophoresis of deblocked oligomers are pre- 
sented in Tables I and 11, respectively. 

Hydrolysis with Snake Venom and Spleen Phosphodies- 
terase. The previously published procedure (Miller et al., 
1971) was followed. 

Preparation of d-MMTrTpGiBOiB and d-TpG. d- 
MMTrT (5.15 g, 10 mmol) and d-pGiBOiB (6.25 g, 1 1  
mmol) were allowed to react for 4 hr in 50 ml of pyridine 
containing Me3PhsC1 (5.26 g, 24 mmol). After overnight 
aqueous pyridine treatment, the reaction mixture dissolved 
in water (200 ml) was extracted with ether (2  X 600 ml). 
Additional water (700 ml) was added and the solution was 
extracted with I-butanol (2  X 750 ml). The combined buta- 
nol extracts were evaporated and product, d-MMTrTp- 
GIBOiB, was precipitated from pyridine (120 ml) by addi- 
tion to ether (2 I . ) :  weight 9.4 g (88%); silica gel tlc, RF 
(20% MeOH-CHC13) 0.34. The oligomer had the same 
spectral characteristics as those reported for d- 
MMTrTpGIB (Caruthers er al., 1972). Removal of the pro- 
tecting groups from a 54-mg sample gave d-TpG, which 
had similar RF values to d-TpG prepared previously by a 
different route (Ohtsuka et al., 1972). The dimer was com- 
pletely digested to d-T and d-pC by snake venom phospho- 
diesterase. 

Preparation of d-TpCpC. d-MMTrTpGIBOiB (198 mg, 
0.186 mmol) was treated with 1 M N a O H  in 4 ml of 50% 
pyridine-ethanol for 7 min at  -5’. The product, d- 
MMTrTpGIB, obtained after precipitation weighed 165 mg 
(89%) and had spectral properties similar to those of pre- 
viously prepared material (Caruthers et al., 1972): silica 
gel tlc, RF (20% MeOH-CHCI3) 0.04. 

d-MMTrTpGIB (155 mg, 0.156 mmol) and d-pGiBOiB 
(226 mg, 0.4 mmol) were allowed to react for 4 hr in 1 ml 
of pyridine containing Me3PhsC1 (175 mg, 0.8 mmol) and 
then treated overnight with aqueous pyridine. The reaction 
mixture dissolved in water (14 ml) was extracted with 1 -  
butanol (2 X 15 ml) and the combined butanol extracts 
were extracted with water (2 X 15 ml) and evaporated. The 
protecting groups were removed and the residue, after ex- 
traction with ether, was dissolved in 100 ml of 10% ethanol 
and applied to a DEAE-cellulose column in  the bicarbonate 
form. The column was eluted with a linear gradient (0.0- 
0.25 M, 4 1. total) of triethylammonium bicarbonate in 10% 
ethanol. Fractions containing d-TpGpG were pooled and 
the product was isolated by evaporation and lyophilization: 
weight 1 12 mg (65%); chromatographic mobility identical 
with previously prepared d-TpGpG (Ohtsuka et al., 1972). 
Hydrolysis with snake venom phosphodiesterase gave d-T 
and d-pG. 

Preparation of d-MMTrTp(Et)GiB and d-Tp(EtJG. d- 
MMTrTpGIBOiBu (8.0 g, 7.52 mmol) was ethylated in  
N,N-dimethylformamide (75 ml), 2,6-lutidine (8.25 ml), 
and N-methylimidazole (6.0 ml) using two (I 8 ml) charges 
of ethanol and 2 (14.2 g) charges of TosC1. After work-up, 
the residue, dissolved in chloroform (750 ml), was extracted 
with water (750 ml). The product was isolated by silica gel 
chromatography ( 5  X 50 cm) using ethyl acetate and 5% 
methanol in tetrahydrofuran as solvents, followed by pre- 
cipitation from hexane: weight 3.8 g (51%); silica gel tlc, RF 
(10% MeOH-CHC13) 0.49, trace fluorescent contaminant 
RF 0.52. The 3’-0- protecting group was removed by treat- 
ment with 1 M sodium hydroxide in 60 ml of 50% ethanol- 
pyridine for 7 min at  -5’. After work-up, pure d- 
MMTrTp(Et)GIB was isolated by silica gel chromatogra- 
phy (3.2 X 50 cm) using 5% methanol-chloroform and 20% 
methanol-chloroform as solvents: weight 3.0 g (74%); silica 
gel tlc, RF (20% MeOH-CHC13) 0.47. 

The protecting groups were removed from a 71-mg sam- 
ple. The resulting d-Tp(Et)G was purified by paper chro- 
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matography using solvent I and was isolated by precipita- 
tion with ether, weight 24 mg (53%). The triester was resis- 
tant to hydrolysis by snake venom and spleen phosphodies- 
terase. 

Preparation of d-MMTrTp(Et)G'bjl(;I"OiB ond d- 
Tp(EtiGpC. d-MMTrTp(Et)GiB (3.0 g. 3.18 niniol) and 
d-pCi'BOiB (3.3 g, 6.0 mmol) were allowed to react for 4 hr 
i n  pyridine (15 ml) containing MelPhsCl (2.63 g, 12 
mmol). Following aqueous pyridine treatment, the aqueous 
solution (210 ml) was extracted with I-butanol ( 2  X 240 
ml). The combined butanol extracts were extracted \iith 
isater (2  X 250 ml) and evaporated, and the residue was 
chromatographed on a silica gel column (3.5 X 50 cm) .  The 
column was eluted with 10% methanol in chloroform (2 I . )  
followed by 20% methanol in chloroform (3  I . ) .  Fractions 
were obtained which contained the desired d-MMTrTp- 
(Et)GiBpGiBOiB as well as some detriylated material, d -  
Tp( Et)G'BpG'BOiB. The total material from these fractions 
was treated with 428 mg (1.3 mmol) of monomethoxytrityl 
chloride in pyridine (3 ml) for 21 hr followed by 9590 etha- 
nol (2 ml) for 2 hr. The solvents were evaporated and the 
desired d-hlMTrTp(Et)GiBpGiBOiB was isolated by precip- 
itation with ether; weight 2.39 g (50%); silica gel tlc. Rfi 
(20% MeOH-CHC13) 0.13: R p  (30% MeOH-Ct-ICII) 
0.47. 

The protecting groups were removed from a 25-nig sam- 
ple and the resulting d-Tp(Et)GpC was isolated after paper 
chromatography using solvent F. Incubation with snake 
venom phosphodiesterase (16 hr, 37') gave d-Tp(Et)GpG. 
dpG, and d-Tp(Et)G. The oligomer was resistant to hydrol- 
ysis by spleen phosphodiesterase. 

Preparation of d-MMTrTp(Et)GiBpiEt)GinOiB and d-  
TpiEtjGp(Et)G. d-MMTrTp(Et)GiBpGiBOiB (580 mg, 
0.39 mmol) was ethylated in N,N-dimethylforniamide (8 
nil) and 2,6-lutidine (4 ml) using 2 (4 ml) chargcs of etha- 
nol and 2 (1.55 g, 8 mmol) charges of TosCI. After work- 
up, a chloroform (40 ml) solution of the residue was ex- 
tracted with water (2 X 40 ml). The triester was purified by 
silica gel chromatography (2 X 30 cm) using chloroform 
(400 ml) and 10% methanol-chloroform (400 ml) as sol- 
vents. The resulting d-MMTrTp(Et)GiBp(Et)GiBOiB 
weighed 176 mg (31%); silica gel tlc. RF (10% MeOW 

The protecting groups were removed from a 160-nig sam- 
ple and the resulting d-Tp(Et)Gp(Et)G was purified by 
paper chromatography using solvent I ;  weight after precipi- 
tation with ether, 35 mg (33%). The triester was resistant to 
hydrolysis by snake venom phosphodiesterase. 

Preparation of d-GpGpT. d-MMTrGiBpGiB (0.2 rnmol; 
Agarwal et al.,  1972) was allowed to react with d-pTOAc 
( 177 ing, 0.4 mmol) for 2.5 hr in pyridine (1 ml) containing 
Me3PhsCI (175 mg, 0.8 mmol), followed by overnight ayue- 
ous pyridine treatment. The reaction mixture in 14 ml of 
water was extracted with 2 (15 ml) portions of I-butanol. 
and the residue obtained after evaporation of the butanol 
was treated to remove protecting groups. Following extrac- 
tion with ether. the residue was applied to a DEAF-cellu- 
lose column in the bicarbonate form and the column was 
eluted with a linear gradient of triethylamnionium bicar- 
bonate (0.0-0.50 M ,  4 1. total). Fractions containing the de- 
xired d-GpGpT were pooled, evaporated, and lyophilized to 
gi\,e 14 mg (6%) of oligomer. Hydrolysis with snake venoni 
ph\xphndiesterase gave d-G, dpG, and d-pT. 

Prepmation of d-MMTrTp(Etl  T 0 . 4 ~ .  d-M M T r -  
I'pTOAc (3.58 g. 4.0 mmol. prepared by condensation of 

CHCI?) 0.29. 

d-MMTrT with d-pTOAc) was ethylated in N,N-dimethyl- 
formamide (70 ml)-2,6-lutidine (35 ml) with 2 (35 ml) 
charges of ethanol and 2 (13.3 g, 70 mmol) charges of 
TosC1. Following work-up, a 200-ml chloroform solution of 
the residue was extracted with water (3 X 200 ml). The 
product was isolated by silica gel column chromatography 
( 4  X 30 cm) using ether and tetrahydrofuran as solvents. 
The resulting d-MMTrTp(Et)TOAc was precipitated w i t h  
hexane: weight 1.71 g (50%); silica gel tlc. RF (EtOAc) 
0.18; RF (THF)  0.59. The material was identical with ma- 
terial previously prepared by a different synthetic route 
(LIeBoer el a/., 1973). Removal of the protecting groups 
gave d-Tp(Et)T identical with an authentic sample (Miller 
PI a/., 197 1).  

Preparation of d-MMTrTplEt) TpC'%?..lc and d- 
TpiEtITpC. d-MMTrTp(Et)T (1.89 mrnol), prepared by 
hydrolysis of d-MMTrTp(Et)TOAc (1.7 1 g, 1.89 mniol) 
with 1 h4 NaOH in 10 ml of 50% pyridine, was allowed to 
react with d-pC""0Ac (1.13 g, 2.0 mmol) for 3 hr in I O  ml 
of pyridine containing Me3PhsC1 (880 mg, 4 mmol). Fol- 
lowing aqueous pyridine treatment, the reaction mixture i n  
100 rnl of water was extracted with 1-butanol (2  X 100 nil). 
The residue obtained after evaporation of the butanol was 
chromatographed on a silica gel column (2 X 40 cm) using 
500 ml of ethyl acetate, 1 1. of tetrahydrofuran. arid 20% 
methanol in chloroform, which eluted the product. The re- 
sulting d-MMTrTp(Et)TpCAnOAc, which was precipitated 
from pyridine by addition to ether, weighed 1.33 g (51%); 
silica gel tlc, RF (THF) 0.07, RF (20%) MeOH-CHC13) 
0.42. A sample of the material was treated to reinove pro- 
tecting groups and the resulting d-Tp(Et)TpC was purified 
by paper chromatography using solvent I. Hydrolysis with 
snake venom phosphodiesterase gave d-Tp(Et)T and d-pC. 
The trimer was resistant to hydrolysis by spleen phosphodi- 
esterase. 

Preparation of d-MMTrTp(Et)Tp(Et)C.4n0.4c and d- 
Tp(Et)Tp(Et)C. d-MMTrTp(Et)TpC*"OAc (1.23 g, 0.9 
mmol) was ethylated in a solution of ~~~,~,h ' -dirnethylforma- 
mide (18 ml)-2,6-lutidine (9 ml) using 2 (9 nil) charges of 
ethanol and 2 (3.4 g, 18 mmol) charges of TosCI. After 
work-up, the residue in chloroform (50 ml) was extracted 
with water (2 X 50 ml) and dried over anhydrous sodium 
sulfate. Column chromatography on silica gel (2 X 35 cni) 
using ether (350 ml), tetrahydrofuran (500 n i l ) ,  and 20% 
methanol in chloroform ( 1  50 ml) gave, after precipitation 
with hexane, d-MMTrTp(Et)Tp(Et)CAnOAc: 3.93 g 
(32%); silica gel tlc, RF (THF)  0.45, RF (20% MeOH- 
CHCI?) 0.70. 

The protecting groups were removed from a 20-mg sam- 
ple and the resulting d-Tp(Et)Tp(Et)C was purified by 
paper Chromatography using solvent I. The triester was re- 
sistant to hydrolysis by snake venom and spleen phosphodi- 
esterase. 

Preparation of d-MMTrTp(Et)Tp(Et)CAt1pABz0.4c and 
d-Tp(Etj  Tp(Et)CpA. The 3'-acetyl group was reri~oved 
from d-MMTrTp(Et)Tp(Et)CAnOAc (366 mg, 0.27 mmol) 
by hydrolysis with 1 h4 NaOH in 50% pyridine for 15  min. 
Following work-up and isolation by precipitation from hex- 
ane, 350 mg (97%) of d-MMTrTp(Et)Tp(Et)C,.\" was ob- 
tained; silica gel tlc, RF (THF)  0.33; RF (20% M e O t l - ~  
CfIC13) 0.42. The triester was condensed with d-p.AB'OAc 
( I  66 mg, 0.3 nimol) for 3.5 hr in pyridine ( 2  nil) containing 
kie3PhsCl ( 1  32 mg, 0.6 mmol). Following aqueous pyridine 
treatment. the solution was diluted with water (50 rill) ai111 

the product was extracted into I-butanol ( 3  X 50 mi) .  C'ol.- 
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umn chromatography on silica gel (2 X 21 cm) using ether 
(1 50 ml), tetrahydrofuran (400 ml), and 20% methanol- 
chloroform (200 ml) gave d-MMTrTp(Et)Tp( Et)CAnp- 
ABZOAc (295 mg, 60%) after precipitation with hexane; sil- 
ica gel tlc, RF (THF)  0.03; RF (20% MeOH-CHC13) 0.40. 

The protecting groups were removed from a 10-mg sam- 
ple and the resulting d-Tp(Et)Tp(Et)CpA was purified by 
paper chromatography using solvent I .  Hydrolysis with 
snake venom phosphodiesterase gave d-Tp( Et)Tp(Et)C and 
d-PA. The tetramer was resistant to hydrolysis by spleen 
phosphodiesterase. 

Preparation of d - MMTr Tp(E t )  Tp(E t )  CA "p(Et) A AnOAc 
and d-Tp(EtJ Tp(Et)Cp(Et,JA. d-MMTrTp(Et)Tp(Et)CAnp- 
ABzOAc (285 mg, 0.155 mmol) was ethylated in a solution 
containing N,N-dimethylformamide ( 5  ml)-2,6-lutidine 
(2.5 ml) with 2 (2.5 ml) charges of ethanol and 2 (0.95 g, 5 
mmol) charges of TosC1. After work-up, the residue in chlo- 
roform (100 ml) was extracted with water ( 2  X 100 ml) and 
chromatographed on a silica gel column (2 X 30 cm) using 
ethyl acetate (300 ml), tetrahydrofuran (700 ml), and 20% 
methanol-chloroform (200 ml). d-M MTrTp( Et)Tp- 
(Et)CAnp(Et)ABZOAc was isolated by precipitation into 
hexane: weight 182 mg (63%); silica gel tlc, R,c (THF) 
0.39, RF (20% MeOH-CHC13) 0.73. 

The protecting groups were removed and the resulting d- 
Tp(Et)Tp(Et)Cp(Et)A was purified by paper chromatogra- 
phy using solvent I. The tetramer was completely resistant 
to hydrolysis by snake venom and spleen phosphodiesterase. 

Preparation of d-TpTpCpA. d-DMTrTpT (100 mg, 0.1 
mmol; Narang and Khorana, 1965) and d-pCBzpABzOAc 
( 5 5  mg, 0.25 mmol; prepared in a manner similar to that 
used for the preparation of d-pCAnpABzOAc; Weber and 
Khorana, 1972) were condensed for 4 hr in 3 ml of pyridine 
containing Me3PhsCl (66 mg, 0.3 mmol). After aqueous 
pyridine treatment the protecting groups were removed and 
the reaction mixture was chromatographed on a DEAE-cel- 
Idose column (2.5 X 40 cm) in the bicarbonate form using 
a linear gradient of triethylammonium bicarbonate (0.05- 
0.30 M, 4 1. total). Tetramer which was contaminated with 
a small amount of d-pCpA was isolated and incubated with 
0.45 mg of alkaline phosphatase in 1 ml of 150 m M  Tris 
(pH 8.2) for 4 hr at 37'. The digest, after extraction with 
chloroform-isoamyl alcohol (5:2, v/v), was chromato- 
graphed on a second DEAE-cellulose column (1.2 X 30 cm) 
using a linear triethylammonium bicarbonate gradient 
(0.0-0.25 M, 2 1. total). The desired tetramer, d-TpTpCpA 
(750 A260 units, 37%), was isolated and lyophilized. The 
oligomer was completely digested with snake venom phos- 
phodiesterase to give d-T, d-pT, d-pC, and d-PA, and with 
spleen phosphodiesterase to give d-Tp, d-Cp, and d-A. 

Equilibrium Dialysis Experiments 
3H-Labeled Oligodeoxyribonucleotides and Oligodeoxy- 

ribonucleotide Triesters. One to four milligrams of each of 
the oligomers was heated at 90' in a sealed tube with 100 pI 
of tritiated water (2.5 Ci/mmol). The adenine-containing 
oligomers were heated for 3 hr while the guanine-contain- 
ing oligomers were heated for 5.5 hr. The oligomers were 
purified by paper chromatography using solvents C and I, 
after lyophilization from water several times to remove ex- 
changeable tritium. The results of the exchange reactions 
are presented in  Table 111. 

3H-Labeled Ribooligonucleotides. 3H-Labeled ribooli- 
gonucleotides (sp act. 0.35-3.2 Ci/mmol) were prepared 
using primer dependent polynucleotide phosphorylase as de- 

scribed by Uhlenbeck et al. (1970). After purification by 
paper chromatography, the oligomers were characterized 
by digestion with RNase TI or RNase A. 

Purified rRNAs. tRNAPhecoli was prepared by a three- 
step procedure: (1) fractionation of crude tRNA,,/, on a 
BD-cellulose column (Roy and Soil, 1968); (2) acylation of 
the resulting tRNAPhe fraction and purification of Phe- 
tRNAPhe on BD-cellulose (Gillam and Tener, 1971); (3) 
deacylation followed by reversed-phase chromatography of 
the tRNAPhe on RPC 5 (Pearson et al., 1971). The result- 
ing tRNAPhe had an amino acid acceptance activity of 1700 
pmol of phenylalanine/A260 unit and was considered great- 
er than 90% pure. 

tRNAPheyeast which accepted 1600 pmol of phenylala- 
nine/A260 unit was a generous gift from Professor Frieder- 
ich Cramer and was considered greater than 90% pure. The 
extinction coefficients used were: tRNAPhecoli € 2 5 8  5.43 X 
lo5,  tRNAPheyeast e258 5.03 X lo5 (Blum, 1971). 

The Y base was removed from tRNAPheyeast using the 
procedure of Thiebe and Zachau (1970). After reaction, the 
reaction mixture was applied to a BD-cellulose column. The 
column was first eluted with 1.2 M NaC1-50 mM NaOAc 
(pH 5.0)-10 mM MgC12 which eluted tRNAPhe minus Y 
base, and then with 1.2 M NaC1-50 mM NaOAc (pH 
5.0)-10 mM MgC12 containing 15% ethanol, which eluted a 
small amount of unreacted tRNAPheyeast. The 3'-CA termi- 
nus was removed from tRNAPheyeast following the method 
of Simsek et al. (1973). The reaction mixture was applied 
to a DEAE-cellulose column. The column was eluted with 
0.3 M NaC1-50 mM Tris-HC1 (pH 8.0) which removed the 
snake venom phosphodiesterase and mononucleotides. The 
column was further eluted with 1 M NaCI-50 mM Tris-HC1 
(pH 8.0) which removed the tRNA. 

Dialysis Experiments. Dialysis experiments were carried 
out in 30- and 50-pI Plexiglass chambers separated by a di- 
alysis membrane using the methods described by Uhlenbeck 
(1 972). Precautions were taken to prevent contamination by 
ribonuclease. tRNA solutions (40 p ~ )  were introduced into 
side A and oligomer solutions (0.1-46 p ~ ,  final concentra- 
tion) into side B. After equilibration at 0' (from 4 to 14 
days), two (10 pl )  samples from each side were each diluted 
with 100 pl of water and counted in 10 ml of 4% Biosolv- 
toluene cocktail. For experiments where the oligomer con- 
centration was greater than 0.5 p ~ ,  K was calculated using 
the equation: K = ( R  - l ) / ( tRNA - [ O l b ) ,  where [ O ] b  
= (cpm A - cpm B)/(cpm A + cpm B)[O] and [O] = the 
initial oligomer concentration (Hogenauer, 1970). To en- 
sure attainment of equilibrium, experiments were checked 
on successive days until no further change in K was ob- 
served. 
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