
E N Z Y M A T I C  O L I C O R I B O Y U C L E O T I D E  S Y N T H E S I S  

Doman, E., and Koide, S. S. (1966), Biochim. Biophys. 

Frederiksen, D. W., and Wilson, J. D. (1971), J .  Biol. 

Glock, G. E., and McLean, P. (1 955), Biochem. J .  61, 388. 
Gustafsson, J.-A., Lisboa, B. P., and Sjovall, J. (1968), Eur. 

Hurlock, B., and Talalay, P. (1958), J .  Biol. Chem. 233, 

Koide, S .  S .  (1963), Arch. Biochem. Biophys. 101, 278. 
Koide, S. S. (1964), Steroids 3, 85. 
Koide, S. S. ( 1  965a), Biochim. Biophys. Acta 11 0, 189. 
Koide, S. S. (1965b), Steroids 6, 123. 
Koide, S. S. ( 1  969), Methods Enzymol. 15, 65 1 .  
Koide, S., Chen, C., and Freeman, S. (1962), Biochim. Bio- 

Levy, C., Marchut, M., Baulieu, E.-E., and Robel, P. 

Lowry, 0. H.,  Rosebrough, N. J., Farr, A. L., and Randall, 

Lubicz-Nowrocki, C. M. (1973), J .  Endocrinol. 58, 193. 
Marcus, P. I., and Talalay, P. ( l956) ,  J .  Biol. Chem. 218, 

Martin, C. W., and Nicholas, H. J. (1973), Steroids 21, 

Moore, R. J., and Wilson, J. D. (1972), J .  Biol. Chem. 247, 

Acta 128, 209. 

Chem. 246, 2584. 

J .  Biochem. 6,  3 17. 

886. 

phys. Acta 63, 186. 

( 1974), Steroids 23, 29 I .  

R.  J. ( 1  95 I ) ,  J .  Biol. Chem. 193, 265. 

661. 

633. 

958. 

Moore, R. J., and Wilson, J. D. ( 

Moore, R. J., and Wilson, J. D. 
581. 

450. 

973), Endocrinology 93, 

1974), Biochemistry 13, 

Mowszowicz, I., and Bardin, C. W. (1974), Steroids 23, 

Ringold, H. J., Graves, J. M. H., Clark, A., and Bellas, T. 

Ringold, fI. J., Ramachandran, S., and Forchielli, E. 

Rommerts, F. F. G., and van der Molen, H. J. (1971), Bio- 

Shimazaki, J., Kato, N., Nagai, H., Yamanaka, H., and 

Sperry, W. M., and Webb, M. (1950), J .  Biol. Chem. 187, 

Springer, C., and Eckstein, B. (1971), J .  Endocrinol. 50, 

Talalay, P., and Marcus, P. I .  (1954), Nature (London) 

Talalay, P., and Marcus, P. I .  (1956), J .  Biol. Chem. 218, 

Tomkins, G. M. (1956), J .  Biol. Chem. 218, 437. 
Unhjem, 0. (1970), Acta Endocrinol. (Copenhagen) 65, 

Wilson, J. D., and Gloyna, R. E. (1970), Rec. Progr. Hor- 

793. 

(1 967), Rec. Progr. Hormone Res. 23, 349. 

(1964), Biochim. Biophys. Acta 82. 143. 

chim. Biophys. Acta 248, 489. 

Shida, K. (1 972), Endocrinol. Jpn. 19, 97. 

97. 

431. 

173, 1189. 

675. 

525. 

mone Res. 26, 309. 

Stepwise Enzymatic Oligoribonucleotide Synthesis Including 
Modified Nucleotides? 

Graham C. Walked and Olke C. Uhlenbeck*%s 

ABSTRACT: A method has been developed for the routine 
synthesis of 2’(3’)-O-monoacyl ribonucleoside 5’-diphos- 
phates for stepwise synthesis of oligoribonucleotides with 
Escherichia coli polynucleotide phosphorylase. The use of 
triethyl orthoisovalerate allows the facile preparation of 
2’(3’)-O-isovaleryl-UDP, -CDP, -ADP, -GDP, -IDP, 
+-ADP, -c-CDP, and N6-isopentenyl-ADP. The synthesis 
of N6-isopentenyl-ADP from ADP by N1-alkylation and 
the Dimroth rearrangement to N6  is reported. The effects 
of several factors including the nature of the divalent cat- 
ion, pH, salt concentration, and time on the efficiency of 
the polynucleotide phosphorylase catalyzed single additions 

of the 2’(3’)-O-isovaleryl ribonucleoside 5’-diphosphates to 
an  oligoribonucleotide primer are reported. The syntheses 
of many tetranucleoside triphosphates and two pentanu- 
cleoside tetraphosphates in yields of 20-75% are reported. 
The 2’(3’)-O-isovaleryl derivatives of IDP, t-ADP, t-CDP, 
and Ncisopentenyl-ADP were all accepted by polynucleo- 
tide phosphorylase as substrates for the monoaddition reac- 
tion. The extension of the method to include the syntheses 
of oligoribonucleotides containing modified nucleosides of- 
fers a means of studying the roles of these modifications by 
the use of relatively simple model compounds. 

ol igoribonucleot ides  of defined sequence are useful 
model compounds for the study of the structure and func- 
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tion of RNA. Chemical synthesis of ribo oligomers has not 
developed as rapidly as their deoxyribo counterparts pri- 
marily due to the difficulty in ensuring the correct 3’ - 5’ 
internucleotide linkage. Although sequences as long as nine 
residues have been achieved (Ohtsuka et ai., 
1973), the syntheses are involved and time consuming. An 
alternate approach to oligoribonucleotide synthesis employs 
primer dependent polynucleotide phosphorylase from ~ i -  
Crococcus luteus (Thach and Doty, 1965)’ the en- Recipient of a University of Illinois Fellowship, 1972-1973. 
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National Institutes of Iiealth. zymatic techniques are rapid and assure the correct inter- 
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nucleotide linkagt., ylctds aie usually very low andThe spec- 
ificity of the enzyme places severe restrictions o n  the se- 
quences which can be made. Recently a ipethod has been 
described which combines much of the ease and specificity 
of an enzymatic reaction with the generality of a chcrnicnl 
synthesis. The eiizyrne polynucleotide phosphorylase f rom 
Eschrrichia coii is used to catalyze the addition of a chemi 
cally blocked ribonucleoside 5'-diphosphate to an oligonu- 
cleotide primer.. An ideal blocking group would allow the 
addition of a single residue arid would prevent subsequent 
additions. The most successful derivatives of t h e  ribonucleo- 
side 5'-diphosphates found thus far ai'e the 2'-0~.(ru-mcthox- 
yethyl) (Mackey and Gilhain, 19'71; Bennett et L I I . ,  1973) 
and 2'(3'j-O-isovaleryI ( K a u f m d n n  rt a/.,  1971 ). 

One of the ma,jor limitations of the technique as Je- 
scribed to date is the difficulty of preparing large quantities 
of blocked ribonucleoside .$"-diphosphates. T h e  L ' (  3,') -0- 
(cy-rriethoxyethyl j and 2'(3')..0..iso\..aleIyl derivritives wzre 
obtained by partial reaction of the nucleotide M i t h  inethyl 
vinyl ether and the iniidazolide of isovaleric acid, respec- 
tivelv. to give rn:xtures of di-, mmo-, arid msubstituted nu- 
cleoside 5'-diphosphates which were subsequently separated 
by paper chroinatography to give the desired monosub 
stituted product. Only inoderate yields are obtained atid the 
paper chromatographic purifications are suitable f'or orily 
relatively small quantities. For the technique to beconic a 
viable procedure for the ruutirr,: synthesis of oligoribonu- 
cleotides, a facile nletfiod of efficiently preparing inoliosub. 
stituted riucleotidcs was required. Such a technique is de- 
scribed in this paper for the synthesis of  ?'(3')-0-isovalerLI 

del ivatives aiid the syritheses of a number of oligoribonu- 
cleotides prepared with them are reported. 

Since polynucleotide phosphorylase will accept a variety 
of modified nucleoside 5'-diphosphates as substrates for PO-- 
lymerization, i t  seemed possible that the monoaddition 
reaction could be extended to allow the synthesis of hitherto 
unavailable oligonucleotides containing modified bases. 
Such compounds could then serve as iiseful models in the 
elucidation of the roles of minor bases found in naturally 
occurring RNA. In the present study we desc,ribt; the syn- 
thesis of the 2'( 3') 0-isovaleryl derivatives of  !Vh-isopen- 
tenyl-ADP, -lDP, -+ADP,' and -r-CDP and also their suit- 
ability as monoaddition substrates for oligomer synthesis. 

Lxpcrimental Procedure 
Proton nuclear magnetic resonance (nmr) spectra were 

recorded on Varian Associates A-60 and HA-100 spectrorn- 
eters using I'SP (sodium 3-trimethylsilylpropionate- 
2, ?..1,3-&) or 'I'MS (tetramethylsilane) as an internal stan-. 
dard. The ultraviolct spectra were determined on a Car)/ 
Model 15 spectrophorneter or on a Perkin-Elmer Coleman 
1241) double beam spectrophotorneter. infrared spectra 
bere  determined on a Perkin. Elmer 337 grating infrared 
spectrophotometer. All scintillation counting was per- 
formed using a Beckrnan LS-230 liquid scintillation system 
Microanalyses were performed by Mr. Josef Nameth and 
his ahsociates. 

phatase activity, was isolated from E.  coli B by gradient sie- 
vorptive chromatography (Kirkegaard, 1973) and passage 
over Sephadex G-200 (manuscript in preparation). One 
uriit of polynucleotide phosphorylase activity is defined as 
that amount which catalyzes the incorporation of 1 Fino1 of 
ADIJ into acid precipitable polymer in I S  min at  37' in a 
reaction mixture containing 0,1 M Tris buffer (pl l  8 . 5 ) ,  I 7  
mzf ADP, 10 mM MgC:I:, and 0.4 M h'aC1. Ribonuclease5 
A (Grade RAF) and T I  and bacterial alkaline phosphatasc 
(Grade BAPC) were purchased from Worthington Bio- 
cheinical C o r p 9  Freehold, N.J.  

7iieth.vl Orthuisovaler,crtP. Iiovaleronitrile was synthe- 
s i x d  in 64% yield by the reaction of 1 -brorno-2-methq.lpro- 
pane u,ith NaCK in dimethyl sulfoxide (Frietiinaii and 
Shechter, 1960) The corresponding iniinoester hydrochlo- 
ride was prepared in 48% yield and then was converted to 
iriethyi orthoisovalerate in 47% yield (McElvaiii arid h'cl- 
son, 1942): ir no absorption between 2000 and 1500 cm-- ' ;  
nnir neat 6 1.00 (6 1-1, d,  C((..H3)2), 1.20 (9 H, t ,  OCCt l ; ) ,  
1.63 ( 2  H, d, CCH2C). 1.61 - -2  08 (1 H, ni, CCl-1C). 3.59 (6  

Polynucleotide phosphorylase, free of nuclease and phos 

€ I ,  q .  OCH2C). 
. 4 ~ 1 u l .  Calcd for C i  1 HZ40): Cy, 64.67: H.  11.84. f'(l\lrrd: c', 

64.69: H. i 1.78. 
7>ierh,vl Orthoisohutyratr. Isobiit yronitrile was convert- 

cd to triethyl orthoisobutyrate by a similar procedure to 
that used for triethyl orthoisovalerate: ir no absorption be- 
t w e n  2000 and 1500 cin- ' ;  nmr neat 6 0.90 (6  H ,  d. 
( : (CH{)?) .  1.08 (9 El, t: OCCMj), 1.93 ( 1  H .  m, C H ) ,  3.40 

L'(.~'j-O-lsc)vnlcr~I Esters of' ( 'UP urd [ I D P .  Trifluo- 
rodcetic acid (0.4 ml) was added to a stirring mixturc of py.. 
rimidiiie nucleoside S'-diphosphate trilithium salt ( I  rliinol) 

( 6  11, q, OC112). 

. -. . - . . .~ . . -. -. . . . _ _  .. . .. . .. .. 
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F I G U R E  2: The synthesis of 2’(3’)-O-isovalerylguanosine 5’-diphosphate. The amino group of GDP is protected as the dimethylaminomethylene dc- 
rivative prior to the reaction with triethyl orthoisovalerate and then is removed with aqueou, methanolic ammonia prior to the opening of the cyclic 
orthoester with aqueous acid. 

and 1.25 ml of triethyl orthoisovalerate in 12-20 ml of 
N,N-dimethylformamide. After 40-60 min at  25’ 2 ml of 
H 2 0  was added and the reaction was stirred for 2 hr at 
room temperature. After removal of the solvent in vacuo 
the 2’(3’)-O-isovaleryl nucleoside 5’-diphosphate was sepa- 
rated from a small amount of the unreacted nucleoside di- 
phosphate by chromatography on Sephadex LH-20 (670 g) 
in 95% ethanol-distilled water (33% v/v). 

2’( 3’)-0- Isovaleryluridine 5’-diphosphate ( la )  was ob- 
tained in 80% yield (assuming 6262 (pH 7.0) 10,000): Am,ix- 

(H20)  262 nm, Xm,,(H2O) 231, Am,,(H20) (acid) 262: 
hnin(H20) 230, Xmax(H20) (base) 262, X m i n ( H 2 0 )  243; 
nmr (D20) 6 0.97 and 100 (6  H, d, d, C(CH3)2). 2.10 (1 
H, m, CH), 2.40 and 2.43 (2 H ,  d, d, COC€12), 4.00-4 9’1 
(sugar H’s), 5 37 ( 1  H ,  m, 2’(3’)-H’s of esterified hydrox- 
yls), 6.07 (2 H,  m, 1’-H and 5-H),  7.92 and 7.9s ( 1  H, d,  d, 

2’( 3’)-0- Isovalerylcytidine 5’-diphosphate ( l b )  was ob- 
tained in 82% yield (assuming 6272 (pH 7 0) 9,100): A,,,. 
(H2O) 272 nm, A,,,,(H20) 250; Xm,,(H20) (acid) 280, 
Al,,,(H2O) 241; Amax(H20) (base) 273, AmL,,(1H~O) 250; 
nmr (D20) 6 0.97 and 1 .OO (6 € 4 ,  d, d,  C(CH3)2), 2 07 ( 1  
H, in, CH), 2 38 and 2.41 (2 H, d, d, COCH2),  4.00 4.08 
(sugar H’s), 5.33 ( 1  H, m, 2’(3’)-H’s of the esterified hy- 
droxyls), 6.10 ( 2  €3, m, 1’-H and 5-H), 7.94 (1 H, d, 6-H).  

2‘(3’)-O-IsovalervI Esters oj ADP und IDP. T’rifluo- 
roacetic acid (0 4 ml) was added to a stirring mixture of nu- 
cleoside 5’-diphosphate trilithiuin salt (1 mmol) and l ml of 
triethyl orthoisovalerate in 10 ml of (CH3)rSO. After 30 
min at 25’ 2 ml of HzO was added and the mixture was 
stirred for 2.5 h r  at room temperature. After precipitation 
by dropwise addition to 150 mi of stirring acetone, the prod- 
uct was collected by centrifugation and was washed with 
acetone Chromatography on Sephadex I X - 2 0  (670 g) i n  
95% ethanol- distilled water (33% v/v) yielded the rnonoa 
cylated nucleoside 5’ dipi-wphate 

6-H) 

2’(3’)-O-lsovaleryladenosine 5’-diphosphate (IC) was ob- 
tained in  68% yield (assuming €259 (pH 7.0) 15,400): A,,,- 
( H 2 0 )  259 nm, Ami,(H20) 227; Am,,(H20) (acid) 257, 
Xn,i,(H20) 230; Xn,,,(H20) (base) 259, Amin(H20) 227; 
nmr (D2O) 6 0.86 and 0.93 (6 H, d, d, C(CH3)2), 2.16 (1 
H, m, CH) ,  2.34 and 2.38 (2 H, d, d, COCH2), 4.08-5.20 
(sugar H’s), 5.60 (1 H, m, 2’(3’)-H’s of esterified hydrox- 
yls), 6.16 and 6.22 (1 H, d, d, l’-H), 8.20 and 8.52 ( 1  H, 1 
H ,  s, broad s, purine H’s). 

2’(3’)-O-Isovalerylinosine 5’-diphosphate (Id)  was ob- 
tained in 80% yield (assuming c249 (pH 6.0) 12,200): Amax- 

(H20) 249 nm, A,i,(H20) 223: A,,,(H20) (acid) 251, 

2’(3’)-O-Isovalerylguanosine 5’-Diphosphate (2). The 
synthetic scheme is outlined i n  Figure 2. Dimethyl sulfoxide 
(2.5 nil) and 0.25 ml of N,N-dimethylformamide dimethyl 
acetal was added to the triethylammonium salt of gua- 
nosine 5’-diphosphate. At the end of 20 hr a t  room tempera- 
ture no GDP could be detected hy thin-layer chromatogra- 
phy and the ultraviolet spectrum had shifted from that of 
guanosine with its maximum absorbance at  252 nm to that 
reported for N2-dimethylaminomethyleneguanosine (Zem- 
licka and Holy, 1967); X,,,,(H~O) 295, X,,i,(H20) 252. 
Then 0.5 nil of H2O was added to hydrolyze any groups 
which had reacted with the sugar hydroxyls (Zemlicka and 
Holy, 1967). ‘The N2-dimethylaminomethyleneguanosine 
5’-diphosphate was then collected by dropwise addition to 
50 ml of acetone. The product was dried by three evapora- 
tions with absolute ethanol followed by drying in vucuo at  
50’ for a few minutes. Then 2.S ml of dimethyl sulfoxide, 
0.25 nil of triethyl orthoisovalerate, and 0.1 nil of trifluo- 
roacetic acid were added and the reaction was allowed to 
proceed for 40 min. Then 10 ml of methanolic ammonia 
was added followed by 50 nil of concentrated aqueous am- 
monia and the solution was stirred for 3.5 hr while slowly 
bubbling in  YH3. ‘This rexioval of the ,V-diixethvlami- 

Ami”(H20) 223; X m a x ( H 2 0 )  (base) 253, X m i ” ( H 2 0 )  228. 
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F l G L R E  3 :  The synthesis of 2’(3’)-O-isovaleryl-t-ADP and -+CUP by 
treatment of the isovaleryl derivatives with chloroacetaldehyde. 

nomethylene group was followed by monitoring the shift of 
the absorption maximum from 295 back to 252 nm. After 
removal of the ammonia and solvent i n  vacuo and then 
treatment with 2 ml of 5% trifluoroacetic acid for 2 hr a t  
room temperature the product was precipitated by dropwise 
addition to stirring acetone and was collected by centrifuga- 
tion. Chromatography on Sephadex LH-20 in 95% ethanol- 
distilled H2O (33% v/v)  gave a 45% yield (assuming E252 

(pH 7.0) 13,700) of 2’(3’)-O-isovalerylguanosine 5’-diphos- 
phate: h,,,(HrO) 252 nm, X,i,(H20) 225; A,,,,(H20) 
(acid) 255, X,,,(H20) 230; X,,,(H;?O) (base) 262, A,,,,- 

N6-Isopentenyladenosine 5’-Diphosphate. A mixture of 
I .86 mmol of adenosine 5’-diphosphate trilithium salt and 
1 .O ml (0.77 g, 5.3 mmol) of I-bromo-3-methyl-2-butene in 
10 ml of dimethyl sulfoxide was stirred at  room tempera- 
ture in a stoppered flask. The course of the reaction was fol- 
lowed by cellulose thin-layer chromatography in 1 -propa- 
nol-concentrated aqueous ammonia-H20 (55: 10:35). After 
24 hr the product was precipitated by dropwise addition to 
stirring acetone and the acetone was decanted. The ultravi- 
olet spectrum in base of the product a t  this stage showed 
the long wavelength tail which is characteristic of “-sub- 
stituted adenosines (Grimm and Leonard, 1967). The sticky 
residue was dissolved directly in 200 ml of dilute aqueous 
ammonia and was heated on a steam bath for 3 hr. The 
progress of the rearrangement to the N6-substituted com- 
pound was followed by monitoring the disappearance of the 
long wavelength tail (in base) and the shifting of the A,,,,,- 
(H2O) to 267 nm. Chromatography on DEAE-Sephadex 
A-25 (500 ml) with a 4-1. linear gradient of triethylammon- 
ium bicarbonate buffer (pH 7.5) (0.3-1.0 M )  gave a 43% 
yield (assuming 6267 (pH 7.0) 19,200) of N”-isopentenylad- 

(HzO) 232. 

enosine 5’-diphosphate. A trace of ADP remaining after the 
chromatography on DEAE-Sephadex A-25 was removed by 
chromatography on Sephadex LH-20 in 95% aqueous etha- 
nol-distilled H20 (33% v/v): h,,,(HzO) 267 nm, A,,,,,- 
(H2O) 23 1 ; Xmax(H20) (acid) 264, Amin(H20) 23 1 ; A,,,,,- 
(H2O) (base) 267, Xmin(H20) 231; nmr (Dz0)  6 (shifts are 
reported from TMS in a concentric capillary) 1.47 (6 H. s, 
CH3), 5.09 ( 1  H ,  m, vinylic proton), 7.89 ( 1  H. s. 2-H), 

h1b-Isopentenyl-2’(3r)-O-iso~~aleryladenosine 5’-Diphos- 
phare ( I d ) .  The 2’(3’)-O-isovaleryl derivative of W-isopen- 
tenyladenosine 5’-diphosphate was prepared using similar 
conditions to those used for UDP and CDP and after purifi- 
cation by chromatography on Sephadex J-H-20 i n  95% eth- 
anol- distilled HzO (33% V/V) it was obtained in 82% yield 
(assuming €267 (pH 7.0) 19,200): X,,,,(H20) 267 nm, Xl,,in- 
(H2O) 232; X,,,(H20) (acid) 265, A,i,(H20) 232; km23x- 
(H2O) (base) 267, X,i,(H20) 234; nmr (DzO) 6 (downfield 
from sodium 2,2-dimethyl-2-silapentane-5-sulfonate 
(DSS)) 0.76 and 0.99 (d, d ,  C(CH3)l). 1.75 (broad s.  
C(CH3)2), 6.16 and 6.27 (d, d, I’-H’s), 8.21 and 8.25 (s. s, 
2-Hrs), 8.46 and 8.50 (s, s, 8-H’s). 

2’(3’)-O-Isovaleryl-~-adenosine 5’-Diphosphate (3) .  A 
solution of 0.095 mmol of 2’(3’)-O-isovaleryladenosine 5‘- 
diphosphate (IC) in 10 ml of 2 M aqueous chloroacetal- 
dehyde was stirred at  37’ for 3 days maintaining the pH at 
4.0-4.5 with aqueous NaHCO?,  and then was evaporated to 
dryness in vacuo. Chromatography on Sephadex 1.11-20 
(200 i d )  in 31% ethanol in distilled H 2 0  gave 2’(3’)-O-iso- 
valeryl-t-adenosine 5’-diphosphate in 85% yield (assuming 
6 2 7 5  (pH 7.0) 6200). The uv spectrum was identical with 
c-adenosine (Barrio et al., 1972): A,,,,( 1320) 275, 265, 258 
(sh), 300 (sh), Xmin(H20) 247; A,,,,(H20) (acid) 273, XI,,,,,- 
(HzO) 244 nm. 
2’( 3’)-O-Isovaleryl-t-cytidine 5’-Diphosphate (4).  A so- 

lution of 0. l l mmol of 2’(3’)-O-isovalerylcytidine 5’-di- 
phosphate ( I b )  in 8 ml of 2 M aqueous chloroacetaldehyde 
was stirred at  37’ for 5 days, maintaining the pH at 3.5 
with aqueous NaHCO3, and then was evaporated to dryness 
in i’acuo. Chromatography on Sephadex LH-20 (200 mi) in 
95% ethanol-distilled water (33% v/v) gave 2‘( 3’)-O-isoval- 
eryl-t-cytidine 5’-diphosphate in a yield of 58% (assuming 
t 2 . > 1  (pH 7.0) 11,700). The uv spectrum was identical with 
t-cytidine (Barrio et al., 1972): A,,,,(H~O) 271, 280 (sh), 
292 (sh) nm. X,,in(H20) 230; Xm,as(H~O) (acid) 285. 302 
(sh). 248 (sh), A,i,(H20) 230; X,,,(H20) (base) 271. 280 

Svnthesis of Oligoribonucleotide Primers. Primers de- 
pendent polynucleotide phosphorylase was prepared by the 
method of Klee ( 1  969). Diribonucleoside monophosphates 
were either purchased commercially or were obtained by di- 
gestion of particular polymers and were converted to triri- 
bonucleoside diphosphates with primer dependent polynu- 
cleotide phosphorylase (Thach and Doty, 1965a,b) often 
with the use of a specific nuclease (Thach et al., 1966; 
Stanley er al., 1966; Uhlenbeck et al., 1971). Radioactively 
labeled oligonucleotides were prepared by the primer de- 
pendent polynucleotide phosphorylase catalyzed addition to 
the required oligomer of a terminal nucleotide, tritium la- 
beled to high specific a:tivity (ca. 10 Ci/mmol) (Uhlenbeck 
et al. ,  1970). Preparation of ApApC with 3H in the 1-1-8 of 
the internal A residue was accomplished by the synthesis of 
GpApA from GpA and [3H]ADP, treatment with ribonu- 
clease T I ,  and the addition of C as indicated above. 

Monoaddition Reaction. A reaction mixture containing 

8.15(1 H , s , 8 - H ) .  

(sh), 292, (sh), X,i,(H20) 235. 
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0.1 M Tris buffer (pH 8.5), ca. 0.7 mM oligoribonucleotide 
primer, 10 mM MnC12, 0.8 M NaCl (only for pyrimidine 
nucleotide additions), and the concentrations of 2’(3’)-0- 
isovaleryl ribonucleoside 5’-diphosphate and enzyme indi- 
cated in Table I was incubated at 37’ for the time shown. 
At the end of the incubation period a 200-fold volume of 
50% aqueous methanol saturated with NH3 at Oo was 
added and the solution was allowed to stand at room tem- 
perature for 1 hr. After removal of the solvent in vacuo the 
mixture was separated by paper chromatography in etha- 
nol-1 M ammonium acetate (6:4). The extent of reaction 
was determined by liquid scintillation counting of segments 
of the chromatogram in 2,5-diphenyloxazole-toluene (4  
g/l.). The oligonucleotide products were usually character- 
ized by digestion with specific nucleases and then compari- 
son of the RF’S of the uv absorbing spots and the peak of ra- 
dioactivity with the RF’S of the authentic compounds. 

Results and Discussion 
Synthesis of 2’(3’)-0-Acyl Ribonucleoside 5‘-Diphos- 

phates. The most convenient method of achieving selective 
2’( 3’)-O-monoacylation of nucleosides or nucleotides is by 
the use of an orthoester intermediate. Zemlicka (1961) and 
Jarman and Reese (1 964) protected the 2’,3’-cis-hydroxyl 
groups of nucleosides by treatment with trimethyl orthofor- 
mate in the presence of an acid catalyst to give the 2‘,3’-0- 
methoxymethylidene derivatives. These cyclic orthoesters 
could be converted in high yield to the corresponding 
2’(3’)-0-formyl nucleosides by treatment with aqueous 
acid. This approach has also been used to synthesize 2’(3’)- 
0-glycyladenosine and the corresponding 5’-mono-, di-, and 
triphosphates by reaction with N-carbobenzoxyglycine 
triethyl orthoester (Zemlicka and Chladek, 1966, 1968). 
Thus it seemed probable that 2’(3’)-O-isovaleryl nucleoside 
5’-diphosphates could also be efficiently synthesized 
through an orthoester intermediate. 

Isovaleronitrile was conveniently prepared from isobutyr- 
yl bromide (Friedman and Shechter, 1960) and then was 
converted to triethyl orthoisovalerate (McElvain and Nel- 
son, 1942). Triethyl orthoisobutyrate was also prepared in a 
similar fashion. 

The trilithium salts of UDP and CDP reacted readily 
with triethyl orthoisovalerate in N,N-dimethylformamide 
in the presence of trifluoroacetic acid. Addition of water to 
the reaction mixture hydrolyzed the orthoesters to the 
2’( 3’)-0-isovaleryl nucleoside 5’-diphosphates (Figure 1). 
ADP reacted smoothly when dimethyl sulfoxide was used as 
the solvent instead of N,N-dimethylformamide and the 
product could be recovered by precipitation in acetone, 
avoiding the troublesome removal of dimethyl sulfoxide by 
evaporation. After the treatment with water the reaction 
mixture contained the 2’(3’)-O-isovaleryl ester of the nucle- 
otide and small amounts of the original nucleoside 5’-di- 
phosphate as well as a trace of a compound with a higher 
RF on cellulose thin-layer chromatography in l-butanol- 
acetic acid-water (5:2:3) than the desired compound. Since 
the fast moving compound had the same uv spectrum as the 
nucleoside 5’-diphosphate, it presumably was the 2’,3’-diiso- 
valeryl nucleoside 5’-diphosphate. Because the enzyme utili- 
zes unmodified nucleoside 5’-diphosphates at a faster rate 
than the 2’(3’)-O-isovaleryl derivatives it was necessary to 
purify the compounds to remove all traces of unmodified 
nucleoside 5’-diphosphates. This was achieved by chromato- 
graphing the reaction mixture on Sephadex LH-20 in 95% 
ethanol-distilled water (33% v/v). The gel is being used in 

an absorptive mode rather than a sieving mode as the un- 
reacted diphosphate comes off the column first. The above 
synthesis and purification allowed the preparation of 
2’(3’)-O-isovaleryl-UDP (la), -CDP (Ib), and -ADP (IC) 
in yields of 80, 82, and 63%, respectively. 

In  order to utilize the orthoester method to synthesize 
2’(3’)-O-isovaleryl-GDP it was necessary to protect the 
amino group of the base from reaction with triethyl orthoi- 
sovalerate. Zemlicka and Holy (1967) had shown that the 
amino group of guanosine could be protected by treatment 
with N,N-dimethylformamide dimethyl acetal to form the 
N2-dimethylaminomethylene derivative. The procedure had 
to be modified for GDP by using the triethylammonium salt 
to increase the solubility and employing dimethyl sulfoxide 
as the solvent instead of N,N-dimethylformamide. The 
reaction appeared to be complete in 1 2  hr on the basis of 
the ultraviolet spectral change. After the addition of water 
to hydrolyze any groups that had reacted with the sugar, 
the N2-dimethylaminomethylene-GDP was isolated by pre- 
cipitation in acetone. The reaction with triethyl orthoisoval- 
erate then proceeded smoothly in a few minutes. The di- 
methylaminomethylene group was removed with aqueous 
methanolic ammonia prior to the opening of the cyclic 
orthoester with aqueous acid. The 2’(3’)-O-isovaleryl-GDP 
(2) was obtained with 45% yield after chromatography on 
Sephadex LH-20 in 95% ethanol-distilled water (33% v/v). 
The synthetic scheme is outlined in Figure 2. 

The orthoester method for synthesizing 2’(3’)-O-isovaler- 
yl derivatives was extended to include certain minor nucleo- 
side 5‘-diphosphates. N6-Isopentenyl-ADP was synthesized 
in 40% yield by alkylation of ADP a t  N ’  followed by the 
Dimroth rearrangement to the N6-substituted compound. 
The conditions were modified from those reported for the 
synthesis of N6-isopentenyl-AMP (Grimm and Leonard, 
1967) and may also be used successfully for the synthesis of 
N6-isopentenyl- and N6-benzyl-CAMP (A. Vincze, G. C. 
Walker, and N. J. Leonard, unpublished results). The 
2’(3’)-O-isovaleryl derivative of N6-isopentenyl-ADP ( Id)  
was prepared in 85% yield using the same conditions em- 
ployed for the pyrimidine nucleoside 5’-diphosphates. Ap- 
parently the presence of the N6-isopentenyl group made the 
nucleotide sufficiently soluble in N,N-dimethylformamide 
that it was not necessary to use dimethyl sulfoxide as a sol- 
vent. The trilithium salt of inosine 5’-diphosphate reacted 
smoothly with triethyl orthoisovalerate under the same con- 
ditions employed for ADP to give an 80% yield of the 
2’(3’)-O-isovaleryl derivative (le) after purification on Se- 
phadex LH-20 in 95% ethanol-distilled water (33% v/v). 
Monosubstituted derivatives of the fluorescent e-nucleoside 
5’-diphosphates (Secrist et al., 1972) were prepared by acy- 
lating the sugar via an orthoester intermediate prior to 
modification. The 2’(3’)-O-isovaleryl derivatives of ADP 
and CDP were then treated with chloroacetaldehyde and 
purified by chromatography on Sephadex LH-20 to yield 
2’( 3’)-O-isovaleryl-t-ADP (3) and 2’( 3’)-O-isovaleryl- 
e-CDP (4) in yields of 85 and 58%, respectively. 

Stepwise Synthesis of Oligoribonucleotides. Figure 4a 
shows a chromatogram analyzing the radioactive products 
of an ApApC and 2’(3’)-O-isovaleryl-ADP reaction after 
removal of the blocking group. The profile is identical if the 
reaction is treated with alkaline phosphatase prior to chro- 
matography. This demonstrates that no phosphorolysis of 
the (Ap)2C to [3H]CDP has occurred. Since the radioactive 
label is in the terminal C residue of the primer, the reaction 
yield may be determined directly. Under the conditions of 
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I‘I(;LRF 4: (a)  Products of the polynucleotide phosphorylase catalyzed 
reaction of  2’(3’)-O-isovaleryl-ADP with ApApC. A reaction mixture 
( 2 5  PI) containing 0.1 M Tris buffer (pH 8 .5) ,  0.7 mM ApApC, 16 p M  
ApApC (with the terminal C jH-labeled, I O  Ci/mrnol), I O  mM 
MnC12, 6.3 mM 2’(3’)-O-isovaleryl-ADP, and 0.1 unit of  E. coli poly- 
nucleotide phosphorylase was incubated for 20 min at 37’. After treat- 
tncnt with 50% aqueous methanolic ammonia for I h r  a t  room temper- 
ature the reaction mixture was chromatographed on paper in ethanol-l 
M ammonium acetate (6:4). The chromatogram was examined under 
ultraviolet light and oligonucleotides which quenched the fluorescence 
o f  the paper were located (ovals). The chromatogram was then cut into 
I -cm strips which were counted with a liquid scintillation spectropho- 
tometer. (b)  Characterization of the monoaddition product by treat- 
ment with RNase A and phosphatase. Paper chromatography was car- 
ried out in ethanol-1 M ammonium acetate (6:4). The posi’tions of the 
uv  absorbing spots were recorded and the distribution of radioactivity 
was detcrmined by liquid scintillation counting. 

the reaction, 7% of the label remains as ApApC, 76% of the 
label has the mobility expected for (Ap)zCpA, and 12% has 
a mobility expected for (Ap)zCpApA. 

In Figure 4b the major peak is identified as the product 
of a single addition of an A residue to (Ap)2C. Treatment 
of the peak with RNase A alone gave a nonradioactive 
product migrating with a mobility identical with adenosine 
and a single radioactive product which comigrates with an 
(Ap)zCp marker. If the major peak is treated with both 
RNase A and alkaline phosphatase, nonradioactive adeno- 
sine and radioactive (Ap)zC are the only products. It is im- 
portant to note that the (Ap)2CpA product peak is not con- 
taminated by the tetranucleotides (Ap)zCpC or (Ap)3A 
which might arise from phosphorolysis of (Ap)2C and sub- 
sequent repolymerization or from transnucleotidation 
(Kaufmann et al., 1971). Since the C residue is labeled, ra- 
dioactive cytidine would be released if (Ap)zCpC were 
treated with RNase A. Since greater than 99% of the radio- 
activity remains as (Ap)zCp, the product must contain less 
than 1% (Ap)2CpC. The absence of (Ap)zCpC in the prod- 
uct peak is consistant with absence of detectable [3H]CDP 
in Figure 4a since both would indicate phosphorolysis of the 
(Ap)2C primer. In order to confirm that the product peak 
did not contain (Ap)3A, (Ap)2C primer labeled with a 8-3H 

in the internal A was used to synthesize (Ap)zCpA as be- 
fore. The products of this reaction appeared identical with 
Figure 4a and treatment of the tetramer product peak with 
RNase A and alkaline phosphatase resulted in greater than 
99% conversion of the radioactive tetramer to radioactive 
(Ap)2C and nonradioactive adenosine. I f  any of the (Ap)zC 
primer was converted to (Ap)3A, some of the product radio- 
activity would not have been converted to (Ap)2C upon 
treatment with RNase A and alkaline phosphatase. Thus, 
contamination of the tetramer product peak with (Ap),A 
derived from the primer is excluded. Finally, if the reaction 
in Figure 4a is run under identical conditions in the abs- 
sence of (Ap)2C primer with [3H]isovaleryl-ADP and sub- 
sequently treated with alkaline phosphatase, no radioactivi- 
ty can be detected a t  the tetramer position, thereby elimi- 
nating the possibility that any contaminatory (Ap),A can 
arise from the isovaleryl ADP. We  therefore conclude that 
the major product peak in Figure 4a is (Ap)fCpA. 

Since the reaction conditions described for Figure 4a 
were adusted to maximize the yield of tetramer, not enough 
of the slower moving pentamer product could be obtained to 
allow analysis. When an  identical reaction mixture was in- 
cubated six times longer (2 hr), a larger amount of pentam- 
er was produced. Treatment of this compound with ribonu- 
clease and alkaline phosphatase gave 89% of the radioactiv- 
ity in (Ap)2C, 6% in ApC, and 5% in C thus indicating that 
while the major product was (Ap)fC(pA)>, contaminating 
amounts of other pentamers such as (Ap)fCpApC, 
(Ap)z(Cp)zA, and (Ap)z(Cp)2C were present. Thus appre- 
ciable amounts of phosphorolysis do take place at  reaction 
times which greatly exceed those required for the desired 
single addition synthesis. The incubation of oligomers with 
polynucleotide phosphorylase in the presence of the released 
phosphate leads to scrambled sequences. Indeed, under the 
extended reaction times used to prepare diaddition product, 
the (Ap)zCpA was contaminated by 3% (Ap)2CpC. How- 
ever, in a normal reaction, the small amount of pentamer is 
presumably the result of adding two A residues to the prim- 
er molecule. It appears unlikely that much of this diaddition 
arises from hydrolysis of the blocking group from the 3’-ter- 
minal nucleotide of the monoaddition product because the 
amount of diaddition does not show the expected depen- 
dence on the duration of the reaction; increasing the 
amount of diaddition does not show the expected depen- 
dence on the duration of the reaction; increasing the 
amount of polynucleotide phosphorylase and proportionate- 
ly shortening the reaction time give the same amount of 
diaddition product. It is also unlikely that the diaddition 
product is a result of the transfer of a 3’-terniinal nucleotide 
from one oligomer to another (Kaufman et al.. 1971) since 
only one [3H]cytidine residue is detected in the product and 
diaddition can be observed even when the primer concentra- 
tion is 10-3-fold lower. A bimolecular reaction would have 
shown a strong dependence on oligomer concentration. 

A variety of reaction conditions for the synthesis of 
(Ap)rCpA have been examined and several general charac- 
teristics of the monoaddition reaction have emerged. Thc 
most striking observation is the critical importance of the 
nature of the divalent metal ion in the reaction. When 
Mg2+ was used, the reaction rate was much slower and the 
monoaddition of a blocked diphosphate was not favored suf- 
ficiently over multiple additions to obtain useful yields. 
However, the substitution of Mn2+ for Mg’+ increased the 
rate of reaction and the yield of monoaddition product. This 
observation is consistent with numerous reports of polynu- 
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Table I: Oligoribonucleotides Synthesized Using 2’(3’)- 
0-Isovaleryl Ribonucleoside 5’ -Diphosphates. 

Units of 
Polynucleo- 

tide 
Moles of Phos- 
Blocked phoryl- 
Diphos- ase/ 
phate/ pmole Reaction 

Monoaddition mole of of Duration Yield 
Product Pr imer  Pr imer  (min) (%) 

A- A-C - A  
U-U-C-A 
A- A-C -C 
G- A-U-C 
G- A-C -C 
A-G-C-C 
A-A-C-U 
A-G-C-U 
A-A-C-G 
C-C-G-G 
A- A-A-U-A 
A-G-C-C-A 
A- A- A- iA 
A- A-C - iA 
A-A-C-I 
A- A-C -€A 
A- A-C - EC 

9 6 20 
9 6 120 

60 12 60 
20 4 100 
17 3 45 
8 3 120 

60 12 60 
6 3 100 

11 6 70 
12 6 90 
9 6 30 

11 0.7 50 
23 13 85 
17 12 60 
12 6 60 
24 6 60 
2 1  6 60 

76, 60“ 
64 
44, 32“ 
35 
36 
26 
39 
39 
71 
60 
75 
36 
70 
65 
74 
55 
24 

a Synthesized using 2’(3’)-0-isobutyryl ribonucleoside 
5’-diphosphates. 

cleotide phosphorylase accepting a modified nucleoside 5‘- 
diphosphate as a substrate more easily when Mn2+ was 
used as the divalent ion (Thang and Grunberg-Manago, 
1968; Chou and Singer, 1971). Mn2+ had previously been 
employed in oligomer syntheses using blocked nucleoside 
diphosphates (Mackey and Gilham, 1971; Kaufman et al., 
1971). The optimal Mn2+ concentration seems to be 10 mM 
although Mn2+ concentrations down to 2 mM work quite 
well. At higher Mn2+ concentrations more multiple addi- 
tion products are observed. 

The pH optimum of the monoaddition reaction was 
found to be 8.5. Although the pH optimum of polynucleo- 
tide phosphorylase is slightly higher, the rate of hydrolysis 
of the isovaleryl group increases rapidly above pH 8.5 lead- 
ing to multiple addition of unblocked diphosphates. At pH 
8.5 at 37O the half-life of 2’(3’)-O-isovaleryl-ADP is 27 hr. 
Lower pH values decrease the rate of ester hydrolysis but 
also severely decrease the rate of the enzyme reaction. Since 
the pH of the reaction is so critical, 0.1 M Tris-HC1 buffer 
is used in all reactions. 

Table I summarizes oligoribonucleotide synthesis reac- 
tions between a variety of primers and 2’( 3’)-O-isovaleryl 
nucleoside diphosphates. In each case, the conditions given 
have been adjusted to optimize the yield of the single addi- 
tion product and the product was identified enzymatically 
in a manner similar to (Ap)zCpA. Considerable variation in 
the rate and extent of reaction is observed with the different 
diphosphates. Thus, when 2’(3’)-O-isovaleryl-GDP is added 
to (Ap)2C under the same conditions as Figure 4, much less 
monoaddition product is obtained unless the incubation 
time is increased from 20 to 70 min. In the case of the py- 
rimidine diphosphates the addition reactions to (Ap)2C not 

only proceed more slowly, but show a greater tendency to 
give products with more than one nucleotide added. Thus, 
under the conditions given in Table I, the yield of 
(Ap)zCpU was 39% while 50% remained as unreacted 
(Ap)2C and 11% migrated as (Ap)zC(pU)z. If a longer in- 
cubation time or more enzyme is used, the amount of 
(Ap)2C decreases and the amount of (Ap)zC(pU)2 in- 
creases but the yield of (Ap)zCpU remains the same. Thus, 
the reaction conditions and incubation times given in Table 
I are adjusted to maximize the amount of single addition 
product and minimize the amount of multiple addition 
product. It was found that the use of 0.8 M NaCl in the 
reaction mixture favored the monoaddition of pyrimidine 
nucleotides somewhat by partially suppressing the tendency 
toward multiple addition to the primer. High salt concen- 
trations did not increase the monoaddition of the purine nu- 
cleotides. Other attempts to increase the yield of pyrimidine 
nucleotide addition have not been successful. Indeed, the 
apparent inability of the pyrimidine nucleotides to give mo- 
noaddition products in high yield is one of the most impor- 
tant factors limiting the number of consecutive steps which 
can be carried out using the technique. 

The 2’(3’)-O-isobutyryl derivatives of ADP and CDP 
were prepared using triethyl orthoisobutyrate and were test- 
ed as substrates but seemed to give lower yield of monoad- 
dition products and showed a greater tendency toward mul- 
tiple addition than did the corresponding isoiraleryl nucleo- 
tides. The 2’(3’)-O-isovaleryl derivatives of inosine, N6-iso- 
pentenyl-ADP, -<-ADP, and -c-CDP were tested as sub- 
strates and all gave monoaddition products as described in 
Table I. The N6-isopentenyl and +modifications considera- 
bly increased the mobility of oligomers on the paper chro- 
matograms, but the monoaddition products could still be 
characterized as described earlier. 

Data in Table I show that although different primers give 
different optimal yields of monoaddition product, the effect 
is not as large as the dependence on which ribonucleotide is 
being added. Thus, while the rate of addition of a blocked 
diphosphate to an oligomer with a high pyrimidine content 
is considerably slower than to an oligomer with a high pu- 
rine content, the yields of monoaddition product are compa- 
rable. This observation means that the method shows con- 
siderable generality with respect to the sequences which 
may be synthesized. The yield of monoaddition product is 
not strongly dependent on the primer concentration in the 
reaction mixture so that it is possible to use primer concen- 
trations as low as 0.7 pM which is useful in monoaddition 
reactions to radioactive oligomers of high specific activity. 
The rate and extent of the monoaddition product show 
marked dependence on the chain length of the primer. The 
shortest oligonucleotides which are effective as primers for 
monoaddition are triribonucleoside diphosphates. The rate 
of addition to diribonucleoside monophosphates is very slow 
and multiple addition products predominate. Limited expe- 
rience with tetranucleoside triphosphate primers indicates 
that while the rate of reaction increases considerably, the 
longer primers are also more susceptible to phosphorolysis. 
Although this difficulty can be overcome to some degree by 
lowering the enzyme concentration (as in the case of 
ApGpCpCpA synthesis in Table I )  or by raising the diphos- 
phate concentration, the synthesis of long sequences may 
not be possible. This important point is currently under in- 
vestigation. 

Evaluation. Due to the complexity of chemical tech- 
niques, enzymatic methods are more convenient for prepar- 
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ing short oligoribonucleotides of defined sequence to be 
used in other experiments. Primer dependent polynucleotide 
phosphorylase from M. luteus has been used to synthesize 
model oligoribonucleotides for thermodynamic studies (Uh- 
lenbeck et al., 1973; Martin et al., 1971), circular di- 
chroism studies (Borer et al.; 1973), oligomer binding stud- 
ies (Uhlenbeck, 1972), and for use in the preparation of 
synthetic messenger RNAs (Stanley et al., 1966; Thach et 
al.,  1966). The major weakness of these syntheses is that 
yields are low a t  each step and only certain sequences can 
be made with any efficiency. The development of a stepwise 
enzymatic oligomer synthesis technique should increase the 
variety of oligomers which can be synthesized and also 
hopefully improve yields. In this paper methods are de- 
scribed which allow synthesis of large quantities of a variety 
of 2’( 3’)-O-isovaleryl nucleoside 5’-diphosphates in high 
yields. Theqe diphosphates are tested as monoaddition sub- 
strates in a variety of reactions using E .  coli polynucleotide 
phosphorylase. It was found that even though pyrimidine 
nucleotides do not add as efficiently as do purine nucleo- 
tides the yields are still high enough to make blocked di- 
phosphate synthesis the method of choice for the prepara- 
tions of short oligomers. 

The method complements primer dependent techniques 
in many respects. A wide variety of new sequences can now 
be made. For example, the oligomer UpUpCpA is virtually 
impossible to make by a primer dependent polynucleotide 
phosphorylase reaction but can be synthesized in 64% yield 
by the technique described here. On the other hand, i f  a 
block of four or five residues had to be added to an oligom- 
er, the primer dependent enzyme would be more suitable 
than sequential stepwise additions of the same nucleotide. 

Two major factors limit the use of blocked diphosphates 
for the synthesis of extended sequences of RNA.  First, mul- 
tiple addition of pyrimidine diphosphates to oligomers pre- 
vents high yields of single addition products. Besides 
searching for a better blocking group, temporary modifica- 
tion of the pyrimidine bases in order to make the diphos- 
phates better substrates might possibly increase the yield of 
monoaddition product. The N4-dimethylaminomethylene 
derivative of 2’(3’)-O-isovaleryl-CDP did not prove to be 
sufficiently stable for this purpose. The second factor limit- 
ing the synthesis of extended sequences is the relative in- 
crease in the rate of phosphorolysis with respect to the rate 
of polymerization when longer oligomers are used as prim- 
ers. If the yields decrease and the range of acceptable reac- 
tion times narrow greatly, the monoaddition reaction with 
blocked diphosphate and primer independent polynucleo- 
tide phosphorylase converges to the same reaction as un- 
blocked diphosphate and primer dependent polynucleotide 
phosphorylase and the advantage disappears. This difficulty 
might be circumvented by coupling the reaction with an en- 
zyme which utilizes phosphate in order to shift the equilib- 
rium in a synthetic direction. 

The ability of polynucleotide phosphorylase to accept 
2’(3’)-O-isovalerylinosine 5-diphosphate and N6-isopen- 
tenyl-ADP allows the ready synthesis of defined oligori- 
bonucleotides longer than dinucleoside monophosphates 
which contain these modified bases. The synthesis of model 
oligomers containing minor bases will be a valuable tool in 
the elucidation of the role of these modifications in natural- 
ly occurring RNA (Nishimura, 1973). In addition, the ease 

of preparing and monoadding e-ADP and t-CDP allows 
specific fluorescent probes to be inserted into oligoribonu- 
cleotides a t  a desired position in the sequence. 

It is anticipated that the blocked diphosphate techniques 
developed in this paper coupled with the established tech- 
niques of enzymatic oligomer synthesis will allow the pro- 
duction of sequences useful in a variety of applications. 

Acknowledgment 

ard for his constant encouragement and support. 

References 
Barrio, J. R., Secrist, J. A., and Leonard, N.  J. ( 1  972), Bio- 

Bennett, G .  N., Mackey, J. K., Wiebers, J .  L., and Gilham, 

Borer, P. N., Uhlenbeck, 0. C., Dengler, B., and Tinoco, I .  

Chou, J .  Y., and Singer, M. F. (197l),  J .  Biol. Chem. 246, 

Friedman, L., and Shechter, H. (l960),  J .  Org. Chem. 25, 

Grimm, W. A., and Leonard, N.  J. ( 1  967), Biochemistry 6 ,  

Jarman, M., and Reese, C. B. (1964), Chem. Ind. (Lon- 

Kaufmann, G., Fridkin, M., Zutra, A., and Littauer, U. Z .  

Kirkegaard, L. H.  (1973), Biochemistry 12, 3627. 
Klee, C. B. (1969), J .  Biol. Chem. 244, 2558. 
Mackey, J. K., and Gilham, P. T .  ( l 9 7 l ) ,  Nature (London) 

233, 55 1 .  
Martin, F. H., Uhlenbeck, 0. C., and Doty, P. (1971), J .  

Mol. Biol. 57, 201. 
McElvain, S. M., and Nelson, J .  W. (1942). J .  Amer. 

Chem. SOC. 64, 1825. 
Nishimura, S. ( I  973), Progr. Nucleic Acid Res. Mol. Biol. 

12, 150. 
Ohtsuka, E., Ubasawa, M., Morioka, S., and Ikehara, M.  

(1973), J .  Amer. Chem. Soc. 95, 4725. 
Secrist, J .  A,, Barrio, J. R., Leonard, N .  J., and Weber, G.  

(1972), Biochemistry 11, 3499. 
Stanley, W. M., Smith, M. A., Hille, M. B., and Last, J .  A. 

( I  966), Cold Spring Harbor Symp. Quant. Biol. 31, 99. 
Thach, R. E., and Doty, P. (1 965a), Science 147, 13 I O .  
Thach, R. E., and Doty, P. (1 965b), Science 148, 632. 
Thang, M. N., and Grunberg-Manago ( 1  968), Methods 

Uhlenbeck, 0. C., Baller, J., and Doty, P. (1970), Nature 

Uhlenbeck, 0. C., Borer, P. N., Dengler, B., and Tinoco, I . ,  

Uhlenbeck, 0. C., Martin, F. H., and Doty, P. (1971), J .  

Zemlicka, J. ( l964),  Chem. Ind. (London), 581. 
Zemlicka, J . ,  and Chladek, S. (1966), Collect. Czech. 

Zemlicka, J., and Chladek, S. (1968), Collect. Czech. 

Zemlicka, J . ,  and Holy, A. ( 1  967), Collect. Czech. Chem. 

The authors express their appreciation to Nelson J .  Leon- 

chem. Biophys. Res. Commun. 46, 597. 

P. T. ( 1973), Biochemistry 12, 3956. 

( 1  973), J .  Mol. Biol. 80, 759. 

7486. 

877. 

3625. 

don), 1493. 

(1971), Eur. J .  Biochem. 24, 4. 

Enzj)mol. IZB, 522. 

(London) 225, 508. 

Jr .  (1973), J .  Mol. Biol. 73, 483. 

Mol. Biol. 57, 2 17. 

Chem. Commun. 31, 3775. 

Chem. Commun. 33, 3293. 

Commun. 32, 3 159. 


