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Ab&mt-2’4’ Linked oligoadenylates up to a pentamer were formed selectively by Pb*+ ion-catalyzed poly- 
merization of adenosine-Y-phosphlide in aqueous solution. Small amounts of oligoadenylatc isomers 
cuntaining both 2-S’ and 3’-5’ intemucl~~e links@ were obtained simu~ncously. The structure of the linkage 
isomers was established by sequential enzyme and alkaline digestion. 

Adenosine-5’-phosphorimidazolide (ImpA) is an 
activate nucleotide and it hydrolyzes to adenyli~ acid 
(PA) in aqueous solution. Several years ago, we showed 
that some divalent metal ions promote the polymeriza- 
tion of ImpA in aqueous solution to yield oligoadenyl- 
ates.12 Pb + ion has the highest activity and gives high 
yield of oligoadenylates.2 Enzyme digestion of the resul- 
ting diadenylates revealed that the 2’-5’ linked isomer is 
predominant. However, no detailed characterization of 
the reaction and of the products has been carried out 
from a synthetic point. This reaction may provide a 
simple preparative method for oligoadenylates with 2’-5’ 
linkage. We have now studied the separation of the 
resets isomeric oligoadeny~tes and dete~ined the 
structure by sequential enzyme digestions. Here we wish 
to report the preparation and the structure determination 
of various 2’-5’ linked oliioadenylates from ImpA by 
Pb2’ ion catalyst. 

Recently an unusual 2’-5’ linked oligonucleotide has 
been discovered from interferon-treated cell,’ and 
attracted widespread interest for its strong inhibitory 
activity in prote~ bios~thesis~“ Appti#tion of the 
Pb” ion-catalyzed oligoadenylate formation for the 
synthesis of the oligonucleotide inhibitor of protein 
biosynthesis has been published elsewhere? 

luBuLTsANDDBc@BKM 
ImpA was easily hydrolyzed to pA in aqueous solu- 

tion. Addition of lead nitrate to a clear solution of ImpA 
gave white pre~ipi~tes which idiots the CompIexation 
of ImpA with Pb2” ion. The mixture was kept for 5 days 
at room temperature with stirring for polymerization. 
The starting ImpA disappeared almost completely in 5 
days. Versenol was added to the reaction mixture to 
break the Pb”-nucleotide complexes. The reaction mix- 
ture turned homogeneous, indicating the formation of 
Pb2+-Versenol complex. Analysis of the products with 
HPLC and paper c~omato~phy showed the forma~n 
of several isomeric oliioadenylates in addition to the 
hydrolysis of ImpA to pA. Analysis with HPLC 
confirmed the complete formation of the Pb”-Versenol 
complex. We found that isomeric mixture of short chain 
oligonuclcotides were well separated by QAE Sephadex 
A-25 column chromatography. Thus, column chromato- 
graphy of the reaction products on QAE Sephadex A-25 
agate form} gave good sepa~~n of the linkage 
isomer of the oligoadenylates. El&on pattern is shown 
in Fii. I. The Pb2+-Versenol complex was eluted in the 
fraction number 106118. The distribution and the yield 
of the products are listed in Table 1 along with the 
idcntilied structure. 

Peaks 1, 2 and 3 were identified as A, A’p’A and 
A”‘p”‘A, res~ctively. ~phosphorylation of pA, pArpsA 
and pAYpJ’A gave these compounds. Pb2’ ion is known 
to catalyze the degradation of RNA.6 Pb2+ ion might be a 
catalyst for dephosphorylation. The longer reaction time 
and high pH also favored dephosphorylation. Peak 4 was 
3’j%yclic AMP which was probably formed from ImpA 
by intramolecular phosphodiester bond formation. Peak 
5 contained pA, a simple hydrolyzed product. The com- 
pound in peak 6 was AppA which God be obtained 
from ImpA and pA. The major pea&s, 9, 13, I6 and 19, 
contained a series of fully 2’-5’ linked oligoadenylates 
from a dimer to a pentamer. The yields of the dimer, 
trimer, tetramer and ~n~mer were 24.4%, 9.056, 3.1% 
and 0.9%. respectively, after allowing for the hypoch- 
romicity ratio of each oligoadenylate. The dimer and the 
trimer were practically pure. Peaks 16 and 19 contained 
other minor products and needed further p~cation to 
get the pure compounds. Intemucleotide linkage was 
checked by sequential enzyme digestions using bacterial 
alkaline phosphatase, nuclease Pr and venom phos- 
p~ies~~se and by alkaline hydrolysis. The 2-Y Iinked 
oligoadenylates were insensitive to nuclease Pt and 
RNase TZ. The compounds in peaks 12 and 16 were 3’-5’ 
linked dimer and trimer, respectively. The structure was 
confirmed by ~~omat~phy with authentic samples 
and the enzyme digestion. The yields of 3’-5’ linked 
isomers were less than one tenth of those of the cor- 
responding 2’-5’ linked isomers. Peaks 14 an! 15 ,con- 
tamed the linkye isomers of ~adenyla~e, pA2 pYAf p’A 
and pA3’pFAYp A, respectively. The ytelds were lower 
than that of the 2’-5’ isomer and higher than that of the 
3’-5’ isomer. The structure of the isomers was ascer- 
tained by sequential enzyme digestions with bacterial 
alkaline phosphatase and nuclease PI. Tetraoligonucleo- 
tides with two Z-5’ linkages and one 3’-5’ linkage in 
different positions were present in peaks 17 and 18. The 
material in peak 10 was AppArps’A which could be for- 
med from either AppA with ImpA, pA with ImpA2’ppA 
or ImpA with pA”p”A. Peaks 7, 8 and 11 were uni- 
den&d, though they were confinned not to be cycIic 
oligoadeny~tes. 

The concentration of ImpA and Pb” ion catalyst 
affects oligoadenylate formation. Lower concentration of 
ImpA and Pl-‘+ ion facilitated the hydrolysis of ImpA to 
pA and decreased the yield of ol~oadenylates, Higher 
concentration favored long chain oligoadenylates. 
However, the total yield of oligoadenylates decreased 
because of the formation of the u~dent~~ product in 
large amount. 

The major features of this reaction are preferential 
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Fig. 1. Elution curve of oligoadenylates obtained from ImpA. Column chromatography was carried out on 
QAE-Sephadex A-25 (HCO,-). Broken line shows triethylammonium bicarbonate gradient. 

formation of the 2’4’ linked oligoadenylates and no 
formation of cyclic oligoadenylates. Our procedure pro- 
vides a very simple method for the preparation of the 
2’4 linked oligonucleotides. The condensation reaction 
proceeds in aqueous solution and no protecting group is 
employed. 

So far, the mechanistic role of Pb*’ ion is unknown, 
nevertheless we believe that Pb” ion orients ImpA by 
coordination in such a way as to promote internucleotide 
bond formation. Further, Pb*+ ion probably facilitates 
the nucleophilicity of 2’.OH of ImpA. Similar mechanis- 
tic roles of Zn*’ ion have been proposed in enzymatic 
and nonenzymatic phosphoryl and nucleotidyl transfer 
reactions.’ 

Motcrials. Adenosine-5’-monophosphate was purchased from 
Yamasa. Imidazole was from Tokyo Kasei. and recrystallized 
from benzene. Triphenylphosphiie, Versenol trisodium salt and 
lead nitrate were obtained commercially. 2J’Dipyridyl disulfide 
was prepared by a modiftcatioo of the published procedure.* 
ImpA was prepared from pA and imidazole by the method 
according to Lohnnaun and Orgel! 

Bacterial alkaline phosphatasc and venom phosphodiesterase 
were supplied by Worthington, nuclease PI by Yamasa. 

Paper chromorography and HPLC. Paper chromatography 
was performed on Whatman 3MM paper by the descending 
technique using the following systems, (I) I-propanol, conccn- 
trated ammonia and water (55:10:35) and (2) saturated am- 
monium sulfate, O.lM sodium acetate @H 6.5) and 2-propanol 
(7!9:19:2). The chromatographic mobilities of various compounds 
arc listed in Table 2. 

HPLC was taken with a Hitachi 530 apparatus using RPC-5 
column (44 x 25 cm). The elution was carried out with a linear 
gradient of NaCl (O.OOlM-O.5M) and the. compounds were moni- 
tored by UV absorption at 254 nm. 

Polymcrfzution of ImpA. To the aqueous soln (42.5 ml) of 
ImpA,(l.25 g, 2.6 mmol), 5 ml imidazole buffer (2M, pH 6.5) and 

then 2.6ml of 0.25M lead nitrate (0.65mmol) were added with 
stirring. White ppts were formed. The mixture was kept at 20’ for 
5 days with stirring. Versenol buffer (3 ml x 0.25M) was added to 
the mixture to complex the Pti’ ion. The mixture turned homo- 
geneous by this treatment. Paper chromatography and HPLC of 
an aliquot showed the formation of oligoadenylates and the 
disappearance of the starting ImpA. The mixture was diluted 
with water (2OOml) and subjected to a column chromatography 
on QAE-Sephadex A-25 bicarbonate form (3.6 cmx50cm). The 
elution was carried out by a stepwise linear gradient of tricthyl- 
ammonium bicarbonate buffer [(I) H&l/3M (2x II); (2) 1/3M- 
1/2M (2x41); (3) 1/2M-2/3M (2x21); (4) 2/3M-1M (2 x0.61)]. 
I7 ml of each fraction was collected every 12 min. UV absorption 
of each fraction was measured at 280 mn. The fractions contain& 
the UV absorbing compound were pooled and evaporated in 
uucuo. The carbonate free residue was dissolved in water and 
lyophilized to give the product as a triethylammonium salt. 

&gradation and tientijcation of tk products. Identihcation 
of the prtiucts was carried out by cochromatography with the 
authentic samples and by sequential enzyme and alkaline diges- 
tions. 

Digestion with bacterial alkaline phosphatase (BAP) was car- 
ried out for 2.5 hr at 37“ in a mixture (50~1) containing the 
substrate (5 - 20 ODU), O.lM Tris-HCl (PH 8.05). O.OOlM MgCls 
and 0.01 units of enzyme. 

Nuclease P, (N.P,) degrades the 3’-5’ linked phosphodiester 
bond and is inactive towards the 2’4 bond. Digestion with 
N.Pr was carried out for 2.5 hr at 3P in a mixture (50~1) 
containing the substrate (1 - 20 ODU), O.OWM Veronal-acetate 
buffer (PH 5.75) and the enzyme solution (5 pg in 5 pl). 

Venom phosphodiesterase (VPD) degrades both 2-5’ and 3’-5 
phospbodiester bonds. It also hydrolyzes pyrophosphak bond. 
Digestion was carried out for 2.5 hr at 37 in a mixture (50 ~4) 
containing the substrate (1- 10 ODU), O.OlM Tris-acetate 
(PH 8.8), O.OlM MgC4 and the enzyme soln (0.1 units). 

The activities of these enzymes were check4 using ArpfA 
and A”p”A as model substrates. Incubation times and quantities 
of the enzymes were confirmed to be enough for complete 
digestion. 

Alkaline hydrolysis was car&d out for I day at room temp in 
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Table 1. Oligoadenylates obtained from ImpA catalyzed by Pb*+ ion 
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Peak No. ODU,&ll h*l Identified Structure Yield (a)*' 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

197 

138 1.19 

45 1.25 

552 

12950 

417 1.30 

431 

266 

8138 1.20 

377 1.22 

592 

484 1.16 

2738 1.31 

1195 1.22 

1036 1.26 

1257' 

1 

1.27 

1.38 

651 1.36 

288 1.34 

A 

A2’p5’A 

2 'p5'A 

3',5' cyclic AMP 

PA 

APPA 

unidentified 

unidentified 

pA2'p5'A 

AppA';'; 

unidentified 

pA3'p5'A 
pA2'p5'A2'p5'A 

pA2'p5'A3'p5'A 

pA3'p5'A2'p5'A 

pA3'p5'A3'p"'A (1) + 

pAz ~5'A2'p5'A2'p5'A (9) 
pA2'p5'A3'p5'A2'p5'A 

p~'p5'A2'p5'A3'p5'A 

0.5 

0.4 

0.1 

1.4 

32.4 

1.3 

1*1*3 

0.7*3 

24.4 

1.1 

1.5*3 

1.4 

9.0 

3.6 

3.1 

0.4 

3.1 

2.2 

1.0 

0.9 19 290 1.42 2' 5' 2' 5' 2' 5' 2' 5' 
PAPAPAPAPA 

'1 Hyperchromicity calculated from Alkaline hydrolysis. 

l 2 Yield obtained from W260 after allowing the hyper- 

chromicity of each oligoadenylates. Total ODtJ260 

of starting ImpA is 40,000 (2.6 mmol). 

l 3 Hyperchromicity correction was not made on the value. 

a mixture (50 ~1) containing the substrate (1 - 10 ODU) in 0.5M 
NaOH soln. Both 2’4 and 3’-5’ phosphodiester bonds were 
degraded by the alkaline hydrolysis in a difIerent manner from 
the VPD digestion. 

The products, A, ArpYA, A3’pYA, pA and AppA, were 
identified by comparing the paper chromatography and HPLC 
with those of authentic samples. Authentic Arps’A and AYpJ’A 
were prepared by the dephosphorylation of pArp’A and pA”p”A 
with BAP, resgectively. AppA was synthesized according to 
Khorana et ol.’ 3’J’cyclic AMP was identified by c&romato- 
grapby with an authentic sample which was prepared from pA 
using dicyclohexylcarbodiimide.” 

The structure of 2’4’ linked oIigoadeaylates from the dimer to 
pentamer was determined by the sequential enzyme and alkaIine 
digestion as follows. 

N.Pl 
pAr pA- X 

VPD 
pA’pA- pA 

NtiH 
pArpA-pAp t A(I : 1) 

aAp N.PI 
pAypA-A’pA-X 

VPD 
AYpA-AtpA 

N&H 
A’pA-Ap+A(I:l) 

BAP 
pA’ ‘PA- A”pA 

N.Pt 
pA’pA?‘pA - X 

VPD 
pArpAYpA---+pA 

pAYpArpA 
NlOH 

-pAptAptA(1:1:1) 

pAYpAzpA 
BhP N PI 

-A=pA=pA-X 

WD 
AY pAr PA- A t pA( 1:2) 

NMIH 
A=pA’pA- Ap + A(2: 1) 

The tetramer and pentamer were identified in the same pm 
cedure. 

Oligoadenylates with 3’-5’ linkage were ident&d by coch- 
romatograpby with authentic samples which were prepared by 
partial hydrolysis of poly A with pork liver nuclease.‘* The 3’-5’ 
phosphodister bond was further con6rmed by the enzyme 
digestion. 

N.PI 
pA”‘pA- pA 

N@H 
pAYpA-pAp t A&I) 
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Table 2. Ch~rnato~p~c mab~i~s of the com~unds 

CiXI&KWld~ 

A 

A2'p5'A 

A3'p5'A 

3',5'p<A 

ImpA 

PA 

2' AP 

Ap3' 

APPA 

AppA2*pA 

PA2 'pA 

pA3'pA 

PA2'P 

r?A3'p 

pA2'pA2'pA 

pA2'pA3'pA 

pA3’pA2’ph 

pA3'pA3;A 

pA2'pA2'pA2'pA 

pA2'pd'pA"'pA 

pg’& 'pA3'pA 

A2' A2' A2' A2' A 

Rf value relative to pA 

Solvent (1) Solvent (21 

1.72 0.60 

1.27 0.41 

1.37 0.22 

1.69 0.47 

1.62 

1.00 1.00 

1.13 0.60 

1.11 0.62 

1.09 0.68 

0.78 0.48 

0.80 0.81 

0.79 0.57 

0.67 1‘30 

0.67 1.09 

0.52 0.65 

O.Sl 0.59 

0.50 0.43 

0.52 0.41 

0.40 0.56 

0.38 0.42 

0.38 0.37 

0.30 0.23 

PASpA3’pA-J=-+pA 
PASpAYpA Nm -pAp+Ap+A(I:l:l) 

PArpA3’pA &Ap 
N.PI 

-ArpA3’pA----+A+pAtl:2) 

Two b&age isomers of ~eny~atcs which possess one 3’-5’ 
and 21-S linkage (14 and 15) were identified as follows. 

W.Pr 
pAypArp---+pA+pAtpAWl) 

pAypA~p~~~+A~+A(I:~:~) 

WD 
pA’pA~*p------+ pA 

IAP H Pl 
pA~pA+---+ AxpAf'pA- ArpA+pA(l:l) 

N&H 
ATpAspA- Ap + A(2: 1) 

N.PI 
pAYpArpA- pAypAtpA(l:l) 

pASpA’bA -sa ---+pAptAptA(I:1:1) 

p AYpAipA 
VPD 

-PA 

PA~PA~PA 
BAF fw 

- A f pAr PA------+ AtpA~pA~~~~~ 
N&W 

A3’pArpA- hp + A(2: 1) 

The structure of WraadenyIates with one 3’-5’ linkage and two 
2-S linkages (17 and 18) were confIrmed by the following 
enzyme digestions. 

N’P’ pA=pA)‘pA=pA- pArpArpA + pAIl:l) 

N&J4 
pAypA”pArpA- pAptAptA~l:~l) 

BAP 
pA=pA3’pArpA- 

NJ? 
A”pAspArpA-----+ ArpA 

t pArpA 

ArpAypA’pA- NKW hp+A (1:3) 

VPD 
AYpAl’pArpA- A+ pA (1:3) 

N’P’ pA’pA=pAl’pA- pArpA’pA + pA(I:l) 

pArpArpAypA- NrOH pAp+AptA (1:2:f) 
BAP 

phzpArpA”pA- 
N.Pl 

hrpArpA3’pA- A2 pAr pA 

+pAW) 

n&H Ar’ph”pA’pA- Ap+ A (l:3) 
V-PD 

ArphzpA3’ph- AtpA (1:3) 

The compound in peak 10 was identitled as ApphrpA by the 
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ollowing enzyme digestions. 

N.P( 
IppA”pSA- X 

IMP 
\ppArp5’A-----+ X 

*W. R. Farkas, Bioclrim. Biophys. Actu 155,401 (1968). 
‘M. F. Dunn, Strucrurr and Bonding 23,61 (1975). 
??. A. Jones and A. R. Katrizky, 1. Chem. Sot. 3610 (1958). 
%. Lo~ann and L. E. &gel, ~etruhed~n 34,853 (1~8). 
“‘M. Smith and H. G. Khorana, i. Am. Chem. Sot. 80, 1141 

(1958). 
VPD 

4ppA’p’A - pA 
“M. Smith, G. I. Drummond and H. G. Khorana, Ibid. 83, 698 

(1961). 

PppA’p’A 
N&Ii 

-AppAp+Aff:l) 

I 
1 BAP 

‘*L A. Heppel, Procedures in Nucleic Acid Reseuxh, (Edited by 
G: L. Cantoni and D. R. Davies) p. 33. Harper 8t Row, New 
York (1966). 

“Abbreviations. A, adenosine: pA, adanosine S-phosphate; Ap, 
adenosine 2’(3’tphosphate; ImpA, adenosine3’-phosphorimi- 
dazolidc; A2’p’A, adenylyl-[2’-S’J-adenosine; A”p”A, adenylyl- 
IY-Qadenosine; pArp”A, 5’.phosphoadenylyl-[2’-5’]- 
adenosine; pA’d’A, S’-phosphoadenyly~-I~-~J-adenosine; 
AppA, 5,~djadenosi~e p~ophosphate; pA~p~A~p~A, S- 
phosphoadenylyl - [T-S’] - adenylyl - p’-5’1 - adenoisine: 
pA’pJ’A*p’A, 5’.phosphoadenylyl - [3’-5’1 - adenylyl - [2’-5’]- 
adenoisine; Poly A, polyadenytic acid; Versenol, N - hydrox- 
yethylethylendiaminetriacetic acid; N.P,, Nuclease P,; BAP, 
Bacterial alkaline Phosphatase; VPD, Venom phosphodies- 
terase. 
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