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Summary: Mn2+ and Cd2+ catalyzed pyrophosphate bond formation from 
adenosine-5'-phosphorimidasolide and nucleotides or phosphates in neutral 
aqueous solution, giving nucleotides containing polyphosphates. 

The pyrophosphate bond is found in various kinds of nucleotides and 

coenzymes such as ATP, NAD, diadenosine polyphosphatel), ApnA, and cap 

portion of messenger RNA2). These compounds play essential roles in many 

kinds of biochemical systems1-3). Several chemical methods have been 

developed to synthesize nucleotides with pyrophosphate bond from activated 

nucleotides and phosphates4). These methods, however, use anhydrous 

organic solvent as a reaction medium, thereby requiring a complicated 

procedure of solubilizing nucleotides in organic solvent. The methods 

need the removal of a trace amount of water by repeated azeotropic 

distillation with pyridine, the use of tertiary alkylammonium ion as a 

counter cation and of protecting groups for some base parts to perform the 

targeted reaction. In biochemical systems, the compounds are synthesized 

by condensation of nucleotides or phosphates with nucleoside-5'- 

triphosphate catalyzed by enzymes requiring Mg2+ or Mn2+ as a cofactor5). 

Orgel and his coworkers reported on a simple procedure for the synthesis 

of pyrophosphate-capped intermediate in aqueous solution from oligo- 

nucleotide with adenosine-5'-phosphorimidazolide (ImpA) in the presence of 

Mg2+ 6). 

We attempted pyrophosphate bond formation in aqueous solution using 

metal ion catalysts mimicking enzymatic pyrophosphate formation, and found 

that Mn2+ and Cd2+ are effective as catalysts. Here we describe the 

metal ion-catalyzed pyrophosphate formation in neutral aqueous solution 

and its application to the synthesis of some biologically active 

nucleotides containing pyrophosphate bond. 

We first examined the metal ion-catalyzed diadenosine diphosphate 

(AppA) formation from ImpA and adenosine-5' -monophsphate (PA) to search 

for an efficient catalyst for the pyrophosphate formation. ImpA was 
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X : Adenosine(A), +A , -($+A, tibosylnicotinamide, - . 

8 H, OH 
O- 

prepared from pA and imidazole by a modified published method'). The AppA 

formation was carried out in a reaction mixture containing ImpA, pA and 

metal chloride in 0.2M N-ethylmorpholine-HCl buffer(pH 7.0) at room 

temperature for 8 days. The reaction mixture was treated with Versenol 

solution to remove the metal ion as Versenol-metal chelate prior to 

analysis by HPLC on a RPC-5 column or a ODS silica gel column. The HPLC 

analysis showed the formation of pA, AppA and a small amount of 

oligoadenylates. Table 1 summarizes the yield data of AppA formation. 

Table 1. AppA Formation from ImpA and pA Catalyzed by Metal Ions 

Metal salt Yield(%)* Metal salt Yield(%)* 

MGl2 29.3 cuc12 4.3 
CaC12 17.8 FeC12 18.4 
BaC12 10.2 coc12 26.2 
ZnCl2 12.8 NiC12 18.4 
CdC12 41.4 None 5.6 
MnC12 43.6 

* Yields were based on the starting ImpA. 
The reactions were run at 25OC for 8 d using 20mM ImpA. 
60mM pA and 20mM metal chloride 

The Mn2+ and Cd2+ are the most effective catalysts, giving AppA in more 

than 40% yield. Mg2+, Co2+, Ni2+ and Ca2+ demonstrated moderate 

activities. We examined the time course of the reaction of ImpA with pA 

by Mn2+ ion catalyst and confirmed that the reaction completed in 10 days, 

2 days and 4 h at 4OC, 25OC and 50°C, respectively. The yield of AppA was 

41-44%, independent of the reaction temperature. However, the reaction 

rate was markedly accelerated by a high temperature. The pH of the 

reaction medium had a considerable effect on the pyrophosphate formation. 

Hydrolysis of the phosphorimidazo1id.e bond of ImpA was predominant below 

pH 6.0. The high pH above 7.5 stabilized the phosphorimidazolide bond and 

decreased the yield of the AppA. A neutral condition gave the best 

result. 
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In a similar way, ImpA reacted with adenosine-5'-triphosphate (ATP), 

adenosine-5'-diphosphate (ADP) and nicotinamide mononucleotide (NMN) to 

form the corresponding polyphosphates in the presence of metal ion 

catalysts. The Mn*+ and Cd*+ enhanced the pyrophosphate formation, and 

the reaction completed in one day at room temperature. Table 2 lists the 

yield data of ApppA, AppppA and NAD formation from ImpA with ATP, ADP and 

NMN. A small amount of AppA was also formed as a by-product in the 

reactions. We assigned the structure of AppppA and ApppA using 1~ and 31~ 

NMR8). These compounds were isolated in large amounts by QAE-Sephadex A- 

25 column chromatography with a linear gradient elution of 0.2-1.0 M 

triethylammonium bicarbonate buffer. The isolated yields were'nearly the 

same as those obtained by HPLC. The yield of Ap,A with Cd*+ ion catalyst 

was higher than that of the conventional method which used an anhydrous 

organic solventg). Formation of NAD was small compared with that of 

diadenosine polyphosphate. 

Table 2 Synthesis of ApppA, AppppA and NAD from ImpA and Nucleotides 

Metal salt Nucleotide Product Yield(% based on the nucleotide) 

MnC12 ADP APPPA 59.0* (31.8)** 
CdC12 63.4 
None 3.5 :"z 
MnC12 ATP APPPPA 54.0 (39:6) 
CdC12 59.0 (39.6) 
None 5.5 (trace) 
MnC12 NMN NAD 32.4 
CdC12 34.9 
None 0 

* The yield obtained from the reaction of 20mM nucleotide, 60mM 
ImpA in the presence of 20mM metal chloride at 25OC for 4 d. 

*+ The yield obtained from the reaction of 2OmM nucleotide with 
20mM ImpA in the presence of 20mM metal chloride at 25OC for 1 d. 

. 
We further examined the formation of ADP or ATP, from ImpA and 

inorganic orthophosphate or pyrophosphate using Mg*+ and Cd2+ ions as a 

catalyst. The Mg2+ ion exhibited the highest activity in the ADP and ATP 

formation, though the yield was smaller than that of diadenosine 

polyphosRhates. The catalytic activity of metal ions was stronger in the 

order of Mg*+ > Mn*+ > Cd*+ >> none. The yield of ADP and ATP was 32X and 

12X based on ImpA, respectively, when the reaction was performed at room 

temperature for 4 days with 20mM ImpA, 200mM inorganic phosphates and 20mM 

MgC12. Without metal ions, neither ADP nor ATP was formed. 

The mechanism of the pyrophosphate formation by Mn*+ and Cd*+ is as 

yet unclear. We postulate that, by coordination, the Mn*+ and Cd*+ ion 

orient ImpA and nucleotides or phosphates in a way to promote 

pyrophosphate bond formation. The stereochemistry of the complex formed 
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by different metal ions with ImpA and nucleotides or phosphates is 

apparently the most important factor for pyrophosphate formation. The 

activation of the phosphate residue by metal ions also seems to be an 

important factor determining the course of the reaction. Meanwhile, Pb*+, 

Zn2+ and UO22+ ions which could activate the OH group of ribonucleotide 

enhanced the phosphodiester bond formation from ImpA in aqueous 

solutionlo). The nature of the metal ions controls the types of the bond 

formation. 

In comparison with the conventional method, the present method 

provides a simple and short procedure for the synthesis of nucleotides 

containing the pyrophosphate bond. The condensation reaction proceeds in 

neutral aqueous solution to give products in a considerably high yields 

and no protecting group is required. 

Applications of this method to the synthesis of other nucleotides 

such as GppppG, cap portion of messenger RNA are now in progress. 
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