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NUCLEOSIDES AND NUCLEOTIDES, 3(1), 61-67 (1984)  

CHEMICAL SYNTHESIS OF CAP ANALOGCIES: 
1 2  P ,P -DINUCLEOSIE-5'-DIl'HOSPHATES 

Wolfgang Goemann and Joachim Kruppa" 

Abtei lung Molekularbiologie, Ins t i tu t  fur Physiologische Chemie 

Un ivers i ta t  Hamburg, Grindelal lee 117, D 2000 Hamburg 13, FRG 

1 2  Abstract 
A procedure was developed fo r  the chemica l  synthesis o f  P ,P -dinucleoside- 

5'-diphosphates ( N  (5')pp(5')N2) on a nanomolar scale, React ion  condit ions fo r  
ac t i va t ing  purine-+-monophosphates (PA, pG, and pm G) by 1,l ' -carbonyldi imi- 
dazole were studied and opt imized in respect t o  solvents and amount o f  ac t i va t ing  
reagent used. Various dinucleoside-5'-diphosphates were synthesized in 62 - 98 % 
yield by  incubating act ivated and non-activated purine-5'-monophosphates. Two 
unexpected by-products were fo rmed by compet i t ion  reactions: the  imidazol idate 
of the non-activated nucleotide and the corresponding symmetr ical ly substi tuted 
dinucleoside-5'-diphosphate. A mechanism is proposed to  explain the  observed side 
reactions. 

1 2  About th i r t y  years ago, Khorana' reported the synthesis o f  P ,P -diadeno- 

sine-5'-pyrophosphates. This type o f  dinucleoside pyrophophate was shown t o  be an 

impor tan t  intermediate in the  chemical  polymerisations o f  nucleotides as we l l  as 

in the enzymatic coupling reac t ion  o f  NAD+-dependent DNA- l igase j  f r o m  E. coli. 

Similar linkages were found in impor tan t  biochemical  cosubstrates o f  redox 

reactions (e.g. NAD', NADP', FAD, and FMN) and in 5'-terminal "cap" structures 

( m  G(5')ppp(5')N) o f  most v i ra l  and cel lu lar  messenger RNAs, o f  their  precursors as 

we l l  as o f  smal l  nuclear RNAs  . The cap plays an impor tan t  ro le  in the fo rmat ion  

o f  i n i t i a t i on  complexes during pro te in  synthesis since i t  promotes the a t tachment  

o f  ribosomes to  mRNAs5. This complex fo rmat ion  is addi t ional ly f ac i l i t a ted  by  a 

specif ic cap binding protein6 and by i n i t i a t i on  factors. I t  has been shown by  

physico-chemical measurements tha t  the very r i g id  conformation' o f  the  P ,P - 
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62 GOEMANN AND KRUPPA 

7 dinucleoside-5'-triphosphates m G(5')ppp(S')N, which is probably impor tan t  for the  

biological funct ion o f  the cap , i s  very s imi lar  t o  the conformat ion o f  the  

diphosphates9 m G(5')pp(5')N. We have developed re la t i ve ly  mild reac t ion  con- 

dit ions for  the chemical  synthesis of P ,P -dinucleoside-5'-diphosphates in high 

yields by using the  irnidazol idate reac t ion  of Cramer and Neunhoeffer 

8 
7 

1 2  

10 . 
The reac t ion  condit ions for the ac t iva t ion  step (Scheme 1A)  were invest i -  

I gated for PA, pG, and pm G. Using a 5 molar excess of 1,l'-carbonyldiirnidazole in 

dimethyl formamide (DMF), the tri-c-butylammonium-(TNBA)-salts o f  the mono- 

phosphates p A  and pG were act ivated t o  Im-pA and Im-pG in approximately 85 % 

yield a f te r  30 min . Longer incubation t imes increased the yields o f  imidazol idates 

only slightly. The symmetr ical ly substi tuted dinucleoside-5'-diphosphate was 

formed as a by-product o f  the side reac t ion  between the ac t iva ted  and the non- 

act ivated nucleotide (start ing compound) in approximately 10 YO yield. The odd 

nucleotide p m  G, which is pa r t  o f  the 5'-terminal cap structure o f  eukaryot ic 

mRNAs, is insoluble in DMF probably due t o  the posi t ive charge a t  N7. However, 

a f te r  conversion o f  prn G in to  the di-TNBA-salt solubi l i ty  in DMSO improved. In 

general, imidazol idat ion o f  nucleotides in DMSO gave r ise t o  a lower y ie ld 

compared to tha t  obtained in DMF therefore the  reac t ion  t i m e  had to  be extended 

to  5 h in order to achieve fo rmat ion  o f  Im-pm G in 50 - 60 % yield. 

7 

7 

7 

1 2  P ,P -dinucleoside-5'-diphosphates (Scheme 16) were synthesized on a nano- 

molar scale by  incubating TNBA-salts o f  act ivated and non-activated purine-5'- 

0 
ND-F-O-HI  

+ ' O H  + CO, 
00 

HO OH 

I 
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SCHEME 1: Synthesis o f  P1,PL-dinucleoside-5'-diphosphates by the  irnidazol idate 
procedure. A) Ac t iva t ion  o f  nucleotides w i t h  1,l'-carbonyldiimidazole and 
I3) Coupling between ac t iva ted  and non-activated nucleotide. 
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63 1 2  P ,P -DINUCLEOSIDE-5'-DIPHOSPHATES 

monophosphates in DMF. Excess 1,l'-carbonyldiimidazole had t o  be removed by 

decomposition w i th  methanol  before coupling t o  the non-activated nucleotide could 

be  started. When residual l,l'-carbonyldiimidazole was present during the  coupling 

react ion the added non-activated nucleotide became easily ac t i va ted  and the 

symmet r ica l  dinucleoside-5'-diphosphate o f  the non-activated nucleotide was formed. 

Our condit ions did lead t o  a complete destruct ion o f  excess 1 , l ' -carbonyldi imidazole 

and were thus more suitable than those described previously'''l*. Side reactions on 
13 other nucleophil ic groups, such as the 2'-OH and 3'-OH groups o f  the  r ibose moie ty  

were suppressed due t o  the react ion condit ions employed. 

Coupling o f  Im-pA t o  14C-pG resulted in AppG fo rmat ion  (FIG. 1 and TABLE 1). 

AppG was resistant t o  alkal ine phosphatase but sensitive to  snake venom phosphodi- 

esterase which produced 5'-monophosphates. Unsymmetr ical ly subst i tuted AppG can 

also be synthesized f r o m  Im-pG and PA, although w i t h  s l ight ly reduced yields (TABLE 

1). Two-dimensional thin-layer co-chromatography o f  t he  products f r o m  both  

reactions (Im-pA + p G  and Im-pG + PA) provided further evidence fo r  the  chemical  

ident i ty o f  the newly formed dinucleotides. In the product analysis (FIG. 1A) smal l  

I q  e 3 

lODt 00 I 

20 v \  
G 0 12 16 20 2L 

T I M E  lhl 

FIG. 1: Chromatographic (A) and k ine t ic  (6) analysis o f  qvG formation. p A  was 
act ivated b y  1,l'-carbonyldiimidazole and incubated ykth C-pG as described in 
Experimental.  Aliquots, corresponding t o  20 nmoles o f  C-pG, were removed a t  the 
indicated t imes and analysed by two-dimensional TLC/TLE. Radioact ive spots were 
marked w i t h  "x" in the  U V  pa t te rn  (A). Yields were determined b y  quant i fy ing the  
rad ioac t iv i t y  o f  each spot (B). The reference substances p A  and pG (hatched spots) 
were applied on the thin-layer p la te  a t  the r i gh t  in the f i r s t  dimension and a t  the l e f t  
in the second dimension. B and Y correspond to  the  blue (xylencyanole ,FF) and yel low 
(orange Y) markers, respectively. Im-pG is pa r t l y  decomposed t o  pG . ( 0 ) :  pG; (A): 
Im-pG; (D): AppG; (0): GppG. 
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64  G O E M A "  AND KRUPPA 

TABLE 1: Yields o f  dinucleoside-5'-diphosphate fo rmat ion  

educts r a t i o  products y ie ld  (%) 

Im-pA + p G  4 : l  APPG 6 3  
Im-pA + pG 2 : l  APPG 73 

Im-pA + pG 1.2 : 1 APPG 57 

Im-pG + p A  2 : l  APPG 62 

Im-pm 7 G + p A  2 . 4 :  1 m7GppA 5 2  
Im-pA + p A  4 : 3  APP A 98 

Im-pG + pG 4 : 3  GPP G 6 2  

Yields o f  symmet r ica l  products were calculated in re la t ion  to  to ta l  added nucleotide 
and yields o f  unsymmetr ical ly substi tuted products were calculated as described in 
Experimental. 

amounts o f  act ivated Im-pG were detected which al lowed the synthesis o f  the 

symmetr ical ly substi tuted dinucleotide GppG. AppG format ion reached a plateau 

a f te r  12 - 16 h (FIG. 16) when a 2-fold excess o f  ac t i va ted  mononucleotide was used. 

In several d i f fe ren t  experiments yields o f  6 4  - 7 3  O/O AppG were obtained (TABLE 1). 

A 2 molar excess o f  the act ivated mononucleotide seems to  b e  op t ima l  f o r  the 

synthesis o f  AppG (TABLE 1). A higher excess o f  the imidazol idate increased the 

format ion o f  Im-pG in a compet i t ion reaction. Coupling o f  Im-pA and p G  is also 

possible in  DMSO and formamide bu t  the y ie ld o f  AppG was reduced to  39 Yo and 3 '10 

respectively. 
7 The low solubi l i ty o f  the TNBA-sal t  o f  p m  G in DMF is disadvantageous for 

the synthesis o f  dinucleoside-5'-diphosphates containing pm G. Fortunately, pm G 

can be act ivated by  1,l'-carbonyldiimidazole in DMSO in acceptable yields. Since 

the imidazol idate o f  pm G dissolved slowly in DMF, this solvent was used in the  

coupling o f  a 2.4-fold excess o f  Im-pm G w i t h  non-activated H-PA. m GppA was 

formed im 52 % yield as the main  product (TABLE 1). Non-reacted p A  ( 4 5  %), smal l  

amounts o f  Im-pA (approximately 1 Oh) and in some experiments also AppA (less 

than I %) were found a f t e r  thin-layer electrophoresis (TLE). 

7 7 

7 

7 3 7 

During the coupling reac t ion  two  unexpected by-products were formed f rom 

the non-activated nucleotide: the corresponding imidazol idate and the symmet r i -  

cal ly substi tuted dinucleotide (FIG. 1). In cont ro l  experiments the  possibi l i ty was 

excluded that residual 1,l'-carbonyldiimidazole was the  reason fo r  the ac t iva t ion  o f  

the added non-activated nucleotide because under our condit ions 1,1 I-carbonyldi- 

imidazole was completely destroyed by methanol. 
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1 2  P , P  -DINUCLEOSIDE-5'-DIPHOSPHATES 

A 

65 

C 

? 
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FIG. 2: Proposed reac t ion  mechanism fo r  the imidazole group transfer f r o m  Im-pA 
t o  pG. A)  Transit ion state o f  AppG during coupling o f  Im-pA and pG. B) Proposed 
transi t ion state fo r  the transfer o f  the imidazole residue f r o m  Im-pA t o  pG. C) 
Transit ion state o f  the Wi t t i g  reaction. 

Ac t iva t ion  of p G  must have occured during the incubation o f  Im-pA with non- 

act ivated pG. This observation might be explained b y  the  fol lowing hypothesis: the 

reac t ion  between Im-pA and p G  is a nucleophil ic substi tut ion which probably 

proceeds v ia  a t ransi t ion state where entering and leaving groups are loca ted  a t  the  

apices o f  a bipyramidal-tr igonal structure (FIG. 2A). The dinucleotide AppG i s  

formed a f te r  ex i t  of the imidazole residue. It is conceivable tha t  the  substi tuents 

in the bipyramidal-tr igonal t ransi t ion s ta te  rearrange and form a conformat ion  in 

which the imidazole residue could be transferred f rom p A  t o  pG (FIG. 28). Such 

rearrangements o f  binding electrons in a four membered cyc le  are pr incipal ly 

possible; they have been also postulated for the t ransi t ion state o f  the  Wi t t i g  

reac t ion  between triphenylphosphine alkylenes and carbonyl compounds (FIG. 2C). 

dinucleoside-5'-diphosphates resulted in the use o f  mi lder reac t ion  condit ions than 

those previously described By varying the  solvent and the molar excess o f  

the react ion components i t was possible to  synthesize rn GppA which is a "captt 

analogous dinucleoside-5'-diphosphate. The y ie ld  was several fo ld higher and the 

react ion t ime  considerably shorter than previously described fo r  a s imi l ia r  

reaction14. P ,P -dinucleoside-5'-triphosphates can also b e  synthesized by  the  

imidazol idate method but a broader spectrum o f  react ion products w i t h  a reduced 

yield is obtained as we and others have not iced independently 

Our detai led investigation o f  the ac t iva t ion  step fo r  the  synthesis o f  P 1 2  ,P - 

7 

1 2  

15 . 
Experimental 
lmidazol idat ion o f  pur ine nucleotides: 

In general, reactions were carr ied out w i t h  freshly dist i l led and careful ly 

dried solvents avoiding moisture completely. Tri-n-butlyamin (TNBA)-salts were 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
7
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



66 GOEMA" AND KRUPPA 

prepared as previously described11912. The mono-TNBA-salts o f  p A  and pG were 

dissolved in dimethyl formamide (DMF) a t  a concentrat ion o f  100 nmoles/ l5 u l  and 

treated w i th  a 5 molar excess o f  1,l'-carbonyldiimidazole. The di-TNBA-salt o f  

pm G had to  be converted into the imidazol idate in dimethylsulphoxide (DMSO) 

because o f  solubi l i ty problems. Imidazol idat ion was stopped by addi t ion o f  0.1 vo l  

o f  tr i-n-butylamine and 0.1 vo l  of water, when the ac t iva ted  nucleotides were t o  be  

isolated. Solvents were evaporated under vacuum. 

Preparat ion o f  P ,P -dinucleoside-5'-diphosphates: 

I 

7 

1 2  

Excess 1,l'-carbonyldiimidazole f r o m  the ac t iva t ion  reac t ion  was destroyed 

a t  room temperature w i t h  15  /ul methano1/100 nmoles o f  nucleotide for 30 min and 

the solvent was evaporated under vacuum. The imidazol idate was dissolved in DMF 

(200nmoles/ 30 p I )  and a solut ion o f  the non-activated nucleotide in DMF (100 

nmoles/ l5 ul) was added. The molar r a t i o  o f  ac t i va ted  t o  non-activated nucleotide 

was var ied (TABLE 1). Reactions were stopped a f t e r  16 h o f  incubation a t  r o o m  

temperature by addit ion of 0.1 vo l  t r i -n-butylamine and 0.1 vo l  o f  water. 

Subsequently, the solvents were evaporated under vacuum. The non-activated 

nucleotide was radioact ively labeled ( C-pG: 400 nCi/,umol; 3H-pA: 1.25 p C i /  

/umol), and i t s  quant i ty was taken t o  calculate the react ion yields. A l l  experiments 

were performed in a 20 t o  500 nmolar range. 

Ana ly t i ca l  procedures: 

/ 

14  

React ion products were dissolved in 0.2 M tr iethylamine and analysed on 

cellulose plates (Merck, 20 x 20 cm) by ascending chromatography (1. dimension) 

using solvent A": - n-propanol - concentrated NH40H (25 96 w/v) - water  (60 : 12 : 

28, v/v/v) and electrophoresis (2. dimension) using 5 % acet ic acid (v/v)  adjusted to  

p H  4.0 w i th  morpholine. TLE was performed fo r  2.5 h a t  a constant current o f  19 

m A  until orange Y had migra ted  for approximately 13 cm. Nucleotides were 

local ized on thin-layer plates by  UV-l ight  a t  254 nm or by a spark chamber 

(Betacamera BF 290 HR, Berthold, Wildbad, FRG) when they were  radioact ively 

labeled. A f t e r  elut ion w i t h  0.2 M t r iethylamine the recovered nucleotides (40 

nmoles) were incubated a t  37OC for  90 min ei ther w i t h  0.13 un i ts  o f  alkal ine 

phosphatase (cal f  intestine, Boehringer Mannheim) in 10 ul o f  0.1 M ammonium 

bicarbonate bu f fe r  ( p H  8.5) containig 1 mM MgCI2, or w i t h  1.3 ug  phosphodi- 
2+ esterase (VPH, Worthington) in the same bu f fe r  but a t  an increased Mg 

concentrat ion o f  15  mM. 

I 
/ 
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