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NUCLEOSIDES & NUCLEOTIDES, 7 ( 2 ) ,  195-202  (1988) 

SYNTHESIS OF 5'-O-SUCCINYL-2',3'-CYCLIC ADENOSINE MONOPHOSPHATE 

Charles E. Dreil ing*, Joanne B. Pachuta,  and John P. Hamlin 

Department o f  Biochemistry,  School of  Medicine 
Un ive r s i ty  of  Nevada, Reno, Nevada 89557 

ABSTRACT: 5'-O-Succinyl-2',3'-cyclic adenosine monophosphate was syn- 
thesized i n  p repa ra t ion  f o r  2 ' , 3 ' -y4c l i c  n u c l e o t i d e  an t ibody  production. 
Succ iny la t ion  was performed with [ Cllabeled and unlabeled s u c c i n i c  
anhydride and morpholinodicyclohexylcarbodiimide. The products ,  re- 
solved on QAE Sephadex, were p u r i f i e d  and c h a r a c t e r i z e d  by comparison 
with a u t h e n t i c  3 ' ,5 ' -cycl ic  AMP succ iny l  d e r i v a t i v e g .  Yield: 73% mono- 
succ i n y l  -( 5 ' -0) -2 ' ,3 ' -cycl i c  AMP; 10% d i succ i n y l  - ( N ,5  ' -0) -2 ' ,3 ' -cycl i c  
AMP. The phosphodiester  r i n g  i n  the  monosuccinyl d e r i v a t i v e  was shown 
t o  be i n t a c t  by i t s  s u s c e p t i b i l i t y  t o  a l k a l i n e  phosphatase on ly  a f t e r  
exposure t o  2' ,3 ' -  c y c l i c  n u c l e o t i d e  3 ' -phosphodiesterase.  

The 2'  ,3 ' -cycl ic  nuc leo t ides  are considered t o  be nonfunct ional  

me tabo l i t e s  of RNA. Reports ,  however, of (i) h igh  concen t r a t ions  of 

2 ' , 3 ' - cyc l i c  GMP i n  b a c t e r i a  , ( i i )  2 ' , 3 ' - cyc l i c  nuc leo t ide  3'-phospho- 

d i e s t e r a s e  (CNP) a c t i v i t y  i n   membrane^^'^, ( i i i )  CNP p a r t i c i p a t i o n  i n  

membrane s y n t h e s i s 4 ,  and ( i v )  2 ' , 3 ' - cyc l i c  phosphate p a r t i c i p a t i o n  i n  

e u c a r y o t i c  and v i r a l  RNA suggest  t h a t  t he  2 ' , 3 ' - cyc l i c  

n u c l e o t i d e s  war ran t  more d e t a i l e d  i n v e s t i g a t i o n .  

1 

Stud ies  on the 2 ' , 3 ' - cyc l i c  nuc leo t ides  have been hampered by t h e  

u n a v a i l a b i l i t y  of d e r i v a t i v e s  f o r  i n  v i v o  s t u d i e s  and the lack of sen- 

s i t i v e  methods f o r  t h e i r  m e a s ~ r e m e n t " ~ .  

c y c l i c  AMP was prepared f o r  conjugat ion t o  p r o t e i n  f o r  subsequent a n t i -  

body product ion and t o  i n c r e a s e  the  l i p o p h i l i c i t y  of a 2 ' , 3 ' - c y c l i c  

nuc leo t ide  t o  probe i t s  e f f e c t s  i n  s i t u .  

Thus, succ iny la t ed  2 ' , 3 ' -  

RESULTS AND DISCUSSION 

Several  n u c l e o t i d e s  have been acy la t ed  i n  p r e p a r a t i o n  f o r  immuniza- 

tion9-I2. Adenine 2 '  , 3 ' - cyc l i c  n u c l e o t i d e  was s e l e c t e d  f o r  succinyla-  

195 
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FIGURE 1. QAE SEPHADEX ELUTION OF SUCCINYLATION PRODUCTS 
(I)dine/dioxane,  
(IV) succ in i c  a c i d ,  (V) 5'-O-succinyl-2',3'-cAMP, (VI) N -5'-Odisuc- 
cinyl-2',3'-cAMP. 

(11) s u c c i n i c  anhydride,  (111) 2 ' 63 ' - cyc l i c  AMP, 

t i o n  because of the (i) preference of CNP f o r  adenine nuc leo t ides ,  ( i f )  

t h e  prevalence of t he  adenine nuc leo t ides  in metabolism, and ( i f f )  t h e  

importance of t h e i r  w e l l  known 3' ,5 ' -cycl ic  phosphate isomers. Suc- 

c l n y l a t l o n  was performed according t o  t h e  method descr ibed f o r  2'-acyla- 

t i o n  of 3' ,5 ' -cycl ic  nucleot idee9 modified t o  f avor  formation of 5l-0- 
succinyl-2' ,  3 '-cyclic AMP. Trace q u a n t i t i e s  were synthesized i n  the  

presence of [14C]-succinic anhydride t o  fac i l i t a te  i d e n t i f i c a t i o n  and 

y i e l d  determination. 

IDENTIFICATION: The succ iny la t ion  products  were chromatographed on 
QAE Sephadex. 

r a d i o a c t i v i t y  were resolved (FIG 1). 

u a l  pyridine and dioxane. 

ta ined succ ina te  ( r a d i o a c t i v i t y )  b u t  no nuc leo t ide  (A260 absorbance).  

S i x  peaks absorbing UV light a t  260m and/or con ta in ing  

Peak I (15-30 ml) contained resid-  

Peaks I1 (70-85 m l )  and I V  (185-240 ml) con- 
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5'-0-SUCCINYL-2',3'-CYCLIC AMP 19  7 
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FIGURE 2. QAE SEPHADEX ELUTION OF NUCLEOTIDE STANDARDS 
Flow r a t e  90 ml/hr;  5 m l  f r a c t i o n s .  Eluted with NaCl g r a d i e n t  (0.02- 
0.4M) i n  phosphate b u f f e r  (pH 7.0; 0.01M). 

The l a t t e r  were shown t o  b e  succ in i c  anhydride and f r e e  s u c c i n i c  ac id ,  

r e s p e c t i v e l y ,  by comparison wi th  unhydrolyzed and hydrolyzed s u c c i n i c  

anhydride (da t a  no t  shown). 

absorbing ma te r i a l  b u t  no r a d i o a c t i v i t y .  This  f r a c t i o n  was unreacted 

2 ' , 3 ' r y c l i c  AMP as shown by comparison with a u t h e n t i c  2 ' ,3 ' -cycl ic  AMP 

Peak 111 (175-190 ml) contained A260 

and 3 ' , 5 ' - cyc l i c  AMP (FIG 2). Peaks V (250-290 ml) and V I  (300-325 ml) 

contained both nucleot ide (A260) and succ ina te  ( 14C). The succ ina te :  

nuc leo t ide  r a t i o s ,  es t imated from the e x t i n c t i o n  c o e f f i c i e n t  o f  2 ' ,3 ' -  

c y c l i c  AMP (mM= 13.1) and s p e c i f i c  r a d i o a c t i v i t y  of s u c c i n i c  anhydride 

(12.3mC/mm), were 1:l and 2:1, r e spec t ive ly .  The nuc leo t ide  r a t i o s ,  

i o n i c  charge on the  succinylated d e r i v a t i v e s  a t  pH 7.0, the p r e f e r e n t i a l  
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FIGURE 3. QAE SEPHADEX ELUTION OF SUCCINYLATION REACTION MIXTURE AFTER 
HYDROLYSIS FOR 72 HRS AT ROOM TEMP (FIG 1 cond i t ions )  

hydroxylation of the  5'-OH group, and t h e  similar e l u t i o n  p r o f i l e  of 

a u t h e n t i c  3',5'-cAMP i n d i c a t e  t h a t  Peaks V and V I  were mono- and disuc-  

c fny la  ted , r e spec t ive ly  . 
hydrolysis  of the d i succ iny la t ed  product'', the  lyoph i l i zed  r e a c t i o n  

mixture was hydrolyzed ( d i s t i l l e d  H20, room temp; 72 h r )  and chromato- 

graphed. 
6 (Peak V I ,  FIG l ) ,  (ii) increased N -monosuccinyl-2', 3 ' -cycl ic  AMP, b u t  

(iii) no change i n  the  5'lnonosuccinyl-2',3'-cyclic AMP (FIG 3). These 

d a t a  confirm t h a t  the major product was 5'-O-monosuccinyl-2~ ,3 ' -cycl ic  

succinyl-2 ' ,3 ' -cycl ic  AMP with l i t t l e  o r  no formation of N Inonosuc- 

c i n y l -  or N -5'-O-disuccinyl-2'-3'ryclic AMP. 

6 To determine i f  N -monosuccinyl-2 ' , 3 ' -cycl ic  AMP was formed by 

This r e su l t ed  i n  (i) decreased disuccinyl-2 ' ,3 ' -cycl ic  AMP 

6 
6 
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5'-0-SUCCINYL-2',3'-CYCLIC AMP 199 

TABLE 1. PRODUCT YIELD 
Succinylated 2'  ,3 ' -cycl ic  AMP was chromatographed on QAE Sephadex. 
f r a c t i o n s  were pooled and analyzed f o r  r a d i o a c t i v i t y  and absorbance a t  

Peak 

260 nm. 
amount of material appl ied t o  the  column. 

Pe rcen t  y i e l d  was c a l c u l a t e d  by comparison with the  total  

PEAK # PRODUCT 
( F I G  1 )  

% YIELD % YIELD 
CPM ABSORBANCE 

- - Pyrid inef  Dioxane 

2',3'-cAMP - 7.0 

V 5;-O-Succinyl-2',3'-cAMP 17.0 72.9 

- I 

111 
I1 Succinic  Anhydride 6.0 

- IV Succinic  Acid ( f r e e )  49.9 

VI N -51-O-Disuccinyl-2',3'-cAMP 5.7 10.1 

(TOTAL RECOVERED) 78.6 90.0 

YIELD: Of the material app l i ed  to the  column, 80% and 90% of  the  

r a d i o a c t i v i  t y  and A260 absorbing materials were recovered, r e s p e c t i v e l y  

(TABLE 1 ) .  Approximately 60% of t he  r a d i o a c t i v i t y  appeared as f r e e  

s u c c i n a t e  and less than 10% as unhydrolyzed anhydride.  Twenty pe rcen t  

of t h e  l a b e l  was i n  the 5'-O-monoeuccinyl-2',3'-cyclic AMP wi th  less 

than 10% appearing i n  N6-5'-O-disuccinyl-2' ,3 ' -cycl ic  AMP. 

proximately 73% of the nuc leo t ide  was monosuccinylated i n  the  5'-OH 

p o s i t i o n ;  less than 10% was d i succ iny la t ed .  

Thus, ap- 

CHARACTERIZATION: Pooled Peak V (FIG 1) f r a c t i o n s  were d e s a l t e d  

and incubated wi th  p u r i f i e d  CNP f o r  30 min a t  37OC. The products  were 
resolved by t h i n  l a y e r  chromatography. Treatment o f  a u t h e n t i c  2' ,3'- 

CAMP and succ iny la t ed  nuc leo t ide  r e s u l t e d  i n  two s p o t s  w i th  Rf va lues  

corresponding t o  2'-AMP and 2',3'-cAMP. Thus, t he  c y c l i c  phosphodiester  

bonds e i t h e r  remained i n t a c t  o r  were reformed dur ing  succ iny la t ion .  

The mechanism o f  3 ' ,5 ' -cycl ic  n u c l e o t i d e  a c y l a t i o n  by s u c c i n f c  

anhydride has been descr ibed by Fa lb r i a rd  e t  a l l3 .  
6 hydroxyl forms an  ester w i t h  the s u c c i n a t e  whereas a t t a c k  a t  t h e  N p r i -  

mary amine forms an  amide l inkage.  

upon the  rate of a c y l a t i o n  a t  each of  t h e s e  f u n c t i o n a l  groups. 

-- e t  al .  "14 reported t h a t  2I-O e s t e r i f i c a t i o n  r e q u i r e s  one h r  i ncuba t ion  

while  formation of t he  amide d e r i v a t i v e  occurs  w i t h i n  10 h r .  The rela- 

The r i b o s e  5'- 

The y i e l d  of each product depends 

Cailla 
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2 00 DREILING, PACHUTA, AND HAMLIN 

t i v e  amounts of ester and amide-linked products  are a l s o  dependent upon 

the  n u c l e o p h i l i c i t y  of t h e  s o l v e n t s  used du r ing  acy la t ion .  Exclusive 

use of  py r id ine  tends to result i n  product ion of N-substi tuted nucleo- 

t i d e s  while  dioxane, a non-nucleophilic s o l v e n t ,  tends t o  r e s u l t  i n  pro- 

d u c t i o n  of 0-subst i tuted products.  I n  the  p r e s e n t  s tudy,  s y n t h e s i s  of 

5'-O-succinyl-2',3'-cAMP was favored by using s h o r t  ( 2  h r )  i ncuba t ion  

per iods and by including dioxane as the so lven t .  These cond i t ions  were 
chosen t o  gene ra t e  a product  with minimal steric hinderance i n  the  

v i c i n i t y  of t he  2 ' , 3 ' - c y c l i c  phosphodiester bonds and the  pu r ine  r ing .  

The i d e n t i t y  of the  major s u c c i n y l a t i o n  product  was determined by 

( i )  charge c o n s i d e r a t i o n s ,  ( i i )  co-chromatography of 3 ' ,5 ' -cycl ic  AMP 

s t anda rds ,  ( i i i )  de t e rmina t ion  of succ ina te :nuc leo t ide  ratios,  ( i v )  

s u s c e p t i b i l i t y  t o  enzyme hydro lys i s ,  and ( v )  UV, I R  and NMR d a t a .  

EXPERIMENTAL 

Succinylat ion:  2 ' ,3 '-Cyclic AMP ( 5 7 p m ;  f r e e  a c i d ;  Boehringer 

Mannheim Biochemicals, Ind ianapo l i s ,  IN) was d i s so lved  i n  0.6 m l  

4-morphol ino-N, N ' -d icyclohexyl-ca rbod i i m  i d  e ( 5 7 1-1 m ; morphol i n e  DCC ; 

Sigma Chemical Company, S t .  Louis,  MO) p rev ious ly  d i s so lved  i n  h o t  

pyridine.  Radioact ive 1,4[ C]-succinic anhydride (50 p C;  4 nmol;. 2.3 

mC/mm; I C N ,  I r v i n e ,  CA), d i s so lved  i n  0.2 m l  d ioxane,  was added and the  

mixture  was incubated a t  room temperature f o r  two hr .  Unlabeled suc- 

c i n i c  anhydride (0.25 m o l  i n  0.2 m l  dioxane)  was added and incuba t ion  

was continued f o r  two hr.  Unreacted s u c c i n i c  anhydride and mixed anhyd- 

r i d e s  were hydrolyzed with d i s t i l l e d  water (10 ml). Afte r  l y o p h i l i z a -  

t i o n ,  the r e s idue  was d i s so lved  i n  4 m l  of  d i s t i l l e d  H20. P r e p a r a t i v e  

scale succ iny la t ion  required 0.57 mmol 2 ' , 3 ' - cyc l i c  AMP and morpholine 

DCC i n  6 m l  py r id ine  and 1.5 m m o l  s u c c i n i c  anhydride i n  3 ml dioxane. 

14 

Charac t e r i za t ion :  The products  of s u c c i n y l a t i o n  were resolved on 

QAE columns (1.5 x 15 cm) e q u i l i b r a t e d  with phosphate b u f f e r  (0.1 M ,  pH 

7.0) con ta in ing  0.02 M NaC1. 

N a C l  g r a d i e n t  (0.02-0.4 M ;  4"C, 60-90 ml/hr) .  F ive  m l  f r a c t i o n s  were 

c o l l e c t e d  and monitored f o r  absorbance (A260) and r a d i o a c t i v i t y  (Sc in t i -  

Verse 11, F i she r  S c i e n t i f i c  Co., Santa Clara, CA). Authent ic  s t anda rds  

of 2',3'-cAMP, 3',5'-cAMP, N -succinyl-3',5'-cAMP, 2'-O-succinyl-3',5'- 

CAMP, and N6-2~-O-disuccinyl-cAMP (Sigma Chemical Co.) were chromato- 

graphed under similar cond i t ions .  F rac t ions  co-chromatographing wi th  

They were e l u t e d  wi th  a phosphate bu f fe red  

6 
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5'-0-SUCCINYL-Z',3'-CYCLIC AMP 201 

the 2 *-O-succinyl-3', 5'-cAMP s tandard were l y o p h i l  ized , d e s a l t e d  on 
Dowex 50-W8-400 and r e lyoph i l i zed .  

= 5.92; I R  (KBr) v 3125-3550 (NH2, O H ) ,  2900-2950 (C-H), 1740 (COOH), 

(W)max, H 2 0  ( X 259.5 run), X 260/X280 

1660 (COOR), 1620, 1245 (P-O),  1190 (P-0), 1135 (P-O-C), 1085 (P-0-C), 

925 (C-O-C); NMR (80mHz,D20) 'H: 

pu r ine  3 o r  85), 4.83 (d,  2, 5 '5 ,  J = 5 Hz), 4.2-3.6 (m,  2, 2'H - and 

3'H), - 3.46 (d,  1, 1'5, J = 3 Hz), 2.85 ( d ,  1, 4 '5 ,  J = 5 Hz), 2.22 

(broad s, 4 succ iny l  5s); NMR (36 mHz) 31P: 21.478 (g3P = -6.0 ppm). 

s u s c e p t i b i l i t y  t o  2' , 3 ' - cyc l i c  nuc leo t ide  phosphodiesterase (CNP) b u t  

n o t  a l k a l i n e  phosphatase.  5'-0-Succinyl-2',3'-cAMP was exposed t o  CNP 

(5 u n i t s  a t  37'C; 30 min) and/or  a l k a l i n e  phosphatase ( 3  u n i t s  a t  37'C; 

30 min). The mixtures  were chromatographed on s i l i ca  gel" and devel- 

oped with ethanol:(0.5 M )  ammonium s u l f a t e  (5:2, v/v) b e f o r e  and af ter  

enzyme trea tmen t. Product m o b i l i t i e s  were compared wi th  s i m i l a r l y  

t r e a t e d  s t anda rds  of non-succinylated 2'  ,3'-cAMP and 2'-AMP. The 

p u r i f i e d  enzymes (Sigma Chemical Company) and were assayed a g a i n s t  

s tandard s o l u t i o n s  of  2 ' ,3 ' -cycl ic  AMP and 2'-AMP p r i o r  t o  use. 

6.95 (m,  1, pur ine  3 o r  85), 6.83 ( m ,  

The i n t e g r i t y  of t he  2 ' ,3 '-phosphodiester r i n g  was as ses sed  by i t s  

ACKNOWLEDGEMENTS : The a u t h o r s  g r a t e f u l l y  acknowledge the  a s s i s t a n c e  of 
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