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ABSTRACT 
Synthesis, PMR- and UV/Vis-Spectroscopic da ta  o f  7-Acety l  -CAMP and 7- 
Acety l  -&NAD+ a re  descr ibed.  Due t o  t h e i r  unique o p t i c a l  p r o p e r t i e s  ( s t r o n g  
absorp t ion  and f luorescence we1 1 above 300 nml these n u c l e o t i d e  analogs 
appear w e l l  s u i t e d  as f l u o r e s c e n t  probes i n  p r o t e i n - l i g a n d  s t u d i e s .  

INTRODUCTION 

1,N6-ethenoadenosine-nucleotides1) , f i r s t  descr ibed by S e c r i s t  e t  a l .  
i n  1972*j3),have been used as f l u o r e s c e n t  coenzyme analogs i n  severa l  
p r o t e i  n-1 igand i n t e r a c t i o n  ~ t u d i e s ~ - ~ * ) .  Subsequently ,several f 1 uorescent  
etheno-analogs o f  o t h e r  n u c l e o t i d e s  were designed f o r  s p e c i f i c  k i n e t i c  

and e q u i l i b r i u m  f luorescence s t ~ d i e s l ~ - ~ ~ ) .  Q u a n t i t a t i v e  e v a l u a t i o n  of 
f luorescence da ta  ob ta ined w i t h  ethenoadenosine n u c l e o t i d e s  and p r o t e i n s  
however,was compl icated by t h e  broad over lap  o f  t h e  r e s p e c t i v e  f l u o r e s -  
cence and a b s o r p t i o n  spec t ra .  To a v o i d  t h i s  d i f f i c u l t y , w e  pro longed t h e  
conjugated double bond system o f  t h e  e theno- r ing  by i n t r o d u c i n g  an acety  
s i d e  cha in  i n  p o s i t i o n  7 o f  two common ethenonucleotides,l,N6-etheno-AMP 
and 1,N6-etheno-NAD+. The new compounds have UV/V is -op t ica l  p r o p e r t i e s ,  
which make them e s p e c i a l l y  s u i t e d  f o r  f luorescence s t u d i e s  w i t h  p r o t e i n s .  
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42 DIETER AND KOBERSTEIN 

RESULTS AND DISCUSSION 

PMR-Spectroscopic Data 

Table 1 sumnarizes t h e  chemical s h i f t s  o f  t h e  newly synthes ized com- 
pounds 1 and 2,0f eAFlP and &NADt and o f  AMP and NADt. To have a l l  t h e  
da ta  under e x a c t l y  t h e  same cond i t ions , the  resonance va lues o f  these 
l a t t e r  n u c l e o t i d e s  were redetermined ,a1 though t h e i r  pmr-data a r e  a l -  
ready published2,l6). Comparison o f  t h e  chemical s h i f t s  o f  compound l 
w i t h  those o f  &AMP and AMP leads by t h e  f o l l o w i n g  c o n s i d e r a t i o n s  t o  
t h e  proposed s t r u c t u r e  o f  compound 1 ( F i g u r e  1 ) :  

1) The resonance a t  8 = 2.67 ppm ( t h r e e  i d e n t i c a l l y  bound pro-  
tons  ) 
r e a c t i o n .  Th is  group must be present  now as a s i d e  c h a i n  i n  a romat ic  
linkage17),because t h e  a l i p h a t i c  a c e t y l g r o u p  o f  B-KBDA shows resonance 
o n l y  a t  2.20 ppm (own data,not  shown). 

2) Ins tead o f  t h e  two doub le t -p ro tons  1947 and gH8,which a r e  cha- 
r a c t e r i s t i c  f o r  t h e  ethenobr idge, the i s o l a t e d  compound 1,as compared 

must o r i g i n a t e  f rom the  ace ty lg roup o f  t h e  a-BKB used f o r  t h e  

TABLE 1: PMR-Data (chemical s h i f t s  i n  ppm) o f  D i f f e r e n t  Nuc leo t ides .  
Numbering o f  t h e  pro tons  f o l l o w s  t h e  nomenclature f o r  ethenoadenine- 

nuc leot ides2r3)  (see f i g . 1 ) .  Solvent :  10% D20 i n  d6-DMSO. Each resonance 

corresponds t o  1 proton,except f o r  t h e  acetylgroup,were 3 p ro tons  were 
detected? 

P y r i d i n i u m  pro tons  
i n  p o s i t i o n  no.: 

“ )Abbrev iat ions used i n  t h e  t a b l e  a re :  s = s i n g l e t - p r o t o n ;  d = doub le t -  
proton;  t = t r i p l e t - p r o t o n .  
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7-ACETYL-l,N -ETHENO-AMP AND -NAD 4 3  

R 

FIGURE 1: Proposed s t ruc tu res  
f o r  compound 1 ( R  = Ribose-5'- 
phosphate; 7-Acetyl -&AMP) and 
compound 2 ( R  = Ribose-5'- 
phosphate-NMNt; 7-Acetyl -€NAD+) . 

t o  AMP,contains only one new Droton i n  the aromatic region ( 6 
10.0 ) .  In analogy t o  the  formation of the  e thenonucleo t ides , i t s  appea- 
rance indicates the formation of an acetylat'ed heterocyclic r ing  between 
aN1 and the aminogroup a t  aC6. With 8 = 10.0 p p m , t h i s  proton i s  sh i e l -  
ded very weakly as compared t o  the  o the r  protons of this compound. The 
reason f o r  t h i s  i s  the c lose  neighbourhood of t he  acetylgroup a t  &C7, 
whose carbonyl exe r t s  a strong atb-active force  upon the e l ec t rons  along 
the  system of conjugated double bonds i n  the heterocyclic etheno-ring. 
The e l ec t ron ic  environment of EH2 seems t o  be influenced only weakly by 
this force,whereas the resonance of &H5 i s  lowered from =9.35 ppm 
t o  6 = 8.70 ppmby the sh ie ld ing  e f f e c t  of the acetylgroup a t  EC7. 

The chemical s h i f t s  of the reac t ion  product of NADt with a-BKB 

(compound 2 )  reveal t h a t  the protons o f  the  pyridinium-ring4) have been 
completely preserved; hence this r ing  has n o t  been attacked by the a l -  
dehyde. The protons a2 and &H5 exh ib i t  s imi l a r  chemical s h i f t s  i n  com- 
pound 1 as  well as i n  compound 2 .  T h e  weakly shielded proton with & =  
10.2 ppm i s  the same as i n  compound 1,l ikewise the 3-proton resonance 
a t  8 = 2.68 ppm of the acetyl s ide  chain. 

= 

UV/Vis-Spectroscopic Data of compounds 1 and 2 

To confirm t h e  chemical s t ruc tu re  of these two new nucleotides and t o  
e s t ab l i sh  t h e i r  s u i t a b i l i t y  f o r  protein-ligand studies,we examined the 
pH-characterist ics of their UV/Vis-spectra. 
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4 4  DIETER AND KOBERSTEIN 

FIGURE 2: UV/Vis;absorption o f  7-Acetyl-&AMP a t  d i f f e r e n t  pH-values. 

A 30 pM s o l u t i o n  o f  t h e  n u c l e o t i d e  i n  0.10 N HC1 a t  20°C was t i t r a t e d  
w i t h  i n c r e a s i n g  amounts o f  3N NaOH. The numbers i n d i c a t e  t h e  f o l l o w i n g  
pH-values: l=pH 1.2; 2=pH 1.6; 3=pH 1.95; 4=pH 2.20; 5=pH 2.50; 6=pH 
3.00; 7=pH 5.60; - 8=pK5.60; - 9=pH 11.00. Broken l i n e :  Readjustment  f rom 
pH 11 To pH 2.0. 

The absorbance spectrum o f  7-Acetyl-€AMP a t  d i f f e r e n t  pH-values i s  

p icked up i n  f i g u r e  2. The spectrum c o n t a i n s  3 i s o s b e s t i c  p o i n t s  a t  311, 

259 and 229 nm,which p e r s i s t  over t h e  whole pH-range,proving t h e  p u r i t y  

o f  t h e  compound o r  a t  l e a s t  t h e  absence o f  chromophores w i t h  o t h e r  spec- 

t r a l  p r o p e r t i e s .  The pH-dependence o f  t h e  a b s o r p t i o n  a t  324 nm c o r r e -  

sponds t o  a pK, o f  1.90,a v a l u e  be ing  a lmost  2.5 u n i t s  lower  than t h e  p$ 

o f  t h e  u n s u b s t i t u t e d  etheno-chromophore16). T h i s  d i f f e r e n c e  can e a s i l y  be 

exp la ined w i t h  t h e  proposed s t r u c t u r e  f o r  compound 1,where t h e  C=O - double 

bond o f  t h e  7-acety l  group stands i n  resonance w i t h  t h e  conjugated double 

bond system o f  t h e  etheno-heterocyc le.  Therefore, the f r e e  i L - e l  e c t r o n p a i r s  

o f  t h e  two neighbour ing n i t r o g e n  atoms a r e  i n c l u d e d  more s t r o n g l y  i n  li- 
m i t i n g  mesomeric s t r u c t u r e s  than i n  t h e  u n s u b s t i t u t e d  etheno-compounds. 

Th is  view i s  supported by t h e  ext remely low e l e c t r o n  d e n s i t y  a t  EC8. 

Contrary  t o  t h e  etheno-chromophore,whose maximal a b s o r p t i o n  i s  pH- 

independent , the absorp t ion  maximum o f  7 -Acety l -aMP i s  s h i f t e d  by ca .30 nn 
t o  h i g h e r  wavelenths w i t h  r a i s i n g  pH-value. As a l r e a d y  s t a t e d  f o r  t h e  

lower  pKa o f  7 -Acety l -~AMP, th is  e f f e c t  as w e l l  i s  p o s s i b l y  due t o  t h e  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
7
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1
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c o n t r i b u t i o n  o f  a d d i t i o n a l  mesomeric s t r u c t u r e s  i n  t h e  unpro tonated  s ta te  
o f  7-Acetyl-&AMP. The a b s o r p t i o n  maxima o f  t h e  unprotonated s t a t e  o f  7- 

Acetyl-&AMP and &AMP,respectively,differ by ca. 60 nm. Th is  s h i f t  i s  s i m i -  

l a r  t o  the  one observed when benzene and acetophenone a r e  compared 18) and 
may serve as an a d d i t i o n a l  p r o o f  f o r  t h e  proposed s t r u c t u r e  of compound 1. 

The a b s o r p t i o n  spectrum o f  7-Acetyl-ENAD' above 290 nm was i d e n t i c a l  
w i t h  t h a t  found f o r  7-AcetyWAMP. The a d d i t i o n a l  n i c o t i n a m i d e  chromophore 

( A m a x  = 260 nm) i n  t h e  former,however,changes i t s  a b s o r p t i o n  a t  lower  
wavelenths. The p o s i t i o n  o f  t h e  i s o s b e s t i c  p o i n t s  was e x a c t l y  t h e  same as 
a l r e a d y  descr ibed f o r  7-Acetyl-&AMP,likewise t h e  pKa o f  1.90 (no f i g s . ) .  
Th i -s ind ica tes  t h a t  i n  b o t h  cases t h e  same chromophore i s  t i t r a t e d  and 
suppor ts  t h e  proposed s t r u c t u r e s  (see f i g . 1 ) .  

F1 uorescence P r o p e r t i e s  o f  7-Acetyl -&AMP and 7-Acetyl-&NAD+ 

E x c i t a t i o n  and emiss ion spec t ra  o f  7 -Acety l -aMP a t  d i f f e r e n t  pH-values 
a r e  shown i n  f i g u r e  3. The e x c i t a t i o n  and emiss ion maxima a r e  centered  
around 330 and 374 nm,respectively,and a r e  pH-dependent. T h e i r  i n t e n s i t y ,  

however,is - very  s i m i l a r  t o  t h e  a b s o r p t i o n  ( f i g u r e  2) - ca.  4- t imes 

h i g h e r  a t  pH 7.6 than a t  pH 1.3. Th is  c o n t r a s t s  w i t h  t h e  behaviour  o f  E M ,  

whose f luorescence i n  n e u t r a l  s o l u t i o n  i s  ca. 50-t imes h i g h e r  than a t  
pH 1.0,although i t s  a b s o r p t i o n  i s  lower  by a f a c t o r  o f  0.5 a t  pH 7.6 than 
under a c i d i c  conditions''). The Stoke 's  s h i f t  o f  7 -Acety l -dMP i s  o n l y  

44 nm (9.5 kca l /mo l )  as compared t o  110 nm (26 kca l /mo l )  observed w i t h  
&A.HC12).  From t h i s  i t  may be concluded t h a t  t h e  p o l a r i t i e s  o f  t h e  ground 

and t h e  e x c i t e d  s t a t e  o f  7-Acetyl-€AMP a r e  s i m i l a r  and t h a t  r e o r i e n t a t i o n  
o f  t h e  s o l v e n t  molecules does n o t  occur  a f t e r  e x c i t a t i o n  o f  t h e  chrornophore. 

same as t h a t  observed f o r  7-Acetyl-EAMP,the quantum yield,however,was ca. 
10-t imes l e s s .  S i m i l a r l y , a  reduced quantum y i e l d  by a f a c t o r  o f  about  10 
o f  €"AD' as compared t o  €AMP was observedlO) and was a s c r i b e d  t o  a "c losed"  
conformat ion  o f  f r e e  ENAD' i n  aqueous s o l u t i o n .  The same c o n s i d e r a t i o n  

seems t o  app ly  f o r  7-Acety l  -ENAD'. 

The f luorescence behaviour  o f  7-Acetyl-gNAD' was q u a l i t a t i v e l y  t h e  

7-Acety l  -&"AD' as a Coenzyme o f  Glutamate Dehydrogenase 

Using 7-Acety l  -&"AD' as coenzyme,glutamate dehydrogenase f r o m  bov ine  
l i v e r  e x h i b i t e d  ca. 70% o f  i t s  c a t a l y t i c  a c t i v i t y  as compared t o  s tand-  

a r d  assay m i x t u r e s l g )  c o n t a i n i n g  NAD'. 
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4 6  DIETER AND KOBERSTEIN 

F I  UP Fluorescence o f  7-Acety l -aMP a t  pH 1.3 (curves A and 
W.U Tcurves  3 and 4). 

and 

Measurment i n  0.10 N HC1 o r  PP (pH 7 .0) , respec t ive ly .  N u c l e o t i d e  concen- 
t r a t i o n  was 16.6 pM. 
Wavelengths (uncor rec ted) :  E x c i t a t i o n  a t  330 nm (curves 2 and 4)  

Emission a t  374 nm (curves 1 and 3 ) .  

METHODS AND MATERIALS 

Methods 

1) Synthes is  o f  cC-Bromo-0-ketobutanal (d-BKB): oC-BKB was synthe-  
s ized  as descr ibed i n 2 0 1  w i t h  t h e  f o l l o w i n g  m o d i f i c a t i o n s :  To a s t rong-  
l y  s t i r r e d  m i x t u r e  o f  15 g (110 mmoles) o f  13-KBDA and 11 g (55 mmoles) 
BaCOg i n  30 m l  H20 are added dropwise 6.20 m l  Br2 (120 mmoles). Dur ing  
t h i s , t h e  temperature i s  r a i s e d  s l o w l y  t o  50OC under i r r a d i a t i o n  by a 
r e a c t i o n  lamp ( w h i t e  l i g h t ) .  The r e a c t i o n  i s  i n i t i a t e d  a t  50OC by add i -  
t i o n  of ca. 10 mg s o l i d  benzoylperox ide.  I n i t i a l l y  a f t e r  d e c o l o r a t i o n  
t h e  m i x t u r e  i s  cooled i n  an i c e  bath,organic and aqueous phase are  se- 
para ted  and t h e  l a t t e r  i s  e x t r a c t e d  w i t h  3x200 m l  d i e t h y l e t h e r .  The ex- 
t r a c t s  are combined w i t h  t h e  o i l y  o rgan ic  phase and d r i e d  over  NazS04. 
The s o l v e n t  i s  evaporated under reduced pressure below lOoC,leaving 
behind a l i g h t  y e l l o w  m i x t u r e  o f  o i l y  and c r y s t a l l i n e  m a t e r i a l  ,which i s  
used immediately o r  s t o r e d  a t  -2OOC. Y i e l d :  9.5 g o r  52%. 

2 )  Synthesis  and p u r i f i c a t i o n  o f  7-Acetyl-&AMP: 1 g (2.5 mmoles) 
AMP,free a c i d , i s  d i s s o l v e d  i n  20 m l  0.25 N L iOH,the pH i s  a d j u s t e d  t o  
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47 6 7-ACETYL-1 ,N -ETHENO-AMP AND -NAD+ 

4.5 (1 N HC1) and t h e  s o l u t i o n  i s  kep t  a t  40OC i n  a water ba th .  Under 
s t r o n g  s t i r r i n g  (hood!),4 g (25 m o l e s )  d-BKB,containing some MgO f o r  
s t a b i l i z a t i o n  are  added q u i c k l y .  The pH i s  kept  cons tan t  a t  4.5 w i t h  
2 N LiOH. A f t e r  one hour,again 4 g of@-BKB are  added. The proceeding 
of the  r e a c t i o n  i s  moni tored by p r e c i p i t a t i n g  0.10 m l  w i t h  2 m l  o f  
c o l d  acetone and measuring t h e  e x t i n c t i o n  o f  t h e  r e d i s s o l v e d  p r e c i p i -  
t a t e  a t  324 nm i n  PP o f  pH 7.6. A324 i s  cons tan t  a f t e r  ca. 12 h r s .  
A f t e r  e x t r a c t i o n  w i t h  d i e t h y l e t h e r  (3x200 m l )  ,the aqueous phase i s  con- 
c e n t r a t e d  under reduced pressure  a t  40OC t o  ca. 10 m l  and then poored 
i n t o  500 m l  o f  c o l d  acetone. The p r e c i p i t a t e  i s  c o l l e c t e d  by c e n t r i -  
f u g a t i o n  and i s  a lmost  s a l t - f r e e  because o f  t h e  good s o l u b i l i t y  o f  
L i B r  i n  acetone. The r e d i s s o l v e d  (H20) p r e c i p i t a t e  i s  a d j u s t e d  t o  pH 
4.5 and a p p l i e d  t o  a Dowex 1x2-column ( 4 0 ~ 1 . 5  cm,formate-form i n  H20). 

250 m l  2 M HCOOH) i s  a p p l i e d , e l u t i n g  ca.  50% o f  s t a r t i n g  material(AMP) 
and 5-7 minor  u n i d e n t i f i e d  products .  The f o l l o w i n g  g r a d i e n t  (250 m l  

ends a t  t h e  beg inn ing  o f  t h e  7-Acetyl-€AMP - peak. The compound i s  
e l u t e d  w i t h  ca. 300 m l  4 M HCOOH; f r a c t i o n s  e x h i b i t i n g  i d e n t i c a l  absor- 
p t i o n  spec t ra  a t  pH 6-9 (&ax = 324 nm;shoulders a t  335 and 290 nm; 
& i n  = 265 nm,see f i g . 2 )  a r e  combined and l y o p h i l i z e d  severa l  t imes f o r  
complete removal o f m i c  a c i d .  Y i e l d :  400 mg o r  32% of p a l e  y e l l o w  
7-Acety l  -€AMP. 

t u r e  conta ins  NAD+ and&-BKB i n  t h e  same molar  r a t i o s  and q u a n t i t i e s  as 
a l r e a d y  descr ibed f o r  t h e  syn thes is  o f  7-Acetyl-&AMP. A f t e r  ca.  20 hrs ,  
A324 i s  cons tan t .  The produc t  m i x t u r e  i s  prepared f o r  chromatography as 
a l r e a d y  descr ibed f o r  the  AMP-derivative. A f t e r  washing t h e  column w i t h  
ca .  400 m l  H20,a l i n e a r  g r a d i e n t  (250 m l  H 0 ------- >250 m l  3 M HCOOH) 
i s  a p p l i e d  which e l u t e s  m a i n l y  unreacted N iD+ .  7-Acetyl-&NAD+ appears 
a t  t h e  end o f  t h e  f o l l o w i n g  g r a d i e n t  (250 m l  3 M HCOOH ------- 7 2 5 0  m l  
5 M HCOOH) and i s  e l u t e d  w i t h  some more 5 M HCOOH. F r a c t i o n s  e x h i b i t i n g  
i d e n t i c a l  a b s o r p t i o n  spec t ra  pmax = 324nm; shoulders a t  335,290,275 and 
255 nm;hmin = 280 nm i n  PP a t  pH 7.6) a r e  combined and l y o p h i l i z e d  seve- 
r a l  t imes.  Y i e l d :  500 mg o r  28% p a l e  y e l l o w  7-Acetyl-ENAD+. 

t i n c t i o n  c o e f f i c i e n t  a t  324 nm o f  /-Acetyl-€AMP and 7-Acety l  -hNAD (pH 
7.60) was determined g r a v i m e t r i c a l l y  and by e s t i m a t i o n  o f  phosphate accor-  
d i n g  t o  Chenzl). For  bo th  n u c l e o t i d e s  €324 was 12 W-1.cm- . 
solved a t  15-25 mg/ml (AMP and d e r i v a t i v e s )  o r  30-50 mg/ml (NAD+ and d e r i -  
v a t i v e s ) .  Solvents  were D20 and d6-DMSO. The spec t ra  were c a l i b r a t e d  i n t e r -  
n a l l y  by comparison o f  exper imenta l  resonance va lues w i t h  t h e  resonance of 
TMS (6 = 0 i n  d6-DMSO) o r  t h e  sodium s a l t  o f  TriMPS ( 8 = 0 i n  D20). 

6) Fluorescence spec t ra  were measures on a Perk in-Elmer s p e c t r o f l u o r i -  
meter w i t h o u t  c o r r e c t i o n  f o r  s p e c t r a l  c h a r a c t e r i s t i c s  o f  lamp,monochromator 
and d e t e c t o r .  

7) Absorp t ion  spec t ra  were recorded on a CARY 18 spect rophotometer .  
8)  O x i d a t i o n  o f  g lu tamate by 7-Acetyl-€NAD+ i n  presence o f  g lu tamate 

assay was performed as descr ibed b y  D i e t e r  e t  a l .  f o r  

A f t e r  washing w i t h  400 m l  H20 a l i n e a r  g r a d i e n t  (250 m l  H20 ------ 9 

H20 _ _ _ _ _ _ _  > 250 m l  4 M HCOOH) removes some more unknown produc ts  and 

3)  Synthes is  and p u r i f i c a t i o n  o f  7-Acetyl-~NAD+:The r e a c t i o n  mix-  

4)  Photometr ic  de terminat ion  o f  n u c l e o t i d e  concent ra t ions :  The ex- 

5) PMR-Spectra: The p u r i f i e d  and fo rmate- f ree  n u c l e o t i d e s  were d i s -  

dehydrogenase: Thi  
NAD+ as coenzyme 193 . 

Ma t e r  i a 1 s 
B-KBDA f rom Fluka-AG,CH-9470 Buchs,was d i s t i l l e d  under reduced p r e s s r e  

be fore  use. Dowex 1~2,200-400 mesh and AMP ( f r e e  a c i d )  were f r o m  Serva,Hei- 
de lberg .  O-NAD+.Naz as w e l l  as bov ine l i v e r  g lu tamate dehydrogenase were 
from Boehringer,Mannheim. D20 (Uvasol q u a l i  ty),TMS and TriMPS-Na were f rom 
Merck,Darmstadt ,dh-DMSO f rom t h e  "Eidgenossi sche I n s t i  t u t  f u r  R e a k t o r f o r -  
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schung" i n  CH-5303 Wurenlingen. A l l  o the r  chemicals were o f  biochemical 
reagent grade froni coimnercially ava i l ab le  sources. 
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