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O R I G I N A L A R B E I T E N  

A note on the ADP-ribose-protein linkages in rat-liver 
nuclei: a possible approach to assessing megavitarnin 
therapy with niacin 

D. St~irk a n d  G. S i e b e r t * )  

D e p a r t m e n t  of  B i o l o g i c a l  C h e m i s t r y  a n d  N u t r i t i o n ,  U n i v e r s i t y  of  
H o h e n h e i m  

Summary 

Nuclei isolated from rat liver were incubated with NAD ~ whose two ribose 
moieties were respectively labeled with 3H or 14C. By enzymatic (phosphodiester- 
ase) and/or chemical (hydroxylarnine) attack on doubly labeled ADP-ribosylated 
nuclear proteins and identification of fragments released from nuclear residues, 
AMP was found after hydroxylaminolysis as well as iso-ADiD-ribose after phos- 
phodiesterase plus hydroxylamine, in the absence of detectable amounts of ribose- 
5-phosphate. This is taken to indicate the existence of additional ribose-protein 
binding sites in in vitro ADP-ribosylated nuclear proteins: Besides C-I" (Hayaishi et 
aL, Stoeken et al.) C-2' and/or C-3' (purine-near) as well as C-2" and/or C-3" 
(pyrimidine-near), not only at the end but also within the chain of oligo-hnPR. 

Zusammenfassung 

Aus der Rattenleber isolierte Zellkerne werden mit NAD ~9 inkubie~, dessen 
beide Ribosen mit jeweils 3H oder 14C markiert sind. Enzymat/scher (Phosphodies- 
terase) und/oder chemischer (Hydroxylamin) Abbau markie~er ADP-ribosylierter 
Proteine und Identifizierung der aus Zellkernr0ckst~nden freigesetzten Bruch- 
sti~cke erweist, dab A_I~P nach Hydroxylaminolyse sowie iso-ADP-Ribose naeh 
Phosphodiesterase und Hydroxylamin - bei Fehlen nachweisbarer IV[engen an 
Ribose-5-phosphat - das Vorkommen zus~tzlicher Bindungsformen zwischen Pro- 
tein und Ribose in in vitro ADP-ribosylierten ZeUkern-Proteinen verlangen: Neben 
C-I" (Hayaishi u.a., Stocken u.a.) noch C-2' und/oder C-3' (Purin-nahe) und 
weiterhin C-2" und/oder C-3" (Pyrimidin-nahe), und dies nicht nur am Kettenende, 
sondern auch in der Mitte der Kette yon Oligo-ADPR. 

K e y  words: ADP-ribose,  liver, nuclei, NAD, protein-ADP ribosylation,  ribose- 
protein bonds  

I n t r o d u c t i o n  

I n  p r e v i o u s  p a p e r s ,  c o n s e q u e n c e s  of  e x c e s s i v e  a d m i n i s t r a t i o n  of 
n i c o t i n a m i d e  h a v e  b e e n  d e s c r i b e d  a t  t h e  N A D  @ l e v e l  (1) a n d  in  r e g a r d  to  
A D P - r i b o s e  p r o t e i n  c o n j u g a t e s  (2). S i n c e  t h e  d i s c o v e r y  of  A D P - r i b o s e  in  
c o v a l e n t  l i n k a g e  to  n u c l e a r  p r o t e i n s  b y  C h a m b o n  e t  al.  (3), s e v e r a l  e f fo r t s  
h a v e  b e e n  r e p o r t e d  to  i d e n t i f y  t h e  c h e m i c a l  n a t u r e  of  t h e  c o v a l e n t  b o n d  
b e t w e e n  n u c l e o t i d e  a n d  p r o t e i n  (for  r e v i e w ,  s e e  P u r n e l l  e t  al. (4)). W h e r e a s  
a t  t h e  p r o t e i n  s i t e  a c o n s i d e r a b l e  n u m b e r  of  a m i n o  a c i d  r e s i d u e s  h a s  b e e n  
i n v o k e d ,  i t  is  e s s e n t i a l l y  t h e  w o r k  of  H a y a i s h i  e t  al. (5) in  w h i c h  C-I"  of  t h e  

*) L. S. Dietr ich t and G. Siebert,  unpubl i shed  
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p y r i d i n e - n e a r  r i b o s e  ( in  c h a i n - e n d  p o s i t i o n )  h a s  b e e n  d e s c r i b e d  a s  g i v i n g  
r i s e  t o  A D P - r i b o s y l a t i o n .  M o r e  r e c e n t l y ,  i n f o r m a t i o n  is i n c r e a s i n g  o n  t h e  
m u l t i p l i c i t y  o f  t h e  t y p e  o f  p r o t e i n - A D P R  c o n j u g a t e s  (6). 

T h e  d i f f e r e n t i a l  s t a b i l i t y  o f  b o u n d  A D P - r i b o s e  t o w a r d s  a l k a l i  a n d / o r  
n e u t r a l  h y d r o x y l a m i n e  (7-9) a n d  s u p p o s e d  e x i s t e n c e  o f  a t h i r d  a lka l i -  
r e s i s t a n t  b o n d  in  v i v o  (10), a s  w e l l  as  s o m e  p r e l i m i n a r y  o b s e r v a t i o n s  (1) l e d  
to  a r e a s s e s s m e n t ,  w i t h  t h e  a i d  of  d o u b l y  l a b e l e d  N A D  ~ as  p r e c u r s o r ,  of  
t h e  c h e m i c a l  i d e n t i t y  o f  t h e  A D P R  c o m p o n e n t  t a k i n g  p a r t  i n  t h e  c o v a l e n t  
b o n d  t o  p r o t e i n ( s ) .  I t  is  s h o w n  in  t h i s  c o m m u n i c a t i o n  t h a t  m o r e  t h a n  o n e  
t y p e  o f  c o v a l e n t  b o n d  is  f o r m e d  in  A D P - r i b o s y l a t e d  n u c l e a r  p r o t e i n s  o f  r a t  
l i v e r  i n  v i t r o .  

M a t e r i a l s  a n d  m e t h o d s  

Enzymes  (alkaline phospha tase ,  phosphod ie s t e r a se  f rom snake  venom,  N A D  
pyrophosphory lase )  were  f rom Boehr inger ,  M a n n h e i m  or Merck,  D a r m s t a d t  (pro- 
te inase  K, phosphod ie s t e r a se  f rom snake  venom).  Ca lb iochem,  San  Diego,  supp l ied  
ADP-r ibose ,  A m e r s h a m - B u c h l e r ,  Braunschweig ,  [U-14C]-adenine-NAD wi th  
100-200 m C i / m m o l ,  [U-14C]-adenosine-5'- tr iphosphate wi th  529 m C i / m m o l ,  and [5- 
3H]-D-ribose w i t h  9.6 Ci /mmol ,  N E N  Chemicals ,  Dre i e i chenha in  bei  F r a n k f u r t / M ,  
radioact ive  s tandards  (water-3H and toluene-14C) and Biof luor  as cockta i l  for LSC.  
Nucleos ides  and  nuc leo t ides  were  f rom Boehr inger ,  M a n n h e i m ,  also reagents  for 
enzymat ic  analyses;  r eagen t  grade  chemica l s  f rom Merck,  Darmstad t ,  D o w e x  lX8, 
200 mesh ,  pract,  f rom Serva,  Heide lberg .  

Radioac t iv i ty  was measu red  in a l iquid  scint i l la t ion coun te r  ( B e c k m a n  Instru-  
ments ,  Mflnchen);  the  y ie ld  was ob ta ined  f rom internal  s tandards.  Th in  layer  
c h r o m a t o g r a m s  and  paper  e lec t rophore t i c  runs  were  coun ted  wi th  a th in- layer  
counte r  (Berthold,  Wildbad). 

Labe l led  N A D ' s  were  p repa red  as follows: Rats  r ece ived  [5-3H]-D-ribose (11), and  
t r i t ium-labeled  N A D  was  isolated accord ing  to B r u m m  and  Po t t e r  (12). [3H-ribose]- 
NMN was ob ta ined  by  the  ac t ion  of phosphod ie s t e r a se  or  N A D  pyrophosphory lase .  
Resyn thes i s  of [3H-NMN]-NAD wi th  exc lus ive  label  in the  pyr id ine-near  r ibose  was 
pe r fo rmed  accord ing  to (13). [~4C-Ado]-NAD wi th  exc lus ive  label  in the  pur ine -nea r  
r ibose was  syn the t ized  f rom [U-14C]-adenosine-5'- tr iphosphate and  NMN. Speci f ic  
radioact iv i t ies  are  based  on enzymat ic  analysis  (14) and  gave  12.51 ~tCi/mol for [14C- 
adenosine]-NAD,  respec t ive ly  0.75 ~Ci/~mol, for [3H-ribose in NMN]-NAD.  The  
pur i ty  of the  N A D ' s  was  checked  by i) r e c h r o m a t o g r a p h y  on  D o w e x  lX8  wi th  a 
d i scon t inuous  g rad ien t  (15), ii) uv  spect ra  in 1 M K C N  (16), iii) enzymat ic  analysis  
(14) and c o m p a r i s o n  wi th  uv  absorpt ion ,  and  iv) f inally th in- layer  c h r o m a t o g r a p h y  
(see below) in so lvent  # 1 and  radioac t iv i ty  m e a s u r e m e n t  as descr ibed.  N A D  ~ (13- 
n ico t inamide-aden ine -d inuc leo t ide ;  free acid, g rade  I, 100%, f rom Boehr inger )  
served as reference.  

Nucle i  w e r e  i sola ted  f rom the  l iver  of female  SIV-50 albino rats ( Ivanovas  an imal  
farm, KiBlegg), of 150-200 g body  weight ,  accord ing  to Blobe l  and Po t t e r  (17). 
Incuba t ion  of nuc le i  co r r e spond ing  to 20 g fresh rat  l iver  was  in 0.05 M Tris/C1- of 
pH 8.2, 0.014 M MgC12 and 0.037 M KC1 wi th  the  fo l lowing addi t ions:  5 x 10-4M N A D  
with 1.45 • 106 dpm/~-nol  for [14C-Ado]-NAD, 1.32 • 106 dpm/t~mol for [14C-Ad]-NAD, 

Abbreviations 

A D P R  = adenos ined iphospho r ibose ;  A M P  = adenos ine -5 ' -monophospha te ;  (~gC- 
Ad)-NAD = (U-14C)-adenine-NAD; (14C-Ado)-NAD = (U-14C)-adenosine-NAD; 
(:~H-NMN)-NAD = NAD-(r ibose  in NMN)-'~H; i so-ADPR = 2'-(5"-phosphoribosyl)- 
a d e n o s i n e m o n o p h o s p h a t e ;  N A D  = [~-nicotinamide aden ine  d inuc leo t ide ;  oligo- 
A D P R  = ol igo-(adenos inediphosphor ibose)n ;  n _-< 10. 
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a n d  1.45 • 10 ~ d p m / t t m o l  for t he  m i x t u r e  of [14C-Ado] a n d  [3H-NMN] NAD. Af te r  
10 r a in  at  25 ~ t h e  i n c o r p o r a t i o n  was  s t o p p e d  w i t h  ice-cold  p e r c h l o r i c  ac id  a t  3 % 
f inal  c o n c e n t r a t i o n .  

P h o s p h o d i e s t e r a s e  d ige s t i on  of l abe l ed  n u c l e a r  p r e c i p i t a t e  was  p e r f o r m e d  a f te r  
w a s h i n g  of t h e  n u c l e a r  p r ec i p i t a t e  w i t h  3 % pe rch lo r i c ,  acid,  u n t i l  n o  m o r e  rad ioac-  
t iv i ty  cou ld  b e  r e m o v e d ,  fo l lowed  b y  3 w a s h i n g s  w i t h  0.05 M Tris/C1 of p H  7.0. T h e  
n e a r - n e u t r a l  w a s h e d  r e s i d u e  w as  s u s p e n d e d  in  2 m l  0.2 M Tr i s /C] -  of p H  7.4 a n d  
i n c u b a t e d  for  3 h r s  a t  25 ~ w i t h  50 $tg e n z y m e / m l .  T h e  i n c u b a t i o n  was  s t o p p e d  as  
above .  T h e  e x t e n t  of p h o s p h o d i e s t e r a s e  d i g e s t i o n  was  f r e q u e n t l y  c h e c k e d  b y  a 
s e c o n d  e n z y m a t i c  a t t a c k  on  t he  r e s idue ;  in  t h e  average ,  m o r e  t h a n  90 % of to ta l  
so lub i l i zed  r ad ioac t i v i t y  was  o b t a i n e d  a f te r  t h e  f i rs t  i n c u b a t i o n .  T h e  n e u t r a l i z e d  
s u p e r n a t a n t  was  c h r o m a t o g r a p h e d  o n  D o w e x  lX8.  

T r e a t m e n t  w i t h  h y d r o x y l a m i n e  or  alkali .  T h e  w a s h e d  n u c l e a r  r e s i d u e  a f t e r  phos -  
p h o d i e s t e r a s e  i n c u b a t i o n  w as  k e p t  for 1 h r  at  0~ in  0.4 M NH2OH , p H  7.0, or  in  
0.2 N NaOH,  respec t ive ly .  T h e  r e a c t i o n s  w e r e  s t o p p e d  w i t h  HC104 a n d  c h r o m a t o g -  
r a p h e d  as  above .  

T h i n - l a y e r  c h r o m a t o g r a p h y  was  o n  ce l lu lose  p la t e s  (Merck,  D a r m s t a d t )  w i t h  
f l u o r e s c e n t  i n d i c a t o r  in  t he  fo l lowing  so lven t s :  
# 1 i s o b u t y r i c  ac id :conc .  NH~:H20 = 66:1.7:33 (v/v/v)  (16) 
# 2 0.1 M s o d i u m  p h o s p h a t e ,  p H  6 . 8 : a m m o n i u m  s u l f a t e : l - p r o p a n o l  = 100:60:2 (v/w/ 

v) (16) 
# 3 H 2 0 : l - p r o p a n o l : c o n c .  N H  3 = 25:55:30 (v/v/v) (18). 

F o r  local iza t ion ,  u v  l ight ,  an i l i ne  p h t h a l a t e  (19), a n d  H a n e s  r e a g e n t  (20) w e r e  used .  
P a p e r  e l e c t r o p h o r e s i s  was  d o n e  o n  S c h l e i c h e r  & Scht i l l  No. 2043 ag., w a s h e d ,  in  

0.1 M b o r a t e  buf fer ,  p H  9.2 (21) or  in  0.05 c a r b o n a t e  buf fe r ,  p H  9.2, for  12-13 h r s  a t  
100 Volt.  

R e s u l t s  a n d  d i s c u s s i o n  

B e s i d e s  [ 1 4 C - a d e n i n e ] - N A D ,  [ 1 4 C - A d o ] - N A D  a n d  [ 3 H - N M N ] - N A D ,  o n e  
d o u b l e - l a b e l i n g  e x p e r i m e n t  w a s  s t a r t e d  b y  m i x i n g  t r i t i u m - l a b e l e d  
( p y r i d i n e - n e a r  r i b o s e )  a n d  c a r b o n - l a b e l e d  ( p u r i n e - n e a r  r i b o s e )  N A D  O. I n  
o r d e r  t o  d i s t i n g u i s h  b e t w e e n  e i t h e r  e n d  g r o u p ,  p y r i d i n e - n e a r  r i b o s e  (C- l " )  
o r  p u r i n e - n e a r  r i b o s e  (C-2 '  o r  C-3 ' ) ,  r e s p e c t i v e l y ,  a s  t h e  l i n k  t o w a r d  p r o t e i n ,  
t h e  i n c u b a t e d  n u c l e i  w e r e  f i r s t  t r e a t e d  w i t h  p h o s p h o d i e s t e r a s e  f o l l o w e d  
b y  n e u t r a l  h y d r o x y l a m i n e .  F r o m  t h e  s t r u c t u r e  o f  o l i g o - A D P R ,  t h e  f o l l o w -  
i n g  l a b e l i n g  p a t t e r n s  w o u l d  b e  e x p e c t e d :  

T y p e  of A D P R  (cha in-end) -  C-1" C-2' or  C-3' 
p r o t e i n  l i nkage  

l a b e l e d  N A D  u s e d  (3H-ribose) (14C-ribose) (3H-ribose) (14C-ribose) 

So lub i l i z ed  b y  
p h o s p h o d i e s t e r a s e  

A M P  u n l a b e l e d  l a b e l e d  a b s e n t  a b s e n t  
i s o - A D P - r i b o s e  l abe l ed  l a b e l e d  l a b e l e d  l a b e l e d  
r i b o s e - 5 - p h o s p h a t e  a b s e n t  a b s e n t  l abe l ed  u n l a b e l e d  

S u b s e q u e n t l y  so lub i l i zed  
b y  h y d r o x y l a m i n e  
A M P  a b s e n t  a b s e n t  u n l a b e l e d  l abe l ed  
r i b o s e - 5 - p h o s p h a t e  l a b e l e d  u n l a b e l e d  a b s e n t  a b s e n t  
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When the  cor responding  fractions were  analyzed, the results were  as 
follows in Table 1. 

Recovery  of radioactivi ty was in the average - 2  % in 7 exper iments  with 
P D E  (max. +10 %, min. - 1 6  %) and in the average - 8  % in 5 exper iments  
wi th  NH2OH (max. +3 %, rain. - 1 3  %). 

The pat tern  of the phosphodies terase-re leased p roduc t s  is compat ib le  
with a C-I" link, i.e. pyridine-near  (A in the scheme below): However ,  
subsequen t  t rea tment  with hyd roxy lamine  again liberates AMP, m u c h  
iso-ADP-ribose is found,  and r ibose-5-phosphate  cannot  be detec ted  with 
sufficient certainty. In  these exper iments ,  NaOH instead of NH2OH did 
not  lead to grossly different results. 

If, however ,  hyd roxy lamine  is employed  wi thou t  foregoing phos-  
phodies terase  act ion (data not  shown), h ighly labeled AMP is found  (see 
also (21)) wh ich  became  solubilized by  NH2OH. Such  a react ion migh t  
poss ib ly  s tem from some slight phosphodies te rase  or ADP-r ibose  gly- 
cohydrolase  act ion dur ing  the incubat ion  of nuclei, bu t  it certainly 
requires C-2' or C-3' (purine-near) in chain-end posi t ion as protein l ink (B 
in the scheme below). These results are thus  compat ib le  wi th  an equivocal  
si tuation in that  either r ibose of NAD@ may  be engaged  in bond ing  to 
nuclear  proteins in vitro (22). 

However ,  the occur rence  of labeled iso-ADP-ribose w h e n  hydroxyl -  
amine  was employed  after phosphodies te rase  cannot  be expla ined by 
either chain-end link to nuclear  proteins bu t  seems to require  a different 
type  of covalent  b o n d  as follows: 

Protein ? (~) 
C-2 '1C-3 '  

Rib-Ad (end-chain) 
I 
P 
I 
PI //Protein? @ 

/ f  Rib_l~2_r~ib_A d c'..2'1c-3' (mid-chain} 

@ Pro}ein ? P 
I 

C-2"1C-3" p 
{mid-chain) I 

Rib-1 ~Protein @ 
C-l" 

(end-chain) 

Therefore either C-2" and/or  C-3" (C), or respect ively C-2' and/or  C-3' (D) 
in mid-chain  posi t ion are suggested  in addi t ion to the end-chain  posit ions 
C-l" and, respectively,  C-2' and/or  C-3'. Thus  phosphodies te rase  wou ld  
gain addit ional  cleavage sites once the prote in  l ink has been  b roken  by  hy- 
droxylamine.  The prerequisi te  that  phosphodies te rase  act ion was exhaus-  
tive prior  to hyd roxy lamine  incubat ion  has regularly been  checked  and 
was always met  (see also under  Methods). 

These data are valid for the NH2OH-sensitive conjugates  be tween  pro- 
tein and ADP-r ibose  fo rmed in vitro; it follows f rom their  interpretat ion 
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t ha t  the  a t t a c h m e n t  s i tes  b o t h  a t  n u c l e a r  p r o t e i n s  a n d  at  A D P - r i b o s e  
moie t i e s  m a y  be  severa l - fo ld .  I n  a d d i t i o n ,  h o w e v e r ,  m e c h a n i s m s  a n d  
s e q u e n c e  of ol igo- a n d  p o l y - A D P - r i b o s e  f o r m a t i o n  w o u l d  n e e d  a t h o r o u g h  
r ev i s ion  if C-2 ' /C-3'  a n d / o r  C-2"/C-3" ac t  as a d d i t i o n a l  c o n n e c t i n g  p o i n t s  
t o w a r d s  n u c l e a r  p ro t e in s .  D a t a  of M i w a  et  al. (23) o n  c r o s s - l i n k e d  oligo- 
A D P - r i b o s e ,  of Gi l l  (24) o n  A D P - r i b o s e  p r o l o n g a t i o n ,  of T a n a k a  (25) on  
o l i g o - A D P - r i b o s e  b o n d s  to p ro t e in ,  of S u h a d o l n i k  (26) w i t h  3 ' d N A D  a n d  
2 ' d N A D ,  as we l l  as of S t o n e  e t  al. (27) on  h i s t o n e  H l - p o l y - A D P - r i b o s e  
d i m e r  m o l e c u l e s  are,  to say  the  least ,  n o t  i n  c o n t r a d i c t i o n  to t he  r e p o r t e d  
f i n d i n g s  a n d  t h u s  s u p p o r t  the  s u g g e s t i o n  of th i s  paper ,  to c o n s i d e r  aga in ,  
in  c o n j u n c t i o n  of t he  m u l t i f u n c t i o n a l  a spec t s  of (6) p r o t e i n  A D P - r i b o s y l a -  
t ion,  t he  c h e m i c a l  a spec t s  of t he  c o v a l e n t  b o n d s  i nvo l ve d .  

T h e  d a t a  r e p o r t e d  a b o v e  are  o b t a i n e d  in  v i t ro  a n d  m a y  n o t  n e c e s s a r i l y  
app ly  to i n -v ivo  s i t ua t i ons .  S ince ,  h o w e v e r ,  f e e d i n g  of n i c o t i n a m i d e  (28) or 
its i n t r a p e r i t o n e a l  a d m i n i s t r a t i o n  (2) e n h a n c e s  A D P - r i b o s y l a t i o n  of pro-  
te ins ,  i n -v ivo  effects  of h i g h  doses  of n i c o t i n a m i d e  are  e s t a b l i s h e d  a n d  l ead  
to the  q u e s t i o n  if t he  d a t a  r e p o r t e d  a b o v e  are  of s i g n i f i c a n c e  for 
m e g a t h e r a p y  a t t e m p t s  w i t h  n i ac in .  I t  is t he  s u g g e s t i o n  of the  p r e s e n t  
a u t h o r s  t h a t  t he  d e m o n s t r a t e d  m u l t i p l i c i t y  of p r o t e i n  c o n j u g a t e s  w i t h  
ADP- r ibose ,  w h o s e  c o n s e q u e n c e s  c a n n o t  b e  o v e r l o o k e d  at  t he  t i m e  be ing ,  
s h o u l d  r a t h e r  r e s t r i c t  t he  u se  of n i a c i n  in  doses  w h i c h  e x c e e d  b y  far  
n u t r i t i o n a l  r e q u i r e m e n t s .  
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