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NUCLEOSIDES & NUCLEOTIDES, 7(1), 45-60 (1988) 

STRUCTURE AND CONFORM AT I ON OF 1 - 6-D -R IROF IJR ANOS Y L PY R I D I N -4 -0 NE -3 - 
CARBOXAMIDE, A NOVEL NIICLEOSIDE FROM HUYAN URINE 

WITH A RARE RIBOSE PUCKER 

T. S r i k r i shnan f ,  R. ParthaSarathy+*, J.L. A l d e r f e r t t *  
S.P. D u t t a t t  and G.R. Chhedaft* 

Center f o r  C rys ta l  l o g r a p h i c  Researcht 
and R iophys ics  Departmentt f  

Roswell Park Memorial I n s t i t u t e ,  B u f f a l o ,  New York 14263 USA 

Abs t rac t  

The p y r i d i n e  nucleoside, 1- 5 - D - r i b o f u r a n o s y l p y r i d i  n-4-one-3- 
carboxamide (PCR) i s  one o f  severa l  nove l  nuc leos ides  i s o l a t e d  i n  our  
l a b o r a t o r y  f rom t h e  u r i n e  o f  c h r o n i c  myelogenous leukemia p a t i e n t s .  
I t s  c r y s t a l  s t r u c t u r e  and conformat ion  were s t u d i e d  t o  complete i t s  
c h a r a c t e r i z a t i o n .  Th is  nuc leos ide  e x h i b i t s  an anti ( X ~ ~  = 66.9O) 
conformat ion  across t h e  g l y c o s i d i c  bond, a r a r e  pucker o f  t h e  r i b o s e  
r i n g ,  C(4')exo-C(3')endo (4T3), and g+ across t h e  C(4 ' ) -C(5 ' )  
bond. The amino grou-f t h e  carboxamide i s  p rox ima l  t o  and hydrogen 
bonded i n t r a m o l e c u l a r l y  t o  O(4). Nuclear magnet ic resonance s t u d i e s  
show t h a t  t h e  i n t r a m o l e c u l a r  hydrogen bond i s  p resen t  i n  t h e  s o l u t i o n  
s t a t e  also,  b u t  t h e  s o l u t i o n  conformat ion  o f  t h e  fu ranose r i n g  i s  n o t  
t h e  same as t h a t  observed i n  t h e  s o l i d .  

As a p a r t  of  t h e  program t o  i n v e s t i g a t e  u r i n e s  o f  cancer p a t i e n t s  
f o r  t h e  presence o f  novel  substances d e r i v e d  f rom n u c l e i c  a c i d  anabo l i c  

and c a t a b o l i c  processes, we have repo r ted  a number o f  u r i n a r y  nucleo- 

s ides  and basesl-3. One of these unusual nuc leos ides  i s o l a t e d  f rom 
t h e  u r i n e  o f  p a t i e n t s  w i t h  ch ron ic  myelogenous leukemia was assigned 

t h e  s t r u c t u r e  1- B -D - r i bo fu ranosy lpy r id i  n-4-one-3-carboxamide ( I )  
(PCR)4. The occurrence o f  t h i s  compound has n o t  been r e p o r t e d  

p r e v i o u s l y  f rom any b i o l o g i c a l  source. Even though t h e  o r i g i n  o f  t h i s  

nuc leos ide  and t h e  p r e v i o u s l y  r e p o r t e d  methyl  a ted  base l - m e t h y l p y r i -  

Abbrev ia t ions  used are :  

t 6A : 
g6A: 9-b-D-ribofuranosyl-NCpuri n-6-yl  ) -carbamoyl l -  g l y c i n e .  

ac4C: N4-Acetyl c y t i d i n e .  

9-13-0 - r i b o f  u ranosy 1 -N [ pu r i n- 6 -y 1 ) - c a rhamoyl I - 1 - t h reon i ne . 
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46 SRIKRISHNAN ET AL. 

0 

I 

d i  n-4-one-3-carboxamide5 has no t  been f u l l y  es tab l i shed ,  i t  has been 

suggested t h a t  these compounds a r e  d e r i v e d  e i t h e r  f rom t h e  u b i q u i t o u s  

c o f a c t o r  n ico t inarn ide  adenine d i n u c l e o t i d e  (NAD+) o r  from t h e  base 

nicot inamide6, NAn+ p l a y s  a key r o l e  i n  most b i o l o g i c a l  o x i d a t i o n  

and reduc t i on  reac t i ons .  It appears t h a t  t h e  nuc leos ide  ( I )  may a r i s e  

f rom NADt a f t e r  o x i d a t i o n  a t  t h e  4 - p o s i t i o n  o f  i t s  p y r i d i n e  mo ie ty  

fo l lowed by h y d r o l y s i s  and dephosphory la t ion .  T h i s  n i i c l eos ide  ( I )  may 

a l s o  r e s u l t  f rom t h e  r e a c t i o n  between n i co t i namide  and r i b o s e - l -  

phosphate fo l lowed by o x i d a t i o n  a t  t h e  4 - p o s i t i o n .  

Aside from t h e  p o t e n t i a l  o f  t h i s  nuc leos ide  as a p o s s i b l e  i n d i c a -  

t o r  o f  tumor burden i n  malignancy, t h e  s i g n i f i c a n c e  o f  t h i s  compound 

l i e s  i n  t h e  f a c t  t h a t  i t  i s  a nove l  me tabo l i c  p roduc t  i n  human b i o -  

chemical pathways. chemica l l y  t h i s  nuc leos ide  has a qu inono id  

s t r u c t u r e  which can a c t  as an e l e c t r o p h i l e  and i n t e r a c t  w i t h  DNA i n  a 

manner s i m i l a r  t o  t h e  quinones7,8. It can a l s o  p a r t i c i p a t e  i n  t h e  

fo rma t ion  o f  t h e  superox ide  r a d i c a l q .  

The chemical s t r u c t u r e  o f  t h i s  nuc leos ide  suggested a p o t e n t i a l  

i n t e r a c t i o n  between 4 -ke to  oxygen and 3-carboxamido group. The 

conformat ion  o f  t h e  sugar  mo ie ty  and t h e  proposed B - c o n f i g u r a t i o n  o f  

t h e  anomeric carbon4 needed t o  be  conf i rmed. A p r e l i m i n a r y  nmr s tudy  

i n d i c a t e d  some unusual l o n g  range coup l i ngs :  t h e  p r o t o n  a t  t h e  C-6- 
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1-~-D-RIBOFURANOSYLPYRIDIN-4-ONE-3-CARBOXAMIDE 47 

p o s i t i o n  of t h e  p y r i d i n e  moie ty  o f  ( I )  i s  coupled t o  b o t h  t h e  C5 and 

c2 p ro tons  (J6,2 = 3 Hz; J6,5 = 8 Hz). Recause o f  t hese  i n t e r e s t i n g  
chemical f ea tu res  and because o f  i t s  b iochemica l  and mutagenic 

s i g n i f i c a n c e ,  X-ray c r y s t a l l o g r a p h i c  and nuc lea r  magnet ic resonance 

s t u d i e s  were undertaken on t h i s  compound. 

X-ray Crys ta l l og raphy :  The m a t e r i a l  ( I )  was prepared as desc r ibed  

e a r l i e d ,  and c r y s t a l l i z e d  from 95% ethano l  t o  g i v e  t r a n s p a r e n t  

needles, M.P. 212-213' . C r y s t a l s  o f  t h i s  nuc leos ide  

(C11H14N206) a re  orthorhombic,  space group P212121 w i t h  
u n i t  c e l l  dimensions ( a t  22+ 3'C) a = 8.689(1), h = 18.839(3), c = 

6.971(1)A, Z = 4, V = 1141A3, = 11.2 cm-1, Dm = 1.57 g . ~ m - ~  
( f l o t a t i o n  i n  a m i x t u r e  of  b r o m o f o n  and benzene), 0, = 1.567 

g.cm-3, F(O0C)) = 564. 

Complete three-dimensional  i n t e n s i t y  da ta  were c o l l e c t e d  u s i n g  a 

c r y s t a l  o f  dimensions 0.35 x 0.35 x 0.1 mm on a CAD-4 d i f f r a c t o m e t e r  by 

t h e  w/2e  technique. The i n t e n s i t i e s  o f  2118 r e f l e c t i o n s  (1908 w i t h  

t h e i r  1>30) t o  t h e  l i m i t  28<150' f o r  CuKa ( = 1.5418A) were measured. 

Scan w id ths  were c a l c u l a t e d  accord ing  t o  t h e  r e l a t i o n  ( A M  t a m )  w i t h  

values o f  0.5 and 0.15' f o r  A and R r e s p e c t i v e l y .  Aper tu re  w id ths  were 

c a l c u l a t e d  u s i n g  t h e  r e l a t i o n  (3.0 t 1.2 t a n e )  mn where e i s  t h e  Rragg 

angle. The maximum t i m e  spent on any r e f l e c t i o n  measured was 100 
seconds and t h e  background count t i n e  was h a l f  t h e  scan t ime. A f a s t e r  

scan was used f o r  s t rong  r e f l e c t i o n s .  The i n t e n s i t i e s  o f  t h r e e  r e f l e c -  

t i o n s  were mon i to red  a f t e r  every  hour  o f  X-ray exposure and t h e  v a r i a -  

t i o n  i n  i n t e n s i t i e s  was l e s s  t h a n  3% d u r i n g  t h e  t i m e  o f  complete da ta  

c o l l e c t i o n .  The o r i e n t a t i o n  m a t r i x  was checked eve ry  100 r e f l e c t i o n s .  

Loren tz  and p o l a r i z a t i o n  c o r r e c t i o n s  were a p p l i e d  t o  a l l ,  r e f l e c t i o n s .  

The i n t e n s i t i e s  o f  t h r e e  r e f l e c t i o n s  c l o s e  t o  x o f  90' were measured 

f o r  a l l  va lues  o f  4 f rom 0 t o  360' and t h e  r e s u l t a n t  c u r v e  o f  t r a n s -  

m i s s i o n  was used t o  cor rec t .  f o r  a b s o r p t i o n  e f f e c t s .  The minimum and 

maximum t ransmiss ion  f a c t o r s  were 0.79 and 0.99 r e s p e c t i v e l y  w i t h  an 

average va lue  o f  0.92. 

The s t r u c t u r e  was so lved by a p p l i c a t i o n  o f  t h e  m u l t i s o l u t i o n  

techn ique lo  and was r e f i n e d  by a full-naxtrix-least-squares proce- 

d u r e  i n i t i a l l y  w i t h  i s o t r o p i c  thermal parameters and l a t e r  w i t h  an iso-  

t r o p i c  thermal parameters f o r  t h e  non-hydrogen atoms. A d i f f e r e n c e  
e l e c t r o n  d e n s i t y  map was used t o  l o c a t e  t h e  p o s i t i o n s  o f  a l l  hydrogen 
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48 SRIKRISHNAN ET AL. 

atoms i n  t h e  molecule.  The s t r u c t u r e  was f u r t h e r  r e f i n e d  w i t h  i s o -  

t r o p i c  temperature f a c t o r s  f o r  t h e  hydrogen atoms and a n i s o t r o p i c  

f a c t o r s  f o r  t h e  o t h e r  atoms. The f u n c t i o n  min imized was 

w ( l F o ( - ( l / k ) ( F c l ) 2  i n  which t h e  we igh t  w = 41Fo12/ 0 ( ( F o ( 2 ) 2  and 

o ( l F O l ) 2  = [ u  2(1 )  t p21211/2/LP, where a ( 1 )  i s  t h e  s tandard  
d e v i a t i o n  o f  f n t e n s i t y  I based upon c o u n t i n g  s t a t i s t i c s ;  k i s  t h e  s c a l e  

f a c t o r  and p i s  an ignorance f a c t o r  used t o  down we igh t  i n t e n s e  

i n f l e c t i o n s  ( p  = 0.05). The f i n a l  R f a c t o r  was 0.038 f o r  t h e  s i g n i f i -  

can t  1908 r e f l e c t i o n s  ( I  >,3 0). The c a l c u l a t i o n s  were done on PDP 11/34 

computer wi th t h e  a i d  o f  t h e  Enra f  Nonius s t r u c t u r e  d e t e r m i n a t i o n  

packagel l .  Atomic s c a t t e r i  ng f a c t o r s  were taken f rom t h e  " I n t e r n a t -  

i o n a l  Tables f o r  X-ray C r y s t a l  l og raphy" l2 ,  F o u r i e r  and t o r s i o n - a n g l  e 

programs by D r .  S.T. Rao and ORTEP by Johnson (1965)13. 

The s t r u c t u r e  o f  t h e  t i t l e  compound i s  shown i n  Fig.  1. The f i n a l  

f r a c t i o n a l  atomic coo rd ina tes  a r e  g i ven  i n  Tab le  1 and t h e  hond d i s -  

tances and angles t o g e t h e r  w i t h  t h e i r  standard d e v i a t i o n s  a r e  g i ven  i n  

Tab le  2. 

The amino group o f  t h e  carboxamide As prox ima l  t o  and hydrogen 

bonded t o  O ( 4 )  i n t e r n a l l y  (H. ..O, 1.90(3)A, N-H. . .O,  149'). O(4) i s  
a l s o  hydrogen bonded i n t e r m o l e c u l a r l y  (F ig .  2)  t o  O ( 2 ' )  (H ... 0, 

1.86(3)A, 0 (2 ' ) -H  ... 0(4) ,  168'). Using t h e  n u c l e i c  a c i d  nomenclature 

of Sundarl ingaml4, t h i s  nuc leos ide  has t h e  anti conformat ion  w i t h  

'CN (C(6 ) -N(1 ) -C( l1 ) -O( l  ' )  equal t o  66.9'. The conformat ion  across 
C(4 ' ) -C (5 ' )  i s  g+. When C(4 ' )  I s  o u t  o f  t h e  mean p lane  o f  t h e  o t h e r  

atoms, t h e  usual  C ( 4 ' )  endo/exo n o t a t i o n  l eads  t o  an i n c o n s i s t e n t  

d e s c r i p t i o n  o f  t h e  pucker and t h e  pseudoro ta t i on  pa th  due t o  t h e  l a r g e  

movement o f  re fe rence  atom C ( 5 ' )  t o  near e q u a t o r i a l  d i s p o s i t i o n  and t h e  

pucker d e s c r i p t i o n  t u r n s  o u t  t o  he C(4')--C(3')-. On t h e  o t h e r  

hand, phase va lue  o f  41.2' corresponds t o  C(4')-=-C(3')endo f rom t h e  

pseudo r o t a t i o n  c i r c l e .  Consistency i n  nomenclature can be achieved by 

us ing  N ( l )  r a t h e r  than C ( 5 ' )  as a re fe rence  atom f o r  C ( 4 ' )  endo/exo 

puckers on l y l5 .  R e f e r r i n g  t o  t h e  t w i s t  con format ion  w i t h  respec t  t o  

t h e  t h r e e  atom p lane  th rough  C ( l ' ) ,  C ( 2 ' )  and O ( 1 ' )  t h e  r i b o s e  has a 

r a r e  pucker, C(4')exo-C(3')-endo - - (4T31, w i t h  C(4 ' )  and C(3 ' )  
dev ia t i ng ,  r e s p e c t i v e l y ,  f rom t h e  p l a n e  o f  t h e  o t h e r  t h r e e  atoms by 

0.36A i n  t h e  d i r e c t i o n  oppos i te  t o  and 0.26i i n  t h e  same d i r e c t i o n  o f  

0 

0 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
1
8
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



49 

F I G .  

0 

t i 2  (N8) 

0 

HI(C5') 

1. An ORTEP drawing o f  t h e  l-B-L-ri b o f u r a n o s y l p y r i d i  n-4-one-3- 
carboxamide molecu le  s h o w i n g t h e  conformat iona l  d e t a i l s  and 
t h e  numbering scheme used. The molecule has t h e  a n t i  c o n f o r -  
mat ion  (RN = 66.9O) and has a novel  r i b o s e  con fo rma t ion  
w i t h  C(4') d e v i a t i n g  from t h e  p lane  of  t h e  o t h e r  f o u r  atoms o f  
t h e  r i b o s e  r i n g .  O(5') i s  gt. 
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TABLE 1 
F i n a l  F r a c t i o n a l  P o s i t i o n a l  Parameters w i t h  E s t i m a t e d  

Standard  D e v i a t i o n s  Given i n  Parentheses  

X 

-0.4704 (2 )  

0.1880(2) 

0.3462 (2 )  

0.3720 (2 ) 

0.1384 ( 2 )  
-0.1516(2) 

-0.0086(2) 

-0.4042 (2  ) 
- 0.1104 (2  ) 
-0.2633(2) 

-0.3266(2) 

-0.2147 ( 2 )  

-0.0618(2) 

0.1578(2 ) 

0.2159 ( 2 )  

0.2550 ( 2 )  

0.2962 (2 )  

0.2862 ( 2  ) 

-0.2556(2) 

-0.066 ( 3 )  

-0.338 (4 )  

0.016(2) 

0.205 (3 )  

0.134(3) 

0.153(3) 

0.409 ( 3 )  

0.301 (3 )  

0.367 (4 

0.404 ( 4 )  

0.427 ( 4 )  
0. 147 ( 5 )  

-0.438(5) 

-0.461 ( 3 )  

Y 

-0.0183 ( 1 )  

-0.0956 ( 1  ) 

-0.0986(1) 

-0.2308 ( 1  

-0.2318 ( 1 )  

0,1501 ( 1  ) 

-0.0544(1) 

0.1208 ( 1  ) 
-0.1094 (1 )  

-0.0984 ( 1  ) 
-0.0286 ( 1 )  

0.0281 ( 1  ) 

0.0127 ( 1 )  

-0.0684(1) 

-0.1232 (1 )  

-0.1874 ( 1  ) 

-0.1537 ( 1 )  

-0.2006 (1 ) 

0.1049(1) 

-0.153 (2 ) 

-0.139(2) 

0.046(1) 

- 0.026 (1 ) 
-0.131 (1) 

-0.213 (1 )  

-0.134 ( 1  ) 

-0.176 ( 2 )  

-0.236 (2 ) 
-0.080 ( 1 )  

-0.209(2) 

- 0.268 ( 2 )  

0.157(2) 

0.081 ( 2 )  

z 
-0.4533(3) 

-0.6765(2) 

-0.2428(2) 

-0.3950 ( 3 )  

-0.8488(3) 

0.4375 ( 3 )  

-0.4774(2) 

-0.4422 ( 4 )  

-0.4800 (3 )  

-0.4679 ( 4 )  

-0.4592 ( 3 )  

-0.4573 ( 3 )  
-0.4656(3) 

-0.4915 ( 3 )  

-0.3443 ( 3 )  

-0.4696 (4  ) 

-0.6611(3) 

-0.8334(4) 

-0.4460 ( 4 )  

-0.479 (4 ) 

-0.473( 5 )  

-0.462(3) 

-0.471 ( 3 )  

-0.239(4) 

- 0.476 ( 3 )  
-0.646(4) 

-0.944 (4 )  

-0.807(5) 

- 0.316 ( 4 )  

-0.357 ( 5 )  

-0.929( 6 )  

-0.411 ( 6 )  

-0.432(4) 

Req 
3.94 (3 

2.93(3) 

3.42(3) 

4.49(4) 

4.34(4) 

3.95(4) 

3.06(4) 

3 . 3 0 0  
2.72(4) 

2.55(3) 

2.46 ( 3 )  

2.46(4) 

2.67 (4  

2.86(4) 

2.71(4) 

4.25(3) 

2.55(3) 

3.37(4) 

3.08(4) 

4.1(6) 

6.3(8) 

1.9(4) 

2.7 (4 

3.6(5 

3.6(5 

3.7(5 

4.1(6 

4.1(6 

4.7 ( 6 )  

6.5(8) 

8.0(1) 

g . n ( i )  

4.3(8) 
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5 1  

TABLE 2 
0 

Rond Distances (A) and Rond Angles ( " )  Retween t h e  Non-hydrogen Atoms 

Wi th  Est imated Standard Dev ia t i ons  Given i n  Parentheses 

N( l ) -C(2) -C(  3 )  

C(2)-C(3)-C( 4 )  

c ( 3 j - c ( 4 ) - c (  5 )  

C(4)-C(5)-C( 6 )  

C(5)-C(6)-N( 1 )  

C(6) -N( l ) -C(  2 )  

C(3)-C(4)-0( 4 )  

C(5)-C(4)-0( 4 )  

C(2)-C(3)-C( 7 )  

C(4)-C(3)-C( 7 )  

C(3)-C(7)-0( 5 )  

C(3)-C(7)-N( 8 )  
N(8)-C(7)-0( 5 )  

C(6)-N( l ) -C( 1 ' )  

C(P)-N( l ) -C( 1 ' )  

Rond n i s t a n c e s  

1.362(3) N( 1 ) -C( 1' ) 
1,361 ( 3 )  C( 1 I )-O( 1 ' ) 
1.444 ( 3 )  C( 1 ' ) -C(2 I ) 

1.429 (3 ) C( 2 I )-c (3  I ) 

1.346 (3 )  C(3')-C(4' ) 

1.264 ( 2 )  C(4 

1.495(3) C(4 

1.241 ( 3 )  C(5 

1.325 ( 3 )  N(1 

1.414( 3 ) C(3 

Rond Angles 

122.4( 2 ) 
120.1 ( 2 )  

114.9 (2 ) 

121.7 (3 )  

121.6 ( 2 )  
119.4 (2 )  

123.6(2) 

121.5(3) 

116.1(2 ) 

123.8( 2 )  

119.6 ( 2 )  

116.9 ( 2 )  

123.6 ( 2  ) 
120.1(2) 

120.5 (2  ) 

Y (1 ) -c ( 1 I )-c ( 2  I 
N( 1 ) -C( 1 ' ) -0( 1 ' ) 
C (  1 ' )-C ( 2  ' )-C ( 3  ' ) 
C(2 ' ) -C(3' ) -C (4 '  ) 
C( 3 ' )-C ( 4  ' )-O ( 1  ' ) 
C(4' ) - O ( 1  I ) -C(1  ' ) 
c ( 1 I )-c ( 2  1-n (2  I 

C(3' ) -C(2' ) -0 (2 '  ) 

C(4 I )-C( 3 I )-O(3 ' ) 
C(2' ) -C (3 ' ) -0 (3 '  ) 

c ( 2  I )-c (1 ' ) -O(1  ' ) 
C(  3 I ) -C(4 I ) -c (5 I ) 

C(4' ) -C( 5 '  ) -O( 5'  ) 

O( 1 ' )-C ( 4  ' )-C ( 5  ' ) 

1.472 ( 2 )  

1.414 (3 ) 

1.539(3) 

1.529(3) 

1.521(3) 

1.447 (2  ) 

1.493 (3 ) 

1.416(3) 

1.362 (3 ) 
1.404 ( 3 )  

113.4(2) 

107.9(2) 

io3 .n(2)  

in3 .2(2)  

109.1(2) 

112.2(2) 

11 1.5 ( 2 )  

102.9(2) 

113.4(2) 

114.3(2 

1O7.6(2) 

116.4(?) 

11O.5(2 1 
111.2(2) 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
1
8
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



52 SRIKRISHNAN ET AL. 

FIG. 2. A s te reoscop ic  r e p r e s e n t a t i o n  o f  t h e  pack ing  o f  t h e  molecu les  

i n  t h e  u n i t  c e l l  showing d e t a i l s  o f  ( t h i n  l i n e s )  o f  hydrogen 

bonding and p a r t i a l  s t a c k i n g  o f  t h e  p y r i d i n e  molecules.  

c ( 5 ' ) ,  w i t h  a p of 41.2(2) and r m  = 38.2(2)". Al though v e r y  common 
i n  nuc leos ide  3 '  ,5 ' -cyc l  i c  phosphates and anhydronucleosides (where t h e  

sugar and base a r e  fused t o g e t h e r ) ,  t h i s  pucker i s  r a r e  f o r  normal 

n u c l e o t i d e  and nuc leos ide  s t r u c t u r e s .  To t h e  b e s t  o f  o u r  knowledge a 

s i m i l a r  con format ion  has been found o n l y  i n  two o u t  o f  179 o t h e r  

nuc leos ide  s t r u c t u r e s ,  8-hromo 9- 8-n-xylofuranosyladeninel6 and aden- 

0 s  i ne- 5 I -  (methyl  phosphonate) 17 .  

F igu re  2 shows t h e  hydrogen bond ing  and p a r t i a l  s t a c k i n g  o f  t h e  

p y r i d i n e  r i n g s  i n  t h e  c r y s t a l  s t r u c t u r e .  I n  a d d i t i o n  t o  t h e  i n t e r n a l  

hydrogen bond t o  0 (4 ) ,  t h e  amino group i s  hydrogen bonded t o  n(5) o f  

another  molecule.  Tab le  3 g i ves  a l i s t  o f  hydrogen bond d i s t a n c e s  and 

angles. The c r y s t a l  s t r u c t u r e  i s  s t a b i l i z e d  by  a number o f  o t h e r  

hydrogen bonds i n v o l v i n g  O(5') and n ( 2 ' ) ,  and a C-H...O hydrogen bond. 
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TABLE 3 

Hydrogen Bond D is tances  ( i t  8 )  and Angles (') 
Donor Acceptor D is tance i n  A Angle 

D H A D-H H...A D...A D-H...A Data Set 

N(8)  Hl(NR) O(4) 0.87 1.90 2.687 149' ( x  y z) 

O ( 2 ' )  H (02 ' )  O(4) 0.80 1.86 2.644 168' ( l t x  y z )  

C-H...O I n t e r a c t i o n s  

H ~ ( N B )  o ( 5 1 )  0.80 2.26 2.990 1510 ( ~ - 1 / 2  -Y 1/2+z) 
O ( 5 ' )  H ( 0 5 ' )  O(5) 0.90 1.79 2.679 172' ( Z  y - 1 / 2 - ~ - 3 / 2 )  

C(6) H(C6) O(3 ' )  0.91 2.41 3.137 138' ( ~ - 1 / 2  -y-1/2 
- z -1  ) 

Nuclear Magnetic Resonance Spectroscopy: The NMR s p e c t r a  were 

acqu i red  a t  200 MHz w i t h  a Rruker WP-200 o p e r a t i n g  i n  t h e  pu lsed  FT/ 

quadra ture  phase a c q u i s i t i o n  mode. Chemical and coup1 i n g  cons tan ts  

l i s t e d  i n  Table 4 ob ta ined i n  D20 were r e f i n e d  us ing  t h e  i n t e r a c t i v e  

s p i  n -s imu la t i on  program NYR-LAOCN-4A. The NO€-di f f e r e n c e  s p e c t r a  were 

ob ta ined by s u b t r a c t i n g  on-resonance and o f f - resonance t ime-domain 

spec t ra .  The H - 1  NMR spectrum o f  - I i n  DYSO-d6 i s  i l l u s t r a t e d  i n  
F i g u r e  3. Selected chemical s h i f t s  and c o u p l i n g  cons tan ts  a r e  l i s t e d  
i n  Table 4. I n  a d d i t i o n ,  chemical s h i f t s  and c o u p l i n g  cons tan ts  o f  t h e  

non-exchangeable p ro tons  ob ta ined  i n  1120 a r e  a l s o  i n c l u d e d  i n  t h i s  

t a b l e .  The da ta  ob ta ined i n  DMSO-d6 i s  g e n e r a l l y  t y p i c a l  of  nuc leo-  
s ides ,  except f o r  t h e  amino resonance p a t t e r n .  It i s  c l e a r  f rom t h e  

chemical s h i f t s  and AGvalues t h a t  t h e  NH2 resonances Occur a t  7.5 PPm 
and a t  9.5 ppm. Since t h e  two p ro tons  on NH2 a r e  m a g n e t i c a l l y  

nonequ iva len t  and separated by o n l y  two bonds, a 4.6 Hz c o u p l i n g  

cons tan t  i s  observed. The l a r g e  d o w n f i e l d  s h i f t  i s  i n d i c a t i v e  of  a 

s t r o n g  hydrogen-bond i n t e r a c t i o n  formed by one o f  t h e  amino hydro-  

gens. Such an i n t e r a c t i o n  can occur  w i t h  t h e  O(4) atom when t h e  NH2 

o f  t h e  carboxamide group i s  p rox ima l  t o  O(4). Data s u p p o r t i n g  t h i s  

c o n t e n t i o n  comes from t h e  s i m i l a r i t y  o f  chemical s h i f t  va lues  o f  t h e  

resonances o f  1- B -D - r i bo fu ranosy lpy r id i  n-2-one-5- carbox- 

amidel*(compound 1117.305 and 7.480 ppm a t  30'). I n  compound I 1  

t h i s  t y p e  of  i n t r a m o l e c u l a r  hydrogen bond i s  n o t  p o s s i b l e  and b o t h  NH 

resonances a r e  s i m i l a r  t o  t h e  NHa chemical  s h i f t  o f  I .  I n t r a m o l e c u l a r  

hydrogens of  t h i s  general  t y p e  a r e  n o t  as exposed t o  s o l v e n t  and can be 
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54 SRIKRISHNAN ET AL. 

I I I I I I i I I I I I I 

9 0 7 6 5 4 

8 (ppm;TMS) 

FIG.  3. 200 MHz H-1 NMR spectrum of I i n  DMSbd6 a t  30°C. 

charac te r i zed  by t h e i r  reduced s e n s i t i v i t y  t o  tempera ture  p e r t u r b a t i o n .  

The change i n  chemical s h i f t  w i t h  tempera ture  change ( d Y d T )  i s  r e f e r r -  

ed t o  as t h e  chemical s h i f t  tempera ture  c o e f f i c i e n t .  For a representa-  

t i v e  so l va ted  amide, N-methylacetamide i n  d imethy l  s u l f o x i d e ,  t h e  c o e f f -  

i c i e n t  i s  0.0061 ppm/degreelg. I n  Table 5 a r e  l i s t e d  these  c o e f f i c i -  

en ts  f o r  compounds( I ) , ( I I )  and c y t i d i n e .  The da ta  i n d i c a t e  t h a t  s o l v e n t  

exposed exchangeable hydrogens have va lues  rang ing  f rom about 0.004 t o  

0.009. However t h e  NHb resonance o f  ( I )  has a v a l u e  o f  0.0012, cons is -  

t e n t  w i t h  an i n t r a m o l e c u l a r  hydrogen bond. Thus NHb i s  assigned as t h e  

Hl(N8) atom i n  F igu re  1. 

The NMR r e s u l t s  f rom a n a l y s i s  i n  aqueous s o l u t i o n  a r e  a l s o  i n -  

c luded i n  Table 4. A l l  assignments a r e  conf i rmed by s p e c t r a l  s imu la-  

t l o n .  The base hydrogens a r e  r e a d i l y  assigned by t h e i r  c o u p l i n g  

pa t te rns .  The H C ( 2 )  resonance i s  a doub le t  (J = 2.5 Hz) due t o  s p l i t -  

t i n g  by t h e  HC(6). The HC(5) resonance i s  a l s o  a doub le t  (,I = 7.7 Hz)  
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CONH, 

HO Ic;l# 3' 2' 

OH OH 

Table 5 

Chemical Sh i ft Temperature Coef f i c i  e n t  

P ro ton  d &/dT (pprn/degree) a 

Compound I 

H O ( 2 ' )  0.0049C 
H O ( 3 ' )  0.0043C 
H O ( 5 ' )  0.0043 
NHa 0.0056 

NHh 0.0012 

Compound I I b  

0.0078d 

0.0070 
0.0084d 

0.0068 

C y t i d i n e  

o.no88 
0. no89 
0.0085 

a. 
b. Compound I 1  i s  t h e  2-one isomer o f  I. 
c,d. 

Resonances move u p f i e l d  w i t h  i n c r e a s i n g  temperature.  

Due t o  t e n t a t i v e  resonance assignment o f  H O ( 2 ' )  and H 0 ( 3 ' ) ,  t hese  
Val ues may be 1 nterchanged. 
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1-~-D-RIBOFURANOSYLPYRIDIN-4-ONE-3-CARBOXAMIDE 57 

f rom i n t e r a c t i o n  w i t h  HC(6), w h i l e  HC(6) i s  a doub le t  o f  d o u b l e t s  f rom 

i n t e r a c t i o n s  w i t h  bo th  HC(2) and HC(5). Wi th  regard  t o  t h e  furanose 

chemical s h i f t s ,  t h e  o n l y  unusual 6 v a l u e  i s  HC(1'). The resonance 

p o s i t i o n  o f  t h i s  hydrogen i s  a t  u n u s u a l l y  h i g h  f i e l d .  A c o n t r i b u t i n g  

f a c t o r  i s  t h e  absence o f  a carbony l  f u n c t i o n  u s u a l l y  l o c a t e d  a t  t h e  C 2  
p o s i t i o n  o f  p y r i m i d i n e  hases. The e x o c y c l i c  con format ion  o f  C ( 4 ' ) -  

C ( 5 ' )  can be analyzed f rom J 4 ' , 5 ' 1  and J4,5'2 va lues20*  Th is  
c a l c u l a t i o n  y i e l d s  a g+ p o p u l a t i o n  o f  67% f o r  ( I )  compared t o  66% and 

68% f o r  u r i d i n e  and c y t i d i n e ,  r e s p e c t i v e l y .  The fu ranose con fo rma t lon  

( a  C2'-endo and C3'-endo e q u i l i b r i u m )  i s  u s u a l l y  determined by 

a n a l y s i s  o f  t h e  J1 ' , 2 '  and J3 ' ,4 '  c o u p l i n g  constants?". For  
normal 5 ' -nuc leo t i des ,  t h e  sum (1) o f  these two c o u p l i n g  cons tan ts  i s  

9.3 Hz (+0.3)20. - 
i s  9.9 and 10.0 Hz, r e s p e c t i v e l y ,  The unusual va lues  fo r  t hese  para- 

meters i n  I suggests t h a t  t h e  furanose conformat ion  i s  n o t  c o n f i n e d  t o  

t h e  normal C2'- and C3'-endo - forms. Furthermore t h e  s o l i d  s t a t e  con- 

fo rmat ion  (C4'-exo-C3'-endo) i s  no t  a ma jor  s o l u t i o n  conformat ion  s i n c e  

t h e  J1',2' and ,131,4' a r i s i n g  f rom t h e  s o l i d  would be about 1.0 and 
11.3 Hz,  respec t i ve l y .  

The p o s s i b i l i t y  t h a t  o t h e r  conformat ions  may c o n t r i b u t e  t o  t h e  so- 

l u t i o n  s t r u c t u r e  o f  ( I )  has been cons idered by e v a l u a t i n g  15 d i f f e r e n t  

furanose conformat ions. Th is  i n c l u d e s  a l l  p a i r e d  combinat ions o f  C1'- 
- exo, C 2 I - e .  C2'-exo, - C3'-*, C3'-exo - and C4'-exo. - Two bes t  f i t  

c lasses  (C3'-endo/C3'-= - and C2'--/C2'-exo) - a r e  ob ta ined  w i t h  a 32% 

C3'-endo-68% C3'-exo conformat iona l  b l e n d  d e v i a t i n g  f rom t h e  sum o f  t h e  

exper imenta l  c o u p l i n g  cons tan ts  by  o n l y  0.21 Hz. A l though t h e  nmr da ta  

does n o t  i n d i c a t e  t h e  same conformat ion  ( C 4 ' - = / C 3 ' - m  t w i s t )  as t h e  

x - ray  data,  i t  i s  apparent t h a t  an unusual con format ion  i s  a l s o  present  

i n  s o l u t i o n .  

To o b t a i n  conformat iona l  i n f o r m a t i o n  rega rd ing  t h e  sugar-base 

t o r s i o n  angle, one-dimensional NOE d i f f e r e n c e  spectroscopy was 

employed. F i g u r e  4 shows t h e  NOE e f f e c t s  on Hl'[H2J, Hl'CH63 and Y5-  

[H6], where t h e  b racke t  i n d i c a t e s  t h e  i r r a d i a t e d  atom. The s lope  o f  

these curves i n d i c a t e s  t h e i r  r e l a t i v e  c r o s s - r e l a x a t i o n  r a t e s  

( a i j ) 2 1 .  The u i j  va lues  are:  Hl ' rH21, 7.98; Hl'CH61, 4.43; and 

H 5  [H6], 6.25. If t h e  i n t e r n u c l e a r - v e c t o r  c o r r e l a t i o n  t imes  a r e  

assumed t o  be s i m i l a r ,  t h e n  r a t i o s  o f  these va lues  can p r o v i d e  

I n  t h e  cases o f  u r i d i n e  and c y t i d i n e  (Tab le  4),Z 
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i n t e r n u c l e a r  d i s tances  u s i n g  t h e  equa t ion :  

1 /6  ($)= - rmn 

ri j 
These da ta  i n d i c a t e  a r a t i o  o f  s lopes  u ( H l ' , H 6 ) / 4 H l ' , H 2 )  t o  be 1.80. 

Using t h e  above equa t ion  and t h e  d i s t a n c e s  (Hl '-H6: 3.37A; H l ' -H2 :  

2.1561) ob ta ined  f rom t h e  c r y s t a l  d a t a  w i t h  X o f  66.9', t h e  r a t i o  o f  

s lopes  i s  p r e d i c t e d  t o  be 10.91. The immediate c o n c l u s i o n  i s  t h a t  t h e  

s o l u t i o n  conformat ion  can n o t  be t h e  same as t h e  s o l i d - s t a t e ,  Using 

t h e  same equat ion ,  r(H5-H6) f rom t h e  c r y s t a l  (2.37g) and u (H5-H6) f rom 

t h e  nmr study, values ob ta ined  f o r  r ( H l ' - H 6 )  and r ( H 1 ' 4 2 )  a r e  2.51 and 

2.274. r e s p e c t i v e l y .  The r a t i o ,  r ( H l ' - H 6 ) / r ( H l 1 - H 2 ) ,  i s  1.103. There 

a r e  two general  i n t e r p r e t a t i o n s  f o r  t h i s  da ta .  The f i r s t  i s  t h a t  t h e  

s o l u t i o n  s t r u c t u r e  i s  q u a l i t a t i v e l y  s i m i l a r  t o  t h e  c r y s t a l  except f o r  

r o t a t i o n  o f  t h e  base. Such a r o t a t i o n  o f  t h e  base around t h e  sugar 
produces a r (H1 ' -H6) / r (H11-H2)  v a l u e  o f  1.108 when x i s  135'. A l t e r n a -  

t i v e l y ,  t h e  base cou ld  be o s c i l l a t i n g  r a p i d l y  ove r  a range o f  x va lues  

t o  produce t h e  observed r a t i o .  I f  i t  i s  assumed t h a t  a l l  x va lues  a r e  

equ i -ene rge t i c ,  t hen  a range of 135220 would g i v e  a r a t i o  o f  1.106, o r  

a range o f  135+50 - g ives  a r a t i o  o f  1.095. The genera l  c o n c l u s i o n  f rom 

these  NOE r e s u l t s  i s  t h a t  i n  aqueous s o l u t i o n  t h e  base i s  n o t  f i x e d  a t  

a x ang le  o f  66.9', hu t  i s  more c o n s i s t e n t  w i t h  an ang le  ( p r o b a b l y  t i m e  

averaged) around 135'. 

Comparison of t h e  X-ray and nmr r e s u l t s :  The X-ray and NYR re -  

s u l t s  i n d i c a t e  t h a t  t h e  N(8)-Hl(N,) ... O(4) i n t r a m o l e c u l a r  hond i s  p re -  

sen t  b o t h  i n  t h e  s o l i d  and s o l u t i o n  s t a t e .  I n  t h e  s o l i d  s t a t e ,  t h e  

nuc leos ide  i s  i n  t h e  - a n t i  conformat ion ,  b u t  t h e  NMR r e s u l t s  suggest 

h i g h  a n t i  con format ion  across  t h e  g l y c o s i d i c  bond. The con fo rma t ion  

across C(4 ' ) -C (5 ' )  i s  g+, b o t h  i n  t h e  s o l i d  and s o l u t i o n  s t a t e .  

Whi le  t h e  s o l i d  s t a t e  shows t h e  fu ranose r i n g  has t h e  C(4 ' ) -exo -C(3 ' ) -  - 
- endo pucker, t h e  s o l u t i o n  s t u d i e s  suggest t h a t  t h e  fu ranose  conforma- 

t i o n  i s  32% C3'-endo/68% C3'-exo. - 
I n  many m o d i f i e d  nuc leos ides22 such as t6A, g6A, a&, 

i n t r a m o l e c u l a r  hydrogen bonds a r e  p resen t .  It has been suggested22 

t h a t  t h e  d i s t a l  con fo rma t ion  o f  u r e i d o  p u r i n e s  t h a t  occur  ad jacen t  t o  

t h e  an t icodons i n  t R N A  i s  s t a b i l i z e d  by  i n t r a m o l e c u l a r  hydrogen bonds, 

g i v i n g  r i s e  t o  d i f f i c u l t y  i n  Watson-Crick base p a i r i n g  by bases a d j a -  
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F ig .  4. NOE enhancement o f  H5CH6 i r r a d i a t e d )  ( A - - - A ) ,  H l ' C H 2  i r r a d i -  

a ted ]  ( X 4 )  and H11[H6 i r r a d i a t e d ]  ( O . = - O )  o f  compound 
( I )  as a f u n c t i o n  of i r r a d i a t i o n  t ime; i n  D20 a t  3 0 0 ~ .  

cen t  t o  ant icodons. For  a c k ,  t h e  m o d i f i e d  nuc leos ide  t h a t  occurs  a t  

t h e  f i r s t  p o s i t i o n  o f  t h e  an t icodon i n  some tRNA's t h e r e  i s  an i n t r a -  

mo lecu la r  hydrogen bond t h a t  s t a b i l i z e s  t h e  prox ima l  con fo rma t ion  of  

t h e  N-acetyl  group and enables t h i s  base t o  t a k e  p a r t  i n  codon-ant i -  

codon reading23. Our X-ray and nmr r e s u l t s  i n  PCR show t h a t  such 

i n t r a m o l e c u l a r  hydrogen bonds p e r s i s t  i n  t h e  s o l u t i o n  s t a t e  a l s o  and i s  

l i k e l y  t o  he present  i n  t h e  macromolecules as w e l l ,  l e n d i n g  suppor t  t o  
our e a r l i e r  hypotheses on t h e  b i o l o g i c a l  r o l e s  o f  m o d i f i e d  nuc leo-  

s i des24. 

Acknowledgement: We a r e  g r a t e f u l  t o  Pro f .  R.K. Robins f o r  p r o v i d i n g  us 
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