
Journal of Labelled Compounds - July-September - Vol.  IX, n03 497 

THE CliEfl iCAL AND EtlZYMATIC SYNTHESES OF SPECIFICALLY DEUTERATED 
D ItWCLEOSIDE MONOPHOSPHATES* 

** *** ** 
N.S.Kondo , A.Leuag , and S.S.Danyluk 
Received on March 19, 1973 

SUMMARY 

Proton magnetic resonance (pmr)  studies of nucteic acid stmcc- 
-ture are currentty hanpered by extensive overlapping of signats, 
particularly i n  the ribose region. An approach with considerable 
promise involves the preparation of oligomers with specif ically 
deuterated nucleotidyl units a t  knom positions. In t h i s  p u b l i -  
-cation, we report the synthesis of f i v e  dinucleoside nwnophos- 
-phates i n  which the 3'-nucleotidyt unit  i s  deuterated. These 
c o n p o d s  were prepared by standard chemical procedures a d  a 
enzymtic  approach using ribonuclease T I .  The deuterated dimere 
give pmr spectra which are much simpler than their  protio analogs, 
thus permitting unambiguous peak assign~nents. 

XNTRODUCX ION 

Proton magnetic resonance (pmr) spectroscopy plays an important role in 

conformational studies of nucleic acids and their constituents in solution. 

Current advances in instrumentation have made possible complete analyses of 

pmr spectra for mononucleotides in solution (Is2' thereby providing information 
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re la t ing  t o  major conformational features. including ro ta t iona l  isomerism 

about the  glycosidic bond (eyn vs. anti  

ribose ring(5),  and orientation of exocyclic 

similar information should a l so  be obtainable fo r  dinucleoside monophosphates 

and longer oligomers. 

tensive overlapping of afgnals prevents an unequivocal proton assignment, 

Studies on dinucleoside monophosphates have, therefore,  been limited to the 

base and anomeric protons where reasonable ind i rec t  assignments can be 

puckering of the 

In principle,  

However, i n  prac t ice  t h i s  is not realized because ex- 

made(9-ll) 

Recently, we have been able to make the f i r s t  complete proton resonance 

assignment for  a dinucleoside monophosphate, ApA(12) (I). 

plished a t  220 Mtlz with the a id  of 2,1',2',3',4',5',5'-heptadeuterioadenylyl- 

(3'-5')-adenosine (*ApA) , a dinucleoside monophosphate which has the  Ap-unit 

deuterated. 

This was accom- 

From the derived spec t ra l  data,  i t  was possible t o  deduce impor- 

t an t  conformational 

of oligonucleotides 

features f o r  the dinucleotide i n  solution. The preparation 

with deuterated nucleotidyl un i t s  i n  

w 
knam posit ions is 

(1 1 
thus e s sen t i a l  i n  nucleic ac id  s t ruc ture  determination. In t h i s  communication, 

we describe two a l te rna t ive  procedures. one involving d i rec t  chemical synthesis 

and the other an enzymatic synthesis,  fo r  preparing se lec t ive ly  labelled 

*Deuterated 
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dinucleoside monophosphates. Both approaches were used t o  prepare dimers in 

which the 3'-nucleotidyl un i t  is fu l ly  deuterated. For pmr analysis,  it w a s  

necessary tha t  only one of the uni t s  be deuterated; therefore,  no dlmers i n  

which the 5'-nucleotidyl unit  waa labelled were prepared. 

EXPERIMENTAL 

Reagents 

Adenosine, cytidine. uridine,  2'.3'-isopropylideneuridine. 2'-and 3'- 

isomers of adenosine-,cytidine-, uridine- and guanosine-monophosphate. G!P-2'. 

3'-cyclic phosphate (Gp:), ApA. ApU. GpC. GpU. and CpA were purchased from 

Sigma &mica1 Company, St. Louis, Missouri. Rlbonuclease T1 w a s  purchased 

from Calbiochem Company, San Diego, California. Dicyclohexylcarbodiidde w a s  

purchased from SchwarzIWn, Orangeburg, New York. 

Chromatography and Ins tnoenta t ion  

Paper chromatography was carried out on Whatman No. 3MM paper by the de- 

scending techniques using the  following solvent systems: Solvent A. 1-propanol: 

concentrated ammonium hydroxide: H 0 (55:10:35. v lv) ;  Solvent B ,  saturated 

anmonium sul fa te :  1 M sodium acetate: isopropanol (80:18:2. v/v). Pmr spec t ra  

were recorded on a Varian HR-220 spectrometer at probe temperature (17-18). 

Ultraviolet  readings were obtained with a Beckman DU spectrophotometer. 

Isolation of Deuterated knonucleotides 

2 

One-hundred and ten grams of frozen lysed Syneohococcus &ividus algae 

c e l l s  gram i n  D,O+ were alloued t o  come t o  room temperature and the  c e l l s  were 

then s t i r r e d  fo r  20 minutes i n  600 ml of 7% t r ich loroace t ic  acid (TCA) solution 

a t  0" . 
minutes followed by decantation. Following repe t i t ion  of the above procedure 

with 600 m l  of 1% TCA, the residue was transferred t o  a 1 l i t e r  f lask ,  400 ml 

The aqueous phase waa removed by centrifugation a t  8000 r p m  fo r  15 

'Kindly supplied by Drs. H. L. Crespi and J. J.  Katz of the Chemistry Division. 
Argonne National Laboratory. 
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of ethanol and 10 m l  of e ther  added, and the mixture brought to  a bo i l .  After 

cooling, the mixture w a s  f i l t e r ed  through a sintered glass funnel layered with 

ce l i t e .  

was transferred to  a 500 ml boiling f lask  and refluxed in  50% HeOH:CHC13 (300 ml) 

for 30 minutes. After cooling, the so l id  w a s  collected by f i l t r a t i o n  (sintered 

g lass  funnel layered with c e l i t e ) .  and washed with la rge  quant i t ies  of ether.  

The dried so l id  was then transferred with shaking in to  300 ml of 1 N KOH and 

the resu l t ing  a lka l ine  solution was incubated a t  37" for 20 hours. Neutraliza- 

t ion  with 35% HclO4 yielded a mixture containing so l id  material. 

removed by f i l t r a t i o n  and the solution was made ac id ic  to  prec ip i ta te  out pro- 

t e in  and DNA. 

w a s  achieved by allowing the fi l tere 'd solution t o  stand a t  5' for  several  days 

and then decanting t o  remove the KC104 which precipitated.  

The remaining so l id  was washed with e ther  and dried. The dried mass 

The l a t t e r  was 

Separation of most of the KC104 from the neutralized solution 

A t  t h i s  point the solution w a s  s t i l l  highly colored (dark green). I t  was 

therefore d i lu ted  t o  about 2 liters and the e n t i r e  volume passed through a DEAE 

cellulose column. 

with 0.1 N NH4BCO3, leavfng mst of the colored material  on the column. 

NH4HCO3 w a s  then removed by repeated evaporation with H20. and the mixture of 

2',3'-nucleotides w a s  applied t o  a 90 

which had been previously equilibrated with 0.25 M ammonium formate, pH 4.1, and 

eluted with t h i s  same solvent system. Five t o  6 m l  f rac t ions  were collected and 

the order of e lu t ion  of the nucleotides is as  follows. 

Fraction No. A280/A260 T0D260 Pooled Fractions Nucleotides 

After washing with water the mononucleotides were eluted 

The 

cm X 3.5 cm Dovex-50 NH4+ c o l m ( l 3 )  

52-65 .31- -33 1353 2'- and 3'-*uMp 

68-81 .61- .69 2580 2'- and 3'-*GMP 

84-93 .19- .22 3080 2'- and 3'-*AW 

100-115 1.1 -1.4 1657 2'- and 3'-*CMP 

2 ' -  and 3'-*AMF' isomers were separated by preparative paper chromatography 



us ing  s o l v e n t  system 8 .  

on to  c h a r c o a l ,  washing w i t h  water, and e l u t i o n  wi th  2% NH40H i n  50% e t h a n o l .  

3'-*AMP (1655 OD260 u n i t s )  w a s  d e s a l t e d  by a b s o r p t i o n  

2 ' -  and 3'-*GMF' were conver t ed  t o  2 ' , 3 ' - c y c l i c  *GMP fo l lowing  t h e  method 

d e s c r i b e d  by Michelson(14) .  

S y n t h e s i s  o f  d e u t e r a t e d  d i n u c l e o s i d e  monophosphates 

Chemical S y n t h e s i s  

2,1',2'.3',4'.5',5'-Heptadeuterioadenylyl-(3'-5')-adenosine, (*ApA) 

The pyridinium s a l t  of 2 ,1 ' . 2 ' , 3 ' , 4 ' , 5 '  ,5'-heptadeuterio-N,02', 

0 5 ' - t  ribenzoyladenosine-3'-phosphate(15) (0 .1  m o l e ) ,  N ,N1,02' ,03'- 

t e t r abenzoy ladenos ine  (I6) (0.12 m o l e s )  , and py r id in ium Dowex-50 (500 mg) 

were d r i e d  by r epea ted  evapora t ion  w i t h  anhydrous p y r i d i n e  and t h e  h i g h l y  

anhydrous mix tu re  d i s s o l v e d  i n  3 m l  of p y r i d i n e .  Dicyclohexylcarbodiimide 

(DCC), 0.4 g,  was t h e n  added and t h e  r e a c t i o n  mix tu re  was s e a l e d  and s t i r r e d  

i n  t h e  dark for 4 days.  F i f t y  p e r c e n t  aqueous p y r i d i n e  (20  ml) w a s  added 

t o  t e r m i n a t e  t h e  r e a c t i o n  and t h e  r e s u l t i n g  mix tu re  w a s  s t i r r e d  f o r  t h r e e  

hours .  Th i s  procedure was fol lowed by pen tane  e x t r a c t i o n  to remove any 

un reac ted  DCC. A f t e r  f i l t e r i n g  to remove i n s o l u b l e  m a t e r i a l  t h e  aqueous 

p y r i d i n e  s o l u t i o n  was evapora t ed  t o  d ryness .  Blocking groups were removed 

by t r e a t i n g  t h e  dry r e s i d u e  ove rn igh t  w i t h  50 m l  of 15 M methano l i c  ammonia 

a t  0 ' .  

i n  approximately 2 m l  of w a t e r  and s t r e a k e d  o n t o  Whatman No. 3 MM pape r .  

The paper  was developed ove rn igh t  in s o l v e n t  system A and t h e  s t r e a k  

corresponding to ApA w a s  c u t  o u t  and e l u t e d  w i t h  water. The e l u t e d  

m a t e r i a l  was then  d i r e c t l y  a p p l i e d  t o  a DEAE c e l l u l o s e  c o l u m  and a f t e r  

washing wi th  a l a r g e  volume of water ,  310 OD260 units of *ApA were e l u t e d  

w i t h  0.025 M NH HC03 s o l u t i o n .  

water and t h e  compound f u r t h e r  c h a r a c t e r i z e d  by a l k a l i n e  h y d r o l y s i s  t o  

monomer u n i t s  . 

A f t e r  removal of  t h e  s o l v e n t  by evapora t ion  t h e  r e s i d u e  w a s  d i s s o l v e d  

The s a l t  was r e m v e d  by evapora t ion  w i t h  
4 
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2,1',2'.3',4',5',5'-Heptadeuterioadenyly1-(3'-5')-uridine, *ApU 

2',3'-Isopropylideneuridine (0.075 m o l e ) ,  the  pyridinium sal t  of 

5' 2,1',2',3'.4',5',5'-heptadeuterio-N, 0". 0 -tribenzoyladenosine-3'-phosphate 

(0.056 m o l e s ) ,  and 250 mg of pyridinium Dowex-50 were rendered anhydrous 

by repeated evaporat ion wi th  anhydrous pyridine.  The d r i e d  res idue  was 

d isso lved  i n  2 m l  of pyr id ine  and t o  t h i s  was added 200 mg of DCC. The 

reac t ion ,  e x t r a c t i o n ,  and f i l t r a t i o n  procedures were i d e n t i c a l  t o  those 

employed i n  t h e  preceding synthes is .  

a m o n i a  by evaporat ion the  res idue  was then t r e a t e d  with 25 r n l  of 88% 

formic a c i d ,  and l e f t  t o  s tand  for 100 minutes. The formic ac id  was then 

evaporated m d e r  reduced pressure  and the remaining reac t ion  mixture 

d isso lved  i n  2 m l  of water  and s t reaked  Onto Whatman 3 MM paper. Since 

so lvent  system A d i d  not  completely reso lve  *ApU from *Ap- both s t r e a k s  were 

cut  ou t ,  e l u t e d ,  and placed on a DEAE c e l l u l o s e  c o l u w .  Af te r  washing wi th  

water 85 OD260 u n i t s  of *ApU were e l u t e d  with 0.025 M NH4 H a 3 ;  a h igher  s a l t  

concentrat ion was necessary t o  e l u t e  *Ap-. *ApU was charac te r ized  by a l k a l i n e  

hydro lys is  t o  2' and 3L*AM? and ur id ine .  

Af te r  removal of t h e  methanolic- 

Enzymatic Synthesis  

1',2',3',4',5',5'-Hexadeuterio~uanylyl-(3'-5')-cytidine, *CpC 

The procedure followed i s  e s s e n t i a l l y  t h a t  previously publ ished by 

Mohr and Thach(") with the  except ion t h a t  Cp! used i n  t h i s  work was f u l l y  

deutera ted  i n  t h e  r ibose  ring. The reac t ion  v e s s e l  was a c a l i b r a t e d  15 m l  

cen t r i fuge  tube f i t t e d  wi th  a 24/40 standard t a p e r  j o i n t .  

added 240 OD26o u n i t s  of Cp!(d6). 21.4 rng of cy t id ine .  and 0.2 ml of 0.01 M 

phosphate b u f f e r ,  pH 7.0. 

T (10 u1) were added and the f l a s k  w a s  a t tached  t o  a r o t a r y  evaporator .  

The s o l u t i o n  w a s  evaporated t o  a volume of about 0.08 ml a t  0" then removed 

from the  evaporator  and shaken f u r t h e r ;  t h e  t o t a l  reac t ion  time being 

To t h i s  tube  were 

Af te r  cool ing t o  O n ,  100 w i t s  of r ibonuclease 

1 
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approximately 90 minutes. 

water. 

quickly with so lvent  system A. and t h e  chromatogram immediately placed i n t o  

t h e  so lvent  chamber. Material with an Rf value i d e n t i c a l  wi th  an a u t h e n t i c  

sample of CpC w a s  c o l l e c t e d  and e l u t e d  with water. 

a DEAE c e l l u l o s e  column, washed with water, and e l u t e d  wi th  0.025 M NH HC03. 

y ie ld ing  95 OD260 u n i t s  of *GpC. 

with water. 

1' ,2 ' .3 ' .4 ' ,5 ' .5 ' -Hexadeuter io~u~yly l - (3 ' -5 ' ) -ur id~ne,  *GpU 

The volume was then made up t o  0.6 m l  wi th  cold 

This cold s o l u t i o n  w a s  s t reaked  Onto Whatman 3 MM paper ,  sprayed 

The *GpC w a s  placed on 

4 

The s a l t  w a s  removed by repeated evaporat ion 

The s y n t h e t i c  procedure is i d e n t i c a l  with t h a t  f o r  *CpC except c y t i d i n e  

w a s  replaced by 31.0 mg of u r i d i n e .  The y i e l d  w a s  comparable t o  t h a t  obtained 

f o r  *GpC. 

1',2',3'.4',5',5'-Hexadeuterio~uanylyl-(3'-5')-adenosine, *GpA 

Because of t h e  l imi ted  s o l u b i l i t y  of adenosine i n  aqueous s o l u t i o n ,  a 

s l i g h t l y  d i f f e r e n t  procedure was followed in the  s y n t h e s i s  of *GpA. 

*Cp:(200 OD260 units). 10 mg of adenosine and 0.1 m l  of 0.01 M phosphate 

b u f f e r  were treated t o  d isso lve  t h e  adenosine. The s o l u t i o n  was quickly cooled 

t o  0" and 100 u n i t s  of Ribonuclease T was added. The reac t ion  mixture was 1 

shaken at 0" f o r  90 minutes and t h e  *CpA then i s o l a t e d  as descr ibed previously.  

A small amOunt of adenosine p r e c i p i t a t e d  during t h e  course of t h e  r e a c t i o n  and 

could account f o r  the  low y i e l d  of 25 OD260 units f o r  *($A. 

a l s o  reported by Mohr and Thach''') and t h i s  was a t t r i b u t e d  t o  t h e  l o w  

s o l u b i l i t y  of adenosine i n  aqueous s o l u t i o n .  

Low y i e l d s  were 

RESULTS AND DISCUSSION 

Two approaches were used i n  the  present  work t o  synthes ize  s p e c i f i c a l l y  

2H l a b e l l e d  d inuc leos ide  monophosphates. The chemical approach followed 

procedures developed by Khorana and coworkers and was used t o  prepare *ApA 

and *ApU, in which the  3 ' -nucleot ide is f u l l y  deutera ted .  Both d imers  were 
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chromatograph ica l ly  i d e n t i c a l  w i t h  r e s p e c t i v e  r e f e r e n c e  samples of ApA and 

ApU. A f u r t h e r  check of t h e  i n c o r p o r a t i o n  of t h e  d e u t e r a t e d  3 ’ -nuc leo t ide  

*Ap- i n  t h e  dimer wBs made by measuring t h e  dimer p ro ton  resonance spectrum 

at 220 MHz and comparing i t  w i t h  t h e  corresponding spectrum f o r  f u l l y  

p ro tona ted  ApA r eco rded  m d e r  t h e  same c o n d i t i o n s  of c o n c e n t r a t i o n ,  pD, and 

t empera tu re .  The r e s u l t  confirmed t h e  absence of s i g n a l s  corresponding t o  

t h e  3 ’ -nuc leo t ide  i n  t h e  *ApA spectrum and i n d i c a t e d ,  moreover,  t h a t  

i n c o r p o r a t i o n  of t h e  deu te raced  n u c l e o t i d e  occur s  wi thou t  any exchange-loss  

of deuter ium atoms i n  t h e  r i b o s e  or aden ine  rings (except  f o r  A - 8 )  in t h e  

cour se  of t h e  s y n t h e s i s  r e a c t i o n s .  S i m i l a r  r e s u l t s  were ob ta ined  for  *ApU. 

The o b s e r v a t i o n  of an H-8 signal f o r  *Ap- and o t h e r  d e u t e r a t e d  p u r i n e  

n u c l e o t i d e s  i n  dimers  is n o t  unexpected. Earlier work has  shown p u r i n e  H-8 

p ro tons  to be q u i t e  l a b i l e  even a t  n e u t r a l  pH(’@. 

s i p a l  f o r  *Ap- of t h e  dimers  (spectrum pub l i shed  i n  r e f e r e n c e  12)  can 

The p resence  of an H-8 

t h e r e f o r e  be a t t r i b u t e d  t o  an exchange of LH-8 wi th  a v a i l a b l e  s o l v e n t  p r o t o n s ,  

most l i k e l y  i n  t h e  n u c l e o t i d e  e x t r a c t i o n  s t e p s .  H-2 is much less l a b i l e ,  and 

c o n d i t i o n s  encoun te red  a t  v a r i o u s  s t e p s  of t h e  e x t r a c t i o n  and s y n t h e s i s  a r e  n o t  

d r a s t i c  enough t o  produce a?y loss of ‘H-2. 

The o v e r a l l  y i e l d  of t h e  s y n t h e s i s  p rocedure  is s o w w h a t  lower than  

r e p o r t e d  f o r  ApA“’). 

f o r  meaningful  NMR measurements w a s  r e a d i l y  ob ta ined  from approximately 100 

grams of l y s e d  d e u t e r a t e d  a l g a l  c e l l s .  

Neve r the l e s s ,  an amount of p u r i f i e d  m a t e r i a l  s u f f i c i e n t  

Although t h e  chemical  approach produced a c c e p t a b l e  m a t e r i a l ,  t h e  l eng thy  

p rocedures  and t i m e  span  invo lved  l e d  u s  t o  c o n s i d e r  an  a l t e r n a t i v e  and more 

r a p i d  b i o s y n t h e t i c  r o u t e  d e s c r i b e d  by Mohr and Thach‘”’. 

s y n t h e s i s  i s  p r o c e d u r a l l y  s t r a i g h t f o r w a r d ,  r e q u i r e s  less s t a r t i n g  m a t e r i a l ,  

and is c a r r i e d  o u t  under mild s o l v e n t  c o n d i t i o n s .  T h i s  approach w a s  used t o  

s y n t h e s i z e  a number o f  dimers  c o n t a i n i n g  a guanyl r e s i d u e  i n  t h e  3’ p o s i t i o n .  

The enzymatic  
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I n  each case  t h e  p roduc t s  were chromatographical ly  i d e n t i c a l  w i t h  

corresponding p ro tona ted  ana logs ,  and pmr measurements confirmed 

inco rpora t ion  of t h e  d e u t e r a t e d  3 ' -nucleot ide.  

f o r  enzymat i ca l ly  syn thes i zed  *GpC a long  wi th  t h e  spectrum f o r  GpC. 

apparent  t h a t  only one s e t  of n u c l e o t i d e  s i g n a l s .  i.e.. t hose  due t o  -pC a r e  

observed f o r  *GpC. Comparison of t h e  two s p e c t r a  f u r t h e m r e  pe rmi t s  an 

Figure 1 shows t h e  spectrum 

I t  is 

G P  
y. 

5n5 

E 

FIGURE LEGEND 

220 MHz pmr s p e c t r a  of GpC (upper)  and *GpC ( lower)  i n  D20 a t  18". 

were prepared i n  100% D20 and samples were contained i n  5 mm c a p i l l a r y  sp inn ing  

tubes .  Both s p e c t r a  were measured for 0.02 M s o l u t i o n s ,  pD = 6.8 and 

in s t rumen ta l  s e t t i n g s  were t h e  same i n  each case .  The hydroxyl and amino 

proton resonances were not  observed because of exchange wi th  t h e  s o l v e n t .  

S o l u t i o n s  
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i d e n t i f i c a t i o n  of signals corresponding t o  t h e  ind iv idua l  nuc leo t idyl  u n i t s  

of GpC. 

a complete assignment of t h e  GpC spectrum can be achieved as  shown i n  Fig. 1. 

As is the  case f o r  chemically synthesized molecules, no exchange of 2H atoms, 

o ther  than a t  t h e  C-8 p o s i t i o n ,  w a s  observed i n  any enzymatical ly  prepared 

dimers. 

1 1  When combined wi th  r e s u l t s  of H- H and 1H-31P decoupling experiments, 

A f u r t h e r  advantage of the  enzymatic procedure over t h e  chemical is 

t h a t  unused nuc leo t ide  s t a r t i n g  mater ia l s  a r e  r e a d i l y  recoverable  i n t a c t  

in  the  former method--an important  cons idera t ion  when dea l ing  with s m a l l  

amounts of deutera ted  nuc leo t ides .  On balance t h e  enzymatic method using 

r ibonuclease  T has  an advantage over t h e  d i r e c t  s y n t h e t i c  approach 

although its a d a p t a b i l i t y  is l imi ted  to 3'-guanyl dimers. 

1 

CONCLUSIONS 

The present  work shows t h a t  d inuc leos ide  monophosphates containing a 

deutera ted  n u c l e o t i d y l  u n i t  at a known p o s i t i o n  can be prepared successfu l ly ,  

e i t h e r  by d i r e c t  chemical s y n t h e s i s  or by b i o s y n t h e t i c  procedures ,  i n  

amounts s u i t a b l e  f o r  spec t roscopic  s t u d i e s .  The s y n t h e s i s  of such l a b e l l e d  

dimers makes poss ib le  complete and unambiguous s i g n a l  assignments i n  proton 

s p e c t r a  f o r  these  molecules. Moreover, the  technique of s e l e c t i v e l y  

deutera t ing  one (or more) of t h e  n u c l e o t i d y l  u n i t s  can be extended i n  

p r i n c i p l e  to higher  oligomers and e f f o r t s  a r e  c u r r e n t l y  underway i n  t h i s  

d i r e c t i o n .  
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