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NUCLEOSIDES & NUCLEOTIDES, 3 ( 5 ) ,  485-498 ( 1 9 8 4 )  

AUTOMATED SOLID PHASE SYNTtIJ3SIS OF OLIGORIBONUCLeOTIDES. 
THE SYNTHESIS OF A tENA ANTICODON LOOP FROM NUCLEOSIDL- 

3'-C€lLOROPHOSPBITE DERIVATIVES. 

Richard T. Pon and Kelv in  K. Og i lv i e*  
Dept. of Chemistry,  M c G i l l  U n i v e r s i t y ,  

M o n t r e a l ,  Quebec, Canada H 3 A  2K6 

Abstract: A h e p t a d e c a r i b o n u c l e o t i d e  co r re spond ing  t o  p o s i t i o n s  828-44 of 
E. c o l i ' s  N-formylmethionine i n i t i a t o r  tRNA w a s  s y n t h e s i z e d  on a s i l i c a  
g e l  suppor t .  Methyl  d i c h l o r o p h o s p h i t e  was used as t h e  c o u p l i n g  r eagen t .  
- -  

Introduction 

Chemical s y n t h e s i s  has  f r e q u e n t l y  been used t o  p r e p a r e  o l i g o r i b o n u -  

c l e o t i d e s  which cor respond t o  p o r t i o n s  of t R N A  molecu le s .  In  p a r t i c u l a r ,  

s p e c i a l  a t t e n t i o n  has  been devo ted  t o  t h e  p r e p a r a t i o n  of an t i codon  l o o p  

sequences  1-6. These s y n t h e s e s  have  produced m a t e r i a l s  w i t h  d e f i n e d  se- 

quence (sometimes c o n t a i n i n g  unusua l  o r  modi f ied  n u c l e o s i d e s )  which are 

v a l u a b l e  f o r  t h e  measu remen t  of  p h y s i c a l  p r o p e r t i e s .  The a n t i c o d o n  

p o r t i o n  ( s t e m  a n d  l o o p )  of g. &'s N - f o r m y l m e t h i o n i n e  t R N A  i s  e s p e -  

c i a l l y  i n t e r e s t i n g  because t h i s  m o l e c u l e  i n i t i a t e s  p e p t i d e  c h a i n  syn the -  

s is .  The c o n f o r m a t i o n  of  t h i s  t R N A  i s  a l s o  b e l i e v e d  t o  c o n f e r  a n  i n -  

c r eased  s t a b i l i t y  t o  t h e  an t i codon  loop  r e l a t i v e  t o  n o n - i n i t i a t i n g  t R N A  

molecules .  ' 
P h o s p h o t  r i e s  t e r  and  mod i f  i e d  phospho  t r i e s  t e r  procedures8-9 have  

been a p p l i e d  t o  t h e  s y n t h e s i s  of RNA f ragments  on a s o l i d  phase  suppor t .  

These s t r a t e g i e s  used some type  of a r y l s u l p h o n y l  condens ing  r e a g e n t  as 

t h e  c o u p l i n g  agent .  However, t h e s e  r e a g e n t s  have  t h e  d i s a d v a n t a g e s  of 

caus ing  5 ' - su lphonat ion  and m o d i f i c a t i o n  of u r a c i  1 and guanine  bases  lo. 

We have  found t h a t  f a s t e r  and c l e a n e r  r e a c t i o n s  can be o b t a i n e d  by 

u s i n g  a t r i v a l e n t  d i c h l o r o p h o s p h i t e  as t h e  c o u p l i n g  r e a g e n t  l l .  The 

c h l o r o p h o s p h i t e  procedure ,  i n  c o n j u n c t i o n  w i t h  t h e  use  of Z'-L-butyldi- 
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486 PON AND OGILVIE 

m e t h y l s i l y l  p r o t e c t i n g  groups,  has  been found t o  be q u i t e  e f f e c t i v e  f o r  
I "  

o l i g o r i b o n u c l e o t i d e  s y n t h e s i s  i n  s o l u t i o n . l L  A s i m i l a r  methodology can 

a l s o  be used t o  manua l ly  p repa re  o l i g o r i b o n u c l e o t i d e s  on an  i n s o l u b l e  

suppor t .  13 

Syn thes i s  on i n s o l u b l e  s u p p o r t s  i s  i d e a l l y  s u i t e d  f o r  automation 

and we have r e c e n t l y  desc r ibed  how homogeneous o l i g o r i b o n u c l e o t i d e  s e -  

quences can be prepared  i n  an automated DNA/RNA ~ y n t h e s i 2 e r . l ~  I n  t h i s  

manuscript  we demonst ra te  t h e  a p p l i c a t i o n  of t h i s  procedure  t o  f u r t h e r  

o u r  l o n g  r a n g e  g o a l  of t o t a l  t R N A  s y n t h e s i s .  The s y n t h e s i s  of o c t a - ,  

nona-,  and  h e p t a d e c a r i b o n u c l e o t i d e  a n t i c o d o n  l o o p  s e q u e n c e s  f rom E. 
- c o l  i 's  N-f  ormylmethionine i n i t i a t o r  t RNA i s  descr ibed .  

Results and Discussion 

D e r i v a t i z a t i o n  of t h e  Polymer Support 

The s e l e c t i o n  of t h e  a p p r o p r i a t e  i n s o l u b l e  suppor t  i s  v e r y  impor- 

t a n t  i n  d e v e l o p i n g  an  automated s y n t h e s i s .  The s u b s t r a t e s  most commonly 

used  i n  e i t h e r  DNA o r  RNA s o l i d  p h a s e  s y n t h e s i s  c a n  be d i v i d e d  i n t o  

r i g i d  and nonr ig id  c a t e g o r i e s .  

The nonr ig id  polymers such a s  c r o s s  l i n k e d  p o l y s t y r e n e  ''-I8 o r  po ly -  

ac ry loy1morpho l ide l9  r e s i n s  c o n t a i n  a r e l a t i v e l y  h igh  number of d e r i v a -  

t i z a b l e  s i tes  throughout t h e i r  s t r u c t u r e .  These r e s i n s  must be used i n  a 

s w o l l e n  c o n d i t i o n  t o  permit i n f u s i o n  of reagents .  

The r i g i d  polymers,  such a s  s i l i c a  ge l13-14 ,  20-25 and c o n t r o l l e d  

pore g l a s s  26-28 a r e  n o n s w e l l a b l e  and posses s  d e r i v a t i z a b l e  s i t e s  o n l y  on 

t h e i r  su r f ace .  The p r o p e r t i e s  of t h e s e  s u p p o r t s  a r e  s t r o n g l y  i n f l u e n c e d  

by t h e  pore  s i z e  of t h e  s u b s t r a t e .  

We i n v e s t i g a t e d  r e p r e s e n t a t i v e  polymers from each  c a t e g o r y  du r ing  

d e v e l o p m e n t  of  o u r  a u t o m a t e d  p r o c e d u r e .  These  s u p p o r t s  a r e  l i s t e d  i n  

TABLE 1. 

Our g e n e r a l  s t r a t e g y  was t o  a t t a c h  t h e  3 '- terminal n u c l e o s i d e  of an 

in tended  sequence onto t h e  i n s o l u b l e  suppor t  by e s t e r i f i c a t i o n  of t h e  

2 ' -  o r  3I-hydroxyl p o s i t i o n .  This r equ i r ed  a c a r b o x y l i c  a c i d  f u n c t i o n  on 

t h e  s u p p o r t .  The E n z a c r y l  K2 and C a r b o x y l  c o n t r o l l e d  p o r e  g l a s s  (CPG) 

s u p p o r t s  were  p u r c h a s e d  a l r e a d y  d e r i v a t i z e d  i n  t h i s  way. The c h l o r -  

o m e t h y l  g r o u p s  of t h e  Bio  Beads  r e s i n  w e r e  d e r i v a t i z e d  w i t h  e i t h e r  
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AUTOMATED OLIGORIBONUCLEOTIDE SYNTHESIS 487 

TABLE 1. I n s o l u b l e  Suppor ts  I n v e s t i g a t e d .  

Name Type Func t iona l  Group Pore S i z e  P a r t i c l e  S i z e  
(Angstroms) (mic rnns )  

Bio Beads SX-1 Polys tyrene  -CH2C1 ----- 63-130 
Enzacry l  K2 Polyac ry loy l -  -COOH ----- ---- 

morpholide 
Vydac TP S i l i c a  G e l  300 20 
Baker Amino- 
Bonded Phase S i l i c a  G e l  -NH2 60 60 
Carboxyl CPG Con t ro l l ed  Pore -COOH 500 120-320 

Long Chain Alkyl Con t ro l l ed  Pore 
Amine CPG Glass  -NH2 500 120-320 

----- 

Glass 

s u c c i n i c  o r  s e b a c i c  acid2'. The Vydac TP s i l i c a  g e l  was aminopropyla ted  

and then  s u c c i n y l a t e d  as p r e v i o u s l y  descr ibedi3 ,  w h i l e  t h e  Baker Amino- 

Bonded s i l i c a  g e l  was o n l y  s u c c i n y l a t e d .  

The number of c a r b o x y l i c  a c i d  groups  on each polymer was de te rmined  

by back  t i t r a t i o n  of a m i x t u r e  of  p o l y m e r  i n  a known amount of b a s e  

s o l u t i o n .  The observed  ca rboxy l  l o a d i n g s  are shown i n  TABLE 2. However, 

n o t  a l l  of t h e s e  ca rboxy l  groups  are e q u a l l y  a c c e s s i b l e .  An a l t e r n a t i v e  

procedure2', which measured t h e  amount of p -n i t ropheno l  coup led  t o  t h e  

polymer by DCC, produced much lower v a l u e s .  Lower y i e l d s  would r e s u l t  i f  

UCC f a i l e d  t o  r each  t h e  most h indered  l o c a t i o n s  o r  i f  DCC conve r t ed  some 

ca rboxy l  groups i n  c l o s e  proximi ty  i n t o  anhydrides.  

A t t a c h m e n t  v i a  t h e  2'- o r  3 ' - h y d r o x y l  p o s i t i o n  of  a n  o t h e r w i s e  

f u l l y  b locked  n u c l e o s i d e ,  t o  t h e  Vydac and Baker s i l i c a  g e l s  w a s  per -  

formed by u s i n g  D C C  and d i m e t h y l a m i n o p y r i d i n e  (DMAP)13. However, t h i s  

procedure  w a s  much less e f f e c t i v e  w i t h  t h e  o t h e r  suppor ts .  The DCCfDMAP 

e s t e r i f i c a t i o n  produced o n l y  v e r y  small  l o a d i n g s  on t h e  ca rboxy l  CPG and 

t h e  s e b a c i c  a c i d  d e r i v a t i z e d  Bio Beads. No c o u p l i n g  was d e t e c t e d  on t h e  

E n z a c r y l  K 2  and  s u c c i n i c  a c i d  d e r i v a t i z e d  B io  Beads.  I n  t h e s e  c a s e s ,  

e s t e r i f i c a t i o n  was b r o u g h t  a b o u t  by f i r s t  r e a c t i n g  t h e  p o l y m e r  w i t h  

excess  phosphorous t r i c h l o r i d e  t o  form a mixed anhydride3'. Reac t ion  of 

a r i b o n u c l e o s i d e  w i t h  t h e  mixed anhydr ide  produced t h e  l o a d i n g s  shown i n  

TABLE 2. 
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488 PON AND OGLLVIE 

TABLE 2 .  Attachment of Nucleos ides  t o  D e r i v a t i z e d  Polymer Suppor ts .  

Polymer No. of S i t e s  Coupling Loading 
Support (Detn. by t i t r a t i o n )  Procedure Achieved 

(umo l e s  / g  ) (umoles / g  ) 

Bio-Beads 
Bio-Beads 
Enzacryl K2 
Vydac TP 
Baker Amino-Bonded 
Carboxyl CPG 
Carboxyl CPG 
Long Chain Alkyl 
Amine CPG 

590 
5Y0 

1000a 
370 

1750 
l O P  
100a 

DCC/DMAP E s t e r i f i c a t i o n  
POC13 Mixed Anhydride 
P 0 C l 3  Mixed Anhydride 
DCC/DMAP E s t e r i f i c a t i o n  
DCC/DMAP E s t e r i f i c a t i o n  
DCC/DMAP E s t e r i f i c a t i o n  
P 0 C l 3  Mixed Anhydride 

Pentachlorophenylsuccinate 

10 
30-50 
20 
40-60 

120- 150 
1 
5- 10 

30-40 

aValue supp l i ed  by t h e  manufac turer  
bDetermined by t r i t y l  co lou r  a n a l y s i s  

The amount of l o a d i n g  on  t h e  c o n t r o l l e d  p o r e  g l a s s  s u p p o r t  was 

s t i l l  l o w  and s o  a d i f f e r e n t  d e r i v a t i z a t i o n  s t r a t e g y  was used .  T h i s  

i n v o l v e d  r e a c t  i o n  of an a c t i v a t e d  nucleoside-3'-pentach loropheny 1 s u c c i  - 

n a t e  t o  an amine c o n t a i n i n g  suppor t  ( l o n g  cha in  a l k y l  amine CPG). T h i s  

p r o c e d u r e  was s i m i l a r  t o  t h e  d e r i v a t i z a t i o n  of 2 ' - d e o x y r i b o n u c l e o -  

s i d e s 2 6 ,  j1 and gave  good r e s u l t s .  

A comparison of t h e  n u c l e o s i d e  l o a d i n g s  l i s t e d  i n  TABLE 2 wi th  t h e  

number of c a r b o x y l i c  a c i d  si tes i n d i c a t e s  t h a t  o n l y  a s m a l l  f r a c t i o n  of 

t h e  a c i d  s i t e s  can be d e r i v a t i z e d .  The bes t  l o a d i n g s  were ob ta ined  wi th  

t h e  smal l  pore Baker Amino-Bonded s i l i c a  g e l  and decreased  a s  t h e  pore  

s i z e  of t h e  suppor t s  increased .  

Elongat ion  of t h e  Polymer Supported Nucleoside 

Once t h e  f i r s t  n u c l e o s i d e  h a s  been  a t t a c h e d ,  t h e  s u p p o r t  c a n  be 

u s e d  a s  a s u b s t r a t e  f o r  c h a i n  e x t e n s i o n  r e a c t i o n s .  To a u t o m a t e  t h i s  

process ,  samples of polymer (150-200 mg) were p l a c e d  i n  s t a i n l e s s  s t e e l  

columns and a t t a c h e d  t o  an  automated DNAIRNA s y n t h e s i z e r .  The d e t a i l s  of 

t h i s  s y n t h e s i z e r  have  been p r e v i o u s l y  d e s c r i b e d l 4 ,  32. 
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TABLE 3 .  RNA Synthesis Cycle 

Operation Reagent Step Time 
(@ 4 ml/rnin) 

6, 
7 ,  

Detritylation 
Wash 91 
Wash 112 
Nucleotide Add 'n  
Recycle 
Oxidation 
Wash #3 
Capping/Drying 
Wash M4 

0.1M Benzenesulf onic Acid 
Acetonitrile 
2% Collidine/acetonitrile 
0.03M Nucleoside chlorophosphite 
0.03M Nucleoside chlorophosphite 
0.1M I 2  water:THF:pyridine 2:78:28 
Acetonitrile 
Acetic anhydride, DMAP, collidine 
Acetonitrile 

5 min 
1 min 
4 rnin 
1.25 min 

23.75 m i n  
2 min 
1 min 
5 min 
5 rnin 

The synthesis cycle employed (TABLE 3), contained four basic steps: 

(1) Acidic treatment to remove 5'lnonomethoxytrityl 

protecting groups 

(2) Condensation of the polymer bound nucleoside/tide 

with a nucleoside-3'-chlorophosphite 

( 3 )  Oxidation, using iodine and water, to convert the 

the phosphite linkages into phosphate linkages 

( 4 )  Capping with acetic anhydride and DMAP to block off 

unreacted sites and remove residual moisture 

The most difficult step is the chain extension reaction. Unlike 2'- 

deoxyribonucleosides, protected ribonucleosides are much more hindered 

about the 3'- position. This is due to the bulky t-butyldimethylsilyl or  

trilsopropylsilyl protecting group which we used on the 2'- posit ion. 
Consequently we have found that it is necessary to use higher concentra- 

tions (0.03M vs 0.01M) and longer coupling times (25 min vs 7 rnin), 

relative to chlorophosphite oligodeoxyribonucleotide synthesis32, in 

order to obtain acceptable coupling yields. 

Reactive nuc leoside-3'-ch lorophosphites were prepared fresh each 

day by the dropwise addition of a suitably protected ribonucleoside (1.0 

eq.) into a rapidly stirred solution of methyl dichlorophosphite (0.9 

eq.) and collidine (4 .5  eq.) in cold ( -45 ' )  acetonitrile. After 10 
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minutes t h e  r e a c t i o n  was warmed t o  room tempera tu re  t o  produce a c l e a r  

s o l u t i o n .  The n u c l e o s i d e  c o n c e n t r a t i o n  was 0.03M and 5 m l  of s o l u t i o n  

was used du r ing  each  c o u p l i n g  c y c l e .  

The excess  of n u c l e o s i d e  t o  phosphi te  ensured  comple te  u t i l i z a t i o n  

of t h e  methyl d i c h l o r o p h o s p h i t e ,  but produced some 3'-3' l i n k e d  dimers. 

However, t h i s  was p r e f e r a b l e  t o  r e a c t i o n s  which used 1.0 o r  1.2 e q u i v a -  

l e n t s  of methyl d i ch lo rophosph i t e .  I n  t h e s e  r e a c t i o n s ,  t h e  n u c l e o s i d e  

ch lo rophosph i t e  s o l u t i o n  was coevapora t ed  w i t h  t o l u e n e ,  under a rgon ,  t o  

remove any unreac ted  methyl  d i ch lo rophosph i t e .  However, c o u p l i n g  reac-  

t i o n s  u s i n g  t h e s e  s o l u t i o n s ,  p a r t i c u l a r l y  t h o s e  i n v o l v i n g  g u a n o s i n e  

monomers, d i d  n o t  g i v e  h i g h  y i e l d s .  T h i s  was a t t r i b u t e d  t o  t h e  incom- 

p l e t e  removal of a 1  1 of t h e  excess  methyl  d i ch lo rophosph i t e .  

The s y n t h e s i s  c y c l e  was used wi th  each of t h e  d i f f e r e n t  suppor t s .  

The two nonr ig id  polymers,  Bio Beads and Enzacry l  K2 were found t o  s w e l l  

ve ry  d i f f e r e n t l y  between a c e t o n i t r i l e  and THF c o n t a i n i n g  r e a g e n t s .  I t  

was n e c e s s a r y  t o  u s e  o n l y  one  s o l v e n t ,  a c e t o n i t r i l e ,  t h r o u g h o u t  t h e  

e n t i r e  c y c l e .  The o x i d i z i n g  and capping  r e a g e n t s  were t h e r e f o r e  prepared  

i n  a c e t o n i t r i l e  i n s t e a d  of THF. These modi f ied  c o n d i t i o n s  a l l o w e d  t h e  

p r e p a r a t i o n  of a n  o c t a u r i d y l i c  a c i d  t e s t  s e q u e n c e  on  b o t h  of t h e  non- 

r i g i d  suppor ts .  Average c o u p l i n g  y i e l d s  of 93 and 108% were ob ta ined  f o r  

t h e  Bio Beads and  E n z a c r y l  K 2  s u p p o r t s ,  r e s p e c t i v e l y ,  i n  t h i s  t r i a l  

sequence. These y i e l d s  were de termined  by t r i t y l  c o l o u r  a n a l y s i s .  

The  g r e a t e r  t han  l O O X  a v e r a g e  c o u p l i n g  y i e l d  (108%) ob ta ined  wi th  

t h e  Enzacry l  K2 suppor t  i n d i c a t e d  t h a t  t h i s  suppor t  was u n s u i t a b l e  f o r  

u se  wi th  c h l o r o p h o s p h i t e  r e a g e n t s  because some r e a c t i o n  of t h e  r e s i n ' s  

s t r u c t u r e  must be o c c u r r i n g  w i t h  each c o u p l i n g  s t ep .  

The r e s u l t  wi th  t h e  Bio Beads suppor t  w a s  s a t i s f a c t o r y  but f u r t h e r  

s y n t h e s e s  were  n o t  a t t e m p t e d  w i t h  t h i s  s u p p o r t  b e c a u s e  i t  was n o t  a s  

easy  t o  h a n d l e  as t h e  r i g i d  s i l i c a  g e l s  and c o n t r o l l e d  pore g l a s s  sup- 

por ts .  These l a t t e r  s u p p o r t s  were p r e f e r r e d  because they  cou ld  be used 

wi th  any s o l v e n t  and a t  h ighe r  f l o w  r a t e s  and o p e r a t i n g  p res su res .  

The Baker  Amino-Bonded s u p p o r t  a p p e a r e d  t o  be t h e  most p r o m i s i n g  

s u p p o r t  b e c a u s e  of i t s  h i g h  n u c l e o s i d e  l o a d i n g .  However ,  p r e l i m i n a r y  

e x p e r i m e n t s  w i t h  t h i s  s u p p o r t  i n d i c a t e d  t h a t  t h e  c o u p l i n g  y i e l d s  d e -  

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

example, i n  t h e  s y n t h e s i s  of t h e  sequences GUC, GUCG, CGUCG and UCGUCG 

t h e  a v e r a g e  y i e l d s  of t h e  f i r s t ,  s e c o n d  and  t h i r d  c o u p l i n g  r e a c t i o n s  

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



AUTOMATED OLIGORIBONUCLEOTIDE SYNTHESIS 49 1 

were 8 5 ,  6 3  and 44% r e s p e c t i v e l y .  These r e s u l t s  were p robab ly  due t o  t h e  

r e l a t i v e l y  small  pore s i z e  (60 angstroms) of t h i s  suppor t  which p r e v e n t -  

e d  t h e  f o r m a t i o n  of l o n g  n u c l e o t i d e  c h a i n s .  The same c o u p l i n g  c y c l e  

p r o d u c e d  much b e t t e r  r e s u l t s  on t h e  Vydac and c o n t r o l l e d  p o r e  g l a s s  

s u p p o r t s .  Both of t h e s e  s u p p o r t s  had l a r g e - s i z e  p o r e s  (300-500 ang-  

s t roms)  and gave  similar c o u p l i n g  r e s u l t s  i n  p r e l i m i n a r y  r e a c t i o n s .  33 

The Vydac s i l i c a  g e l  w a s  used i n  ou r  automated procedure  t o  p repa re  

t h e  two oc ta -  and nona r ibonuc leo t ide  sequences  UAACCCGA and UCGGGCUCA. 

These two sequences  a r e  t h e  3'- and 5'- h a l v e s  of t h e  an t i codon  loop  of 

t h e  i n i t i a t o r  tRNA (FIGURE 1). I n  a d d i t i o n ,  we a l s o  prepared  t h e  e n t i r e  

heptadecamer sequence UCGGGCUCAUMCCCGA i n  one cont inuous  s y n t h e s i s .  

3' 

A 77 

C 
5' c 

A 
1 p C . A  

G . C  
C ' G  
G .  C 70 
G .  C 
G .  C 
G .  C 

60 
U A  

C G G C C  .. A 
. . . . .  A 

s4U 

G U C G G  C G 
10 

C C G A G  C T I S I  
C G A  

U . . . .  U 
m7G -A G G C U C  

G D A  
20 

28 u . A 44 

G . C  
c 40 

Cm 

I u  

FIGURE 1. E. c o l i ' s  N-formylmethionine i n i t i a t o r  tRNA 
sequence. The syn thes i zed  fragment i s  shown 
i n  t h e  boxed a r e a .  

- -  
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TAE3LE 4 .  Coupling Yie lds  i n  t h e  Syn thes i s  
of t h e  Anticodon Loop. 

PON AND OGILVIE 

Sequence Length Average Coupling Yie lds  Overall Yield 

UAACCCGA 8 
uccG(;cucA Y 
UCWGCUCAUAACCCGA 17 

8 / X  
91X 
93% 

38L 
47% 
31% 

The c o u p l i n g  y i e l d s  i n  t h e s e  s y n t h e s e s  were  a g a i n  d e t e r m i n e d  by 

q u a n t i t a t i o n  of t h e  amount of monomethoxyt r i ty l  c a t i o n  r e l e a s e d  du r ing  

each  d e t r i t y l a t i o n  s t e p .  The r e s u l t s  were q u i t e  good and t h e  ave rage  and 

o v e r a l l  c o u p l i n g  y i e l d s  f o r  each s y n t h e s i s  a r e  t a b u l a t e d  i n  TABLE 4 .  In  

each case t h e  d e s i r e d  sequence w a s  assembled i n  o n l y  one o r  two working 

days s i n c e  l e s s  than  one hour was r equ i r ed  f o r  each n u c l e o t i d e  a d d i t i o n .  

Deprotec t ion  and I s o l a t i o n  of t h e  F i n a l  Products  

A f t e r  a s s e m b l y  o f  t h e  d e s i r e d  s e q u e n c e  by t h e  s y n t h e s i z e r ,  t h e  

f i n a l  p r o d u c t  must be c l e a v e d  f r o m  t h e  p o l y m e r ,  d e p r o t e c t e d  and i s o -  

l a t e d .  This  procedure  is more d i f f i c u l t  f o r  o l i g o r i b o n u c l e o t i d e s  than  

f o r  oligodeoxyribonucleosides f o r  two r e a s o n s .  F i r s t  of a l l ,  t h e  2'-  

p r o t e c t i n g  group r e q u i r e s  t h e  i n c l u s i o n  of an  e x t r a  d e p r o t e c t i o n  s t ep .  

Second 1 y , t he  depro t e c t e d  o l i g o r i  bonuc l e o  t i d e s  a r e  much more sens i  t i ve 

towards chemical and enzymatic h y d r o l y s i s .  P recau t ions  need t o  be t aken  

t o  p reven t  any a c c i d e n t a l  i n t r o d u c t i o n  of r ibonuc leases .  

The d e p r o t e c t i o n  began by t r ea tmen t  of t h e  polymer w i t h  t - b u t y l -  

amine t o  remove t h e  methyl p r o t e c t i n g  groups. A c y l  l i n k a g e s  were then  

hydrolyzed by t r ea tmen t  w i t h  e t h a n o l i c  ammonium hydroxide.  The oc ta -  and 

nona r ibonuc leo t ide  sequences were l e f t  w i t h  t h e  5'- t e r m i n a l  monometh- 

o x y t r i t y l  group i n  p l a c e  and a t  t h i s  p o i n t  they  were p u r i f i e d  by s i l i c a  

g e l  TLC. The monomethoxytri tyl  group i d e n t i f i e d  t h e  d e s i r e d  band on each 

p l a t e .  This  was removed, d e s i l y l a t e d  w i t h  TBAF s o l u t i o n ,  d e s a l t e d  and 

t h e n  d e t r i t y l a t e d .  C e l l u l o s e  TLC was u s e d  t o  p u r i f y  t h e  c o m p l e t e l y  

dep ro tec t ed  sequences .  
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AUTOMATED OLIGORIBONUCLEOTIDE SYNTHESIS 4 9 3  

I 1 2 1 2 3  

FIGUKE 2 .  Lef t  - S i z i n g  g e l  of t h e  s y n t h e t i c  nonanuc leo t ide  ( l a n e  1) 
and, i n  descending  o r d e r ,  8,  10, 1 2 ,  and 14 u n i t  
long  oligo-T markers ( l a n e  2 ) .  

Right - S i z i n g  g e l  of t h e  s y n t h e t i c  h e p t a d e c a r i b o n u c l e o t i d e  
( l a n e  2) and oligo-T markers ( l a n e s  1 and 3 ) .  
( A  less exposed p l a t e  allowed t h e  marker n u c l e o t i d e s  
t o  be d i s t i n g u i s h e d . )  

The h e p t a d e c a m e r  s e q u e n c e  was deb locked  s l i g h t l y  d i € f e r e n t l y .  In  

t h i s  ca se  t h e  monomethoxyt r i ty l  group w a s  removed f i r s t .  The s i l i c a  g e l  

p u r i f i c a t i o n  s t e p  was omi t ted  and t h e  c rude  mixture  was d e s i l y l a t e d  and 

t h e n  d e s a l t e d .  A c o m b i n a t i o n  of r e v e r s e d  p h a s e  HPLC and  p r e p a r a t i v e  

po lyac ry lamide  g e l  e l e c t r o p h o r e s i s  w a s  used t o  p u r i f y  t h e  heptadecamer 

sequence. 

A l l  t h r e e  o f  t h e  a b o v e  s e q u e n c e s  were c h a r a c t e r i z e d  by k i n a s i n g  

samples  and s i z i n g  them ( a g a i n s t  o l i g o t h y m i d y l i c  a c i d  s t a n d a r d s )  on g e l  

e l e c t r o p h o r e s i s .  Sample radiograms of both t h e  nona- and hep tadeca r ibo -  

n u c l e o t i d e s  a r e  shown i n  F I G U R E  2. The n u c l e o s i d e  c o m p o s i t i o n  of e a c h  

s e q u e n c e  was a l s o  d e t e r m i n e d  by e n z y m a t i c  d e g r a d a t i o n  and  HPLC 

a n a l y s i s  3 4 .  
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conclusion 

PON AND OGILVIE 

T h e  c h l o r o p h o s p h i t e  p r o c e d u r e  h a s  been  shown t o  be s u f f i c i e n t l y  

r e a c t i v e  t o  a l l o w  t h e  automated s y n t h e s i s  of o l i g o r i b o n u c l e o t i d e s  on 

s i l i c a  g e l  suppor ts .  Nuc leo t ides  can be assembled  a t  a r a t e  of l e s s  t han  

one hour per  c o u p l i n g  cyc le .  The l a b o r i o u s  p r e p a r a t i o n  of d i -  o r  t r i n u -  

c l e o t i d e  b locks  can be avoided  because t h e  h igh  c o u p l i n g  y i e l d s  a1 low 

t h e  use of s imple  mononucleosides as t h e  s t a r t i n g  materials. The prepa-  

r a t i o n  of t h r e e  a n t i c o d o n  l o o p  s e q u e n c e s ,  o f  up t o  s e v e n t e e n  u n i t s  i n  

l e n g t h ,  demonst ra tes  t h a t  RNA o l i g o n u c l e o t i d e s  of b i o l o g i c a l  s i g n i f i -  

c a n c e  a r e  now r e a d i l y  o b t a i n a b l e .  F u r t h e r  a d v a n c e s  i n  t h i s  a r e a  w i l l  

assist  us  i n  our long  term g o a l  of t o t a l  tRNA s y n t h e s i s .  

Experimental 

Reagents and M a t e r i a l s  

P ro tec t ed  n u c l e o s i d e s  and nucleoside-3'-chlorophosphites were p re -  

pared a s  p r e v i o u s l y  described12-14. The c r o s s l i n k e d  c h l o r o m e t h y l a t e d  

p o l y s t y r e n e  r e s i n  (Bio Beads SX-1) w a s  ob ta ined  from Bio Rad (Richmond, 

CA). The p o l y a c r y l o y l m o r p h o l i d e  r e s i n  was o b t a i n e d  f r o m  t h e  A l d r i c h  

Chemical Co. (Milwaukee, Wis.). The c o n t r o l l e d  pore g l a s s  beads and t h e  

Vydac TP s i l i c a  g e l  were manufactured r e s p e c t i v e l y  by t h e  Pierce Chemi- 

c a l  Co. ( R o c k f o r d ,  I L )  and The S e p a r a t i o n s  Group ( H e s p e r i a ,  CA). The 

Baker  Amino-Bonded s i l i c a  g e l  was d o n a t e d  by t h e  J. T. Baker Co. 

( P h i l l i p s b u r g ,  N J ) .  

A l l  of t h e  g l a s s w a r e  and p l a s t i c w a r e  used i n  t h e  p u r i t i c a t i o n  s t e p s  

was t r e a t e d  w i t h  d i e t h y l  p y r o c a r b o n a t e  and  a u t o c l a v e d  t o  p r e v e n t  

a c c i d e n t a l  enzymatic degrada t ion .  

Measurement of t h e  Coupling Yie lds  

The c o l o u r e d  w a s h i n g s  f r o m  t h e  d e t r i t y l a t i o n  of t h e  manomethoxy- 

t r i t y l  group (0.IM benzenesu lphon ic  a c i d / a n h y d r o u s  a c e t o n i t r i  l e )  were  

c o l l e c t e d .  A l i q u o t s  were d i l u t e d  w i t h  0.1M b e n z e n e s u l p h o n i c  a c i d  i n  

anhydrous a c e t o n i t r i  le. The p r e s e n c e  of t h e  b e n z e n e s u l  p h o n i c  a c i d  was 
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AUTOMATED OLIGORIBONUCLEOTIDE SYNTHESIS 495 

necessa ry  t o  s t a b i l i z e  t h e  co lou r s .  Absorbance v a l u e s  a t  38Y and 470 nm 

were  measu red  on  a Cary  17 s p e c t r o p h o t o m e t e r .  The e x t i n c t i o n  c o e f f i -  

c i e n t s  f o r  t h e  two peaks were 16,000 and 56,000 1 cm-lmo1-l r e s p e c t i v e -  

l y .  Coupling y i e l d s  were c a l c u l a t e d  by comparing s u c c e s s i v e  absorhance  

v a l u e s .  The u n c e r t a i n t y  of t h e  measurement w a s  e s t i m a t e d  t o  be p l u s  o r  

minus  Z X .  

Deprotec t ion  and P u r i f i c a t i o n  Procedure f o r  Octa- and Nonanucleotide 

Sequences 

Polymer (30-50 mg) c o n t a i n i n g  t h e  t r i t y l a t e d  sequence w a s  s t i r r e d  

i n  n e a t  t - b u t y l a m i n e  ( 2  m l )  a t  50° o v e r n i g h t .  The t - b u t y l a m i n e  was 

evapora t ed  o f f  and 15M ammonium hydroxide :e thanol  3:l  (2  m l )  w a s  added. 

A f t e r  h e a t i n g  (50°, 2-4 hour s )  t h e  polymer was washed (5x2 ml)  w i th  more 

e t h a n o l i c  ammonia and t h e  washings were d r i e d  i n  a Speed-Vac. The amount 

of n u c l e o t i d e  r ecove red  was determined by U V  spec t roscopy.  T y p i c a l l y ,  80 

t o  120 A260 u n i t s  were obta ined .  

The c r u d e  m i x t u r e  was a p p l i e d  t o  a s i l i c a  g e l  TLC p l a t e  (0.1 mm x 

20 c m  x 20 cm) and deve loped  i n  e i t h e r  1:l e the r : ch lo ro fo rm (nonanucleo-  

t i d e )  o r  8 : 2  e t h a n o l :  1M a q u e o u s  ammonium a c e t a t e  ( o c t a n u c l e o t i d e ) .  The 

m o n o m e t h o x y t r i t y l  c o n t a i n i n g  band was i d e n t i f i e d  w i t h  a n  a c i d  s p r a y  

( a p p l i e d  t o  t h e  e d g e  of t h e  p l a t e ) .  T h i s  m a t e r i a l  was removed and t h e  

n u c l e o t i d e  e l u t e d  off  w i th  e t h a n o l  and then  water. 

The m a t e r i a l  w a s  d r i e d  and then  d i s s o l v e d  i n  1M TBAF/THF s o l u t i o n  

(1  m l ,  2-4 hours). The s o l u t i o n  was concen t r a t ed ,  d i l u t e d  w i t h  water ( 1  

m l ) ,  and p a s s e d  down a co lumn of Dowex Na+ i o n  e x c h a n g e  r e s i n  (20  ml ) .  

The e l u a n t  w a s  l y o p h i l i z e d  t o  g i v e  a wh i t e  o r  l i g h t  brown s o l i d .  I f  an 

o i l  o r  gum was ob ta ined  t h e  i o n  exchange column was repea ted .  

The r e s i d u e  was d e s a l t e d  on a Sephadex  G-25 co lumn (0.8 cm i.d. x 

50 cm) by e l u t i o n  wi th  0.05M ammonium a c e t a t e .  The n u c l e o t i d e  was d e t r i -  

t y l a t e d  I n  80% a c e t i c  a c i d  (0.5 m l ,  12 h o u r s )  a t  room t e m p e r a t u r e .  The 

a c i d  w a s  removed i n  t h e  Speed-Vac and t h e  r e s i d u e  w a s  washed w i t h  e t h e r  

( 3 ~ 0 . 2  ml). The aqueous l a y e r  was a p p l i e d  t o  a c e l l u l o s e  TLC p l a t e  (0.1 

mm x 20 cm x 20 cm) wh ich  w a s  d e v e l o p e d  i n  ~ - p r o p a n o l : 1 5 M  ammonium 

hydroxide:water 55:10:35. The product had an  R€ i n  t h e  0.1 - 0.2 range. 
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496 PON AND OGILVIE 

Uepro tec  t i o n  and P u r i  f i c a  t i o n  of t h e  Hep tadecamer  

Sequence UCGGGCUCAUAACCCGA 

Polymer (55 mg) was t r e a t e d  w i t h  t - b u t y l a m i n e  ( 2  ml) and e t h a n o l i c  

ammonia as a b o v e .  The p o l y m e r  was  w a s h e d  ( 5 x 2  m l )  w i t h  t h e  e t h a n o l i c  

ammonia s o l u t i o n  and t h e  combined washings  were d r i e d .  280 A260 u n i t s  of 

material  were r e c o v e r e d .  The mater ia l  was d i s s o l v e d  i n  1M TBAF s o l u t i o n  

( 2  m l )  a n d  l e f t  a t  room t e m p e r a t u r e  ( 1 6  h )  b e f o r e  b e i n g  d e s a l t e d  a s  

d e s c r i b e d  above.  

The c r u d e  n u c l e o t i d e  m i x t u r e  was a p p l i e d  t o  a c o l u m n  of D E A E -  

c e l l u l o s e  (0.8 cm i .d. x 10 c m )  a n d  e l u t e d  w i t h  a s t e p w i s e  g r a d i e n t  o f  

pH 7.5 T E A 8  b u f f e r  ( 1 5  m l  @ 0.25M, 0.5OM, 0.75M, l.OM, 1.25M a n d  40 m l  @ 

1.5M TEAB). T h e  m a t e r i a l  e l u t e d  o f f  by  t h e  1.5M T E A B  w a s  n o t  

s u f f i c i e n t l y  pure ( a s  judged  by g e l  e l e c t r o p h o r e s i s ) .  

A s a m p l e  of t h e  material ( 2  A260 u n i t s )  was d i s s o l v e d  i n  water (0.1 

m l )  a n d  p u r i t i e d  by H P L C  on a Whatman ODS-2 C - 1 8  c o l u m n .  The g r a d i e n t  

used was 7-2OX a c e t o n i t r i l e  i n  ammonium ace ta te  ( 1 X  w t / v )  o v e r  30 min- 

u t e s  ( a t  2 m l / m i n ) .  The p e a k  e l u t i n g  a t  15.85 m i n u t e s  c o n t a i n e d  t h e  

d e s i r e d  heptadecamer sequence.  T h i s  was f u r t h e r  p u r i f i e d  by g e l  e l e c t r o -  

p h o r e s i s .  

The s e q u e n c e  was e n z y m a t i c a l l y  d e g r a d e d  i n t o  C:U:G:A ( 6 : 3 : 4 : 4 )  by 

snake  venom p h o s p h o d i e s t e r a s e  and a l k a l i n e  p h o s p h a t a s e .  
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