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REVERSED-PHASE SEPARATION OF THE M A J O R  DEOXYRIBONUCLEOSIDES 

AND T H E I R  MONONUCLEOTIDES USING 

TETRABUTYLAMMONTUM HETAERONS 

John  P. C a r o n i a ,  J o n a t h a n  B.  Crowther 

and R icha rd  A .  Har twick  

Depar tment  o f  Chemis t ry  

R u  t g e r s  U n i v e r s i t y  

N e w  Brunswick ,  N . J .  08854 

ABSTRACT 

S i m u l t a n e o u s  s e p a r a t i o n  o f  t h e  f o u r  ma jo r  
d e o x y r i b o n u c l e o s i d e s  and t h e i r  monophosphate n u c l e o t i d e s  was 
a c h i e v e d  u s i n g  t e t r a b u t y l  ammonium p h o s p h a t e  h e t a e r o n s  w i t h  
a r eve r sed -phase  (C8) pack ing  m a t e r i a l .  B a s e l i n e  r e s o l u t i o n  
f o r  a l l  e i g h t  s o l u t e s  was a c h i e v e d  w i t h i n  48 m i n u t e s ,  u s i n g  
a 7 .5% methanol  m o b i l e  p h a s e ,  2 .0  mM i n  TBA, b u f f e r e d  w i t h  
50 mM p h o s p h a t e  a t  pH 4.8. The e f f e c t  o f  me thano l  and TBA 
c o n c e n t r a t i o n s  upon t h e  r e t e n t i o n  o f  n e u t r a l  and e n i o n i c  
s o l u t e s  was s t u d i e d  i n  d e t a i l .  It. was d e t e r m i n e d  t h a t  
c h a n g e s  i n  s o l u t e  k' w i t h  i n c r e a s i n g  methanol  c o u l d  be  
e x p l a i n e d  by  e s s e n t i a l l y  i n d e p e n d e n t  phenomena. These  a r e :  
1) a d e c r e a s e  i n  t h e  p a r t i t i o n  c o e f f i c i e n t  o f  t h e  TBA c a t i o n  
w i t h  i n c r e a s i n g  o r g a n i c  c o n c e n t r a t i o n ,  r e s u l t i n g  i n  lower  
s u r f a c e  c h a r g e  d e n s i t i e s ,  and 2 )  a d e c r e a s e  i n  t h e  
hydrophob ic  i n t e r a c t i o n s  of t h e  s o l u t e s  w i t h  t h e  
r e v e r s e d - p h a s e  HPLC. The o v e r a l l  e f f e c t  was a l o g - l i n e a r  
d e c r e a s e  i n  k' w i t h  i n c r e a s i n g  me thano l  c o n c e n t r a t i o n .  An 
e m p i r i c a l  e q u a t i o n  was d e r i v e d  f o r  t h e  above  model which was 
found t o  be  h e l p f u l  i n  d e t e r m i n i n g  t h e  o p t i m a l  s e p a r a t i o n  
c o n d i t i o n s  f o r  t h e  n u c l e o s i d e s  and n u c l e o t i d e s .  

1673 

Copyright 0 1983 by Marcel Deldrer, Inc. 0148-3919/83/0609-1673$3.50/0 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1674 CARONIA, CROWTHER, AND HARTWICK 

INTRODUCTION 

The simultaneous separation of the nucleosides and 

their mononucleotides is of significance in many areas of 

nucleic acid research. Reversed-phase HPLC has become the 

method of choice for the separation of the nucleosides and 

their bases ( 1 - 2 ) ,  while ion-exchange is most effective for 

nucleotide analyses (3). Some success has been achieved in 

the simultaneous separation of nucleosides and nucleotides 

using polystyrene based exchangers (4). Such resins however 

exhibit inherently poor mass transfer properties, resulting 

in slow analyses and poor efficiencies. 

Ion-pairing, or hetaeric HPLC as coined by Horvath 

( 5 - 7 ) ,  is uniquely suited f o r  the simultaneous separation of 

both neutral and ionic solutes (8-11). The apparent 

separation mechmism accounting for this unique selectivity 

is the adsorption of hetaerons to the stationary phase 

(12-15) , resulting in a mixed-mode phase with significant 
ionic and hydrophobic properties. Such dynamic ion-exchange 

resins produce unique selectivities for separations such as 

the catecholamines and their metabolites (16,17) and would 

seem to be equally suited for the simultaneous analysis of 

the nucleosides and their mononucleotides. 

Theory 

Relatively few systematic studies into the effect of 

organic modifier concentration in ion-pair separations have 

been presented. Therefore, a systematic investigation into 
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MAJOR DEOXYRIBONUCLEOSZDES AND THEIR MONONUCLEOTIDES 1675 

t h e  c h a n g e s  i n  k' o c c u r i n g  w i t h  c h a n g e s  i n  m e t h a n o l  and  

t e t r a b u t y l a m m o n i u m  p h o s p h a t e  c o n c e n t r a t i o n s  o n  a 

r e v e r s e d - p h a s e  (C8) s y s t e m  f o r  t h e  t h e  d e o x y r i b o n u c l e o s i d e s  

a n d  t h e i r  n u c l e o t i d e  m o n o p h o s p h a t e s  was  u n d e r t a k e n .  I t  h a s  

b e e n  f o u n d  t h a t  t h e  s u r f a c e  c o n c e n t r a t i o n  o f  t h e  h e t a e r o n  

d e c r e a s e s  w i t h  i n c r e a s i n g  m e t h e n o l  ( 1 8 - 2 0 ) .  T h i s  r e s u l t s  i n  

a d e c r e a s i n g  r e t e n t i o n  f o r  i o n i c  s o l u t e s  (14). A t  t h e  same 

t i m e ,  a n e u t r a l  m o l e c u l e  n o r m a l l y  s e p a r a t e d  by  h y d r o p h o b i c  

m e c h a n i s m s  w i l l  a l s o  d e c r e a s e  r e t e n t i o n ,  u s u a l l y  i n  a 

l o g - l i n e e r  form ( 1 8 - 2 0 ) .  The  n e t  r e s u l t  is  a d e c r e a s e  i n  

r e t e n t i o n  o f  b o t h  n e u t r a l  and  i o n i c  s o l u t e s  w i t h  i n c r e a s i n g  

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

If t h e  k' c o n t r i b u t i o n s  f r o m  i o n i c  and  h y d r o p h o b i c  

f o r c e s  s r e  e s s e n t i a l l y  i n d e p e n d e n t ,  t h e n  t h e  t o t s 1  k' c a n  

a r i s e  f r o m  t w o  c o n t . r i b u t i o n s ;  

I t  is wel l  d o c u m e n t e d  t h a t  t h e  f i r s t  p a r t  o f  e q u a t i o n  1 c a n  

b e  e x p r e s s e d  ss; 

kIWD= kVoe A*  C Eq. 2 

w h e r e  A is  t h e  s l o p e  o f  t h e  d e c r e a s e  i n  k' w i t h  i n c r e a s i n g  

o r g a n i c ,  a n d  k '  is t h e  i n t e r c e p t .  

The  l a t t e r  h a l f  of e q u a t i o n  1 r e p r e s e n t s  t h e  i o n i c  

c o n t r i b u t i o n  of a s o l u t e / h e t a e r o n  p a i r .  T h i s  c a n  b e  

d e s c r i b e d  i n  terms o f  h e t a e r o n  s u r f a c e  c o n c e n t r a t i o n ,  o r  

Eq. 3 
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1676 CARONIA, CROWTHER, AND HARTWICK 

w h e r e  Q is some i n t e r a c t i o n  i n d e x ,  a n d  C s  is t h e  s t a t i o n a r y  

p h a s e  c o n c e n t r a t i o n  of a d s o r b e d  h e t a e r o n .  T h i s  a d s o r b e d  

s u r f a c e  c o n c e n t r a t i o n  o f  h e t a e r o n  (or  TBA i n  t h i s  

e x p e r i m e n t )  c a n  b e  a c c u r a t e l y  p r e d i c t e d  b y  t h e  F r e u n d l i c h  

i s o t h e r m ;  

Cs= ='C, 8 
Eq. 4 

The b a s i c  F r e u n d l i c h  e q u a t i o n  c o n c e r n s  t h e  i n c r e a s e  i n  C s  

w i t h  Cm,  t h e  m o b i l e  p h a s e  c o n c e n t r a t i o n  o f  TBA, a t  c o n s t a n t  

m e t h a n o l .  I t  was  f o u n d  e x p e r i m e n t a l l y  i n  t h i s  s t u d y  t h a t  

t h e  i n t e r c e p t  o f  a I n - l n  p l o t  of t h e  F r e u n d l i c h  i s o t h e r m  

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

was c o n s t a n t  w i t h i n  e x p e r i m e n t a l  e r r o r .  Thus ;  

a'C a= a 'e 
0 

Eq. 5 

w h e r e  a and a a r e  t h e  s l o p e  a n d  i n t e r c e p t  o f  a p l o t  o f  t h e  

I n  v e r s u s  t h e  p e r c e n t  m e t h a n o l .  

The  a b o v e  e q u a t i o n s  a r e  s t r a i g h t f o r w a r d  a n d  a r e  b a s e d  

upon n o r m a l  a d s o r p t i o n  b e h a v i o r  f o r  small  m o l e c u l e s  o n  a 

s o l i d  s u r f a c e .  I n  sum t h e y  s h o u l d  d e s c r i b e  t h e  d e c r e a s e  i n  

s u r f a c e  TBA c o n c e n t r a t i o n  a s  a f u n c t i o n  of  m e t h a n o l  

c o n c e n t r a t i o n .  A f u r t h e r  e m p i r i c a l  r e f i n e m e n t  was 

n e c e s s a r y .  The  s lope  of t h e  k' v e r s u s  C s  p l o t  f o r  e a c h  

s o l u t e  was n o t  c o n s t a n t  w i t h  i n c r e a s i n g  m e t h a n o l ,  b u t  

r a t h e r  d e c r e a s e d  e x p o n e n t i a l l y .  T h u s ,  

v - c  Q= 0 e Eq. 6 
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MAJOR DEOXYRIBONUCLEOSIDES AND THEIR MONONUCLEOTIDES 1677 

where oo is the intercept of I n 0  versus methanol percent, 

and v is the slope. With this final refinement, the 

overall equation for k' as a function of methanol and TBA 

mobile phase concentration becomes; 

Eq. 7 

Equation 7 describes the retention of a solute in terms 

of seven system constants. Three of these, , B and 

a, are basic thermodynamic constants for a given pairing 

ion/stationzry/mobile phase combination and need be 

determined only once. Of the remaining four, I$' and A are 

constants for a given solute on a simple reversed-phase 

system and have been discussed in the literature previously 

(18-20). The remaining two, o0 and v , are solute specific 
for a given pairing ion system. 

Equation 7 was found to fit quite accurately the 

retention of the deoxyribonucleosides and their 

monophosphate nucleotides from 0 to 15% methanol 

concentrations. While equation 7 is empirical, it is 

nevertheless useful in optimizing and predicting the 

qualitative and quantitative effects of the two primary 

variables in the ion-pair system. 

EXPERIMENTAL 

Instrumentation 

Chromatographic instrumentation consisted of a Waters M 

6000 pump, (Waters Associates, Milford, MA)  and either a 
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1678 CARONIA, CROWTHER, AND HARTWICK 

Waters  U6K i n j e c t o r  o r  a Rheodyne 7 1 2 5  i n j e c t i o n  v a l v e  

(Rheodyne Xnc., C o t a t i ,  C A ) .  The d e t e c t o r s  used  were e i t h e r  

a Wate r s  M 440 d e t e c t o r  a t  254 nm o r  a K r a t o s  FS 770 

v a r i a b l e  w a v e l e n g t h  d e t e c t o r  ( K r a t o s  A n a l y t i c a l  I n s t r u m e n t s ,  

Ramsey, N J ) .  De t . ec t ion  of TBA b r e a k t h r o u g h  c u r v e s  was 

accompl i shed  u s i n g  a d e t e c t i o n  wave leng th  o f  222 nm., w h i l e  

254 nm was used f o r  d e t e c t i o n  o f  t h e  n u c l e o s i d e s  and 

n u c l e o t i d e s .  Da ta  were r e c o r d e d  u s i n g  e i t h e r  s t r i p  c h a r t  

r e c o r d e r s ,  o r  a Hewl i t t -Packa rd  3390A e l e c t r o n i c  i n t e g r a t o r  

( H e w l i t t - P a c k a r d ,  Avondale ,  PA). A Haskel  DSTV 300 

c i n t e n s i f i e r  pump was used f o r  t h e  pack ing  of a l l  pne  um a t 

columns 

Columns 

Whatman P a r t i s i l  5-C8 p a c k i n g  m a t e r i a l  (Whatman I n c .  , 
C l i f t o n ,  N.J.) was used  t h r o u g h o u t  t h e  i o n - p a i r  s t u d i e s .  

P a r t i c l e  s i z e  f o r  a l l  e x p e r i m e n t s  was 5 micron .  The co lumns  

were packed i n  t h e  l a b o r a t o r y  u s i n g  t h e  s l u r r y  method. For 

t h e  1 0  c m  co lumns ,  1 .29  o f  m a t e r i a l  w a s  s l u r r i e d  i n  10  m l  o f  

i s o p r o p y l  a l c o h o l  ( I P A ) ,  and was packed  upwards a t  5000 p s i  

p r e s s u r e  f o r  1 0  m i n u t e s  u s i n g  a c e t o n e  a s  t h e  pack ing  

s o l v e n t .  Wi thou t  r e l e a s i n g  t h e  p r e s s u r e ,  t h e  co lumns  were 

i n v e r t e d ,  and packed  downwards f o r  a n o t h e r  5 m i n u t e s .  The 

p r e s s u r e  was s h u t  o f f  w i t h  a h i g h - p r e s s u r e  v a l v e ,  and t h e  

a p p a r a t u s  a l l o w e d  t o  e q u i l i b r a t e  f o r  5-10 m i n u t e s  b e f o r e  

removal of t h e  column. A f t e r  a s s e m b l y ,  co lumns  were washed 

and e q u i l i b r a t e d  u s i n g  6 0 %  me thano l /wa te r  m i x t u r e s  and were 

t e s t e d  f o r  r e p r o d u c i b i l i t y  o f  k '  v a l u e s  and f o r  e f f i c i e n c i e s  
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MAJOR DEOXYRIBONUCLEOSIDES AND T H E I R  MONONUCLEOTIDES 1679 

u s i n g  t e s t  s o l u t e s  o f  i n t e r e s t .  Commerc ia l ly  p repacked  

columns were a l s o  used ,  i n  which  c a s e s  t h e  a c c u r a c y  o f  k '  

v a l u e s  were a g a i n  conf i rmed .  

P r e p a r a t i o n  of Reagen t s  and Chemical S t a n d a r d s  

The e l u e n t  used c o n s i s t e d  o f  HPLC g r a d e  me thano l  

( B u r d i c k  & Jackson,Muskegon M I ) ,  d o u b l e  d i s t i l l e d  w a t e r ,  

w i t h  a 0.05M b u f f e r  p r e p a r e d  from ACS g r a d e  KH2P04 

S c i e n t i f i c  Co., Fa i r l awn  N J )  and NaOH ( F i s h e r )  a t  a pH o f  

4 .80 .  The c o n c e n t r a t i o n  o f  b u f f e r  remained c o n s t a n t  f o r  a l l  

t h e  e l u e n t s .  The p a i r i n g  i o n  used was t e t r a b u t y l  ammonium 

phospha te  (TBAP) (Eas tman Kodak Co, R o c h e s t e r  NY). A l l  

e l u e n t s  were f i l t e r e d  t h r o u g h  0 . 4 5  micron  membrane f i l t e r s ,  

t h e n  degassed  w i t h  he l ium b e f o r e  u s e .  Smal l  c h a n g e s  i n  

t o t a l  i o n i c  s t r e n g t h  o c c u r r e d  a s  t h e  c o n c e n t r a t i o n  o f  TBA 

was v a r i e d .  Such c h s n g e s  were minimized  t h r o u g h  t h e  u s e  o f  

r e l a t i v e l y  h i g h  i o n i c  s t r e n g t h s .  Working s t a n d a r d s  o f  t h e  

s o l u t e s  were  p r e p a r e d  a t  0.025mg/ml. 

( F i s h e r  

D e t e r m i n a t i o n  of  A d s o r p t i o n  I s o t h e r m s  

F r o n t a l  e l u t i o n  b r e a k t h r o u g h  c u r v e s  were used i n  o r d e r  

t o  d e t e r m i n e  d i r e c t l y  t h e  a d s o r p t i o n  o f  t h e  p a i r i n g  i o n  TEA 

o n  t h e  s t a t i o n a r y  p h a s e  s u r f a c e .  Absorbance  measurements  a t  

222nm proved  t o  be  s u f f i c i e n t l y  s e n s i t i v e  t o  a l l o w  f o r  t h e  

m o n i t o r i n g  of e l u t i n g  TBA c o n c e n t r a t i o n  p r o f i l e s .  The 

i d e n t i t y  o f  t h e  b r e a k t h r o u g h  f r o n t s  were conf i rmed  by  u s i n g  

a s i m p l e  wa te r -me thy lene  c h l o r i d e  e x t r a c t i o n  sys t em.  An 

a n i o n i c  dye  ( i n  t h i s  case a w a t e r  s o l u b l e  b l u e  i n k )  
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1680 CARONIA, CROWTHER, AND HARWICK 

p a r t i t i o n e d  i n t o  t h e  o r g a n i c  phase  i n  t h e  p r e s e n c e  o f  TBA. 

When d e t e r m i n i n g  t h e  b r e a k t h r o u g h  volumes ,  a s o l v e n t  sys t em 

was f i r s t  r u n  w i t h  a g i v e n  p e r c e n t  me thano l  and b u f f e r  b u t  

no TBA i o n .  The i o n - p a i r  c o n t a i n i n g  e l u e n t  made from t h e  

same b a t c h  o f  me thano l -wa te r  b u f f e r  was t h e n  f l u s h e d  t h r o u g h  

t h e  sys t em up t o  t h e  column iinion. I n i t i a l  t i m e  was t a k e n  a s  

t h e  s t a r t - u p  o f  t h e  c a r e f u l l y  c a l i b r a t e d  pump. 

E f f e c t  of P a i r i n g  I o n  C o n c e n t r a t i o n  on R e t e n t i o n  

The k '  v a l u e s  o f  t h e  n u c l e o s i d e s  and t h e i r  

monophosphate n u c l e o t i d e s  were found t o  be  a l i n e a r  f u n c t i o n  

when p l o t t e d  a g a i n s t  t h e  s u r f a c e  c o n c e n t r a t i o n  o f  a d s o r b e d  

TBA, a s  shown i n  F i g u r e  1 f o r  t h e  n u c l e o s i d e  dGuo, and t h e  

n u c l e o t i d e  dAMP. T h i s  d i r e c t  r e l a t i o n s h i p  be tween adso rbed  

h e t a e r o n  and k' h a s  been  r e p o r t e d  p r e v i o u s l y  (14). A 

maximum i n  k' is o b s e r v e d  f o r  t h e  c h a r g e d  s o l u t e s ,  f o l l o w e d  

by a d e c r e a s e  i n  r e t e n t i o n .  I t  is l i k e l y  t h a t  t h i s  maximum 

r e s u l t s  from m o b i l e  p h a s e  p a i r i n g ,  f i t t i n g  t h e  g e n e r a l  model 

p r e s e n t e d  by  Horva th  e t  a 1  ( 5 - 7 ) .  However, i n  t h e  r e g i o n  

p r i o r  t o  t h i s  maximum, i . e . ,  up  t o  a b o u t  0.18 umole m f o r  

dAMP, o r  4-5 mM TBA i n  t h e  m o b i l e  p h a s e ,  i t  seems l i k e l y  

t h a t  t h e  dynamic ion-exchange  model most  a c c u r a t e l y  

d e s c r i b e s  t h e  d a t a  ( 1 2 - 1 5 ) .  The s l o p e  of t h i s  c u r v e  is 

l a b e l l e d  a s  0 . I t  is  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  k '  

v a l u e s  of t h e  n u c l e o s i d e s  d e c r e a s e  l i n e a r l y ,  w h i l e  t h e  k' of  

t h e  chzrgec? n u c l e o t i d e s  i n c r e a s e  l i n e a r l y  w i t h  s u r f a c e  TBA 

c o n c e n t r a t i o n .  
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MAJOR DEOXYRIBONUCLEOSIDES AND T H E I R  MONONUCLEOTIDES 1681 

k' vs C, 
a 

1 

0 
0 .I0 .20 

CS (TBA) 

F i g u r e  1 

P l o t  o f  k' v s .  c o n c e n t r a t i o n  o f  p a i r i n g  i o n  C s ,  on  t h e  
s t a t i o n a r y  p h a s e ,  f o r  t h e  n e g a t i v e l y  c h a r g e d  n u c l e o t i d e  
dAMP, and t h e  n u c l e o s i d e  dGuo ( f o r  c o n d i t i o n s  see 
e x p e r i m e n t a l )  . 

E f f e c t  o f  Methanol  C o n c e n t r a t i o n  

The k' v a l u e s  f o r  a l l  e i g h t  o f  t h e  n u c l e o s i d e s  and 

n u c l e o t i d e s  were found  t o  d e c r e a s e  l o g a r i t h m i c a l l y  w i t h  

i n c r e a s i n g  volume p e r c e n t  o f  me thano l  i n  t h e  m o b i l e  p h a s e .  

F i g u r e  2 shows t h i s  l o g - l i n e a r  r e l a t i o n s h i p  f o r  t h e  dAMP 

s o l u t e  o v e r  t h e  r a n g e  o f  O-lo% (v /v )  m e t h a n o l / w a t e r ,  u s i n g  a 
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5 

4 

In k' 
3 

2 

1 

0 
2 4 6 8 10 12 0 

% CH30H 

F i g u r e  2 

n u c l e o t i d e ,  dAMP, a t  s e v e r a l  TBA c o n c e n t r a t i o n s .  
P l o t  o f  I n  k' v s .  % methano l  f o r  a n e g a t i v e l y  c h e r g e d  

50 mM p h o s p h a t e  b u f f e r  e l u e n t .  The lower  c u r v e  a t  0 mM TBA 

r e p r e s e n t s  a s i m p l e  r e v e r s e d - p h a s e  (C8) system. The l i n e a r  

c o r r e l a t i o n  c o e f f i c i e n t s  a t  0 mM TBA was found t o  a v e r a g e  

0 .9293 f o r  a l l  s o l u t e s ,  w i t h  no  c o e f f i c i e n t  b e i n g  l e s s  t h a n  

0 .9000.  

When TBA is  p r e s e n t  i n  t h e  m o b i l e  p h a s e ,  t h i s  same 

l o g - l i n e a r  d e c r e a s e  i n  r e t e n t i o n  is o b s e r v e d ,  b u t  a t  h i g h e r  

o r  lower  k' v a l u e s .  Thus ,  the In k '  v a l u e s  for dBMP 
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MAJOR DEOXYRIBONUCLEOSIDES AND THEIR MONONUCLEOTIDES 1683 

In k'vs % CH30H at VARIOUS TBA 

5 

4 

'3 

2 

I 

Y 

0 

- 
7mM 

e 4 6 8 i0 12 14 
I CH3OH 

F i g u r e  3 

P l o t  o f  I n k '  v s .  % m e t h a n o l  f o r  s n u c l e o s i d e ,  
d e o x y a d e n o s i n e ,  a t  v a r i o u s  TBA c o n c e n t r a t i o n s  

i n c r e a s e  s t e a d i l y  w i t h  i n c r e a s i n g  TBA, w i t h  e q u a l  s l o p e s  b u t  

g r e a t e r  i n t e r c e p t s .  

F o r  t h e  n u c l e o s i d e  dAdo,  s s  shown i n  F i g u r e  3 ,  t h e  

seme p a r a l l e l  I n  k' l i n e s  a r e  o b s e r v e d .  The i n t e r c e p t s  

however  d e c r e a s e  w i t h  i n c r e a s i n g  TBA. 

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

c a t i o n i c  s t a t i o n a r y  p h a s e .  

T h i s  is p r e s u m a b l y  

The  TBA a d s o r p t i o n  t o  t h e  s t a t i o n a r y  p h a s e  was f o u n d  t o  

f i t  a F r e u n d l i c h  i s o t h e r m ,  Eq. 4 . S t a t i o n e r y  p h a s e  

c o n c e n t r a t i o n s  were d e t e r m i n e d  u s i n g  f r o n t a l  e l u t i o n  

t e c h n i q u e s .  W i t h i n  e x p e r i m e n t a l  e r r o r ,  t h e  F r e u n d l  i c h  
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6 -2.0.. 
- c 

-2.5.. 

:'*Y 

*\* 

F i g u r e  4 

P l o t  o f  I n  vs. 8 methano l  i n  t h e  m o b i l e  phase .  
Alpha is t.he i n t e r c e p t  o f  t h e  F r e u n d l i c h  i s o t h e r m  f o r  t h e  
a d s o r p t i o n  o f  TBA o n t o  t h e  s t a t i o n a r y  phase. The s l o p e  of 
t h e  p l o t  is 2,  and t h e  i n t e r c e p t ,  oc . A l l  o t h e r  c o n d i t i o n s  
t h e  same a s  f i g u r e  1. 0 

s l o p e s  f o r  TBA on t h e  C8 s t a t i o n a r y  p h a s e  were found t o  be 

c o n s t a n t  w i t h  i n c r e a s i n g  m e t h a n o l ,  w h i l e  t h e  i n t e r c e p t s  

d e c r e a s e d  e x p o n e n t i a l l y ,  a s  shown i n  F i g u r e  4 .  

The s l o p e s  of the k' versus C s  c u r v e s  o r  8, 

d e c r e a s e d  e x p o n e n t i a l l y  w i t h  i n c r e a s i n g  m e t h a n o l ,  as shown 

i n  F i g u r e  5 for t h e  d e o x y n u c l e o t i d e s .  The same l o g - l i n e a r  

r e l a t i o n s h i p  w a s  a l s o  o b s e r v e d  f o r  the  d e o x y n u c l e o s i d e s .  
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1685 

In0 = In 80 +v C 

e = e . P  
*. 

4 

4 . .  

- 
(D 
C - 

2.. 

O+ 5 

\@AMP 

\-$TMp b 
GMP 

' - 0  CMP 

0 

Figure 5 

Plot of k' of d"P,  vs. Cs at various methanol 
concentrations. The slope 0 varies systematically with 
increasing organic modifier concentrations. 

Net Effect of Methanol and TBA Concentration 

The overall effect of TBA and methanol upon the k' of 

the deoxynucleosides and their mononucleotides can be 

described by equation 7 €or mobile phase concentrations of 

up to 15% methanol and at TBA concentrations of up to 7 mM 

TBA. The net effect o f  increasing methanol at constant TBA 

is to decrease retention for all solutes. At constant 

methanol, the deoxynucleosides will decrease in retention, 

while the deoxymononucleotides will increase. The rate of 

increase or decrease can be predicted with reasonable 
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K' vrs C, at VARIOUS % ORG 

Figure 6 

Comparisons of the calculated (broken lines) and 
observed (solid lines) k' values for the negatively charged 
mononucleotide dCMP. Experimental conditions the same as in 
Fig. 1. 

Table 1 

Summary of retention constants for equation 7 for the 
eight deoxynucleosides and their mononucleotides. 
Stationary phase: Whatman C8. Mobile phase: methanol/water, 
50 mM in phosphate. Temperature:ambient. Valis range: 
0-15% ( v / v )  methanol, 0-7 mM TBA. 

dCyd dGuo dThd dAdo dCMP dGMP dTMP dAMP 

k& 3.42 13.74 15.33 48.42 0.88 3.42 3.74 9.97 

A -.I22 - . I45  -.137 -.150 -.072 -.188 -.125 -.130 

-6.75 -26.58 -40.44 -121.51 22.64 88.23 84.77 267.70 
@o 

V -.145 -.197 -.220 -.221 -.074 -.116 -.lo1 -.121 

for TBA: = =0.146 a= -0.0418 f 3 =  0.308 
0 
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MAJOR DEOXYNBONUCLEOSIDES AND TIIEIR MONONUCLEOTIDES 

a c c u r a c y  a c c o r d i n g  t o  e q u a t i o n  7 .  F i g u r e  6 shows t h e  

p r e d i c t e d  2nd obse rved  v a l u e s  f o r  dCMP, u s i n g  t h e  sys t em 

c o n s t a n t s  p r e s e n t e d  i n  T a b l e  1. 

E x c e l l e n t  q u a l i t a t i v e  a c c u r a c y ,  and r e a s o n a b l e  q u a n t i t a t i v e  

f i t s  were obse rved  f o r  a l l  e i g h t  s o l u t e s  u s i n g  e q u a t i o n  7 .  

Over t h e  r ange  of c o n d i t i o n s  s t u d i e d ,  e q u a t i o n  7 proved  t o  

be a c c u r a t e  t o  w i t h i n  5-10% f o r  a l l  e i g h t  o f  t h e  

d e o x y n u c l e o s i d e s  and t h e i r  n u c l e o t i d e  monophosphates.  

F i n a l  S e p a r a t i o n  C o n d i t i o n s  

F i g u r e  7 p r e s e n t s  t h e  s i m u l t a n e o u s  s e p a r a t i o n  o f  t h e  

e i g h t  d e o x y r i b o n u c l e o s i d e s  and t h e i r  monophosphate 

n u c l e o t i d e s .  B a s e l i n e  s e p a r a t i o n  was a c h i e v e d  f o r  a l l  

s o l u t e s ,  w i t h  a t o t a l  a n a l y s i s  t i m e  o f  50 m i n u t e s .  The 

r e t e n t i o n  t imes a s  p r e d i c t e d  b y  e q u a t i o n  7 a r e  p r e s e n t e d  a s  

b roken  l i n e s .  T h i s  s e p a r a t i o n  o f f e r s  c o n s i d e r a b l e  

f l e x i b i l i t y  i n  c o n d i t i o n s .  Changing t h e  me thano l  o r  TBA 

c o n c e n t r a t i o n  w i l l  d r a s t i c a l l y  a l t e r  t h e  e l u t i o n  p a t t e r n ,  

a c c o r d i n g  t o  EQ. 7 .  Thus, i f  o n l y  s e v e r a l  o f  t h e  s o l u t e s  

s t u d i e d  need b e  s e p a r a t e d ,  new c o n d i t i o n s  c a n  be r e a d i l y  

c a l c u l a t e d  and form t h e  b a s i s  f o r  a t  l e a s t  t h e  i n i t i a l  

s t a r t i n g  c o n d i t i o n s .  These  c o n d i t i o n s  c a n  t h e n  b e  f i n e d  

tuned  e m p i r i c a l l y  a t  t h e  i n s t r u m e n t .  

CONCLUSIONS 

An i o n - p a i r  s e p a r a t i o n  o f  t h e  ma jo r  

d e o x y r i b o n u c l e o s i d e s  and t h e i r  monophosphate n u c l e o t i d e s  h a s  

been  p r e s e n t e d .  Complete s e p a r a t i o n  o f  a l l  s o l u t e s  was 

a c h i e v e d  i n  under  1 h o u r ,  w i t h  e x c e l l e n t  e f f i c i e n c i e s .  An 
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I 

(dGMP) 
I 
I 
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IP 

jTMP I 
I dA I 

I '  

I 
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I 
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I 
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1 
I 

1 I 1 
I I 

I 
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I I 1 
I 

0 16 32 48 64 

MIN 

F i g u r e s  7 

Chromatogram of t h e  e i g h t  t e s t  s o l u t e s  compar ing  t h e  
obse rved  and p r e d i c t e d  r e t e n t i o n  t i m e s  a c c o r d i n g  t o  Eq. 9. 
Mobi le  phase :  0.050 M p h o s p h a t e  b u f f e r ,  2 .0  mM TBA, 7 %  ( v / v )  
methanol  i n  w a t e r .  Tempera tu re ,  ambien t .  Column: Whatman 
P a r t i s i l  5 C 8  ( 4 . 6  mm i d  X 250  m m ) .  
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MAJOR DEOXYRIUONUCLEOSIDES AND T H E I R  NONONUCLEOTIDES 1689 

e m p i r i c a l  f u n c t i o n  was d e r i v e d  t o  a i d  i n  t h e  o p t i m i z a t i o n  o f  

s e p a r a t i o n  c o n d i t i o n s .  J t  a p p e a r s  t h a t  i o n - p a i r  HPLC is  

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

c o n s t i t u e n t s ,  s i n c e  i n  many c a s e s  b o t h  c h a r g e d  and 

non-charged s o l u t e s  a r e  i n v o l v e d .  I o n - p a i r i n g  o f f e r s  t h e  

f l e x i b i l i t y  o f  chang ing  t h e  r e t e n t i o n  o f  t h e  c h a r g e d  s o l u t e s  

a t  a much g r e a t e r  r a t e  t h a n  t h e  n e u t r a l  s o l u t e s ,  r e s u l t i n g  

i n  e x c e l l e n t  c o n t r o l  o v e r  t h e  s e l e c t i v i t y  o f  t h e  sys t em.  

The mechanism of s e p a r a t i o n  a p p e a r s  t o  f i t  a dynamic 

ion-exchange  model most  a c c u r a t e l y .  I f  t h i s  is indeed  t h e  

c a s e ,  t h e n  i t  o u g h t  t o  be  f e a s i b l e  t o  s y n t h e s i z e  s t a t i o n a r y  

p h a s e s  w i t h  p r o p e r t  es  s i m i l a r  t o  t h o s e  o b s e r v e d  i n  

i o n - p a i r i n g  s y s t e m s  b u t  w i t h o u t  t h e  p rob lems  i n h e r e n t  i n  

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

f o r e i g n  i o n s  t o  t h e  m o b i l e  p h a s e ,  l o n g  e q u i l i b r a t i o n  times 

and d i m i n i s h e d  column l i f e t i m e s .  The s y n t h e s i s  o f  s u c h  

p h a s e s  a r e  b e i n g  s t u d i e d  i n  o u r  l a b o r a t o r y  and w i l l  be  

r e p o r t e d  i n  t h e  l i t e r a t u r e .  
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