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HIGH-PERFORMANCE LIQUID CHROMATWRAPHY OF 
2'-5' OLIGOADENY LATES AND RELATED OLIGONUCLEOTIDES 

P. Jane Cayley, Ronald E. Brown and Ian M. Kerr 

Imperial Cancer Research Fund Laboratories 
P.0.Box 123, Lincoln's IM Fields, 

London, WCZA 3PX, U.K. 

ABSTRACT 

HPLC has been used for  the  analysis and separation of the  compon- 
ents of ~ ~ ( A 2 l p ) ~ A  (x = 1 to 3, n = 1 to >4). Weak anion exchange columns 
give excellent resolution, but their  instability in  phosphate buffers makes 
them impractical  fo r  routine use. Reverse phase chromatography using 
C18 columns provides a satisfactory a l te rna t ive  method. For preliminary 
analysis of crude  material ,  ammonium phosphate pH7.0 with a linear 1:1 
methanol/H 0 gradient gives a good basic separation of the  individual 
oligomers. l?esolution of t h e  5' mono-, di- and triphosphorylated oligomers 
or of t h e  nonphosphorylated components can  be  obtained using ammonium 
phosphate pH6.0 and potassium phosphate pH6.5 buffers respectively. The  
C18 columns a r e  very s tab le  and any one  column will give retention t imes  
reproducible within 0.2%. 

INTRODUCTION 

The addition of interferon to cells causes, among other e f f ec t s ,  a n  
increase in t h e  level of several  proteins (1-6). The  most extensively 
studied of these  is the  pp~(A2 'p )~A-syn the ta se  (3,4,6) which synthesises 
t h e  unusual oligonucleotide ppp(A2'p) A where n = I to >/4 (3,7). This 

enzyme requires double-stranded RNA, ATP and magnesium. Of t h e  oligo- 
nucleotides synthesised those  with n = 2 to 4 were found to ac t iva t e  a 
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2028 CAYLFX, BROWN, AND KERR 

p~p(A2 'p)~A-dependent  endonuclease which degrades mRNA (8,9) and 
rRNA (10 , l I )  with a consequent inhibition of protein synthesis, both in 
cell  ex t rac ts  and t h e  in tac t  cell  (10-14). 

The purification of these  oligonucleotides synthesised in cell-f r e e  

systems has been achieved by chromatography using DEAE cellulose (7,15- 

17). This method is t ime  consuming and unsuitable for  routine analyses. 
Weak anion exchange HPLC columns (18) in which e lec t ros ta t ic  inter-  
actions a re  predominant were  t h e  obvious choice fo r  separation of t h e  

highly charged oligonucleotides. Initially amine columns (LiChrosorb 10 
NH2) were used with a gradient of 40-200mM ammonium phosphate at 

pH7.2 (19). These columns gave' excellent resolution of all t h e  components 
(19,201, but were found to be  unstable, giving a constantly drifting base 
line (19-21) and decreasing retention times. An a l te rna t ive  approach 
was therefore  made  using a s tab le  chemically-bonded phase composed of 
octadecyl groups on silica microparticles. When used in t h e  reverse  phase 
mode, hydrophobic interactions determine t h e  ex ten t  of retention (22,231. 

Polar or ionic solutes, which favour t h e  aqueous phase, e lu t e  fastest. 
Schweinsberg and Loo (24), were  able to resolve ATP, ADP and AMP f rom 
other nucleotides, nucleosides and bases in  the  sys tem using potassium 

phosphate pH6.0 buffer. Of several  different buffer systems tes ted  i t  was 
found tha t  ammonium phosphate was the  most suitable for t h e  separation 

of the  p ~ p ( A 2 ' p ) ~ A  components. The nonphosphorylated oligomers of 
ppp(A2'p),A, i.e. (A2'p),A do not separa te  in this buffer system. For these  
t h e  potassium phosphate pH6.5 system was more  satisfactory (20). 

These methods have been used for t he  purification of ppp(A2'p),A 
oligomers (n = 1 to  6) and related oligonucleotides on both an analytical  
and preparative (mg quantities) scale and for  t h e  routine analysis of 

mixtures of these  compounds. When used in conjunction with biological 
(19) and radioimmune type  assays (25,26), they  have allowed t h e  identi- 

f ication of naturally occurring ppp(AZIp),A at concentrations varying 
f rom 5-500nM in mouse and human ce l l s  which have had d i f fe ren t  
combinations of interferon t r ea tmen t  and virus infection (19, 25,361. 
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2'-5' OLIGOADENYLATES 2029 

ppp(A2'p),A can be  synthesised enzymatically or chemically (7,16, 
27,281. Open column (7,16,27) and thin layer (7,291 chromatographic 
methods for t he  separation of the  individual components have been 
described elsewhere. 

HPLC Analysis of 2'-5' oligoadenylates 

(a) Weak anion exchange chromatography 

Weak anion exchange columns (LiChrosorb 10 NH2 f rom E. Merck 
Darmstadt) (I  9,201 which have an isopropylamine bonded phase, give 
excellent separations of t h e  5' mono-, di- and triphosphorylated compon- 

ents of ppp(A2'p),A and of t h e  different chain length oligomers (n = 1 to 

3)  with a linear gradient of 40-200mM ammonium phosphate pH7.2 (Fig.1). 
This type  of column obtained f rom several  manufacturers has proved to be  
very unstable in t h e  phosphate buffer used. 

0.024 - - 
E 
C z 0.016 - 

Figure 1. 

HPLC analysis of ppp(AZ'pInA on an amine column. Reticulocyte 
ppp(A2'p) A, where n = 2 to 4 containing 5' triphosphates (peaks 7-9 
respectivgly) and lesser amounts of t h e  corresponding 5' di- (peaks 4-6) 
and mono- (peaks 1-3) phosphates was analysed on a LiChrosorb 10 NH 
column with a linear gradient of 40-200mM ammonium phosphate, pH7.2 
In a parallel run ATP and p A were included with t h e  above components 
and t h e  positions at which they  eluted a r e  indicated by arrows. Reprinted,  
f rom Nature  (191, with permission from MacMillan Journals Limited. 
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2030 CAYLEY, BROWN, AND KERR 

FIGURE 2A & B 

(b) Reverse  phase chromatography.  

Columns f r o m  t w o  m a n u f a c t u r e r s  have  been found par t icular ly  
suitable: p-Bondapak C18 (dimensions 0.39 x30cm) 101.1 p a r t i c l e  s i z e  f r o m  

Waters  Associates, and Hypersil C18 (dimensions 0.5 x25cm) 5p p a r t i c l e  

s i z e  f r o m  Shandon. T h e  alkyl loading on t h e  co lumns  i s  10% and 9% 
respect ively and both have  had the i r  unreac ted  hydroxyl groups inact iv-  
a t e d  during manufac ture .  Chromatography in  50mM ammonium phosphate ,  
pH7.0 is  based on t h e  method developed by Anderson and  Murphy (30) for 
t h e  separa t ion  of purine nucleotides. L inear  grad ien ts  of I:1 methanol /  

H20 a r e  used t o  obta in  opt imum separa t ion  and minimum peak  width. T h e  
d i f fe ren t  ol igomers  ppp(A2'p),A (n = 1 to 4) but  not  t h e  5' mono-, di- and 
t r iphosphorylated components  a r e  well s e p a r a t e d  i n  ammonium phosphate  

pH7.0 (Fig. 2A). The  use of a 0-50% I:I methanol /H20 gradien t  allows t h e  
elut ion of (AZ'p),,A and i t s  separa t ion  f r o m  (A3'p),A (Fig. 2A). However ,  
individual components  of ( A ~ ' P ) ~ A  c a n n o t  b e  s e p a r a t e d  in  th i s  so lvent  
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2'-5' OLIGOADENYLATES 2031 

C 

Figure 2. 

Reverse  phase HPLC analysis of (A) ppp(A2'p) A (B) t h e  5' mono-, 
di- and triphosphates of (A2'pl2A and (C)  ( A 2 ' ~ ) ~ l  and ( A ~ ' P ) ~ A .  (A) 
Reticulocyte ppp(A2'p),A, where n = 1 t o  4 containing lesser amounts of 
t h e  corresponding 5' di- and monophosphates was analysed toge ther  with 
ATP, ADP, AMP, A2'p5'A2'p5'A and A3'p5'A3'p5'A on a p-Bondapak C18 
column run in 50mM ammonium phosphate pH7.0. A linear gradient of 0- 
50% 1:l methanol/H20 was applied in 25 min. The flow r a t e  was 
l.Oml/min. (B) Chemically synthesised (28) 5' tri-, di- and monophos- 
phorylated AZ1p5'A2'p5'A components (peaks 1-3, respectively) were  
separa ted  on a p-Bondapak C18 column run in 50mM ammonium phosphate 
pH6.0. A linear gradient of 0-50% 1:1 methanol H20 was applied in  25 
min. The flow r a t e  was lmllmin. (C) Enzymatically synthesised 
ppp(A2'p) A from which the  terminal phosphates had been removed by 
digestionnwith bacterial  alkaline phosphatase ((A2'p) A, n = 1 to 3) were 
analysed together with commercial  (A3'p) A, n = I fo 3 on a ir-Bondapak 
C18 column run in  4mM potassium phosph%te pH6.5. A linear gradient of 
0-30% 1:l methanol/H 0 was applied in 25 min. The flow r a t e  was 
Iml/min. Reprinted f rom Methods in  Enzymol (20) with permission f rom 
Academic Press. 

system. Separation of t h e  5' mono-, di- and triphosphorylated components 
of t h e  individual oligomers can  be achieved if t h e  ammonium phosphate 
buffer is  pH6.0. This is  shown for  t he  t r imer  in Fig.2B. The s a m e  basic 
separation (Fig. 2A) of t h e  ppp(A2'p),A components is obtained at pH7.0 
with both t h e  p-Bondapak and Hypersil C18 columns. With t h e  l a t t e r  
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2032 CAYLEY, BROWN, AND KERR 

column, no separation of t h e  5'phosphorylated components of t h e  type  

shown in  Fig.2B is obtained. 
Separation of t he  nonphosphorylated components ( A ~ ' P ) ~ A  (n = I to 

3) can be  obtained in 4mM potassium phosphate pH6.5 on elution with a 0- 

30% linear gradient of 1:1 methanol/H20 (Fig. 2C). This buffer system 
containing 10% v/v methanol was f i r s t  brought t o  our a t ten t ion  by 

Harkness (31) as a suitable system f o r  t h e  separation of (AZp),A 
oligomers. The (A3'pInA oligomers n = I to 3 can  also be separa ted  in  this 
way (Fig. 2C). 

Biochemical Applications 
(a) Separation of enzymatically synthesised p ~ p ( A 2 ' p ) ~ A  

Analytical C18 columns have been used fo r  t h e  routine analysis of 

ppp(A2'pInA synthetase reaction products. The technique provides both a 
quantitative e s t ima te  and a component analysis. 

Preparative HPLC can  be used to purify individual components f rom 

enzymatically synthesised ppp(A2'p),A. Using a column 25cm long and 
2.25cm internal diameter packed with Hypersil C 18 approximately 30mg 

of crude p p ~ ( A 2 ' p ) ~ A  can b e  separated in one run. A typical separation 
using 50mM ammonium phosphate pH7.0 buffer, elution with a linear 

gradient of 0-20% 1:l methanol/H20 and a flow r a t e  of 16.8ml/min is 
shown in Fig. 3. The flow r a t e  has been found to b e  t h e  most c r i t i ca l  
f ac to r  in t h e  resolution obtained with these  preparative columns. 
(b) Separation of enzymatically synthesised ppp(A2'p) A analogues 

The possible wider significance of t h e  ppp(A2'p),A synthetase was 
emphasised by the  initial observation by Ball (32,331 t h a t  an enzyme which 
is almost certainly t h e  synthetase can  join AMP in 2'-5' linkage to 
important metabolites having a terminal adenosine with a f r e e  2I-hydroxyl 
group, for example NAD', ADP-ribose and A5'p45'A. With ppp(AZ'p),A, 
a s  t he  oligomer length increases the re  is  a corresponding increase in 
retention t ime  of t h e  oligonucleotide (Fig. 2A). The addition of AMP to 
NAD' also increases the  retention t i m e  although to a smaller ex ten t  than 

with ppp(A2'p),A. Nevertheless, using a 0-20% 1: I methanol/H20 linear 
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a 
i 

I I I I I I I I L L L I I L I  

0 4 a 12 16 20 24 2a 

TIME (min) 

Figure 3. 

Prepara t ive  reverse phase HPLC purification of enzymatically 
synthesised ppp(A2'p)nA. The column (25cm x 2.25cm i.d.1 was packed 
with 51.1 Hypersil and run in 50mM ammonium phosphate pH7.0. A linear 
gradient of 0-20% 1:l methanol/H20 was applied in 25min. The flow r a t e  
was 16.8ml/min. 

gradient NAD' can  be separated f rom NAD'2'pA and NAD'Z'pAZ'pA 

(Fig. 4, 34). These conditions also allow t h e  separation of t h e  most  
interesting analogues NAD+2'pAZ1pA, A5'p45'A2'pA2'pA and ADP-ribose 

2IpA2'pA f rom each o ther  and f rom t h e  ppp(AZ'p),A series of components 
where n = 1 to 3 (Fig.5). HPLC has  been invaluable i n  t h e  analysis and 

identification of t h e  complex mixtures of these  analogues obtained on 
enzymic synthesis (34). 

A high specific activity (1-3 x 10 Ci/mol) radioactive analogue of 
ppp(A2'p) A has been synthesised fo r  use in radioimmune type  assays, by 

ligating [ P]pCp to t h e  3' terminus of p ~ p ( A 2 ' p ) ~ A  using T4 RNA ligase 
(35). The product ~ p p ( A 2 ' p ) ~ A  L3'P] pCp is well separa ted  f rom t h e  
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3. N A D : ~ ~ ~ . A  
4 .  N A D $ ~ P ~ ~ A ~ + P ~ , P  
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Figure 4. 

5 e v e r s e  phase analysis  of NAD', NAD+2'pA, NAD'2IpA2'pA and 
NADP . Chromatography was  on a v-Bondapak C18 column run i n  50mM 
ammonium phosphate  pH7.0. A l inear  grad ien t  of 0-20% w a s  applied i n  
25 min. The f low r a t e  was  lml /min .  Repr in ted  f r o m  Methods i n  Enzymol 
(20) with permission f r o m  A c a d e m i c  Press. 

32 acceptor  molecule  ~ p p ( A 2 ' p ) ~ A  and [ P] p C p  using a p-Bondapak CIS 
column run in 50mM ammonium phosphate  pH7.0 wi th  a l inear  0-20% 
gradient  of 1:1 methanol /H 0 (Fig.6). The  recovery  of t h e  product  is  >95%. 

(c)  Analysis of natural ly  occurr ing ppp(AZ'p),A 
Several  cel l  l ines  (mouse L-cells and human H e L a  and Daudi cel ls)  

with or without  in te r fe ron  t r e a t m e n t  and/or  virus infec t ion ,  have  been  
analysed f o r  t h e  presence of p ~ p ( A 2 ' p ) ~ A  (19, 25, 36). The  ac id  soluble  
m a t e r i a l  f r o m  t h e  cel l  pe l le t s  was  f r a c t i o n a t e d  on e i t h e r  a Hypersil o r  1.1- 
Bondapak C18 column run i n  50mM ammonium phosphate  pH7.0. T h e  
ppp(AZ'p),A components  w e r e  e lu ted  with a 0-20% l inear  grad ien t  of I:1 
methanol /H20 and t h e  nonphosphorylated components  were  e lu ted  wi th  

50% 1:l methanol /H20 (Fig. 7A & 8). Although t h e  major i ty  of t h e  acid 
soluble  m a t e r i a l  is  separa ted  f r o m  t h e  ppp(A2'p),A components ,  t h e  l a t t e r  
a r e  present  at very low concent ra t ions  (1-50 x 10-8M) and c a n n o t  be 
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C 

. .  

CD In 
N 
U 

A. pppA2'pA 

B. ppp(A2'P)qA 

C. ADP- ribose 2pA2'pA 

D. P P P ( A ~ ' P ) ~ A  

E. A5'pqS'A2'pA2'pA 

F. NAD* 2'pA2'pA 

Figure 5. 

HPLC analysis of pppAZ'pA, p p ~ ( A 2 ' p ) ~ A ,  p ~ p ( A 2 ' p ) ~ A ,  ADP-ribose- 
2'pA2'pA, A5'p 5'AZqpA2'pA and NAD 2IpA2'pA. Chromatography was on a 
p-Bondapak C48 column run in  50mM ammonium phosphate, pH7.0. A 
linear gradient of 0-20% I:1 methanol/H 0 was applied in 25 min. The 
flow r a t e  was I.Oml/min. Reprinted fro& Eur. J. Biochem. (34) with 
permission f rom Springer-Verlag. 

observed directly from the  absorbance profile (Fig.7B). The column 

fractions were  assayed fo r  ppp(AZ'p),A using e i ther  radioimmune and 
radiobinding assays (Fig.7C and 25,261 or  biological assay (19). The in- 

dividual oligomers were  identified by the i r  retention t imes  compared with 
standards run under the  same  conditions (Fig. 7A). The individual com- 

ponents of t h e  nonphosphorylated oligomers (A2'p),,A not separa ted  by t h e  
ammonium phosphate system were fur ther  analysed in t h e  4mM potassium 

phosphate pH6.5 system described in Fig.3C. 
When fractionating a series of crude trichloroacetic acid/ether 

ex t r ac t s  f rom cells t h e  C18  columns rapidly de te r iora te  causing a re- 

duction in  t h e  retention times and a broadening of t h e  5' triphosphorylated 
ppp(A2'p) A peaks. Deterioration may be  partially prevented by t h e  in- n 
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A 

PI PC P 
4 a. ATP 

b. ADP 
c.  AMP 
d. pppAZ'p5'A 
e. PPP (A2b) jA 
f. MAD+ 

0 4 8 12 16 20 24 

TIME (min) 

Figure 6. 

Purification of ppp(AZ'p1 A [ P] PCA (A) Analysis of the  products 
o 5 j h e  enzymic synthesis of pdp(A2'p) A [ P] pCp f rom p p ~ ( A 2 ' p ) ~ A  and 
[ P]pCp with T4 RNA ligase (363 The profile represents t he  U.V. 
absorbance of t h e  separated r e g p i o n  components at 254nM. The position 
of elution of the  ppp(A2'p) A[ PI pCp was  confirmed by monitoring t h e  
radioactivity of t h e  e l u a t z T h e  product was characterised as described 
previously (35). (B) Analysis of the  s tandards  ATP, ADP, AMP, pppA2'pA 
and ppp(A2'pI3A (arrowed a to e respectively was carried out  under t h e  
same  conditions. Chromatography was on a p-Bondapak C18 column run in 
50mM ammonium phosphate pH7.0. A linear gradient of 0-20% I:1 
methanol/H20 was applied i n  25 min. The flow r a t e  was Iml/min. 
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A a ,  ATP .1 b , ADP 
c , AMP 
d , pppA2'pl'A 
e , PPP(AZP)~_A 
f , PPP~AZ'P) 3A 
g , A2'pS'A2'pl'A 

C 

a b e d  e f y  z 
u 1 1  1 1 1 1  z B 

Y- 

10 20 30 40 50 60 70 

Figure 7. 

HPLC analysis of ppp(AZ'p),A from interferon-treated encephalo- 
myocarditis virus infected L-cells. (A) A mixture of standards containing 
ATP, ADP, AMP,  pppAZ'pA, p p ~ ( A 2 ' p ) ~ A ,  p ~ p ( A 2 ' p ) ~ A  and (AZ'p) A+ (peaks 
a-g). The positions y and z at which A5'p45'A(2'pA) and N A h  (2'pA) 
respectively, eluted in  parallel runs a r e  also indicate8 on t h e  figure. (83 
and (C) Cell  e x t r a c t  (150~1) f rom 0.75ml of packed cells. (B) Absorbance 
profi1e:absorbance was measured at 256nM and at f rac t ion  17 and f rac t ion  
57 t h e  full-scale deflection (2.56) was reduced 2-fold ( to  1.28) and 32-fold 
(to 0.08). (C) Radiobinding assay ( v k c o w n  fractions (5~11) were  assayed 
for  their  ability to displace ppp(A2'p) A[ P] pCp and radioimmune assay 
( 0 k column fractions (15111) were  a.&ayed a f t e r  bacteria52lkaline phos- 
phatase digestion fo r  their ability to displace (AZ'P)~A[ P] pCp (25). 
HPLC analysis was  on v-Bondapak C18 column run in 50mM ammonium 
phosphate pH7.0. A linear gradient of 0-20% 1:l methanol/H20 was 
applied at g a 20-50% I:1 methanol/H20 gradient was 
applied in 4 min. Reprintec? f rom Nature  (25) with permision f rom 
MacMillan Journals Limited. 

in  25 min, at g 
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2038 CAYLEY, BROWN, AND KERR 

sertion of a dry packed pre-column to pro tec t  t h e  main column. With 
commercial column packers (i.e.Shandon) now available,C18 columns can  
be packed for less than the  cost of a commercially packed column. In our 
experience these  columns give equally good resolution and peak shape. 

REFERENCES 

1. Roberts, W.K., Hovanessian, A., Brown, R.E., Clemens,  M.J. and Kerr ,  

2. Lebleu, B., Sen, G.C., Shaila, S . ,  Cabrer ,  8. and Lengyel, P. Proc. Natl. 

3. Hovanessian, A.G., Brown, R.E. and Kerr,  I.M. Nature  (Lond.)=, 537 

4. Zilberstein, A., Kimchi, A., Schmidt, A. and Revel, M. Proc. Natl. 

5. Schmidt, A., Chernajovsky, Y., Shulman, L., Federman, P., Berissi, H. 

6. Yang, K., Samanta,  H., Dougherty, J., Jayaram,  B., Broeze, R. and 

I.M. Nature  (Lond.) I_ 264, 477 (1976). 

Acad. Sci. U.S.A. - 73, 3107 (1976). 

(1977). 

Acad. Sci. U.S.A. - 75, 4734 (1978). 

and Revel, M. Proc. Natl. Acad. Sci. U.S.A. - 76, 4788 (1979). 

Lengyel, P. J. Biol. Chem. 256, 9324 (1981). 

7. Kerr, I.M. and Brown, R.E. Proc. Natl. Acad. Sci. U.S.A. - 75, 256 
(1 9781. 

8. Clemens, M.J. and Williams, B.R.G. Cell - 13, 565 (1978). 
9. Baglioni, C., Minks, M.A. and Maroney, P.A. Nature  (Lond.) 273, 684 

10. Hovanessian, A.G., Wood, J., Meurs, E. and Montagnier, L. Proc. Natl. 

11. Wreschner, D.H., James ,  T.C., Silverman, R.H. and Kerr,  I.M. Nucleic 

12. Williams, B.R.G. and Kerr,  I.M. Nature  (Lond.) - 276, 88 (1978). 
13. Williams, B.R.G., Golgher, R.R. and Kerr,  I.M. FEBS Le t t e r s  - 105, 47 

14. Hovanessian, A.G. and Wood, J.N. Virology 101, 81 (1980). 

(1978). 

Acad. Sci. U.S.A. - 76, 3261 (1979). 

Acid Res. - 9, 1571 (1981). 

(1 979). 

15. Ball, L.A. and White, C.N. Proc. Natl. Acad. Sci. U.S.A. I 75, 1167 
(1978). 

16. Martin, E.M., Birdsall, N.J.M., Brown, R.E. and Kerr, I.M. Eur. J. 

17. Hovanessian, A.G., Brown, R.E., Martin, E.M., Roberts,  W.K., Knight, 
Biochem. - 95, 295 (1979). 

M. and Kerr, I.M. Methods Enzymol. - 79, 184 (1981). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
5
4
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



2'-5' OLIGOADENYLATES 2039 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 
31. 
32. 

33. 
34. 
35. 

36. 

Brown, P.R. and Krstulovi6, A. "Techniques of Chemistry", vol.XII, - 

Williams, B.R.G., Golgher, R.R., Brown, R.E., Gilbert, C.S. and Kerr,  

Brown, R.E., Cayley, P.J. and Kerr ,  I.M. Methods in Enzymology - 79, 

Juengling, E. and Kammermeier,  H. Anal. Biochem. - 102, 358 (1980). 

Horvgth, C. and Melander, W.  Amer. Lab. - 10, 17 (1978). 

Karger,  B.L., Grant ,  J.R., Hartkopf, A. and Weiner, P.H. J. 

Schweinsberg, P.D. and Loo, T.L. J. Chromatogr. 181, 103 (1980). 

Knight, M., Cayley, P.J., Silverman, R.H., Wreschner, D.H., Gilbert, 

Knight, M., Wreschner, D.H., Silverman, R.H. and Kerr,  I.M. Methods 

(Weissberger, A. ed.) pp.197 (1978) Wiley, New York. 

I.M. Nature  (Lond.) - 282, 582 (1979). 

208 (1981). 

Chromatogr. - 128, 65 (1976). 

C.S., Brown, R.E. and Kerr,  I.M. Nature  - 288, 189 (1980). 

in Enzymol. - 79, 216 (1981). 

Ball, L.A. and White, C.N., Proc. Natl. Acad. Sci. U.S.A. - 75, 1167 
(1978). 

Jones, S.S. and Reese, C.B. J. Am. Chem. SOC. 4, 7399 (1979). 

Justesen, J., Ferbus, D. and Thang, M.N. Nucleic Acid Res. - 8, 3073 

Anderson, F.S. and Murphy, R.C. J. Chromatogr. 121, 251 (1976). 

Simmonds, R.J. and Harkness, R.A. J. Chromatogr. - 226, 369 (1981). 

Ball, L.A. and White, C.N. Regulation of Macromolecular Synthesis by 
Low Molecular Weight Mediators (Koch, G. and Richter,  D. eds.) 
p.303 (1980) Academic Press, New York. 

Ball, L.A. Am. N.Y. Acad. Sci. - 350, 486 (1980). 

Cayley, P.J. and Kerr,  LM. Eur. J. Biochem. 122, 601 (1982). 

Silverman, R.H., Wreschner, D.H., Gilbert, C.S. and Kerr,  I.M. Eur. J. 

Silverman, R.H., Cayley, P.J., Knight, M., Gilbert ,  C.S. and Kerr,  I.M. 

(1 980). 

Biochem. - 115, 79 (1981). 

Eur. J. Biochem. - 124, 131 (1982). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
5
4
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1


