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NUCLEOSIDES & NUCLEOTIDES, lO(1-3) ,  181-193 (1991) 

STEREOCHEMICAL ANALYSIS OF THE ENZYMIC SYNTHESIS AND 
HYDROLYSIS OF Ap@ 

Gordon Lowe 

The Dyson Perrim Laboratory. Oxford UniversiQ, 
South Parh R o d ,  Oxford, OX1 3QY 

Abstract The stereochemical course of synthesis of Pl,P4-Bis(S-adenosyl) 
tetraphosphate (Ap4A) from ATP catalysed by phenylalanyl-tRNA synthetase in the 
presence of Zn2+ has been shown to proceed with retention of configuration at Pa in 
accord with the mechanism involving phenylalanyl-adenylate as an intermediate. The 
hydrolysis of Ap4A by the unsymmetrical Ap4A phosphodiesterase from lupin seeds 
proceeds with inversion of configuration at Pa indicating that the hydrolysis takes place 
by a direct 'in line' displacement mechanism. 

INTRODUCTION 

PI,  Pd-Bis  ( 5 ' - a d e n o s y l )  t e t r a p h o s p h a t e  (ApqA) , which was f i r s t  r e p o r t e d  by 

Zamecnik et a l . l l  i s  ub iqu i tous  i n  l i v i n g  c e l l s . 2  I t  appears  t o  p l a y  an important  
r o l e  i n  p r o t e i n  b i o s y n t h e s i s ,  3 t h e  i n t r a c e l l u l a r  l e v e l  be ing  d i r e c t l y  r e l a t e d  t o  
t h e  p r o l i f e r a t i v e  a c t i v i t y  o f  t h e  ce l l  and r e s u l t s  i n  t he  s t i m u l a t i o n  of DNA 

s y n t h e s i s .  4 Moreover ,  Ap4A a s s o c i a t e s  t i g h t l y  b u t  n o n - c o v a l e n t l y  w i t h  DNA 

polymerasea,5 and acts a s  a primer f o r  DNA s y n t h e s i s  i n  vitro.6 I n  Salmonella,  t h e  

Ap4A c o n c e n t r a t i o n  i n c r e a s e s  t o  100 p-l i n  response t o  t h e  b a c t e r i o s t a t i c  quinone, 

6-amino-7-chloro-5,8-dioxoquinoline and ApqA has  been proposed a s  an "a l a rnone"  

i . e .  a s u b s t a n c e  whose i n t r a c e l l u l a r  c o n c e n t r a t i o n  i n c r e a s e s  d r a m a t i c a l l y  i n  
response t o  s t r e s s . 7  

Many aminoacyl-tRNA s y n t h e t a s e s  show weak Ap4A syn the ta se  a c t i v i t y ,  bu t  f o r  a 

f e w  t h i s  i s  marked ly  enhanced  by t h e  p r e s e n c e  o f  Znzt .8  Pheny la l any l - tRNA 
s y n t h e t a s e  which i s  a t e t r a m e r i c  enzyme,g b e l o n g s  t o  t h i s  g r o u p .  L i k e  o t h e r  
aminoacyl-tRNA s y n t h e t a s e s ,  pheny la l any l - tRNA s y n t h e t a s e  f i r s t  a c t i v a t e s  
L-phenylalanine w i t h  MgATP t o  g i v e  enzyme-bound phenylalanyl-adenylate ,  which then  
normally charges  its cognate  tRNA.10 I t  is not ,  however, necessary t o  have tRNAPhe 
p r e s e n t  du r ing  t h e  a c t i v a t i o n  s t e p :  

E t Phe t MgATP ZE-Phe-AMP + MgPPi 

E.Phe-AI@ t tRNAPhe t E t Phe-tRNAPhe t AMP 
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182 LOWE 

It  h a s  been s u g g e s t e d  t h a t  t h e  mechanism o f  a c t i v a t i o n  of  amino a c i d s  by 

aminoacyl- tRNA s y n t h e t a s e s  s h o u l d  i n v o l v e  t h e  i n i t i a l  f o r m a t i o n  o f  a n  
adenylyl-enzyme in t e rmed ia t e .11  W e  f i r s t  i n v e s t i g a t e d  t h e r e f o r e  t h e  mechanism o f  

a c t i v a t i o n  o f  L - p h e n y l a l a n i n e  by  phenylalanyl- tRNA s y n t h e t a s e  from y e a s t  by 
s t u d y i n g  t h e  s t e r e o c h e m i c a l  course o f  t h e  n u c l e o t i d y l  t r a n s f e r  r a e c t i o n .  

P o s i t i o n a l  i s o t o p e  exchange expe r imen t s  w i th  adenos ine  5'-[13,13-18021triphosphate 

were a l s o  undertaken.12 

Although i t  has  g e n e r a l l y  been c o n s i d e r e d  t h a t  t h e  p r o d u c t i o n  of  Ap4A by 

aminoacyl-tRNA s y n t h e t a s e s  a r o s e  by t h e  r e a c t i o n  o f  ATP w i t h  t h e  enzyme-bound 
aminoacyl adeny la t e ,  1 t h i s  mechanism be ing  supported by s t u d i e s  on a wide v a r i e t y  

of  aminoacyl-tRNA s y n t h e t a s e s ,  13 a recen t  r e p o r t  by Hilderman, 1 4  suggested t h a t  a 
homogeneous complex of  a r g i n y l -  and lysyl-tRNA s y n t h e t a s e  from rat l i v e r  c a t a l y z e s  

t h e  ly s ine - independen t  s y n t h e s i s  o f  Ap4A; c o n s e q u e n t l y ,  an aminoacy l - adeny la t e  

in t e rmed ia t e  could not be involved.  
We have a l s o  i n v e s t i g a t e d  t h e r e f o r e  t h e  s t e r e o c h e m i c a l  c o u r s e  o f  t h e  

Znz+-s t imula t ed  p r o d u c t i o n  o f  ApqA by y e a s t  phenylalanyl- tRNA s y n t h e t a s e  and  

p r e s e n t  e v i d e n c e  t h a t  ApqA s y n t h e s i s  p r o c e e d s  by way of  an aminoacy l - adeny la t e  

i n t e r m e d i a t e  a n d  n o t  by  t h e  H i l d e r m a n  pa thway .  Zn2+ a l s o  p r o m o t e s  t h e  
p h e n y l a l a n i n e - d e p e n d e n t  h y d r o l y s i s  of ATP t o  AMP by y e a s t  pheny la l any l - tRNA 
s y n t h e t a s e , l 5  and t h e  s t e r e o c h e m i c a l  c o u r s e  of  t h i s  r e a c t i o n  h a s  a l s o  been  
i n v e s t i g a t e d .  

S i n c e  Ap4A i s  a p l e i o t r o p i c  r e g u l a t o r  or s i g n a l  n u c l e o t i d e  f o r  c e l l u l a r  

metabolism i ts  c o n c e n t r a t i o n  must b e  capab le  o f  b e i n g  lowered as w e l l  as r a i s e d .  

Ap4A phosphod ies t e ra ses  have indeed been found and w e  have i n v e s t i g a t e d  one from 

l u p i n  seeds  which c a t a l y s e s  t h e  hydro lys i s  of Ap4A t o  ATP and AMP.16 

BXSULTS AND DISCUSSION 

S t e r e o c h r a i c a l  Courrr of A c t i v a t i o n  of P h e n y l a l a n i n e  by 
Phenylalanyl-tRNA Synthrtamm. 

L-Pheny la l an ine  and a d e n o s i n e  5 '  - [ ( S )  -u-i'O, a,a-18021 t r i p h o s p h a t e ,  1 7  were 

incuba ted  wi th  phenylalanyl-tRNA s y n t h e t a s e  ( y e a s t )  i n  t h e  p r e s e n c e  o f  Mg2+ and 
hydroxy lamine .  I n o r g a n i c  p y r o p h o s p h a t a s e  was a l s o  p r e s e n t  t o  h y d r o l y z e  t h e  
magnesium pyrophosphate  g e n e r a t e d  and so assist  t h e  o v e r a l l  r e a c t i o n  (Scheme 1 ) .  
The [160,170,180]AMP was i s o l a t e d  and i t s  c h i r a l i t y  a t  phosphorus de t e rmined  by 
our e s t a b l i s h e d  p r o c e d u r e  a f t e r  c y c l i z a t i o n  and m e t h y l a t i o n . 1 8  The 3 1 P  NMR 
spec t rum o b t a i n e d  i s  shown i n  F i g u r e  1. From t h e  known i s o t o p i c  c o n t e n t  and 

e n a n t i o m e r i c  e x c e s s  of t h e  a d e n o s i n e  5 ' -  [ ( S )  - ~ r ~ ~ O , a , a - 1 8 0 2 ]  t r i p h o s p h a t e ,  it was 

p o s s i b l e  t o  c a l c u l a t e  t h e  e x p e c t e d  r e l a t i v e  peak i n t e n s i t i e s  o f  t h e  31P NMR 
resonances of  t h e  e q u a t o r i a l  and a x i a l  triesters, f o r  t h e  r e a c t i o n  proceeding w i t h  
r e t e n t i o n  and  i n v e r s i o n  o f  c o n f i g u r a t i o n .  Comparison o f  t h e  o b s e r v e d  a n d  
c a l c u l a t e d  r e l a t i v e  peak i n t e n s i t i e s  ( T a b l e  I) shows t h a t  t h e  a c t i v a t i o n  of 

p h e n y l a l a n i n e  by [ (S) - ~ z ~ ~ O , a , c r - 1 8 0 2 ]  ATP occurs s t e r e o s p e c i f i c a l l y  ( w i t h i n  

e x p e r i m e n t a l  e r r o r )  w i t h  i n v e r s i o n  o f  c o n f i g u r a t i o n  a t  P,. T h i s  i s  most s i m p l y  

i n t e r p r e t e d  i n  terms of  a d i r e c t  ' i n - l i n e '  displacement of  magnesium pyrophosphate 
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I I I 1 

I O H z  10 Hz 

:!CURE 1: 31P NMR spectra of the quatorial and axial triesters derived by cyclization and methylation of 5’-[160,170.1801AMP obtained 
~y incubating phenylalanine, [(S)-cr-170,a,a-180 ATP, hydroxylamine, yeast phenylalanyl-tRNA synthetase, and inorganic pyrophasphatase. 
The ratio of the ‘60.,.”0 triesters to the l80..fh triesters shows that the 5’-[*60,170,180]AMP has the Sp configuration and, hence, the 
eaction has proceeded wzh inversion of configuratzn at  P, of ATP as indicated in Scheme 1. 0 = “0 A’ = N-methyladenine, 
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1 ;;;tRNA synthctase 

H R  
Pyrophosphatase 

c 

M2* 

a R = CH,Ph. The evidence for the Sp configuration of the 
('60,"0,'80]AMP is provided in Figure 1. 

Scheme I: Stereochemical Course of Activation of 
Phenylalanine by Adenosine S'-[(S)-a-"O,a,o-''O,~Triphosphate 
with Yeast Phenylalanyl-tRNA Synthetase" 

from P, o f  MgATP by p h e n y l a l a n i n e  and e f f e c t i v e l y  e x c l u d e s  t h e  p o s s i b i l i t y  of  a 

double-displacement mechanism invo lv ing  an adenylyl-enzyme in t e rmed ia t e .  

Position81 I i o t o p e  Kxcbange Experiments witb Pbanylrlanyl -tRNA 

Syntbstase 8nd [8,8-1802]ATP 

I n v e r s i o n  o f  c o n f i g u r a t i o n  a t  p h o s p h o r u s  d u r i n g  t h e  a c t i v a t i o n  o f  
phenylalanine by MgATP and phenylalanyl-tRNA s y n t h e t a s e  is c o n s i s t e n t  with any odd 

number of  displacement  r e a c t i o n s  a t  Pa t h e  s imples t  be ing  one. The p o s s i b i l i t y  of  

an  even number o f  c o v a l e n t  adenylyl-enzyme i n t e r m e d i a t e s  b e i n g  i n v o l v e d  was 
i n v e s t i g a t e d  by p o s i t i o n a l  i s o t o p e  e x c h a n g e  e x p e r i m e n t s  w i t h  a d e n o s i n e  

5'-[R,R-1802]triphosphate. Prov ided  t h a t  t h e  pyrophosphate  l i b e r a t e d  i s  f r e e  to 
r o t a t e  on t h e  enzyme s u r f a c e ,  t h e  formation of an adenylyl-enzyme i n t e r m e d i a t e  on 

incuba t ion  of Mg[B,R-1802lATP wi th  phenylalanyl-tRNA s y n t h e t a s e  would be  de t ecced  

by t h e  appearance of  1 8 0  label i n  t h e  ap br idg ing  p o s i t i o n  by r o t a t i o n  and i n  t h e  y 

p o s i t i o n  by tumbling. L-Phenylalanine, [ R ,  i3-18021 ATP and My2+ w e r e  incubated wi th  

phenvlalanvl-tRNA s v n t h e t a s e  f o r  21h, and a s  expected,  t h e  31P NMR spectrum of t h e  

r e c o v e r e d  (18021ATP i n d i c a t e d  t h a t  p o s i t i o n a l  exchange o f  180 i n t o  t h e  Pa-0-PR 

b r i d g e  and i n t o  t h e  y p o s i t i o n  had o c c u r r e d .  I n  t h e  absence  o f  p h e n y l a l a n i n e ,  

i n c u b a t i o n  unde r  t h e  same c o n d i t i o n s  and fo r  t h e  same l e n g t h  o f  t i m e  l e d  t o  no 
obse rvab le  exchange of label. S ince  s u b s t r a t e  synergism i s  important  i n  c a t a l y s i s  
of t h e  a c t i v a t i o n  s t ep ,19 ,20  it is p o s s i b l e  t h a t ,  i n  t h e  absence of phenylalanine,  
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Table I: Observed and Calculated Relative ”P NMR Intensities’ 
equatorial triester axial triester 

labeled calcd calcd 
triester obsd retention inversion obsd retention inversion 

M&-p=O 0.28 0.28 0.28 0.29 0.28 0.28 

M&-P=O 1.00 0.67 1.00 0.64 1.00 0.67 

MeO-P=. 0.70 1.00 0.67 1.00 0.67 1.00 

0.43 0.38 0.38 0.41 0.38 0.38 

‘Observed relative peak intensities of the I’P NMR resonances 
(from Figure 1) of the cyclized and methylated 5’-[’60,”0,180]AMP 
obtained from the activation of phenylalanine by [(S)-a-”O,a,a- 
Is02]ATP and yeast phenylalanyl-tRNA synthetase. Comparison is 
made with the values expected for retention and inversion of configu- 
ration on the basis of the known isotopic composition of [(S)-a-”O,- 
a,a-’*O,]ATP. 

t h e  enzyme-MgATP complex i s  unab le  t o  adopt  t h e  c o r r e c t  conformation t o  form an 
adenylyl-enzyme i n t e r m e d i a t e .  T h e r e f o r e ,  p h e n y l a l a n i n o l ,  a p o t e n t  c o m p e t i t i v e  
i n h i b i t o r  of pheny la l an ine  which h a s  a s y n e r g i s t i c  e f f e c t  on t h e  b ind ing  o f  MgATP 

t o  t h e  enzyme,21 was i n c u b a t e d  w i t h  M g I B ,  8-18021ATP a n d  pheny la l any l - tRNA 

s y n t h e t a s e ,  a g a i n  under  t h e  same c o n d i t i o n s .  No p o s i t i o n a l  exchange o f  180 was 
observed. 

These r e s u l t s  i n d i c a t e  t h a t  an  a d e n y l y l  enzyme i n t e r m e d i a t e  is n o t  formed 
between MgATP and phenylalanyl-tRNA s y n t h e t a s e  i n  t h e  absence o f  pheny la l an ine  o r  
i n  t h e  p r e s e n c e  o f  phenylalanino1.Taken t o g e t h e r  w i t h  t h e  observed i n v e r s i o n  of  

c o n f i g u r a t i o n  a t  Pa of  MgATP t h e y  p rov ide  s t r o n g  evidence t h a t  t h e  a c t i v a t i o n  o f  

phenylalanine ca t a lyzed  by y e a s t  phenylalanyl-tRNA syn the ta se  proceeds by a d i r e c t  
‘ i n - l i n e ‘  n u c l e o t i d y l - t r a n s f e r  mechanism. 
Zd+-Dependent Synthorir of Ap4A by Phenylalsnyl-tRNA Synthetsre. 

Since  Hilderman r epor t ed  a lysine-independent b u t  AMP-dependent s y n t h e s i s  of  

Ap4A by a homogeneous complex o f  a r g i n y l -  and lysyl-tRNA s y n t h e t a s e s  from r a t  

l i v e r ,  a p p a r e n t l y  e l i m i n a t i n g  t h e  i n v o l v e m e n t  o f  a n  a m i n o a c y l - a d e n y l a t e  
i n t e r m e d i a t e  w i t h  t h i s  enzyme, p r e l i m i n a r y  experiments  were undertaken t o  see i f  

ApqA w a s  s y n t h e s i z e d  by  pheny la l any l - tRNA s y n t h e t a s e  i n  t h e  a b s e n c e  o f  

pheny la l an ine ,  b u t  i n  t h e  p re sence  of  Zn2+. No p r o d u c t i o n  of  ApqA was observed,  

e i t h e r  when ATP a l o n e  or when ATP and AMP were i n c u b a t e d  w i t h  phenylalanyl-tRNA 
s y n t h e t a s e  ( y e a s t )  i n  t h e  p re sence  of  Mg2+ and Zn2+. Consequently,  t h e  Hilderman 

mechanism d i d  n o t  appear t o  b e  t h e  mechanism f o r  Ap4A p r o d u c t i o n  b y  

phenylalanyl-tRNA syn the ta se .  
When phenylalanyl- tRNA s y n t h e t a s e  was i n c u b a t e d  w i t h  L - p h e n y l a l a n i n e ,  

magnesium c h l o r i d e ,  z i n c  c h l o r i d e ,  a n d  a d e n o s i n e  S ’ - [ ( S ) - ~ ~ ~ O , a , a - 1 8 0 2 1  

t r i p h o s p h a t e ,  i s o t o p i c a l l y  l a b e l e d  Ap+A, ADP, and AMP w e r e  formed. The r e a c t i o n  
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U 

1 

t G  nz 10 Hz 

FIGURE 2: "P NMR spectra of the quatorial and axial triestcrs derived by cyclization and methylation of 5'-['*0,''0,"O]AMP produced 
by Zn2+- and phenylalanine-dependent hydrolysis of [(S)-a-"O.a,a-"O ]ATP catalyzed by yeast phenylalanyl-tRNA synthctase. The ratio 
of the '60,,,'80 uiesters to the "Om,'% tristers shows that the 5'-['b.'70.1"0]AMP has the S, configuration and, hence, that hydrolysis 
has occurred d h  inversion of configurat?on as indicated in Scheme 11. 0 = I*O; A' = N-methyladenine. 
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Table 11: Observed and Calculated Relative ”P NMR Intensitiesa 
equatorial triester axial triester 

labeled Calcd calcd 
triester obsd retention inversion obsd retention inversion 

M&-p=O 0.39 0.36 0.36 0.34 0.36 0.36 

M&-P=O 1.00 0.59 1.00 0.59 1.00 0.59 

0.58 1.00 0.59 1.00 0.59 1.00 

0.34 0.34 0.34 0.46 0.34 0.34 

“Observed relative peak intensities of the ”P NMR resonances 
(from Figure 2) of the cyclized and methylated 5’-[’60,’70,’*O]AMP 
obtained by the Zn2+- and phenylalanine-dependent hydrolysis of 
[ ( S ) - U - ” O , ~ ~ , ~ - ’ ~ O ~ ] A T P  catalyzed by yeast phenylalanyl-tRNA 
synthetase. Comparison is made with the values expected for retention 
and inversion of configuration on the basis of the known isotopic com- 
position of [(S)-cr-”0,a,a-’*02]ATP. 

was t e r m i n a t e d  when a l l  t h e  ATP had been consumed and t h e  i s o t o p i c a l l y  l a b e l e d  

ApqA, ADP, and AMP were i s o l a t e d .  

[ 1 6 0 , 1 7 0 , 1 8 0 ) A M P  i s  p r o d u c e d  b y  Z n z + - d e p e n d e n t  h y d r o l y s i s  o f  

[ (S) -a170,ap-1802]ATP by phenylalanyl-tRNA s y n t h e t a s e . 1 5  The 3 1 ~  NMR spec t rum 

(F igure  2)  ob ta ined  a f t e r  c y c l i z a t i o n  and methylat ion of  t h i s  [160,170,1801AMP,18 

shows tha t  t he  h y d r o l y s i s  of  [ (S) -a170,a,a-1802] ATP by y e a s t  phenylalanyl-tRNA 

syn the ta se  occur s  wi th  i n v e r s i o n  of conf igu ra t ion  a t  Pa. 

Comparison o f  t h e  observed and c a l c u l a t e d  r e l a t i v e  peak i n t e n s i t i e s  ( T a b l e  11) 
shows t h a t  [ i60,170,180]  AMP i s  produced s t e r e o s p e c i f i c a l l y  ( w i t h i n  expe r imen ta l  
e r r o r ) .  S i n c e  it h a s  been  shown t h a t  t h e  h y d r o l y s i s  of ATP i s  dependen t  on 
pheny la l an ine  as w e l l  as  Zn2+,15 w e  i n t e r p r e t  t h i s  r e s u l t  t o  mean t h a t  h y d r o l y s i s  
of t h e  pheny la l any l - adeny la t e  i n t e r m e d i a t e ,  which w e  now know t o  be  formed w i t h  
i n v e r s i o n  of  conf igu ra t ion  a t  phosphorus, occurs  by C-0 bond cleavage. 

The i s o t o p i c a l l y  l a b e l e d  ApqA was incubated with snake venom phosphodiesterase,  

w h i c h  h y d r o l y z e s  p h o s p h a t e  d ies te rs  w i t h  r e t e n t i o n  of  c o n f i g u r a t i o n  a t  
p h o s p h o r u s . 2 2  The [ 16O,170 ,18O]  AMP p roduced  was c y c l i z e d  and  m e t h y l a t e d .  

Comparison o f  t h e  r a t i o s  o f  t h e  peak i n t e n s i t i e s  i n  t h e  31P NMR spec t rum ( n o t  
shown) w i t h  t h e  c a l c u l a t e d  v a l u e s  (Tab le  111) showed t h a t  t h e  [160,170,180] AMP 
had the R p  c o n f i g u r a t i o n  a t  phosphorus, and hence, t h e  Zn2f-dependent s y n t h e s i s  of 
Ap4A by  p h e n y l a l a n y l - t R N A  s y n t h e t a s e  o c c u r s  w i t h  o v e r a l l  r e t e n t i o n  o f  

c o n f i g u r a t i o n .  I f  t h e  r e a c t i o n  had p r o c e e d e d  w i t h  o v e r a l l  i n v e r s i o n  of 

c o n f i g u r a t i o n ,  [ l 6 O ,  170,180IAMP racemic a t  phosphorus would have been formed on 
i n c u b a t i o n  of  t h e  i s o t o p i c a l l y  l a b e l e d  Ap4A w i t h  snake venom phosphod ies t e ra se .  

S i n c e  t he  f o r m a t i o n  of p h e n y l a l a n y l - a d e n y l a t e  i s  now known t o  p r o c e e d  w i t h  
i n v e r s i o n  of c o n f i g u r a t i o n  a t  phosphorus ( i n  t h e  absence of Zn2+), t h e  simplest 
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Table 111: Observed and Calculated Relative 'lP NMR Intensitiesa 
equatorial triester axial triester 

c a l d  calcd labeled 
triester obsd retention inversion obsd retention inversion 

MeO-p=O 0.37 0.36 0.36 0.35 0.36 0.36 

M&-P=O 0.57 0.59 1.00 1.00 1.00 0.59 

MeO-P=O 1.00 1.00 0.59 0.61 0.59 1.00 

Me.-Pa 0.34 0.34 0.34 0.43 0.34 0.34 

'Observed relative peak intensities of the IIP NMR resonances 
(from Figure 3) of the cyclized and methylated 5'-['*0,"0,"O]AMP 
obtained by snake venom phosphodiesterase catalyzed hydrolysis of the 
isotopically labeled Ap,A derived by the Zn2+- and phenylalanine-de- 
pendent activity of yeast phenylalanyl-tRNA synthetase in the pres- 
ence of [(S)-a-'70,a,a-'~02]ATP. Comparison is made with the values 
expected for retention and inversion of configuration on the basis of the 
known isotooic commition of l(S~-a-170.a.a-1'0.1ATP. 

H R  
H,N .A CO, - 

R = CHQh. The evidence for the Sp configuration of the 
[160,1'0,1a0]AMP obtained by hydrolysis is provided in Figure 2. 
The evidence for the R p  configuration of the ['60,170,1aO]AMP 
obtained by snake venom phosphodiesterase catalyzed hydrolysis 
(which occurs with retention of configuration at phosphorus) of 
the isotopically labeled ApsA is shown in Figure 3. 

Scheme 11: Stereochemical Course of Hydrolysis of 
[(S)a-"O,n,a-'WJ ATP and Synthesis of Isotopically Labeled 
Ap,A by Yeast Phenylalanyl-tRNA Synthetase in the Presence of 
h a + ,  Phenylalanine, and Inorganic Pyrophosphatasea 

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



STEREOCHEMICAL ANALYSIS 189 

i n t e r p r e t a t i o n  of t h i s  s tereochemical  observat ion is t h a t  t h e  i s o t o p i c a l l y  l a b e l e d  

Ap$A i s  p roduced  by  n u c l e o p h i l i c  s u b s t i t u t i o n  w i t h  [ ( S )  -a170,a,a-1802] ATP on 

phenylalanyl-adenylate  d i s p l a c i n g  phenylalanine wi th  inve r s ion  of  conf igu ra t ion  a t  

phosphorus, l e a d i n g  t o  o v e r a l l  r e t e n t i o n  of  conf igu ra t ion  a t  Pa (Scheme 11). 

The above e v i d e n c e  is n o t  c o n s i s t e n t  w i t h  t h e  Hilderman mechanism f o r  t h e  

AMP-dependent (amino a c i d  independent)  formation of ApqA as observed w i t h  the ra t  

l iver  a rg iny l / ly sy l - tRNA s y n t h e t a s e  complex, which seems t o  r e q u i r e  Ap2A a s  an  

enzyme-bound i n t e r m e d i a t e  which i s  no t  f r e e  t o  r e o r i e n t a t e .  Subsequent at tack by 
ATP would need t o  occur,  r e g i o s p e c i f i c a l l y  d i s p l a c i n g  AMP t h a t  had o r i g i n a t e d  from 
ATP, i n  o r d e r  t o  account  f o r  t h e  p re sence  o f  equimolar  amounts o f  32P and 38 i n  

t h e  Ap4A d e r i v e d  from [ ~ H ~ A M P  and [y-32P]ATP.14 

I n  t h e  experiment w i th  [(S)-a170,cga-18021 ATP t h e  AMP requ i r ed  f o r  product ion 

of  Ap4A b y  t h e  Hi lde rman  pa thway  would h a v e  t o  a r i s e  by  h y d r o l y s i s  of 

[ (S)-a170,a ,a-18021ATP,  w h i c h  i s  now known t o  o c c u r  w i t h  i n v e r s i o n  o f  

c o n f i g u r a t i o n .  T h i s  [160 ,170 ,18O]AMP would t h e n  h a v e  t o  react w i t h  

[ ( S )  -a170,a ,a-1802]  ATP, g i v i n g  t h r e e  i s o t o p o m e r i c  Ap4A s p e c i e s  s i n c e  t h e  

[160,170,18O]AMP c o u l d  react t h r o u g h  e a c h  o f  i t s  peripheral oxygens w i t h  e q u a l  

p r o b a b i l i t y  ( n e g l e c t i n g  t h e  k i n e t i c  i s o t o p e  e f f e c t ) .  At tack by t h e  7-phosphate of  

[ (S)-a170,qa-18021 ATP must occur  a t  t h e  phosphorus atom of  Ap2A d e r i v e d  from t h e  

[160,17O, 180lAMP , t h u s  d i s p l a c i n g  t h r e e  d i f f e r e n t l y  labeled s p e c i e s  of AMP and 

g i v i n g  three i so topomer ic  species of  Ap4A. S ince  t h e  i s o t o p i c a l l y  l a b e l e d  AMP is 

b e i n g  formed and r e u s e d  t h r o u g h o u t  t h e  i n c u b a t i o n  p e r i o d  by t h e  Hilderman 
mechanism, t h e  i s o t o p i c a l l y  l a b e l e d  AMP i s o l a t e d  would b e  q u i t e  d i f f e r e n t  from 

t h a t  e x p e c t e d  by  t h e  h y d r o l y s i s  o f  [ ( S ) - a 1 7 0 , a , a - 1 8 0 2 ]  ATP by way o f  

p h e n y l a l a n y l - a d e n y l a t e .  In f a c t ,  t h e  i s o t o p i c a l l y  l a b e l e d  AMP i s o l a t e d  had t h e  
same i s o t o p i c  c o m p o s i t i o n  ( w i t h i n  e x p e r i m e n t a l  e r r o r )  as  t h a t  o b t a i n e d  by  

h y d r o l y z i n g  t h e  [ (S) -al70, a,a-1802] ATP by snake  venom p h o s p h o d i e s t e r a s e  (Tab le  

I V ) .  Th i s  e f f e c t i v e l y  e l i m i n a t e s  t h e  Hilderman-type mechanism for  t h e  p r o d u c t i o n  

of Ap4A by y e a s t  phenylalanyl-tRNA syn the ta se  and i s  c o n s i s t e n t  w i th  its formation 

by t he  enzyme-ca ta lyzed  d i s p l a c e m e n t  o f  p h e n y l a l a n i n e  from t h e  enzyme-bound 

phenylalanyl-adenylate  by t h e  y-phosphate o f  ATP. 

Synthrrf8 o f  the Strreoiromarr of 01, P 4 - B i r  (5 '-adoaoryl) - 
1,4-dithiotetrapho.ph.tr 

(Sp)-ADPaS w a s  p r e p a r e d  by t h e  method of  Sheu and F rey ,23  and self coup led  

u s i n g  diphenylphosphorochloridate t o  g i v e  ( S p ,  Sp) - P l ,  P Q - B i s  ( 5  ' - a d e n o s y l )  
1,4-dithiotetraphosphate (Scheme 111) which was s e p a r a t e d  from a small amount of 

t h e  ( R p , S p ) s t e r e o i s o m e r  c h r o m a t o g r a p h i c a l l y .  I t  i s  p o s s i b l e  t h a t  t h e  

(Rp,Sp)-stereoisomer a r o s e  by d i smuta t ion  of  t h e  ADPaS t o  AMPS and ATPaS which on 
c o u p l i n g  would give rise t o  b o t h  t h e  (Sp,Sp)- and (Rp,Sp)-s tereoisomers .  When a 

m i x t u r e  of ( R p ) -  and  (Sp)-ADPaS,24 were c o u p l e d  i n  t h e  same way, a l l  t h r e e  

s tereoisomers  were formed. 
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Table IV: Comparison of "0 Labeling of Isotopically Labeled AMP 
Observed by "P NMR Spectroscopy 

sv 
phosphcdi- Zn2+- and 

labeled AMP hvdrolvsis' hydrolysis* 
esterase Phe-dependent 

~~ ~ 

l * 0 , 1 6 0  0.41 0.46 
1802.)G2 1 .oo 1 .oo 

From sv phosphodiesterase hydrolysis of [(S)-a-170,a,a-1802]ATP. 
* By Zn2+- and Phe-dependent hydrolysis of [(S)-a-170,a,a-'*02]ATP 
with yeast phenylalanyl-tRNA synthetase. 

s \  

0--p-0 0 s\  

0--p-0 

s \  O*,P-OAdo 
0 0 , P - O A d o  1- 0 - P - 0  

0 I 0 , P - O A d o  

I 

0 

0, 9 0 , P - O A d o  
0 - P - 0  

I 
0, 0 0, 

(D 0--p-0 
O > P - O A d o  'I' I O',P-OAdo 

0 

main regio- and stereo-isotopomer 

Scheme m. Synthesis and stereochemical analysis of (SD,Sp)- 
P1,P'-bis(5'-adenosyl)-1,4['a02]tetraphosphate. Reagents: i, 
(Ph0)2POCl; it, CNBr/["O]water; iti, snake venom phosphodiester- 
ase," L70]water. 

Raplacamant of Sulphur by 1 8 0  in (Sp,Sp)-Pl,P4-Biw ( 5 ' - a d r n o ~ y l )  - 
1,I-di thiotrtraphowphatr 

Bromine-water and N-bromosuccinimide both reacted slowly with 
( S p ,  Sp) -Pl, P4-bis (5'-adenosyl) 1,4-dithiotetraphosphate and gave a mixture of 

products which contained only a small amount of Ap4A and some 

PllP4-bis(5'adenosyl) 1-thiotetraphosphate. Cyanogen bromide in the absence of 
buffer gave a much cleaner product and after 9 minutes about 70% Ap4A was formed, 

the minor products being identified as Pl,P4-bis(ST-adenosy1) 
1-thiotetraphosphate, Ap3A, ATP, AMPS and AMP. When the cyanogen bromide reaction 

was run in [1801-water the [18021ApqA contained 70% of the label at Pl and P4, and 
30% at P 2  and P3. The PlrP4-bis (S'adenosyl) [1801-1- thiotetraphosphate was found 

to contain 78% label at P4, 8% at P3, and 14% at P2. Clearly the central phosphate 
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a\ 
0 .,P-OAdo 

0 - P - 0  
1 
0 0, 

0, ... 
0,P-OAdo - I .,P-OAdo 
0 0-P-0 

0 

main regio- and stereo-isotopomer 

Scheme IV. Synthesis and stereochemical analysis of (Rp,Rp)- 
P',P'-bis(5'-adenosy1)- 1[170,'802],4['70,'80~]tetraphos- 
phate. Reagents: i, (PhO),POCl; ii, CNBr/[170]water; iii, snake 
venom phosphodiesterase/water. 

r e s i d u e s  c a n  p a r t i c i p a t e  i n  t h e  r e a c t i o n  l e a d i n g  t o  c y c l o - t r i p h o s p h a t e  and  
c y c l o - d i p h o s p h a t e  a s  t r a n s i e n t  i n t e r m e d i a t e s .  I f  t h e  l a b e l  a t  P l  and  P 4  was 
i n t r o d u c e d  e x c l u s i v e l y  by way o f  t h e s e  c y c l i c  i n t e r m e d i a t e s  o v e r a l l  r e t e n t i o n  of 
s t e reochemis t ry  would be expected.25 

The [ 18021ApqA w a s  hydro lysed  wi th  snake venom phosphodies te rase  i n  170-water 

and  t h e  AMP a n a l y s e d  f o r  c h i r a l i t y  a t  p h o s p h o r u s  a f t e r  c y c l i z a t i o n  a n d  
methyla t ion .18  The 31P  n.m.r. spectrum (no t  shown) shows it t o  be predominantly o f  
t h e  (Sp) -conf igu ra t ion .  S ince  snake venom phosphodies te rase  i s  known t o  hydro lyse  
phospha te  d i e s t e r s  w i t h  r e t e n t i o n  o f  c o n f i g u r a t i o n  a t  phosphorus ,  22 t h e  s u l p h u r  
d isp lacement  h a s  occur red  w i t h  p a r t i c i p a t i o n  o f  t h e  ne ighbour ing  phosphate  groups  
l e a d i n g  t o  predominant r e t e n t i o n  o f  c o n f i g u r a t i o n ,  a s  was observed  wi th  adenos ine  

5 '  [ ( S )  a - t h i o - r b e n z y l ]  t r i p h o s p h a t e .  25 

Replacement of Sulphur by 170 i n  (Sp, Sp)-Pl, P l - B i s  (S'-adenosyl) 

1 [1802, t h i o j ,  4 [1802, t h i o j  -tmtraphoaphatr 

Ap4A c h i r a l l y  labelled a t  P l  and P4 wi th  bo th  170 and 180, w a s  syn thes i zed .  

( S p , S p )  - P l l P 4 - B i s ( 5 ' - a d e n o s y l )  1 [ 1 8 0 2 , t h i o ] ,  4 [1802,thio]-tetraphosphate was 

p r e p a r e d  f rom (Sp)-[a-18021ADPaS 5 , 2 7  by t h e  same p r o c e d u r e  u s e d  f o r  t h e  

u n l a b e l l e d  mater ia l  a n d  p u r i f i e d  c h r o m a t o g r a p h i c a l l y .  On t r e a t m e n t  w i t h  
c y a n o g e n  b r o m i d e  i n  1 7  0 - w a t e r  i t  g a v e  p r e d o m i n a n t l y  
( R p , R p )  -P l lP4-b is  (5 ' -adenosyl )  1[17O,1802] ,4 [170,1802l-tetraphosphate.Hydrolysis 

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



192 LOWE 

0, 
0 0 , P - O A d o  

0-y-0 

Scheme V . The stereochemical course of hydrolysis by Ap,A 
phosphodiesterase from lupin seeds. The reaction proceeds with 
inversion of configuration at phosphorus. 

TABLE V 

Comparison of the observedpeak intensities of the 31P NMR resonances of 
the diastereoisomeric trksters derived by cyclization and methylation of the 
5 ' [~60 ,170 ,~80]AMP obtained by hydrolysing 
(SpSp)- PI @ - bis(S'-adenosy 1) -1pO ,1802],4(170 )802] -  tetrap hosp hate 
with snake venom phosphodiesterase (SVPDE) and Ap4A phosphodiesterase 
from lupin seeds (ApqAPDE) in ordinary water 

-__-__ 
Labeled Equatorial triester Axial triester 
~riester SVPDE APAPDE SVPDE ApJPDE -- ~ 

MeO-P=O 0 7 7  0.95 0.77 0.84 

MeO-P=O 0.76 1.00 1 .oo 0.67 
MeO-P=O 0 2 0  0.30 0.24 0.16 

MeO-P=O 1.00 0.76 0.77 1.00 

wi th  snake venom phosphod ies t e ra se  i n  water gave [ 160,17O,18O]AMP which had 
p r e d o m i n a n t l y  t h e  ( S p )  - c o n f i g u r a t i o n  (Scheme IVI  , c o n f i r m i n g  t h a t  t h e  
displacement of  s u l f u r  occu r red  with predominant r e t e n t i o n  of  conf igu ra t ion .  

The Sterrochomical Courrr of Eydrolyrir of Ap4A with Ap4A 

(Rp,Rp)  -PlrP4-bis(5 ' -adenosyl)  1[170,1802] , 4  [l70,1802]-tetraphosphate ( n o t e  

it has  predominantly t h e  (Rp) -conf igu ra t ion  a t  P l  and P4) was hydrolysed w i t h  

ApqA p h o s p h o d i e s t e r a s e  in w a t e r  t o  g i v e  l a b e l l e d  ATP and [160 ,170 ,180]  AMP 

(Scheme V)  . A f t e r  p u r i f i c a t i o n  t h e  [160,170,180] AMP was analysed fo r  c h i r a l i t y  
by 31P n . m . r .  s p e c t r o s c o p y  ( n o t  shown) a f t e r  c y c l i z a t i o n  and m e t h y l a t i o n . 1 8  
From t h e  r a t i o  of  t'le i n t e n s i t i e s  of  t h e  two mono-180 isotopomers  of t h e  a x i a l  
and  e q u a t o r i a l  t r i e s t e r s  it i s  c lear  t h a t  t h e  [ 1 6 0 , 1 7 0 , 1 8 0 ]  AMP h a s  
predominantly t h e  (Rp) -conf igu ra t ion .  Comparison of  t h e  r e l a t i v e  i n t e n s i t i e s  of  
t h e  r e s o n a n c e s  d e r i v e d  from t h e  [160,170,180] AMP o b t a i n e d  b y  h y r o l y s i s  o f  

(Rp,  R p )  -P1, P4-bis (S'-adenosylI 1 [17O, 1802],4 (170,18021 - t e t r aphospha te  with snake 

venom phosphod ies t e ra se  (Table  V) shows t h a t  Ap4A phosphod ies t e ra se  c a t a l y s e s  

Phosphodiestrrare (from Lupin See&) 
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the hydrolysis of Ap4A with inversion of configuration at Pa since snake venom 

phosphodiesterase is known to catalyse the hydrolysis of phosphodiesters with 
retention.22 This result indicates that the Ap4A phosphodiesterase catalyses 

the hydrolysis of Ap4A at P l  by a direct 'in-line' mechanism.28 

Acknowledgements. This review is based of work with Sara P. Harnett, Gaynor Tansley and 
Ruth M. Dixon cited above. The author, who is a member of the Oxford Centre for Molecular 
Sciences, gratefully acknowledges support for this work from the SERC. 
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