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ON T H E  E Q U I L I B R I U M  AND MECHANISM OF 

A D E N Y L O S U C C I N I C  ACID S Y N T H E S I S *  

H E R B E R T  J. FROMM 

The Guy and Bertha Ireland Research Laboratory, Department o] Biochemistry, 
University o[ North Dakota School o] Medicine, Grand Forks, N.D. (U.S.A.) 

CARTER AND COHEN reported the isolation of adenylosuccinate** from yeast and 
demonstrated its enzymic synthesis from A5P and fumarate 1. Studies of the yeast 
system indicated the equilibrium-favored AMP-S cleavage S. More recently, the 
existence of AMP-S has been demonstrated in mammalian tissue 3. LIEBER~N4, 5 
reported that  a highly purified enzyme preparation (adenylosuccinate synthetase) 
from Escherichia coli, strain B, was capable of converting I5P , GTP and L-aspartate 
to AMP-S, GDP and Pt. When 6-1sO-I5P was employed as a substrate, the isotope 
appeared exclusively in the PI, suggesting the formation of a phosphorylated inter- 
mediate s. Although a number of mechanisms are in harmony with this observation 
a choice between them could not be made from these data alone. In the present paper 
evidence will be presented which may permit such a choice to be made from among 
those mechanisms consistent with available data. 

MATERIAL AND METHODS 
Materials 

All nucleotides were commercial preparations. I5P, GTP and GDP were obtained as the 
crystalline sodium salts and further purified by anion-exchange chromatography. Nucleotide 
concentrations were determined from their spectral properties and ribose : phosphate ratios. GTP 
and GDP were further characterised by their labile phosphorous. AMP-S was synthesized enzym- 
ically from A5P and fumarate and isolated according to the suggestion of COHEN AND CARTER 2. 
L-aspartate-14C was a product of Schwartz Laboratories. 

Preparation and assay o[ adenylosuccinate synthetase 
The enzyme was obtained from. E. coli, strain B, by the method of LIEBERMAN 5. Enzymic 

activity was assayed by measuring the increase in optical density at 280 m/~ with the Beckman DU 
Spectrophotometer in reaction mixtures containing 2o0/*moles glycine buffer (pH 8.o), 4 lgmoles 
MgSO4, o.o2 /zmole GTP, 0.30 #,mole I5P, i .o/*mole L-aspartate, 0.84 mg streptomycin sulfate 

* This investigation was in part  supported by a grant (A-I678) from the National Insti tutes 
of Health, U.S. Public Health Service. 

* *  The following abbreviations are used; adenylosuccinic acid, AMP-S; inosine-5"-phosphate, 
I5P; guanosine triphosphate,  GTP; guanosine diphosphate, GDP; aclenosine-5'-phosphate, AsP;  
inorganic orthophosphate,  Pt; perchloric acid, PCA; adenosine triphosphate, ATP. 

Re/erences p. 262. 



256 I~. j. VRO~M VOL. 29 (1958) 

and the enzyme in a volume of 1. 4 ml. Incuba t ion  was  at  37 ° for 3o min  and the reaction was 
te rminated  with I.O ml 7 % PCA. Aspar ta te  was  added to control mix tu res  after  the addition of 
PCA. A unit  of enzyme solut ion was  considered to be the a m o u n t  necessary to cause an optical 
density increase of o . ioo  at  28o rap. Protein  was determined tuzbidimetrically*. All prepara t ions  
of adenylosuccinate syn the tase  were s tored at  3 ° and maintained their  act ivi ty  for at least I month .  

Isolation o[ nucleotides 

Reaction mix tures  were te rmina ted  ei ther by  the addition of 7 % PCA or by  boiling for z 
rain at i oo ° when samples  were to be analyzed by  chromatography .  Aliquots were chromatographed  
at  3 ° on Dowex-I  C1- columns (3.o cm high, i .o cm diameter,  2 % cross-linkage, 2oo-4oo mesh). 
Aspar ta te  and I s P  were eluted wi th  o.oi N HC1, AMP-S with  o.oi N HCl-o.oi  5 N KC1 and G D P  
and GTP with o.ol N HCl-o.o35 N KC1. AMP-S-X4C and aspartate-14C were separa ted  at  3 ° on 
Dowex-I  CI- columns (2.5 cm high, i.o cm diameter,  2 % cross-linkage, 2oo-4oo mesh) wi th  ioo ml 
o.oi N HCI. AMP-S-14C was  eluted f rom the  columns with 5 ml of i N HC1. Radioactivi ty,  corrected 
for self-absorption, was determined wi th  a Geiger-Mfiller tube (~zp) and a Tracerlab windowless 
Flow Counter (x4C). 

RESULTS AND DISCUSSION 

On the basis of those data obtained from studies with 6JsO-I5 P at least four mecha- 
nisms for the synthesis of AMP-S are possible: The phosphorylation of IsP  by GTP 
(nucleophilic attack on carbon 6 7) to form 6-phosphoryl-IsP which then reacts with 
aspartate to form AMP-S ; reaction of GTP and aspartate to yield N-phosphoaspartate 
followed by a simultaneous double-displacement reaction 7 with IsP to produce 
AMP-S; phosphorylation of the enzyme by GTP, reaction of the phosphoryl enzyme 
with ISP producing the E-I5P intermediate, followed by enzyme displacement by 
aspartate in the synthesis of AMP-S; and the addition of aspartate amino nitrogen to 
the 6-carbonyl carbon of IsP, phosphorylation of the intermediate carbon 6 hydroxyl 
by GTP and subsequent Pt elimination TM. 

Equilibrium studies 

It has been suggested that the mechanism of three substrate systems may be 
elucidated from equilibrium-exchange studies TM. For example, if the following mecha- 
nism were operating and the system allowed to come to equilibrium, the reaction 
mechanism could be investigated. 

kl 
I s P  + G T P ~ -  6 -phosphory l - I sP  + G D P  (I) 

kl 
ks 

6-phosphory l - I5P + L-aspartate ~ AMP-S + Pt (2) 
k4 

The maximal possible rate of L-aspartate ~ AMP-S is equal to - - k  3 (6-phosphoryl- 
I5P) (L-aspartate) + k  4 (AMP-S) (PI). The maximal possible rate of PI ~ GTP is 
equal to - - k  4 (AMP-S) (Pt) + k s  (6-phosphoryl-IsP) (L-aspartate) or - - k  I (6- 
phosphoryl-IsP) (GDP) + k 1 (I5P) (GTP) depending upon which step is rate limiting. 
Thus L-aspartate ~ AMP-S = P t - -~  GTP if the last step in the sequence was rate 
limiting while L-aspartate--~ AMP-S > Pt---+ GTP if step (I) was rate limiting. 
Under no conditions could Pt ~ GTP > L-aspartate --+ AMP-S. 

Before attempting the mechanistic analysis described above, it was necessary 
to establish the equilibrium constant for the reaction. Repeated attempts to attain 
equilibrium in either direction with large amounts of enzyme were unsuccessful, 
initially. Furthermore, neither of the equilibria could be shifted by the addition oi 

l¢e#rences p. 262. 
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substrate or product. I t  was rioted that  the enzyme preparations used 5 contained 
appreciable quantities of adenylosuccinate-cleavage enzyme 1, 2 activity. Repeated 
a t tempts  to remove the contaminant according to the procedure of LIEBERMAN 5 
proved unsuccessful. Preparations o adenylosuccinate synthetase which were devoid 
of, or contained trace amounts of AMP-S hydrolytic activity were consistently 
prepared in. the following manner: The enzyme solution from the "low-pH fraction I"  ~ 
was diluted with water to a protein concentration of 1.75 mg/ml at room temperature. 
0.70 ml calcium phosphate gel n (23 mg solids/ml) was added per 5 ml diluted solution 
and the pH adjusted to 6.0. The suspension was stirred and immediately centrifuged 
at 2000 × g at room temperature. The supernatant solution was further purified 
with (NH4)2SO4 and low pH fractionation s. The specific activity and yield of the 
modified preparation was found to be comparable to those used by  other investigators 5. 

In Table I and Figs. I and 2 are presented data on determinations of the apparent 
equilibrium constant (Keq) in the forward direction. The average value obtained under 
the conditions described at pH 8.0 and 37 ° with varying substrate concentrations 
was 2. 9 in the forward direction. I t  was found that  the adenylosuccinate-cleavage 
enzyme activity was present in System 3 while, a small amount was present in 
System 5. This is readily seen from the figures and Table I. The results obtained with 
System 3 suggest an at tainment of equilibrium, i.e., degradation of a product with 
a compensatory shift in the equilibrium. The data shown in Fig. 2 indicate that  
System 5 could be driven to the right by the addition of enzyme after 65 min. Adding 
enzyme after I2O min did not cause the synthesis of additional AMP-S. I t  might be 
well to mention that  the stoichiometery of the reaction is well established 4, 5. I t  was 
also noted that  all preparations of the enzyme contained some "GTP'ase"  activity, 
most of which was removed by "low-pH treatment  II"5.  By compensating for this 
activity in complete systems minus L-aspartate it was possible to determine GDP 
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0.0 o ~; 3'0 2s do 
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Fig.  I. Syn thes i s  of AMP-S wi th  t ime ;  equil ib-  
r i u m  approached  from the  forward  direct ion.  
The  con ten t s  of the  reac t ion  m i x t u r e  are  descr ib-  
ed in Table  I - S y s t e m  3. AMP-S was e s t i m a t e d  
s p e c t r o p h o t o m e t r i c a l l y  (Era 290 m[, a t  p H I  -- 
3-75' Ion) • AMP-S was i so la ted  by  chromatog-  
r a p h y  af ter  6o rain and  e s t i m a t e d  spec t rophoto-  
me t r i ca l ly  (Era 267 m F a t  p H I  = t6.9" to3). 
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a. 2.C 
~E 
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Fig. 2. Syn thes i s  of AMP-S wi th  t ime ;  equil ib-  
r ium approached  from the  forward direct ion.  
The con ten t s  of the reac t ion  m i x t u r e  are describ- 
ed in Table  I - S y s t e m  5. AMP-S was e s t ima ted  
spec t ropho tome t r i ca l l y  (/'-'m 290 Ill// a t  p H t  = 
.3-75' Io3) • -0o uni ts  enzyme  added  at  05 and 
again  a t  v_,o min  af ter  in i t i a t ion  of react ion.  

The fal l ing off of the  curve  af ter  3 ° rain is bel ieved to be due to  adeny losucc ina t e -c l eavage  
a c t i v i t y  1 in the  enzyme  p repa ra t ion .  
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and residual GTP  with cer tainty.  Nei ther  the specificity nor the propert ies of the 

phosphatase  were invest igated.  However ,  the possibil i ty tha t  this ac t iv i ty  is not  a 

p roper ty  of adenylosuccinate  synthetase  cannot  be ruled out. 

The Keq in the reverse direction was found to be IO.O as shown in Table I I .  

Certain technical  difficulties which were encountered in this de te rmina t ion  require 

tha t  more credence be placed on the constants  de termined in the forward direction. 

TABLE II 

E Q U I L I B R I U M  S T A R T I N G  W I T H  AMP-S, GDP A N D  P I *  

Equilibrium values** 

A M P - S  t G T P  ~ L-A spartate 2 15 P~, '~ GDP s P i  s Keq 
ttmoles ,umoles l~moles ltmoles pmolgs #tmole$ 

1.87 1.o2 0.47 0.47 0.50 2.4 ° ~o.o 

* The reaction mixture also contained 250/*moles glycine buffer (pH 8.0), 25 /*moles MgSO 4, 
0.9 mg streptomycin sulfate, 8~Pi (5.15. lO 5 counts/rain), 78 units enzyme (spec. act. 25o ), 2.40 
/*moles AMP-S, o.78/*mole GDP, 1.75/*moles Pt and 0.73/~mole GTP. AMP-S was omitted in the 
blank. The system was incubated for 9o min at 37 °. An additional 91 units of enzyme were added 
and incubation continued for 75 min. Final total volume 2.1o ml. 

i AMP-S was determined chromatographically assuming Em 267 m/* at pH 2 = 16.9" io 3 
(ref. 1). 

2 Estimated from the incorporation of sspt into GTP. 
8 Pt was determined by the procedure of TAUSSKY AND SHORR s. 
4 Determined as follows: initial GTP + (GTP-S~P)-Pt in blank. 
5 Estimated as follows: initial G D P -  (GTP-3zP) + GDP in blank. 

** (GTP-S~P) was calculated as Norit-adsorbable 82p after subtracting blank activity 9. 
6 Determined after chromatography to be 0.5o /,mole assumifig Em 248 m/* at pH 3 = 

1 2 . 2  • 1 0  8. 

I t  was necessary to include GTP in this sys tem as the phosphatase  ac t iv i ty ,  a l though 

small,  was found to marked ly  interfere with the incorporat ion of 3~Pt into GTP at 

low concentra t ions  of GTP. In  pre l iminary  exper iments  where addi t ional  enzyme was 

not  added (see Table  II) the ra te  of P t -GTP exchange was slight. Equi l ib r ium at ta in-  

men t  in the  reverse direct ion was also found to be slower than  for the forward direction. 

By  assuming the Keq to be 5.o it was possible to demons t ra te  a shift  in the equil ibr ium 

by the addi t ion of ei ther  I .-aspartate or Pi as indicated by  the change in optical  
densi ty  at  280 m~. 

If  one assumes the  free energy of hydrolysis  of GTP to be similar to tha t  of ATP, 

it is possible to de termine  the free energy of AMP-S hydrolysis.  A value of - - 9 - 3  

kilocalories/mole at  p H  8.o a n d  3 °0 and excess magnes ium was recent ly  reported 12. 

Thus in the following equations,  

GTP + IsP + L - a s p a r t a t e  ----~ AMP-S + GDP + Pt; /IF1 ° = --0.7 kcal/mole 
GDP + PI ----> GTP + HzO; AF2 ° = +9.3 kcal/mole 

I5 P + L-aspartate ---+ AMP-S + HsO; /IF ° = +8.6 kcal/mole 

the  free energy of AMP-S hydrolysis  to I5P and aspar ta te  is - - 8 . 6  kcal/mole*. These 
calculat ions suggest tha t  AMP-S may  be considered a "h igh-energy compound" .  This 

conclusion is suppor ted  by the observat ion tha t  I5P, a react ion product ,  can t au tom-  
erize while AMP-S cannot .  

* In this treatment it is further assumed that the measured equilibrium constant is not 
appreciably altered at 3 °0 . 

Re/erences p. 262. 
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It should be noted that streptomycin sulfate was contained in all systems in- 
vestigated. The inclusion of this material had a twofold purpose; (a) it inhibited the 
action of polynucleotide phosphorylase ~, present as a trace contaminant, and (b) it 
markedly activated adenylosuccinate synthetase. A 20-25 % increase in enzymic 
activity was observed with a streptomycin-sulfate concentration of 0.6 mg/ml test 
mixture. 

Equilibrium-exchange reactions 
As already mentioned, it might be possible to gain some insight into the mecha- 

nism of three substrate reactions through analysis of substrate-product exchange at 
equilibrium. Systems approximating equilibrium conditions were prepared containing 
large amounts of enzyme. Equilibration was continued by incubating the test systems 
at 37 ° for 20 min, after which time tracer amounts of L-aspartate-l~C and ~Pt were 
added. A calculated amount of non-radioactive Pt was added akmg with the L- 
aspartate:4C in order to preclude equilibria shifts. Similar adjustments were made 
when z*Pl was added. Two such systems along with the results obtained in these 
studies are presented in Tables III and IV. It should be noted that in both experiments 

T A B L E  I I I  

EQUILIBRIUM EXCHANGE REACTIONS-LOW AMP-S AND L-ASPARTATE* 

3tl'i GTP'S'Pt P i  -+ G T P  L-Aspar~2~-llC AMP-S:*C  t L-As[mrtaCe---~ A M P - S  
counts:lnin/t~male counts/minll~mole % intorporation counts/min/l~rnole com~slmint, l~mole % incorporation 

202 ,OOO ~ 560 O. 77 13,65 ° 583 4.27 

* Reac t ion  m i x t u r e  con ta ined  x.I /~moles AMP-S,  0 .90/~mole  GDP,  i . o /umole  P*, 2.0 ~umoles 
L-aspar ta te ,  0.047 / ,mole  I sP ,  I.X6 t, moles  GTP,  '~oo /~nmles glycine buffer  (pH 8.o), 1.2 m g  
s t r e p t o m y c i n  sulfate ,  4 ° / ~ m o l e s  MgSO 4, 125 un i t s  e n z y m e  (spec. act.  200) in a t o t a l  vo lume  of 
3.0 ml. I n c u b a t i o n  was  for 2o rain  a t  37% KeQ = 8.9. 0 .25/~mole  L-aspartate-14C (30,700 coun t s /  
min)  and  O. lO/ ,mole  s tPt  (222,000 counts / ra in)  a d d e d  and  incuba t ion  con t inued  for 2. 5 h. 

1 GTP.SSi, d e t e r m i n e d  on  Nor i t  ° a f t e r  t e r m i n a t i o n  of reac t ion  wi th  7 % PCA.  B lank  con ta ined  
all c o m p o n e n t s  excep t  AMP-S,  a s p a r t a t e  a n d  I5P.  Nor i t - adso rbab le  s s p  w a S  s u b t r a c t e d  f rom va lue  
of comple te  s y s t e m .  

AMP-S-saC ac t iv i ty  was  de t e rmi ned  by  c h r o m a t o g r a p h y  af te r  boil ing sample  a t  xoo ° for 2rain.  

T A B L E  I V  

EQUILIBRIUM EXCHANGE REACTIONS-HIGH AMP-S AND L-ASPARTATE* 

~*l'i G T P ' n P t  P i  "+ G T P  L-.4sparlat¢-t*C A MP-S-t 'C *. L-AS~ftak~ ~ A M P ' S  
crmnts, min//tmole counts~min.'pmole % i~t~'poration counts/min/pmole colutts/min/l~mole % incorpor~ion 

294,000 495 o.i  7 20,800 332 1.6o 

* Reac t ion  m i x t u r e  con ta ined  2 .5 /~moles  AMP-S,  0 .90/~mole  GDP,  i .o /~mole  Pt, 5 .0/~moles  
L-aspar ta te ,  0.047 jumole I sP ,  1.16 / tmoles  G T P ,  200 btmoles glycine buffer  (pH 8.0), 1.2 m g  
s t r e p t o m y c i n  sulfate ,  5 ° / tmoles  MgSO,,  98 un i t s  e n z y m e  (spec. act .  230) in a to ta l  v o l u m e  of 
3.0 ml. I ncuba t i on  w a S  for 20 m i n  a t  37 °. Keq = 8 .3 .0 .37 /~mole  L-aspartate-14C (lO4,OOO coun t s /  
rain) aml  o. i{~ i lmolc '~21', (-94,ooo coun t s /min )  added  and  incuba t ion  con t inued  for 2.5 h. 

i GT1,_3~I, de t e rmi ned  on Nori t  a af ter  t e r m i n a t i o n  of reac t ion  wi th  7 % PCA. Blank con ta ined  
all c o m p o n e n t s  except  AMP-S,  a spa r t a t e ,  and  I5P.  Nor i t -adsorbab le  n p  waS s u b t r a c t e d  f rom value  
of comple te  sy s t em.  

AMP-SA4C ac t iv i ty  was  de t e rmi ned  by  c h r o m a t o g r a p h y  af te r  boil ing s amp le  a t  IOO ° for 
2 nfin. 

I?e /erences  p .  262 .  
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tilt. concentration of I5P was maintained low, i.e., one-twentieth the level of othei 
~,lbstrates and products. This adjustment was necessitated in order to minimize 
equilibria shifts caused by degradation of AMP-S and GTP. Even in the presence of 
~'terations in the concentrations of AMP-S and GTP the overall equilibrium of the 
system would not be affected, thus permitting valid equilibrium--exchange measure- 
ments to be made. 

The data shown in Tables I I I  and IV indicate that L-aspartate----~ AMP-S > 
Pt ~ GTP at equilibrium. These data suggcst that 6-phospho" - I s P  may be an 
intermediate in the synthesis of AMP-S as medi , ted by adenylosuccinate syntbetase. 
While these data are consistent with the indic,ted mechanism, absolute pro~f of its 
validity must await either the detection of 6-phosphoryl-IsP in such a system or its 
utilization with L-aspartate in the absence of GTP and I sP  Ly adenylosuccinate 
synthetase. I t  does appear, however, that  the other suggested hypotheses for AMP-S 
synthesis are untenable in the light of these results. 

Additional substantiation of the proposed mechanism can be made by a com- 
parison of the results from Tables I I I  and IV. I t  would be expected, and indeed it was 
found, that  as the concentration of aspartate and AMP-S were increased, their 
exchange rates at equilibrium relative to Pt-GTP exchange increased. 

I t  might be well to mention the limitations inherent in analyzing reaction mecha- 
nisms using the outlined approach. Although probably valid for the analysis of non- 
enzymic reactions, in this t reatment  it must be assumed that  the rate of all enzyme- 
substrate and product associations and dissociations exceed those reaction rat ~ 
involving covalent bond formation and rupture. I t  is possible, for example, that  
GTp-32P synthesized at equilibrium is formed more rapidly from 3zP 1 than is AL[P-S-I*C 
from aspartate-14C. However, the GTP-a2P may not dissociate from the enzyme rapidly 
in its transfer and equilibration with medium GTP (non-radioactive). The enzyme- 
bound GTp-32P could then be utilized either at its site of synthesis or at a neighboring 
site for 32P1 formation. The results thus obtained may  not be a valid measure of the 
reaction mechanism. A fuller discussion of this t reatment  will be presented elsewhere 14. 

Exchange reactions 

Further support for the postulated mechanism was sought through investigation 
of aspartate-14C-AMP-S exchange in the following equation: 

6-phosphoryl-I5P + L-aspartate ~_ AMP-S + Pt 

I t  might be supposed that  aspartate-14C would exchange with AMP-S in the presence 
of Pt and enzyme provided any aspartate produced could exchange with the labeled 
aspartate in the medium. The results from one such study are presented in Table V. 
From these data, it appears that  aspartate-14C does exchange slightly with AMP-S, 
lending support to the mechanism above. The significance of these data are weakened, 
however, by  two observations. First, the counting rate of AMP-S in the system lacking 
GDP is only twice background. Second, the system plus GDP rapidly exchanges 
aspartate and AMP-S even though the reaction was proceeding to the left. These data 
are evidence against an independent reaction as depicted above. Quite possibly the 
exchange observed in the absence of added GDP was caused by endogenous GDP 
bound to the enzyme. Results similar to those presented in Table V were obtained in 
an analogous reaction involving glutamine synthesis xS. 

Relerences p. 262. 
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T A B L E  V 

L-ASPARTATE-AMP-S EXCHANGE REACTIONS* 

AMP-S t AMP-S L-Aspartate --+ A MP-S 
System counts/rain counts/min,, gmole % incorporation 

Comple te  I I oo 668 o.87o 
- - G D P  33.5 20. 3 0.026 
- - A M P - S  8.o 
- - E n z y m e  o 

* The  comple te  s y s t e m  con ta ined  0 .44/*mole  GDP,  1 .65/*moles  AMP-S,  i o / , m o l e s  Pt, 0.6 m g  
s t r e p t o m y c i n  sulfate ,  5 ° #mo l e s  MgSO 4, 2oo #mo l e s  glycine buffer  (pH8.o) ,  o.58/*mole L-aspar ta te -  
I4C (44,500 counts / ra in)  and  90 un i t s  e n z y m e  (spec. act,  2o0). S y s t e m  incuba t ed  2 h a t  37 °. 

1 AMP-S was isolated by  c h r o m a t o g r a p h y  af ter  t he  reac t ion  had  been t e r m i n a t e d  by  boi l ing 
for 2 m in  a t  IOO °. 
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S U M M A R Y  

The equi l ib r ium c o n s t a n t  of adenvlosucc in ic  acid s y n t h e s i s  f rom guanos ine  t r i phospha te ,  inosine- 
5 ' - phospha t e  and  L-aspar t a t e  was  d e t e r m i n e d  to be 2.9 and  to.o in t he  forward and  reverse  
di rect ions  respec t ive ly  a t  p H  8.o and  37 °. T h e ,  1F ~ of adeny losucc in ic  acid hydro lys i s  to inosine-  
5 ' - p h o s p h a t e  and  a s p a r t a t e  was ca lcula ted  to be 8.6 kcal /mole.  F r o m  e q u i l i b r i u m - e x c h a n g e  
s tudies ,  the  l imi ta t ions  of which  are men t ioned ,  it appea r s  t h a t  6 -phosphory l - inos ine-5"-phospha te  
m a y  be an  i n t e rmed ia t e  in adenylosucc in ic  acid syn thes i s .  
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