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Summary 

In the physiological range of  the adenylate energy charge m hver (0.7--0.9), 
the rate of AMP-hydrolysm catalysed by rat hver cytosol 5'-nucleotldase (5'- 
nbonucleot lde phosphohydrolase, EC 3.1.3.5) increased sharply with decreas- 
ing energy charge. In addition, a decrease m the concentration of P1 caused 
marked acceleration of  the AMP-hydrolysmg activity over the physlologmal 
range of adenylate energy charge. These responses seem to serve to protect  the 
cells against a metabolic stress whmh could result from sudden utilization of  
ATP by removal of  AMP. The AMP-hydrolysing activity of this enzyme 
decreased sharply as the size of the adenine nucleotlde pool decreased m the 
physlologmal range. This effect may be a self-hmltmg response to prevent 
excess depletion of  the pool. 

IMP-hydrolysmg activity of  this enzyme increased with increasing adenylate 
energy charge. But no marked response to its variation w~thm the physiological 
range was observed. On the basis of  the data obtained in this study, the IMP- 
hydrolysmg activity of the cytosol 5'-nucleotldase m rat liver cells seems to be 
comparable to that  of  AMP deammase reactmn, but  the AMP-hydrolysmg activ- 
ity was estimated to be less than 10% of AMP deammase reactmn at energy 
charge value of  about  0.7. This strongly suggests that  the AMP -~ IMP -~ mosme 
pathway is more significant than the AMP-~ adenosine-+ mosme pathway m 
rat hver. 

Introduction 

In most tmsues and orgamsms studmd, the adenylate energy charge (ATP + 
0.5 ADP/ATP + ADP + AMP) [1] has been shown to be maintained at a value 
of about  0.9 [2--4]. The energy charge is stablhzed by removing excess AMP 
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that might otherwise accumulate as a consequence of  a sudden utfllzatmn of 
ATP. 

In the hver, two mechamsms can convert  AMP to mosme and ult imately into 
unc  acid or allantoln the amino group could be removed by AMP deamlnase 
(AMP ammohydrolase,  EC 3.5.4.6), producing IMP, or the phosphate group 
could be removed by  a cytosol  5'-nucleotldase (5 ' -nbonucleotlde phosphohy- 
drolase, EC 3.1.3 5), producing adenosme. Inosme is formed through the 
dephosphorylat lon of  IMP catalysed by  the cytosol  5'-nucleotldase or through 
the deammatmn of adenosine catalysed by adenosine deamlnase. Conversmn of  
AMP to lnoslne has been suggested to occur mmnly through the AMP deamln- 
ase reactmn m higher animals [5--8].  The regulatory properties of  AMP deam- 
lnase from mammahan cells show that the reaction catalysed by this enzyme 
serves to protect  the cells agmnst sharp decrease m adenylate energy charge 
[9,10].  

Some investigators have suggested that  the cytosol  5'-nucleotldase is impor- 
tant m degradation of  IMP rather than AMP [7,8,11--13] This enzyme purl- 
fled from chmken liver or rat hver has the highest aff lmty for IMP among the 
various 5 '-mononucleotldes tested, but  is also potentially active with AMP as 
substrate [ 14,15 ]. 

In the present expenments ,  responses of  the cytosol  5'-nucleotldase to vana- 
tmn of adenylate energy charge were studied with AMP or IMP as substrate. 
The purpose of  the work is to evaluate the contr ibut ion of  this enzyme to 
maintenance of  the adenylate energy charge in hver cells under the conditions 
of  a sudden increase m the rate of  utlhzatlon of  ATP 

Materials and Methods 

Chemwals. AMP and IMP {free acids) were purchased from Yamasa Shoyu 
Co. and used as Tns salts. ADP and ATP were also obtained as sodium salts 
from Yamasa Shoyu Co. Concentrations of  all nucleotlde solutions were deter- 
mined spectrophotometrlcally.  [8-14C]AMP (spec act. 59 C1/mol)and [8-14C] - 
IMP (60 C1/mol) were purchased from The Radlochemmal Center, Amersham. 
All other  chemicals were of  reagent grade or the highest quahty available. 

Cytosol 5'-nucleotzdase preparatzon Cytosol 5'-nucleotldase was punfmd 
from rat liver as described prewously [15] The specific activity of  the prepara- 
tion used was 22/~mol PI hberated from IMP/mm per mg protein. The prepara- 
tion was homogeneous on the criteria of  disc-gel electrophoresls [ 15]. 

Assay of  5'-nucleot~dase actwtty. The activity of  the cytosol  5'-nucleotldase 
was assayed as described previously [14].  The reaction mixture contmned 
100 mM lmldazol-HC1 buffer, pH 6.5 or 7.4/100 mM KC1/0 1% bowne serum 
albumm/appropnate  amount  of  adenine nucleotldes/MgC12. [8-14C]Nucleoslde 
5 '-monophosphates were used as substrates. 

Calculation of  total Mg 2+ concentration The total Mg ~÷ concentrat ion corre- 
sponding to 1 mM free Mg 2÷ at pH 6.5 was calculated by  the method descnbed 
by  Chapman et al. [ 10]. 
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Results 

The response of  5'-nucleot~dase actzvzty to varzatzons m adenylate energy 
charge The response of  the activity of  rat hver cytosol 5'-nucleotldase to varia- 
tions in adenylate energy charge was studmd. The total adenine nucleotlde con- 
centratlon was held constant  at 4 mM and the energy charge was varied 
between 0 (all AMP) and 1.0 (all ATP). AMP-hydrolysmg activity was low at 
normal physiological energy charge value (0.9), and it was greatly activated 
when the energy charge decreased within the range of survlwng mammalmn 
cells (0.7--0.9) (Fig. la) .  

Smce the substrate for the reaction, AMP, is one of  the components  of the 
adenme nucleotlde l~ool, ~t is expected that  the rate will increase as the energy~ 
charge decreases and AMP increases. This is reflected in the bot tom control 
curve whmh shows the response of  this enzyme to increasing levels of AMP 
alone over the same range of  AMP concentration as is found in the upper curve. 
It is apparent that,  in the absence of  modifiers, the reaction proceeds at a very 
low rate. 

A similar experiment was repeated at pH 7.4, whmh would correspond to an 
mtracellular pH of  7.0--7.2 [16]. Although the rate of  AMP hydrolysis 
decreased, the energy charge response was essentially the same as that  at pH 6.5 
(F~g. lb) .  

When IMP Is used as substrate, the cytosol 5'-nucleohdase achwty  is stimu- 
lated by ademne nucleohdes, including a substrate AMP [14,15]. Response of  
IMP-hydrolysmg activity to varmtmn m adenylate energy charge is shown in 
Fig. 2. In this experLment, total adenine nucleotlde concentratmn was also held 
constant  at 4 mM and IMP concentrations were varmd from 0.25 to 1.0 mM. 
These concentrations of IMP are w~thm the range reported by Woods et al. 
[17] for perfused rat liver after sudden utilization of  ATP resulting from fruc- 
tose loading. As expected from the fact that  IMP-hydrolysmg actiwty of  the 
cytosol 5'-nucleotldase is effectively activated by ATP, it decreased with 
decreasmg energy charge. But no marked change m the IMP-hydrolyslng activ- 
ity was observed, when adenylate energy charge decreased withm the range 
observed in surwvlng mammalian cells. 

Inhzbztzon o f  the cytosol 5'-nucleotzdase actzvzty by znorganzc phosphate 
The cytosol 5'-nucleotldase is inhibited by PI [14,15]. Fig. 3 shows the energy 
charge response in the presence of Pi at concentrations rangmg from 0 to 
5 mM. Total adenine nucleotlde concentratmn was held constant  at 4 mM 
and adenylate energy charge was varied from 0.6 to 1.0. A decrease in concen- 
t ra tmn of  Pi effectively enhanced AMP-hydrolysmg activity over the range of 
the energy charge tested. 

IMP-hydrolysmg activity was also inhibited by PI (Fig. 4). When the concen- 
t ra tmn of  IMP was fLxed at 0.5 mM, the IMP-hydrolyslng activity was more 
effectively inhibited m the range of low energy charge. 

Effect o f  total adenzne nucleotzde concentration on the response o f  5'-nu- 
cleotzdase actzvzty to varzatzon ~n adenylate energy charge The energy charge 
response of  AMP-hydrolysmg activity at various total  concentratmns of  adenine 
nucleotldes ranging from 2 to 8 mM is shown in Fig. 5 In these experiments, 
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Fig 1 Response  of  AMP-hydro lys lng  ac t iv i ty  of  ra t  h v e r  cy toso l  5 ' -nuc leo t ldase  to  va r ia t ion  m the  ade-  
ny la te  energy  charge  a t  a to t a l  aden ine  nuc leo t lde  c o n c e n t r a t m n  of  4 mM The  u p p e r  curve  (o o) 
shows  the  ene rgy  charge response  of  the  e n z y m e  wi th  4 mM ad en y l a t e  pool ,  and  the  l o wer  curve  
(~ ~) shows  the  ra te  of  the  r e a c t m n  at  c o n c e n t r a t i o n s  o f  AMP alone ,  co r r e sp o n d in g  to  the  AMP 
c o n c e n t r a t i o n  m a 4 m M  a de ny l a t e  poo l  a t  the  ene rgy  charge  va lue  i nd i ca t ed  m the  h g u re  The  r e l ah v e  
a m o u n t s  of  ATP,  ADP a nd  [14CLAMP at  chfferent  ene rgy  charge  values  were  ca lcu la ted  f r o m  a value of  
0 8 for  the  e q u L h b n u m  cons t an t  of  the  a de ny l a t e  kma s e  r e a c t i o n  The  r e a c h o n  n ~ x t u r e  co n t a in ed  100  
m M  lmldazol-HC1, p H  6 5 (a) or  7 4 ( b ) / 1 0 0  mM K+/0 1% b o w n e  s e r u m  a l b u m i n / 8  m M  Mg2+/4 m M  ade- 
nine nuc leo t ldes  ( u p p e r  curve)  or  0 - -4  m M  [ 1 4 C ] A M P  ( lower  c u x v e ) / a p p r o p r m t e  a m o u n t  of  pur i f ied  
5 ' -nuc leo t ldase  I n c u b a t i o n  was  for  30 m m  

Fig 2 Response  of  IMpohydro lysmg  ac t iv i ty  of  r a t  l iver  cy toso l  5 ' - n u c l e o h d a s e  to  va r ia t ion  m the  adeny l -  
a te  ene rgy  charge  at  a to t a l  a d e n y l a t e  c o n c e n t r a t i o n  of  4 mM The  r e a c t i o n  m i x t u r e  c o n t a i n e d  100 m M  
lmldazol-HC1, PH 6 5 / 1 00  mM K+/0 1% bov ine  s e r u m  a l b u m i n / 8  m M  Mg2+/ [14C] IMP a t  a c o n c e n t r a t i o n  
of  0 25  ([] D), 0 5 (z~ ~) or  1 m M  (o o),  a p p r o p r i a t e  a m o u n t  of  pur i f ied  5 ' -nuc leo t idase  
and  aden ine  nuc leo t ides  at  a t o t a l  c o n c e n t r a t l o n  of  4 m M  at  ene rgy  charge  va lue  ind ica ted  on  the  abscissa 
Incuba t4on  was  for  5 nn n  

o 0 1  
E 
E 

0 6  08  
Energy charge 

34 

15 o 

c 0 5  

0 02  04 06  08 10 
Energy charge 

Fig 3 Inl~b~tlon of  AMP-hydro lys ing  a c t i w t y  of  r a t  hver  cy toso l  5 ' -nuc leo t ldase  b y  m o r g a m c  p h o s p h a t e  
at  d i f f e ren t  ene rgy  charge  values The  r e a c t i o n  n~xt~tre c o n t a i n e d  100  m M  ~mdazol-HC1,  p H  6 5 /1 0 0  m M  
K+/0 1% bov ine  s e r u m  a l b u m i n / 8  m M  M g 2 + / m o r g a m c  p h o s p h a t e  at  a concen txa t lon  of  0 (o o),  0 5 
(~ ~),  1 0 (e - '),  2 0 (~ D-- or  5 m M  (A A), a p p r o p r i a t e  a m o u n t  of  pu.rlfled 5 ' -nu-  
c leot ldase,  ATP,  ADP a nd  [14CLAMP at  a to t a l  c o n c e n t r a t m n  of  4 m M  at  ene rgy  charge  va lue  ind ica ted  
on  the  abscissa I n c u b a t i o n  was  for  30  m m  

Fig 4 Inh ib i t i on  of  IMP-hydro lys ing  a c t l w t y  of  r a t  hve r  cy toso l  5 ' -nuc leo t ldase  b y  m o r g a m c  p h o s p h a t e  
a t  d d f e r e n t  ene rgy  charge  values  The  r e a c t i o n  m i x t u r e  c o n t a i n e d  100  m M  m~dazol-HC1,  pH 6 5 / 1 0 0  m M  
K+/0 1% b o w n e  s e r u m  a l b u m m / 8  m M  M g 2 + / m o r g a m c  p h o s p h a t e  a t  a c o n c e n t r a t i o n  o f  0 (o o) ,  2 
(~ A) or  5 m M  (D ~), 0 5 m M  [14C] IM P ,  a p p r o p n a t e  a m o u n t  of  pun£~ed 5 ' -nucleotadase  and  
aden ine  nuc leo t ldes  at  a t o t a l  c o n c e n t r a t i o n  of  4 m M  at  ene rgy  charge  va lue  ind ica ted  on  the  abscissa 
I n c u b a t i o n  was  for  5 n~ n  
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Fig 5 Response of AMpohydrolysing ac t lwty  of rat  liver cytosol  5 '-nucleotldase to variat lon in the energy 
charge at  dlfferent  adenine nucleot ide pool  sizes. The react ion mix ture  contained 100 mM imidazol-HCl, 
PH 6 5/100 mM K+/0 1% bovine serum albumin/1 mM free Mg2+/appropriate amoun t  of purif ied 5'-nu- 
cleotldase,  ATP, ADP and [14C]AMP at a to ta l  concentra t ion of 8 (o o), 4 (A A) or 2 mM 
(~ v) at  energy charge value inchcated on the abscmsa Incubat ion was for 30 ram 

Flg 6 Response of IMP-hydrolysmg ac t iwty  of rat hver cytosol  5 '-nucleotidase to  varlat ion m the energy 
charge at  different  adenine nueleot ide  pool  slzes The react ion mixtt tre contained I 0 0  mM Lmldazol-HCl, 
pH 6 5 /100 mM K+/0 1% bovine serum a lbmmn/1  mM free Mg2+/approprlate amount  of purif ied fi'-nu- 
cleotadase/0 5 mM [14C]IMP, ATP, ADP and AMP at a to ta l  concentra t lon of 8 (o o), 4 
(~ A), 2 (D D) or 1 mM (e e) at  energy charge value inchcated on the abscissa Incuba- 
t lon  was for 5 min  

the  concentrat ion of  free Mg 2÷ (not complexed with adenylate) was fixed at 
1 mM. This is a value estimated to be the concentrat ion of  free Mg 2÷ m the liver 
[18].  When total  adenine nucleotlde concentrat ion was held at 4 mM, the 
response of  the act lwty to variation m energy charge was almost the same as 
the results of  the experiments presented in Fig. 1. As the total  adenine nucleo- 
tide concentrat ion decreased, the rate of  the hydrolysis of  AMP sharply 
decreased even at the range of  low energy charge. 

Fig. 6 shows the response of  IMP-hydrolysmg act iwty to variation m energy 
charge. The decrease In the rate of  the hydrolysis of  IMP due to the decrease in 
total  adenme nucleotide concentrat ion was less marked than that o f  AMP. Even 
at the lowest  concentrat ion of  total  adenine nucleotlde tested, no slgnlfmant 
change m the IMP-hydrolyslng activity was observed, when adenylate energy 
charge decreased from 0.9 to 0.7. 

Estzmat~on o f  the cytosol 5'-nucleot~dase actw~ty zn wvo Consldermg the 
absolute dependence on Mg 2÷, the high affinity for IMP and the pH opt imum at 
6.5 of  the cytosol  5'-nucleotldase, the difference between IMP-hydrolyslng 
act lwty in the presence of  Mg 2÷ and that  in Its absence at pH 6.5 is a good 
estimate of  the act lwty of  the cytosol  5'-nucleotldase m crude extract  of  the 
hver. Using optimal assay conditions [15],  we estimated the activity of  the 
cytosol  5'-nucleotldase with IMP to be 0.47 -+ 0.09 pmol /mm per g wet  weight 
of  hver (mean -+ S.D. of  the values obtmned with five animals). Under the same 
assay conditions, the act lwty of  the purifmd 5'-nucleot~dase with AMP was 20% 
of  that  with IMP. To estimate the activity m vlvo, hydrolysis of  AMP by  the 
punfmd preparation of  the cytosol  5'-nucleotldase was assayed under the fol- 
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lowing reactmn condltmns total adenine nucleotlde concentratmn, 4 mM, 
adenylate energy charge, 0.72, IMP, 0.1 mM, P1, 1.5 mM, free Mg 2÷, 1 mM, 
KC1, 100 mM, pH, 6.5 The AMP-hydrolysmg act:wty under these conditions 
was 20% of that  under the opt:mal assay cond:t:ons From these results the rate 
of about 0.02 #mol adenosine formed/mm per g wet weight of hver was calcu- 
lated. Under the same assay cond:tmns that  were adopted to estimate the AMP- 
hydrolysmg actlv:ty m wvo, IMP-hydrolysmg act:vlty was 35% of that  under 
the optimal assay cond:tmns and was est:mated to be 0.16 #mol mosme 
formed/mm per g wet we:ght of hver. 

Discussmn 

Results of the experiments described m th:s paper on the regulatory proper- 
tins of  a cytosol 5'-nucleotldase from rat hver, suggested a potential role of this 
enzyme to serve to protect the cells agamst sudden metabohc stress wh:ch 
could result from sudden ut:llzatlon of  ATP by removal of AMP. 

Some mvest:gators have reported a rap:d decrease m adenylate energy charge 
and a depletion of adenme nucleotldes followed by intravenous admm:stratlon 
of  D-fructose (for a rewew see Ref. 19). According to the results reported by 
Ralvlo et al. [20], rats rejected w:th fructose showed a decrease m adenylate 
energy charge from 0.9 to 0.7 We found that  AMP-hydrolysmg act:vlty of the 
cytosol 5'-nucleotldase increased sharply, when adenylate energy charge fell 
from 1.0 to 0 5. Th:s suggests a con tnbu tmn of the cytosol 5'-nucleot:dase m 
mamtammg adenylate energy charge by removal of  AMP 

The inhibition of  the cytosol 5'-nucleotldase by P, may also be of physm- 
logmal slgmfmance. Following fructose rejection, P, concentratmn was observed 
to undergo a transmnt decrease, comc:dent w:th the drop m energy charge 
[20]. Th:s would release the mhlb:tmn of this enzyme by P, and further 
increase the rate of AMP removal. 

After mjectmn of fructose, total concentratmn of  adenme nucleotldes rap- 
:dly decreases and the depletmn of the adenylate ceases when the pool s:ze 
reaches 1.9 mM [20]. Our results showed that  at an energy charge value of 0 7 
and pool s:ze of 2 mM, the rate of AMP-hydrolys:s was low and about equal to 
that  observed under the phys[ologmal cond:tmns of 0.9 energy charge and a 
total  pool s:ze of 4 mM The dependence of the AMP-hydrolysmg actlv:ty of  
the cytosol 5'-nucleot:dase on the concentratmn of ATP (the major const: tuent 
of the pool) prowdes a built-in hmlt  on how far the pool size will be reduced 

Chapman et al [9,10] have already reported the s:m:lar regulatory proper- 
tins of AMP deammase. These two enzymes that  partm:pate m the reactmns of  
the first steps of  degradatmn of  AMP share common regulatory propertms This 
seems to provide an effective mechamsm for mmntammg adenylate energy 
charge and the s:ze of adenine nucleotMe pool during cond:tmns of sudden 
mcrease m the rate of utfl:zatmn of ATP 

Although IMP-hydrolysmg act:wty increased w:th increasing adenylate 
energy charge, no marked response to :ts varmtmn w:th the range of surviving 
mammahan cells was observed. Woods et al. [17] have reported that  concentra- 
tions of  IMP mcrease from 0 165 to 1.14 ~mol/g wet weight within 10 mm, m 
perfused rat hver after fructose loading. When IMP was used as substrate, 
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the Km value of the purified cytosol 5'-nucleotldase from rat liver was esti- 
mated to be less than 1 mM [15]. Thus, the IMP-hydrolyslng activity of  this 
enzyme seems to be mamly regulated through the variation of  the concentra- 
t ion of  the substrate :n rat hver cells. 

Hydrolysis of IMP m wvo is possibly regulated by P, and total  adenine nu- 
cleot:de concentration to some extent.  When substrate concentration was fixed 
at 0.5 mM and total  adenine nucleotlde concentration at 4 mM, the IMP-hy- 
drolyslng activity increased 1.8-fold with a decreasing P1 concentration from 
5 to 2 mM, at an energy charge value of  0 7 With decreasing total  adenine nu- 
cleot:de concentration from 4 to 1 mM, the IMP-hydrolyslng activity showed a 
50% decrease at an energy charge value of 0.7. During a metabohc stress with 
depletion of  ATP, the IMP-hydrolysmg activity seems to increase with the 
accumulation of substrate and the decrease In Pi concentration. The decrease 
in the IMP-hydrolyslng actlwty with the decreasing size of  the adenine nucleo- 
tide pool may also be a self-hmltmg response to prevent excess depletion of 
punne nucleot:des 

Some lnvest:gators have suggested that  the conversion of AMP to lnosine 
occurs mainly vm AMP deamlnase reaction [5--8]. Chapman and Atkmson [9] 
calculated the maximal rate of  deammatlon of  AMP m rat liver to be 0.2 ~zmol/ 
mIn per g wet weight at an energy charge value of about  0.7. According to our 
est lmatmn and considering the mtracellular pH, a con tnbu tmn  of  the cytosol 
5'-nucleotidase actlwty m the AMP removal at this value of energy charge 
should be less than 10% that  of  AMP deamlnase m rat liver. On the contrary, 
IMP-hydrolysmg activity was estimated to be comparable to that  of AMP 
deamlnase This strongly suggests that  the AMP-* IMP-~ mosme pathway is 
more significant than the AMP -~ adenosine -~ mosme pathway m rat liver. 

It seems hkely that  a main role of  the cytosol 5'-nucleotldase in rat liver is 
the removal of  excess IMP produced by de novo purlne nucleotlde synthesis or 
by AMP deammase reaction whmh is effectively regulated by adenylate energy 
charge. 
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