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SUMMARY 

I. A nucleoside monophosphate kinase has been fractionated from aqueous ex- 
tracts of calf liver acetone powder. I t  catalyzes transphosphorylations between 
adenosine 5'-phosphate and any nucleoside triphosphate to yield adenosine 5'-di- 
phosphate and another nucleoside diphosphate. The reactions are reversible. 

2. The enzyme fraction has been freed of phosphatase activity and contains no 
nucleoside diphosphate kinase. I t  has also been separated from another nucleoside 
monophosphate kinase which is specific for ATP but reacts with any of several 
nucleoside monophosphates. 

INTRODUCTION 

In the preceding paper 4 an enzyme fraction purified from extracts of calf liver acetone 
powder was described, which catalyzed transphosphorylations between adenosine 
triphosphate and any of a number of nucleoside 5'-monophosphates. No other nucleo- 
side triphosphate could replace ATP. This fraction has been designated as the ATP-  
nucleoside monophosphate kinase, to indicate that  its specificity is not limited to 
a particular nucleoside monophosphate.  

From the same extracts transphosphorylation activity of another type has been 
separated, free of the first enzyme system. In the present investigation this fraction 
has been shown to catalyze the following reactions: 

I T P  + A M P ~  I D P  + ADP 
UTP + AMP ~--- U D P  + A D P  
CTP + A M P ~  CDP + ADP 
GTP + AMP ~- GDP + ADP 
ATP + AMP ~ 2 A D P  

(I) 
(2) 
(3) 
(4) 
(5) 

The following abbrevia t ions  will be used: AMP, ADP, ATP = adenosine 5'-mono-, di- and 
t r iphosphates ;  GMP, GDP, GTP = guanosine 5'-mono-, di- and t r iphosphates ;  UMP, UDP, 
U T P  = uridine 5'-mono-, di- and t r iphosphates ;  CMP, CDP, CTP = cytidine 5'-mono-, di- and 
t r iphosphates ;  IMP, IDP,  I T P  = inosine 5"-mono-, di- and t r iphosphates ;  EDTA = ethylene 
diamine te t raaceta te  ; GSH = reduced glutathione;  D P N H  = reduced diphosphopyridine nucleo- 
tide; Pt = inorganic phospha te ;  ID Pase  = inosine diphosphatase.  

* Par t  of this  mater ia l  has been presented in several pre l iminary  reports  1, ~, s. 
** Present  address:  Depa r tmen t  of Pharmacology,  Wash ing ton  Universi ty  School of Medicine, 

St. Louis, Mo. (U.S.A.). 
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No other nucleoside monophosphate could replace AMP and, for convenience, this 
fraction has been designated as the nucleoside tr iphosphate-AMP kinase. 

Reactions (I), (2) and (4) were followed by measuring the inorganic phosphate 
formed in a coupled reaction catalyzed by inosine diphosphatase: 

I D P  ---> I M P  + PI (6) 

This enzyme was discovered simultaneously in several laboratories ~, 5-~ and is active 
with IDP,  UDP and GDP. Recently, it has also been shown to hydrolyze ribose 
5'-pyrophosphate 8. In the present communication a method is given for purifying 
this phosphatase to a point where it is free of both types of kinase activity, so that  
it could be used to follow the purification of the nucleoside tr iphosphate-AMP kinase. 

EXPERIMENTAL 

Materials. Nucleotides were obtained from sources mentioned in the preceding paper 4. 
In addition, GTP, CTP, CDP, UDP and GMP were purchased from Sigma Chemical 
Company, and samples of chemically synthesized UDP, UTP and GMP were kindly 
provided by Dr. H. G. KHORANA. 

Methods. Descending paper chromatography was carried out with the following 
solvent systems. Solvent I :  isobutyric acid, IOO ml; I N NH4OH, 60 ml; o.I M 
EDTA, 1.6 ml ~. Solvent 2: saturated ammonium sulfate-isopropanol-i  M sodium 
acetate (8o:2:18, v/v/v) TM. Solvent 3 :95  % ethanol, 750 ml; I M ammonium acetate, 
300 ml n. For quanti tat ive chromatography each ultraviolet-absorbing region was 
cut out, eluted with o.I N HC1 for 24 h, and the absorbance of the eluate was deter- 
mined at a wave length corresponding to the absorption maximum for the particular 
compound. A blank for the paper was subtracted. 

Electrophoretic separation of nucleotides was performed according to MARKHAM 
AND SMITH TM on strips (56 × 9 cm) of Whatman No. 3 MM paper saturated with 
0.05 M ammonium formate-formic acid buffer pH 3.5 or pH 2.0, or with 0.05 M 
ammonium acetate-acetic acid buffer p H  4.5. 

Assay o/ tl~e nucleoside triphosphate-AMP kinase as routinely carried out de- 
pended on coupling reaction (I) with IDPase (reaction (6)) ; the sum of these reactions 
is equation (8): 

I T P  + A M P  ----> I M P  + A D P  + Pt (8) 

In the presence of excess IDPase,  the kinase activity is directly proportional to the 
PI formed. The incubation mixture contained I/*mole of ITP, 0.5/*mole of AMP, 
0.03 mg of crystalline bovine serum albumin, 1.65/*moles of GSH, o.oi/*mole of 
EDTA, 1.5/,moles of veronal-acetate buffer TM, 2 units of inosine diphosphatase and 
from 0.06 to 2.6 units of kinase enzyme in a volume of o.I ml. A control incubation 
mixture was routinely set up from which AMP was omitted; this was in order to 
correct for Pt present in the ITP.  Enzymic activity with I T P  as the only nucleotide 
present was negligible. The preparation of AMP was free of Pl and was not de- 
phosphorylated by  the enzymes. After 9 ° min at 37 ° the incubation mixture was 
analyzed for Pl by  the method of FISKE AND SUBBAROW TM. Deproteinization was not 
necessary except for the initial extract. A unit of activity was defined as that  amount  
which catalyzed the formation of I/*mole of Pl (derived from IDP) per h. Specific 
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activity was units per mg of protein. Protein was determined by the method of 
LOWRY et al. 14. 

Purification o/IDPase. PLaUT 6 has reported on a highly purified preparation of 
IDPase  and has noted its high substrate affinity for I D P  and the absence of nucleoside 
diphosphokinase: We also purified this phosphatase, but our aim was to get a prepa- 
ration free of both types of nucleoside monophosphate kinase activity. Such a fraction 
was needed for the assay of the nucleoside tr iphosphate-AMP kinase, and it was 
obtained as follows: 

Extraction. Except as noted, all steps were carried out at o-3 °. Calf liver acetone 
powder was made as described earlier 4. I t  could be used after storage for as long as 
six months at 3 °. Thirty g of powder were extracted with 60o ml of cold distilled 
water for 30 rain, with gentle stirring. The mixture was centrifuged for 7 rain at 
13,ooo g and the precipitate discarded. 

First acid ammonium sul/ate step. The extract (535 ml) was adjusted to pH 5.0 
with IOO ml of o.I N acetic acid, using mechanical stirring. A precipitate formed 
which was separated from the supernatant solution (solution A, 605 ml) by centrifu- 
gation. The precipitate was extracted by mixing with 0.05 M sodium acetate and 
adjusting the suspension to pH 7.0 with NH4OH. I t  dissolved only partly, and in- 
soluble material was removed by centrifugation and discarded. The extract (Fraction 
Ia) measured lO 4 ml. 

The supernatant solution A (605 ml) was mixed with IOO g of ammonium sulfate 
(0.3 saturation). A precipitate formed which was collected by centrifugation and 
extracted with sodium acetate and NH4OH, as described above, giving 72 ml of 
extract (Fraction Ib). Fractions Ia  and Ib  were combined (Fraction I, 176 ml). 

Second acid ammonium sul/ate step. 176 ml of Fraction I were mixed with 29 g 
of ammonium sulfate (0. 3 saturation). An inactive precipitate was removed by 
centrifugation and discarded. The p H  of the supernatant solution was adjusted to 
4.6 with 13.8 ml of I N acetic acid. After IO rain a precipitate was collected by 
centrifugation. This precipitate was treated with 0.05 M sodium acetate and NH~OH, 
as in step 2, yielding 30.4 ml of extract (Fraction II).  

Alkaline ammonium sul/ate step. Fraction I I  was mixed with 71 ml of distilled 
water and 16. 7 g ammonium sulfate (0.3 saturation). The pH was adjusted to 8.0 
by  the addition of I ml of a I N NH4OH solution which also contained 16. 7 g of 
ammonium sulfate per IOO ml. Then 15.2 ml of saturated ammonium sulfate were 
introduced (0.39 saturation). The saturated ammonium sulfate solution contained 
3.7 ml of concentrated NH4OH per 1 and its pH, after 5-fold dilution with water, 
was 8.o. After 15 min a precipitate was removed by centrifugation and discarded. 
To the supernatant solution were added 165 ml of saturated alkaline ammonium 
sulfate (0.75 saturation). This time the precipitate was collected by centrifugation, 
dissolved in 0.05 M acetate buffer pH 6, and dialyzed against running distilled water 
for 6 h (Fraction III ,  71 ml). 

Ethanol step. Fraction I I I  was diluted with distilled water to 113 ml and its pH 
adjusted to 5.2 with 0.5 ml of o.I N acetic acid. A precipitate formed which was 
collected by centrifugation and dissolved in 0.05 M sodium acetate (Fraction IV, 
71 ml). The supernatant solution was mixed with 1. 7 ml of 2 M acetate buffer pH 5.2, 
followed by  13. 9 ml of absolute ethanol ( I i  %). The temperature was allowed to fall 
to - - 4  ° during the addition of ethanol. After IO rain, the mixture was centrifuged 
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at 13,ooo g for 3 mill. The precipitate was allowed to drain at - - 8  ° and was dissolved 
in 0.05 M sodium acetate (Fraction V, 71 ml). The results of purification are sum- 
marized in Table I. Both Fractions IV and V were free of kinase activity. 

T A B L E  I 

PURIFICATION OF IDPAsE 

Fraction Total units Over-all yield Specil~c activity Ratio o1: I T P - A M P  kinase 
% U/mg protein 1DPase 

Init ial  ext rac t  354,ooo ioo 
I. A m m o n i u m  sulfate, p H  5 172,8oo 49 

I I .  A m m o n i u m  sulfate, p H  4.6 lO3,OOO 29 
I I I .  Alkaline a m m o n i u m  sulfate 67,500 19 
IV. Precipitate,  p H  5 30, °00 8.5 
V. o - i i  % Ethanol  33,5 °0 9.5 

61 0.075 
114 0.032 
33 ° 0.006 
520 ~ o . o o I  
57 ° 

163 ° 

Assay of IDPase  involved an incubat ion mix ture  containing 1.5/*moles of veronal -ace ta te  buffer TM 

p H  7.o, 1.6/*moles of GSH, o.8/*mole of MgC12, O.Ol /*mole of EDTA,  o.o3 mg of crystalline 
se rum bovine a lbumin  and o.7/*mole of I D P  in a total  volume of 0.08 ml. This was incubated 
at  37 ° for 30 rain, together  wi th  a control  mixture  lacking enzyme. After addit ion of 0.2 ml of 
2.5 % perchloric acid, analysis  for PI was carried out. A unit  of act ivi ty corresponds to the  for- 
mat ion  of I /*mole of Pl per  h. 

Enzyme fractions could be stored at any stage for several weeks at - -  15 ° before 
proceeding to the next step. Fraction V showed no loss of activity after being stored 
for three years at - - 1 5  °. As other workers have also reportedS, ~, the enzyme was 
found to require Mg++ and the pH opt imum was approximately 7.0. A two-fold 
stimulation of the purified fractions by albumin was noted. Fraction V had a specific 
activity of 1,63o for IDP,  I,OOO for UDP, 1,3oo for GDP and 1,o3o for ribose 5-pyro- 
phosphate. There was no hydrolysis of CDP nor of ADP. Also, none of the nucleoside 
5'-triphosphates or monophosphates were split, in agreement with other reportsS, ~. 
Enzyme Fraction I I  was free of ATP-nucleoside monophosphate kinase after storage 
for three weeks at - - 1 5  °. The nucleoside tr iphosphate-AMP kinase was absent when 
the purification had been carried up to the isolation of Fraction I I I  (Table I). 

RESULTS 

Fractionation o/ the nucleoside triphosphate-AMP k*nase 

The following procedure resulted in only a 4-fold purification with respect to 
protein, but the final preparation of the nucleoside tr iphosphate-AMP kinase was 
free of ATP-nucleoside monophosphate kinase activity and was also devoid of IDPase.  

Step z, extraction. This step was the same as for the purification of IDPase. 
Step 2, first ammonium sul/ate. The extract (535 ml) was brought to pH 5 by 

the introduction of 40 ml of 0.5 N acetic acid with mechanical stirring. After removal 
of a precipitate by  centrifugation, the supernatant solution (570 ml) was treated 
with 93.5 g of solid ammonium sulfate (0.3 saturation). A precipitate formed which 
vcas removed by  centrifugation and discarded. The supernatant solution (531 ml) 
was mixed with 78.6 g of ammonium sulfate (0.55 saturation). The resultant precipi- 
Re te rences  p .  430.  
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ta te  was collected by centr ifugation and dissolved in o.o5 M sodium acetate (Fraction 
A, 81.5 ml). 

Step 3, second ammonium sul/ata. Fract ion A was mixed with an equal volume 
of distilled water. I ts  sa turat ion with respect to a m m o n i u m  sulfate was found to be 
o.o2, from measurement  of its conduct iv i ty  with a Barnstead pur i ty  meter. After 
the addit ion of 26.8 g of a m m o n i u m  sulfate (o. 3 saturation),  the pH was adjusted 
to pH 4.6, using 4.9 ml of 2 N acetic acid. A precipitate formed which was removed 
by centrifugation, and the superna tan t  solution (169 ml) was t reated with 14. 5 g 
of a m m o n i u m  sulfate (o.45 saturation).  This t ime the precipitate was collected by  
centr ifugation and dissolved in o.o5 M sodium acetate (64 ml, Fract ion B). A second 
fraction was obtained by  the further addi t ion of 44 g of ammon ium sulfate to the 
superna tan t  solution (o.85 saturat ion).  I t  was also dissolved in o.o5 M sodium acetate 
(Fraction C, 71 ml, pH 6.5-7.o). 

Step 4, heat treatment. Fract ion C was heated at 65 ° for 6 min  and  then rapidly 
cooled in an ice bath.  A precipitate appeared. After centrifugation the precipitate 
was discarded, and  full ac t iv i ty  was recovered in the superna tan t  solution (Fract ion 
D). This t rea tment  removed the last traces of IDPase  activity,  which is completely 
destroyed by  heat ing to 55 ° for 5 rain*. Fract ion B could also be carried through 
a heat step bu t  the results were less satisfactory, for about  half of the AMP-kinase 
was destroyed and traces of IDPase  remained. Most of the results reported below 
were obtained with Frac t ion  D. The results of purification are outl ined in Table II .  

TABLE II 

FRACTIONATION OF THE NUCLEOSIDE TItlPHOSPHATE--AMP KINASE 

I T P - A  MP kinase* Ratio: 
Fraction A T P - U M P  kinase IDPase 

U/mg U/ml 
U/ml Total U protein I T P - A M P  kinase 

Initial extract 80 24,000 4.0 57 16.7 
A (ist Ammonium sulfate) 139 9,300 I1.5 5.5 i.o 
B (2nd Ammonium sulfate, 0.3-0.45 ) 115 %1oo I5.o o.o 0. 4 
C (2rid Ammonium sulfate, 0.45-0.85) 24 1,54o 8.5 o.o o.1 
D** Heat step 24 1,54o 17.o o.o o.o 

* In following the fractionation by coupling to IDPase it is better to use the pair ITP-AMP 
rather than any of the others. This is because the product of the coupled reaction is IMP which 
is inert in the ATP-kinase system (see ref. 1). With a pair such as UTP-AMP, on the other hand, 
first UDP and then UMP are formed in the coupled system. As a result, UDP will be regenerated 
if the nucleoside triphosphate-AMP kinase is still contaminated with ATP-UMP kinase activity. 
Thus, only one kinase is measured with the pair ITP-AMP, whereas both kinases become involved 
with the pair UTP-AMP. 

** Fraction D results from heating Fraction C to 65 ° for 6 rain and removing an inert precipitate 
by centrifugation. 

Properties o/the nueleoside triphosphate-AMP kinase 

Stability. Fract ions B and  C (Table II),  when tested with the combinat ions  
I T P - A M P  and  U T P - A M P ,  showed no loss of act ivi ty  after being stored for three 
years at  - - 1 5  °. Material tha t  had been heated (Fraction D) lost one-third of its 
ac t iv i ty  after several weeks of storage; for this reason the heat step was carried out 

* A similar heat step was used by GIBSON, AYENGAR AND SANAD115 to remove IDPase. 
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on o.I ml or less of enzyme solution, as it was needed. Fraction C could be heated 
to 65 ° for io  min without  loss of activity,  but  after IO min at 80 ° two-thirds of the 
kinase was destroyed. 

Effect o/pH and Mg ++. The p H  opt imum was approximately  7.5, as measured 
with the s tandard  assay system using I T P  and AMP. A broad peak was observed, 
and the act ivi ty at p H  9 and at p H  6 was over half of tha t  measured at pH  7.5. 
There was an absolute requirement for magnesium ion, and a concentration of from 
0.005 M to o.oi M appeared to be most  favorable. 

specificity. The purified fractions (B, C, D) were active with the following com- 
binations of nucleotides (Table I I I ) :  I T P - A M P ,  U T P - A M P ,  CTP-AMP,  G T P - A M P  
and A T P - A M P .  There was no act ivi ty when a nucleoside monophosphate  other than 

TABLE I I I  

S P E C I F I C I T Y  OF T H E  A M P - K I N A S E  

Combination U /ml enzyme 

I T P - A M P  24 
G T P - A M P  17 
U T P - A M P  24 
CTP-AMP 6 

The enzyme was Fract ion D and it was assayed by  coupling to IDPase  where possible (see 
METHODS). For  nucleotide pairs  involving cytidine derivatives,  the  format ion of ADP was looked 
for, us ing the pyruvic  kinase assay a. 

The following combinat ions  were negative (rates less t han  1/2oo of t ha t  for I T P - A M P ) :  
ATP-GMP,  GTP- IMP,  GTP-CMP, GTP-UMP,  GTP-GMP,  ATP-UMP,  ATP-CMP, and ribose- 
5 ' - t r iphosphate  s -AMP.  

TABLE IV 

T R A N S P H O S P H O R Y L A T I O N  R E A C T I O N S  

Expt. 
Nucleotides added Reaction products 

#moles #moles pmoles #moles pmoles 

I U T P  o. 7 AMP o.6 U D P  o.17 ADP o.14 ATP o.o 3 
2 I T P  I.O AMP o.6 I D P  o.36 ADP o.2o ATP o . Io  
3 CTP 0.8 AMP o.6 CDP o.12 ADP o.14 ATP o.o 4 
4 U D P  2.0 A D P  I.O UTP o.2o AMP o.4o ATP o.16 
5 I D P  o.8 A D P  0.9 I T P  0.23 AMP o.5o ATP 0.2o 
6 G D P  0. 7 A D P  o.9 GTP o.2o AMP o.5o ATP 0.2o 
7 GTP o. 7 AMP o.6 GDP o.18 A D P  o.15 ATP 0.06 
8 I D P  1. 3 A D P  0.28 I T P  0.20 AMP 0.20 ATP 0.02 
9 U D P  2.o A D P  o.28 U T P  o.2o AMP o.2o ATP o.03 

The react ion mix ture  (o.I ml), contained 0.o 3 mg crystalline bovine se rum albumin,  1.65/*moles 
of GSH, o.oi /*mole of versene, 1.5 #*moles of veronal -ace ta te  buffer, p H  7.012, o.9/*mole of MgCI~, 
nucleotides, and f rom o.i to o. 4 uni t  of nucleoside t r i phospha te -AMP kinase. I n  a control  incu- 
ba t ion  the  enzyme was omitted.  After I h at  37 ° the reaction mix ture  was chromatographed  
in solvent  I ,  us ing W h a t m a n  No. i paper.  Development  for 48 h was required to obtain adequate  
separat ion.  Wi th  cytidine derivatives,  the  nucleotide zones were eluted and recbromatographed 
in solvent  2. Nucleotides were determined spectrophotometr ical ly  after  elution f rom paper.  No 
react ion was  observed wi th  the  pairs ATP-CMP, ATP-GMP,  A T P - U M P  and ATP- IMP.  In  
solvent  I ,  the following values were noted for the ratio of RF of the nucleotide to t ha t  of AMP: 
ITP,  GTP, UTP, o.34; IDP,  GDP, UDP,  0.44; IMP, GMP, UMP, o.58; CTP, o.51; CDP, ATP, 
0.65; CMP, ADP, o.8o. 
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AMP was paired with any nucleoside triphosphate. These results were obtained, where 
possible, by means of assays which involved coupling to IDPase. The results were 
confirmed by paper chromatography of the reaction mixtures in solvent I (Table IV). 
Because this solvent system does not resolve the pairs CMP-ADP and CTP-ADP, 
appropriate regions of the paper were eluted and rechromatographed in solvent 2. 
In considering the stoichiometric relationships for experiments i, 2, 3 and 7 (Table IV) 
one must remember that the primary reaction forming ADP and some other nucleo- 
side diphosphate is followed by reaction (5), which proceeds to a measurable extent 
in the reverse direction to form ATP and AMP. 

Another assay procedure depended on measurement of ADP using pyruvic 
kinase, phosphopyruvate, lactic dehydrogenase and DPNH (see preceding paper 4 for 
details and discussion). In this way it was shown that o.15/xmole, or more, of ADP 
was formed from the combinations ATP-AMP, ITP-AMP, UTP-AMP and CTP-AMP. 
Incubation conditions were as described in Table IV. There was no significant for- 
mation of ADP with the pairs ATP-CMP or ATP-IMP. In addition to all of the 
quantitative observations listed above, qualitative evidence for reactions involving 
the pairs ATP-AMP, ITP-AMP, GTP-AMP and UTP-AMP was obtained by paper 
electrophoresis. 

In several experiments CTP labeled with 32p in the stable phosphate group* 
was incubated with AMP and heated enzyme (Fraction D), under conditions similar 
to those described in Table IV. The reaction products were separated in solvent 3 
and located by radioautography. A semiquatntitative estimation of the amounts of 
CTP, CDP and CMP was obtained by means of a Geiger tube placed over the radio- 
active spot. Counts in the CTP and CDP areas were: at o time, 82o and 8o; after 
incubation, 4oo and 48o. Thus, over half of the CTP was converted to CDP. Only 
a trace of radioactivity was found in the region corresponding to CMP. 

Reversibility. The reversibility of reactions (I)-(4) has been tested with the 
following results: (I) After incubation of GDP and ADP with enzyme, the mixture 
was resolved in solvent I ;  the products were AMP, ATP and GTP (Table IV). With 
a three-fold excess of GDP over ADP one could suppress reaction (5), the adenylate 
kinase reaction, so that only a faint density for ATP appeared and ADP was nearly 
completely utilized with the formation of AMP and GTP. (2) Similar results were 
obtained from incubation of the pairs UDP-ADP and I D P - A D P  (Table IV). In other 
experiments these results were confirmed by separating the reaction products using 
paper electrophoresis at pH 4.6, 3.5 or 2.0. Again, the occurrence of ATP in addition 
to the expected products from the reverse of reactions (I) and (2) was due to the 
adenylate kinase reaction (5), and this could be greatly suppressed by using an excess 
of UDP or IDP  over ADP (experiments 8 and 9, Table IV). 

Absence o/ nucleoside diphosphokinase in purified nucleoside triphosphate-AMP 
kinase preparation. Incubations were carried out for o, 45 and 9 ° min at 37 ° with 
ATP and UDP or with UTP and AMP as substrates. The incubation mixtures were 
then subjected to paper electrophoresis in 0.05 M formate buffer, pH 3.4, for 12o min 
at 2oV/cm**. With UTP and AMP the appearance of both ATP and ADP was maximal 

* P r e p a r e d  b y  a n  u n p u b l i s h e d  m e t h o d  b y  D r .  JERARD HURWITZ. W'e  a r e  v e r y  g r a t e f u l  t o  h i m  
f o r  s u p p l y i n g  t h i s  s u b s t r a t e .  

** M o b i l i t i e s  f o r  t h e  v a r i o u s  n u c l e o t i d e s  w e r e  a s  f o l l o w s  : U T P ,  41 c m  ; U D P ,  39 c m  ; A T P ,  29 c m  ; 
A D P ,  26  c m ;  A M P ,  13 c m .  
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Fig. I. T i m e  course  of inorganic  p h o s p h a t e  fo rma t ion  in a 
coupled reac t ion  wi th  purif ied n u c l e o s i d e t r i p h o s p h a t e - A M P  
k inase  and  exces s  I D P a s e  (2 uni ts) .  The  r eac t an t s  were I 
# m o l e  of I T P  and  o.5 # m o l e  of AMP,  a n d  t he  r e s u l t a n t  I D P  
was  hyd ro lyzed  to give p h o s p h a t e .  T he  i ncuba t i on  m i x t u r e  
(0.08 ml) also con ta ined  1.2 #*mole of v e r o n a l - a c e t a t e  buffer  
p H  7.o, I /~mole  of GS H a n d  o.oi # m o l e  of E D T A .  Control  
m i x t u r e s  were p repa red  o m i t t i n g :  (a) A M P ;  (b) I T P ;  (c) 
k inase  e n z y m e ;  (d) IDP ase .  None  of t he se  showedprog re s -  

s i r e  l ibera t ion  of Pt wi th  t ime .  

at 45 min, indicating that  equilibrium had already been reached at that  time. With 
ATP and UDP no reaction was observed*, even after 90 min of incubation. These 
data indicate that  the UTP-AMP kinase reaction was occurring at a rapid rate under 
conditions where no nucleoside diphosphokinase reaction (ATP-UDP) could be 
detected. 

Coupled dephosphorylation o~ nucleoside triphosphate. Fig. I is an example of a 
dephosphorylation resulting from the coupling of nucleoside tr iphosphate-AMP 
kinase to IDPase (equation 8). This is a major mechanism for the dephosphorylation 
of nucleoside triphosphates by extracts of calf liver acetone powder, as was brought 
out in a preliminary communication 1. Thus, formation of P l  from UTP by such 
extracts was very low, but was greatly stimulated by addition of AMP. Also, what 
appeared to be a large loss in "UTPase"  activity was encountered in the first fraction- 
ation steps, but this apparent loss could be restored by combining a fraction high 
in UDPase (but low in nucleoside tr iphosphate-AMP kinase) with a fraction high 
in kinase (but low in UDPase). 
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DISCUSSION 

The data presented here, taken in conjunction with results presented in the ac- 
companying pape#,  demonstrate that  two separable nucleoside monophosphate 
kinases occur in calf liver acetone powder extracts. One of these, called the ATP-  
nucleoside monophosphate kinase, reacts with ATP and any nucleoside mono- 
phosphate other than IMP. The second fraction, the nucleoside tr iphosphate-AMP 
kinase, reacts with AMP and any nucleoside triphosphate. Similar transphosphory- 
lation reactions have been found by  other investigators 15-t7, but a separation of this 
kind has not been described. I t  is not known whether or not the adenylate kinase 
activity TM represents another enzyme distinct from these kinases. 

The ATP-nucleoside monophosphate kinase was unstable to storage at - - 1 5  °, 
especially when present as an ammonium sulfate fraction. By contrast, the nucleoside 
tr iphosphate-AMP kinase remained fully active after being kept at - - 1 5  ° for three 
years. At an acid pH, the nucleoside tr iphosphate-AMP kinase is precipitated by  

* Here,  n o t  on ly  A D P  and  UT P ,  b u t  also AMP,  were looked for. H a d  A D P  been  fo rmed  by  
a nucleos ide  d iphosphok inase ,  i t  would  rap id ly  fo rm A M P  b y  t he  adeny l a t e  k inase  react ion.  
A M P  is especia l ly  well s epa r a t ed  f rom t he  o the r  c o m p o u n d s  a n d  i ts  absence  f rom elect rophores is  
s t r ips  was  t h e  bes t  ev idence  t h a t  nuc leos ide  d iphosphok inase  was absen t .  

References p. 43o. 



430 L . A .  HEPPEL, J. L. STROMINGER, E. S. MAXWELL VOL. 32  (1959) 

much less ammonium sulfate than is required for the ATP-nucleoside monophosphate 
kinase. Thus far, the nucleoside tr iphosphate-AMP kinase has not been further 
separated into a family of enzymes with similar properties. 
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SUMMARY 

Parenteral t ryptophan administration to the rat  leads to t ryptophan peroxidase in- 
duction and to acceleration in the turnover rates of the RNA of the various liver 
subcellular fractions. The kinetics of these processes indicate that  the stimulation in 
RNA turnover does not precede or accompany but, rather, is subsequent to the period 
of active enzyme protein synthesis. The maximum percentage increases in RNA 
turnover rates are: mitochondria and microsomal RNA, 260 % ; soluble RIGA, 154 % ; 
nuclear RNA, 6o %. However, due to the markedly different basal turnover rates of 
RNA in the various subcellular organelles, the absolute increase in total  amount of 
RNA synthesized as a result of enzyme induction are in the order: nuclear > soluble 
= microsomal :> mitochondrial. The kinetic data  are compatible with the hypothesis 
that  enzyme induction results in extra nuclear RNA utilization with subsequent re- 
synthesis largely in the nucleus. 
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