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SUMMARY 

I. A purification procedure and some of the general properties of adenylate 
kinase (ATP:AMP phosphotransferase, EC 2.7.4.3) from yeast are given. 

2. A fraction of yeast adenylate kinase which was immunologically homo- 
geneous was also homogeneous by the following criteria: column chromatography; 
paper electrophoresis; moving boundary electrophoresis and ultracentrifugal analysis 
at two pH's. The molecular weight was determined as 41 ooo. 

3- The pH vs. activity curves and the Km of adenylate kinase from yeast are 
compared with those of myokinase. 

4. The subcellular distribution was determined using two methods of cell 
disruption. Both methods indicate that the adenylate kinase in yeast is not associated 
with the particulate fractions of yeast. 

INTRODUCTION 

The adenylate kinase (ATP:AMP phosphotransferase, EC 2.7.4.3) from rabbit 
muscle has been characterized (in this paper it is referred to as myokinase). The 
catalysis of the reaction 2 ADP = ATP + AMP is known to occur in many microbial, 
plant and animal tissues. In animal tissues, the enzyme is associated with the mito- 
chondria. The adenylate kinase activity in mitochondrial systems prevents a proper 
assessment of ATP-ADP exchange reactions due to oxidative phosphorylation en- 
zymes, as well as in other enzyme systems, and so the characteristics of the enzyme 
is of some interest, particularly in view of the universal occurrence of the activity. 

The characterization of adenylate kinases from yeast and tissues other than 
muscle is not so well established. Adenylate kinase was first detected in yeast by 
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TRucco et al.L This paper presents an initial characterization and Imrification of an 
ATP:AMP phosphotransferase fraction from baker's yeast, hereafter referred to as 
yeast adenylate kinase. The adenylate kinase activity from yeast appears t(~ be made 
up of more than one fraction of protein, which may be separated by electrophoresis 
and colunm chromatography. Yeast adenylate kinase has a molecular weight of 
41 ooo and evidence indicates a lack of free sulfllydryl groups. The pH optima of the 
forward and reverse reactions are sharply defined and differ from one another. The 
subcellular distribution of the yeast enzyme indicates no association with any partic- 
ulate fraction in contrast to adenylate kinase from pigeon skeletal muscle", mouse 
liver a and rat liver 4. 

The forward direction in this paper is considered as the formation of A'I'P i 
AMP from 2 ADP. The formation of 2 AI)P from ATP and AMP is called the rever:ao 
direction. 

METHODS AND MATERIALS 

Baker's yeast from the Fleischmann Co. was air dried for 5 to 7 days and then 
stored at o-5 ° until ready to use. 

Adenylate kinase in the forward direction was measured by coupling the forma- 
tion of ATP to the hexokinase (EC 2.7.I.I ) reaction plus the glucose-6-phosphate 
dehydrogenase (EC I.x.~.48 ) reaction and measuring the formation of NADPH at 
34 ° m# by modification of the method of OLIVER ~ at 25 °. The reaction nfixtures were 
buffered with o.o33 M potassium phosphate (pH 7.o) unless otherwise stated. Adenyl- 
ate kinase was measured in the reverse direction by coupling the fl)rmation of ADP 
to the pyruvate kinase (EC 2.7.L4o ) reaction lSlUS the lactate dehydrogenase (EC 
LLL27)  reaction and measuring the oxidation of NADH at 34o m# as in the method 
of 13UCHER AND PI~LE1DERER 6. All enzymes were obtained from the Boehringer Corn- 
[)any and all nucleotides were from Pabst Laboratories. 

TEAE-cellulose resin was obtained as Cellex T from the Bio-Rad Company and 
was washed several times with o.2 M KOH prior to equilibration with the prot)er 
potassium phosphate buffer. 

Electrophoresis with cellulose acetate paper was pertbrmed at room temperature 
with fresh 0.o 4 M potassium phosphate (pH 5-6 or 8.4) unless otherwise stated. Protein 
was detected on paper by staining with Ponceau S v. Adenylate kinase activity could 
be eluted from pat)ers both before and after staining. 

Moving-boundary electrophoresis was performed with the Antweiler-designed 
micro-electrophoresis apparatus 8 made by Boskamp Company under the following 
conditions: o,o 4 M potassium phosphate buffer at pH 5.6 or 8. 4, at 25 ° and with a 
current of 2 mA. 

Ultracentrifugal analyses were carried out with the Beckman Model E centri- 
fuge at 20 ° with o.I M potassium phosphate buffer at pH 5.6 or 6. 7 plus o.I M KCt 
as the protein medium. The rotation rates were 59 78o rev./min for the sedimentation 
studies and i i  272 for the approach to equilibrium method of ARCHInALD °. 

Yeast spheroplasts were prepared by slight modification of the method of 
I)UELL, INOUE AND UTTER l°. Spheroplast formation was followed with a phase 
contrast microscope and incubation of prepared yeast ceils with snail enzyme (an 
enzyme mixture called (;lusulase from End() Laboratories) was usually about L5 h at 
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which time at least 95 % cell lysis could be obtained. Separation of various subcellular 
fractions was accomplished by  a modification of the differential centrifugation method 
of SCHNEIDER AND HOGEBOOM 11. All sedimenting fractions were washed twice and all 
calculations were based on IO g of yeast. 

Disruption of the yeast by use of the Braun shaker 12 was under the following 
conditions: 30 g of fine glass beads; 30 ml of 0.25 M sorbitol containing 8 g of yeast;  
and shaking periods of IO sec. The io-sec period yielded 50% cell breakage as deter- 
mined by the total protein obtainable by extended shaking periods. All calculations 
were based on lOO% disruption of io g of yeast for the purpose of comparison with 
the method above. 

Protein concentrations were determined by tile spectroscopic method of 
WARBURG AND CHRISTIAN TM, unless stated otherwise. 

EXPERIMENTAL 

Purification of enzyme 
After ammonium sulfate precipitation, 15 min was allowed prior to centrifuga- 

tion for all precipitate collections, and all centrifugations were at 12 ooo × g for 15 
min. All operations were carried out at 0-5 ° unless otherwise stated. 

Step I. To each 18oo ml of o.17 M ammonium monohydrogen phosphate, 600 g 
of dried baker 's  yeast was added and stirred for 4 to 5 h at 37 °. After centrifugation, 
the protein supernatant fluid concentration was adjusted to 40 to 50 mg/ml with 
water. 

Step 2. An equal volume of acetone was added slowly to the supernatant with 
stirring and the temperature was gradually lowered to --15 °. The 50% acetone solu- 
tion was stirred for 15 min and centrifuged at --15 °. After centrifugation, acetone 
was completely removed from the supernatant fluid in a Rinco Rota tory  flash evapo- 
rator in vacuo, with the flask containing the acetone solution immersed in a 30 ° bath. 
The acetone-free solution was then made 65% saturated by the addition of solid 
ammonium sulfate. The collected precipitate may be stored at --20 ° for several days 
with little loss of activity. 

Step 3. The precipitate was then suspended in 23 ml of 20% saturated ammo- 
nium sulfate previously adjusted to pH 7 with ammonium hydroxide and stirred for 
15 rain. The insoluble material was removed. The supernatant fluid had a protein 
concentration of about 20 mg/ml which was precipitated by the addition of solid 
ammonium sulfate to 50% saturation. The collected precipitate was then taken up 
with enough water to give a protein solution containing 30 mg/ml. 

Step 4. About o.12 vol. of i M trichloroacetic acid was added slowly to the pro- 
tein solution with stirring. The precipitate was centrifuged immediately and then 
washed once by suspension in 15 ml of o.oi M potassium phosphate buffer, (pH 7.0) 
to remove inert protein. The washed precipitate was collected by centrifugation and 
then extracted by suspension in 12 ml of o.I M potassium phosphate buffer (pH 7.0). 
The insoluble material was removed and the supernatant fluid was then brought to 
65 ~o saturation by the addition of solid ammonium sulfate. The collected precipitate 
was dissolved in enough water to give a final protein concentration of 15 to 20 mg/ml. 

Step 5. The protein solution was then brought to pH 3.5-4.0 by the dropwise 
addition of 3 M HC1 and rapid stirring. The suspension was then stirred for 5 rain; 

Biochim. Biophys. Acta, 132 (1967) 36t-369 



364 ( 'HE-SHEN CHIU, S. SU, P. J. RUSSELL 

> "~ O . 8 b  b - . - - -F roc t ion -~  

3b 2o o 

Tube number  

Fig. 1. Ch roma tog raph i c  sepa ra t ion  of yeas t  a d e n y l a t e  kinase,  t , ' raction l I ,  on TEAE-ce l lu lose .  
The open circles (@ - ( ) )  refer to  p ro te in  absorbances  and  the  closed circles ( t~--O) correspond 
to  t o t a l  ac t iv i t i e s  in 6 ml  of eluate.  The e lua n t s  are ind ica ted  and o ther  condi t ions  are in the  tex t .  

inert protein was removed; and the supernatant fluid was neutralized by the dropwise 
addition of 3 M KOH. The adenylate kinase activity was precipitated by bringing the 
neutralized solution to 65% saturated ammonium sulfate by the addition of the solid. 
The collected precipitate was then dissolved in about 1.5 ml of water and the solution 
was dialyzed against distilled water overnight to remove all salt for Step 6. The dia- 
lysis results in little or no loss of activity and the precautions required for the dialysis 
of myokinasO 4 are not necessary. The dialyzed solution may be stored in the frozen 
state for extended periods without loss of activity. 

Step 6. About 3oo mg of dialyzed protein in 12 to I5 ml of solution was applied 
to a 2 cm × 42 cm column of TEAE-cellulose resin equilibrated with o.oi M potassimn 
phosphate buffer (pH 6.5). All eluting buffers were at pH 6.5 and were delivered at a 
rate of 24 ml/h, unless stated otherwise. As shown in Fig. I, two peaks of activity are 
discernible by elution with o.oi M potassium phosphate. The studies of this paper 
have been limited to fractions designated as Fraction I I  in Fig. I. Only those portions 
of the activity peak yielding a constant specific activity were collected, pooled and 
further studied. Whenever Fraction I I  was contaminated, by reason of a variation in 

T A B L E  I 

P U R I F I C A T I O N  O F  AN A D I ' N Y L A T E  K I N A S E  F R A C T I O N  F R O M  13AKI£R'S Y E A S T  

Step Fractio*z Total Specific % 
units of activity recovery 
activity 

l Crude au to ly sa t e  
2 Acetone soluble  
3 A m m o n i u m  sulfa te  e x t r a c t  
4 E x t r a c t  of t r i ch loroace t ic  acid p rec ip i t a t e  
5 p H  4-soluble 
6 F rac t ion  I I  
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the protein pattern or specific activity, it was then pooled and the complete chromato- 
graphy procedure was repeated. 

A summary of the purification procedure and the yields is given in Table I. 
All protein concentrations given in the procedure above were critical, and deviation 
outside of given limits resulted in a marked decrease in either specific activity or total 
activity of both. 

Criteria for purity 
The apparent association of adenylate kinase activity with more than one 

protein fraction would not appear to be an artifact of the column chromatography 
procedures since three major bands of activity can also be detected by paper electro- 
phoresis of proteins from Step 5. After the collection of Fraction II,  the following 
criteria for purity for that fraction were established; by gel diffusion, a single precipi- 
tation band was obtained with Fraction II against anti-sera from guinea pig and 
rabbit for proteins in Step 5 of the purification; a single and coincident band of protein 
and activity was obtained by paper electrophoresis at pH's 5.6 and 8.4; a single 
protein peak was obtained by moving-boundary electrophoresis at pH's 5.6 and 8.4; 
and similarly a single peak was obtained by ultracentrifugal analysis at two pH's. 

Molecular weight determinations 
The molecular weight of yeast adenylate kinase (Fraction II) was determined 

by the approach to equilibrium method of ARCHIBALD 9 and the sedimentation velocity 
method 14. Both methods involved an assumption of the partial specific volume as 0.74 
and the latter method a calculation of the apparent diffusion coefficient, Dapp. 15. 
The constants determined by these methods and the agreement obtained for the 
molecular weight determinations are given in Table II. 

TABLE I I  

ULTRACENTRIFUGAL ANALYSIS OF YEAST ADENYLATE KINASE, FRACTION I I  

Determination Method Value 

Molecular weight Sedimentat ion velocity 1. 39 8o0 
Molecular weight ARCHIBALD 9 41 20O 4- 7OO" 
Sedimentat ion constant ,  s o - -  2.96 S** 
Apparen t  diffusion coefficient, Dapp. Graphic 14 7" lO-7 cm2/sec*" 

* This s tandard  error of  m e a n w a s  calculated f r o m b o t h  the l iquid-air  and liquid-silicone 
interfaces. 

** This value was not  corrected for the salt w h i c h w a s  o . i o M p o t a s s i u m p h o s p h a t e  buffer 
(pH6.7)  plus o . i o M  KC1. 

Activity vs. pH 
As shown in Fig. 2, the optimum for the forward reaction is 7.7 while the reverse 

reaction optimum is 7.2 in phosphate buffer. The sharpness of the Optima obtained 
with yeast adenylate kinase is in contrast to the broad optima of myokinase 1~. The 
reverse reaction rate was greater than the forward reaction rate for both myokinase TM 

and yeast adenylate kinase, with both yielding a ratio of 1.6 for the reverse rate/for- 
ward rate, if the optimum pH rates of the yeast enzyme for each direction are used. 
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F ig .  2. E f f e c t  o f  pl-I o n  t h e  r a t e  o f  t h e  r e v e r s e  r e a c t i o n  ( O - - - O )  a n d  f o r w a r d  r e a c t i o n  ( :  • )), 
A s s a y  c o n d i t i o n s  a r e  in  t h e  t e x t .  

Km determinations 
The Km for A D P  was de te rmined  at  p H  7.0 and 2 4  ° between the concent ra t ions  

of 5" IO a and 5 '  i o  4 M. The K.m. value ob ta ined  was 2. 7 • IO -4 M and did not  va ry  
between p H  6.o and 7.3. This value compares  wi th  the  3" IO 4 K,  value~ for A D P  
de te rmined  with  muscle adeny la t e  kinase at  p H  8 and 25 ° by  NODA 16 and I()- IO ~ M 
at  3o ° and  p H  7.5 as de te rmined  b y  CALLAGAN AND WEBER 14. A LINEWEAVER AND 
BUICK ~7 plot  for the  K , ,  de te rmina t ion  is given in Fig. 3. I t  should be noted  tha t  a l inear  
plot  is ob ta ined  for I / A D P  as the  abcissa. NODA 16 ob ta ined  a l inear  pl()t wi th  (I/ADP)'- '  
as would be expec ted  from the equat ion  of the  react ion,  2 A D P  =~ A T P  + AMP. Th.e 
l inear i ty  or non- l inear i ty  of the  plot  of I / A D P  for this  react ion can be shown to depend  
upon the concent ra t ion  range used fiw the  graphic  presenta t ion .  A squared  te rm is 
present  in the  kinet ic  equat ion,  bu t  i t  becomes less significant at  the  higher  subs t ra te  
concent ra t ions  is. A more de ta i led  account  of these changes and other  kinet ic  proper-  
t ies are p resen t ly  under  s tudy.  I t  m a y  also be no ted  t ha t  A D P  exhib i t s  a p ronounced  
subs t r a t e  inhibi t ion  effect. 
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Fig .  3. D e t e r m i n a t i o n  o f  t i le  l (m o f  A I ) P  f o r  t h e  f o r w a r d  r e a c t i o n ,  T h e  c o n d i t i o n s  f o r  m e a s u r e m e n t  
a r e  in  t h e  t e x t .  
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Effect oJ sulfhydryl reacting reagents 
Since it had been demonstrated that myokinase required two -SH groups for 

activity and was therefore inactivated by sulflaydryl reagents 19, it was of interest to 
examine the effect of various sulfllydryl reacting reagents on yeast adenylate kinase. 
Table III  shows that five sulfhydryl reagents had little or no inhibitory effect on yeast 
adenylate kinase activity after prolonged incubation at 25 °. Two of the reagents, 
mercuric chloride and silver nitrate gave rise to precipitates, which would indicate the 
denaturing effect of these reagents. Restoration of the activity losses by incubation 
with cysteine or glutathione were negative. Attempts were also made to determine the 
presence of sulthydryl groups with the reagent of ELLMAN 2°, 5 , 5 ' - d i t h i o b i s - ( 2 - n i t r o -  

benzoic acid). Using a molar absorbance index of 13 600 for the reagent of ELLMAN, 
19.8 m/~moles o f - S H  groups were detected per 67 re#moles of yeast adenylate kinase 
and are considered significant. 

Intracellular distribution 
It  was of interest to determine the intracellular distribution of the yeast adenyl- 

ate kinase for comparison with animal systems, and particularly in view of the separa- 

TABLE I I I  

L A C K  OF I N A C T I V A T I O N  OF Y E A S T  A D E N V L A T E  K I N A S E  A C T I V I T Y  B Y  S U L F H Y D R Y L  R E A C T I N G  

R E A G E N T S  

Each o.5-ml solution contained 0.64 mg of Fract ion II ,  25 mM potass ium phosphate  (pH 7.0) and 
i mM sulfhydryl reagent  and the mixture  was incubated for the periods of t ime indicated. The 
act ivi ty remaining was determined on a 20 ooo-fold diluted port ion of the incubation mixtures  
by measur ing the rate  of  the reverse reaction. T h e p e r c e n t  activity remaining was based up the 
appropr ia te  t ime control, which contained no su]fhydryl-reacting reagent. 

Sulfhydryl reagent Incubation Percent 
(0. 5 raM) time (h) activity 

remaining 

None o ioo 
0.5 ioo 
6 lOO 

20 85 

N-Ethylmale imide  0. 5 Io2 
6 IOO 

2o 80 

Idoacetic acid 0.5 io2 
6 ioo 

20 85 

p-Hydroxymercur ibenzoa te  o. 5 93 
chloride 6 93 

20 8.5 

Mercuric chloride 0. 5 67* 
6 63" 

20 59* 

Silver ni t rate  o.5 i oo 
6 95"* 

20 83** 

* Heavy  precipitat ion observed. 
** Slight turbid i ty  observed. 
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T A B L E  IV 

A D E N Y L A T E  K I N A S E  A C T I V I T Y  I N  S U B C E L L I J L A R  F R A C T I O N S  

Pro te in  d e t e r m i n a t i o n s  were by  the  b iu re t  me thod  ~* and  correct ion was made  for the  prote in  
p resen t  as snai l  enzyme.  All ca lcu la t ions  are based on IO g of yeast .  

Method of cel l  Subcellular Total Units of Specific 
rupture fraction protein activity* activity 

(m~) 

B r a u n  shake r  m i t o c h o n d r i a  42 5-5 o.13 
microsomes  82 4-9 o.o0 
s u p e r n a t a n t  257 402 1.56 
t o t a l  381 412 1.o8 

Spherop las t  m i tochondr i a  44 5.0 o . i i  
Lys i s  microsomes  63 6. 5 o. io  

s u p e r n a t a n t  276 48o 1.74 
t o t a l  383 492 i .28 

* Each  va lue  was corrected for the  smal l  endogenous  NA1)H oxidase  and ATPase  ac t iv i t i e s  
of each fract ion.  

tion of more than one adenylate kinase fraction in yeast. To simplify the number  of 
manipulations for the separation and testing of various subcellular components, it was 
ascertained that  the snail enzyme used for spheroplast formation in no way interfered 
with the assay for adenylate kinase. 

Table IV shows a comparison of the distribution of adenylate kinase among 
subcellular fractions by two methods of cell disruption. Cell fragments and debris are 
excluded from Table I n  and constituted approximately IO% of the total  adenylate 
kinase activity after being washed twice. The distribution of adenylate kinase among 
the subeellular fractions obtained by the two methods is strikingly similar. It  can be 
seen that  not only was the amount of adenylate kinase low in the microsomal and 
mitoehondrial fractions, but also the specific activities in these fractions were one- 
tenth of that  in the supernatant  fraction. 

DISCUSSION 

Adenylate kinase from yeast and the homologous enzyme from muscle show 
some interesting contrasts. The pH activity curves are sharp and well defined in the 
case of yeast adenylate kinase and broad in the case of myokinase 16. Subcellular 
distribution again marks a contrast since in animal cells 2-4 adenylate kinase has been 
associated with the mitochondria of the cell, although the heart muscle appears to 
contain appreciable quantities of the enzyme" in the supernatant fluid fraction 22. 
Adenylate kinase has been so associated with mitochondria in animal cells that  the 
enzyme has been suggested to function as an adjunct to oxidative phosphorylation 
processes 23. The distribution of adenylate kinase in yeast, by  contrast, was such that  
the enzyme appears to be cytoplasmic in origin, which accounted for greater than 9 ° % 
of the total cellular activity. 

Of particular interest was the recalcitrance of yeast adenylate kinase to sulihy- 
dryl reagents. All evidence indicates that  there are no freely reactive -SH groups in 
the yeast  enzyme. By contrast, myokinase has been shown to possess two free sulfl~y- 
dryl groups, which are required for activity, as evidenced by  the loss of activity, upon 
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reaction with sulfllydryl reagents ~. It was the view of MAHOWALD, NOLTMANN AND 
KUBY 19 that the "stoichiometric inhibition" of myokinase with sulfllydryl reagents 
was evidence for the participation of the -SH groups at the active site. If the effects 
of adducts to proteins may be viewed in a broader light of  allosteric effects, it then 
becomes presently difficult, if not impossible, to distinguish between an adduct which 
causes an inhibition by a stoichiometric allosteric alteration and an adduct which 
involves a specific interaction at the active site. Suffice to say that myokinase requires 
free - S H  groups for a full expression of enzymatic activity and that homologous en- 
zymes from yeast and beef liver 21 apparently do not. Preliminary amino acid analyses 
indicated that the yeast enzyme contained two halfocysteine residues per mole. This 
means that the -SH groups were either buraed, as indicated by the lack of reactivity 
with the reagent of  ELLMAN 2°, or were present as disulfide, as apparently was the case 
with the homologous enzyme from beef liver 21. Since there are such wide variations iri 
the sulfhydryl requirements among the homologous adenylate kinases from various 
sources, and since they all do catalyze the same reaction with high specificity, it seems 
more reasonable to consider that the sulfllydryl requirements of  these enzymes are 
related to a more gross structural features than the active site. If  this is not the case 
then marked structural differences must exist at the active sites of  the various homo- 
logous enzymes. Studies concerning the properties of  the active sites are presented 
in the following paper. 
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