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T H E  ATPAsE A C T I V I T Y  OF 

AVIAN E R Y T H R O M Y E L O B L A S T I C  L E U K O S I S  V I R U S  

II. COMPETITIVE INHIBITION BY ADP* 

by 

I R V I N G  G R E E N  

Departmenl o/Surgery, Duke University School o[ Medicine, Durham, 
North Carolina (U.S.A.) 

Earlier investigations 4,18,19, 2:1 have demonstrated that the virus particles capable 
of transmitting avian erythromyeloblastic leukosis possess the capacity to dephospho- 
rylate ATP**. The effects of pH, monovalent and divalent ions on this activity have 
been studied 3,s and recently, an introductory analysis of the enzyme substrate inter- 
action has been completed 11. In this study the identity of particle and enzyme permitted 
the expression of activity on the basis of particle count. Consequently, determinations 
of enzyme purity, protein nitrogen and molecular weight were circumvented. This 
technique has been used in the present paper in which it is shown that ADP acts as a 
competitive inhibitor. 

EXPERIMENTAL 

Materials and methods 
The enzyme was obtained from the p lasmas  of infected chicks by  the  procedure described 

earlier~,l°, is. Each preparat ion was stored in the cold in 0.85 % NaC1 until  needed. Aliquots of the 
stock enzyme solution, suitably diluted, were used for enzyme assays and particle counts.  

The assays were performed with IO ~ of viral enzyme in the presence of 0.o2 M tris buffer 
at pH 7.2, o.o4 M Ca +2, 0.04 M Mg +2, 0.o 5 M K + and 0.05 M Na + in a final volume of 5 ml. Under  
these conditions the maximal  rate of the ATP dephosphoryla t ion is obtained 9. After a ten minute  
incubat ion at 3 °0 C, the reaction was initiated by the addition of I ml of solution containing ATP 
alone or in combinat ion wi th  ADP. A separate reaction vessel containing the lat ter  bu t  omit t ing 
the virus sample was included as a subs t ra te  blank. A virus  blank was omit ted since the Io ;t was 
devoid of detectable Pi. The reaction was  terminated by the addition of 2 ml of 25 % trichloroacetic 
acid after  a period of t ime previously shown to yield sufficient Pi during the initial linear phase 
of the reaction. The 7 ml of reaction mixture  were t ransferred quant i ta t ively  to a io ml volumetric 
flask and made up  to volume. Five ml aliquots were used for a Pi determinat ion carried out  by  
the method of FISKE AND SUBBAROW 5. 

The ATP and ADP were obtained from the Sigma Chemical Company  as the potass ium salts. 
J u s t  pr ior  to use, io micromoles of each nucleotide was separately dissolved in deeminized water, 
ad jus ted  to p H  8. 5 and passed over a column of Dowex-I  (chloride cycle). The ATP and ADP were 

* This  work was  suppor ted  by research grants  to Duke Universi ty from the National Cancer 
Ins t i tu te  of the Nat ional  Ins t i tu tes  of Health,  U.S. Public Heal th  Service; from the  American Cancer 
Society, on recommendat ion  of the Committee on Growth ; f rom the Damon  Runyon  Memorial Fund  
for Cancer Research, Inc.;  and by  the Doro thy  Beard Research Fund.  

** Abbrevia t ions:  Adenosinetr iphosphatase  (ATPase): adenosinetr iphosphate  (ATP), adenosine- 
d iphosphate  (ADP); inorganic o r thophospha te  (Pi). 
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e l u t e d  free of o t h e r  n u c l e ( d i d e s  by  111(' use fu l  l ]w (IOHN .\NP (',\RTEle S(H\(mlS I. l~dlHxxi ,~ 1he ;HIju~t 
m e n t  of t he  p H  t .  7.o, the  cxm: t  c t m c e n t r a t i ( m  (d each  n u c l c o t i d e  so lu t i ,m  x~na ca lcu la te ( I  I rom thc  
o p t i c a l  d e n s i t y  {It a w a v e  l eng th  ~,f xflo u l i l l i n l i c rons  tlSill~ Lilt' e x t i m ' t i ( m  t'tR'[li('itqll determim,~l  t , v  
KAI.CKAR 11. V o l u m e t r i c  di l t l t i~ms y i e l d e d  t he  des i red  c o n c e n t r a t i o n s  of nuc/e<~ti, lc It) be u s e d  

The  e n z y m e  p a r t i c l e s  Ir~)m a s u i t a b l y  d i l u t e d  a l i q u o t  of tilt '  s l o c k  prct)ar~lti~m w m e  ~d)Sel-Xt'(I 
ill the  e lectron mic ros<op t  ~illd ~veFe Ctitillte([ fl'()in t)ht)t()~rl/|)]ls (if i-epYesel/tHti\ e licl(ls. The detai ls  
of t h i s  p r o c e d u r e  h a v e  been  d e s c r i b e d  else~xherc '2e a l i a  ;/l] e x a m p l e  (~l such a ph,d~)graph hns I)ecn 
p r e s e n t e d  in a prev i<ms p a p e r  II. 

T]leot 'cl l 'cal  co ~L~;/c@/a H/Jt/,s " 

The  fo l l owing  formulati~m6,12.1:3,1"3,16 s e e m s  to  d e s c r i b e  a d e q u a t e l y  l l w  inh i l ) i t iml  of .VI'I' 
h y d r o l y s i s  b y  t h e  pr(~<luct, . \ I )1 ' :  

l "  t t/1 (,h') h i .  : l" ('%')'11 
u' p q) (a) ~ t% (P) (~) 

1,o 
1" (5"), n ~'~--> V I l '  (2) 

(.  .)  

/' f n2 ( l  ) k4 : 1" (l),j~ 
(~' P ,1) ( .  ")  " k:. ('/ (.3) 

/ \ ' , =  /e., t k~ (e p q)a (4) 
l g  /, 

le.~ (% - a) (; p q) (5) 
l\ 'i = k ~ q 

T h i s  f o r m u l a t i o n  does  n o t  i n v o l v e  t he  p a r t i c i p a t i o n  of w a t e r  s ince  i t s  c o n c e n t r a t i o n  is c o n s t a n t  
a n d  i t  is  p r e s e n t  in such  exces s  as  to  h a v e  no l i m i t i n g  i n f luence  in e q u a t i o n  (2). The  e l i m i n a t i o n  of 
h y d r o g e n  a n d . h y d r o x y l  ions  is v a l i d  s ince  t he  p l t  o p t i m u m  is n e a r  n e u t r a l i t y  i n d i c a t i n g  t h a t  t h e s e  
i o n s  do  n o t  e x e r t  a l i m i t i n g  effect  on t h e  r e a c t i o n  ra te .  

I n  c o n s i d e r i n g  t h e s e  react i<ms,  t h e  f iAh/wing s y m b o l s  h a v e  been  use<l: 

a --  m o l a r  c o n c e n t r a t i o n  of A T P  a t  t i m e  /. 
a 0 = i n i t i a l  m o l a r  c o n c e n t r a t i o n  of ATP.  
t = t i m e  in m i n u t e s .  
(a 0 a) = m o l a r  c o n c e n t r a t i o n  IH : \ D I ' .  
p : -  m o l a r  c o n c e n t r a t i o n  o f  e n z y m e - s u b s t r a t e  c o n / p i e \ ,  
q = m o l a r  c o n c e n t r a t i o n  of e n z y m e - i n h i l ) i t o r  c o m p l e x .  
e = t o t a l  e n z y m e  c o n c e n t r a t i o n  in mo le s  p a r t i c l e s  p e r  l i ter .  
(e%t) q) = c o n c e n t r a t i o n  of f ree  e n z y m e .  
hi ,  k2, h °, k4, ha = speci f ic  r a t e  c o n s t a n t s  for t he  i n d i c a t e d  r e a c t i o n s .  The  d imens i<ms  are  m i n u t e s  1 

s ince  b o t h  s u b s t r a t e  a n d  e n z y m e  c o n c e n t r a t i o n  are  e x p r e s s e d  in m o l e s  p e r  l i ter .  
v = v e l o c i t y  of t he  r e a c t i o n .  
R e a r r a n g e m e n t  a n d  m u t u a l  s u h s t i t u t i o n  21 of e q u a t i o n s  (4) a n d  (5) 

<'a I'( z 
y i e l d  ~ - K ; ] I i (  l - a 0  : a )  f aK i (')) 

. . . .  ( l t l  
Since  z, - -  = k~ p 

dl  

IP <.a 

= ,,o ~ , , / ; ± ; : i  ( 7 )  
V Y 

tQ 

\~qlen  t h e  i n i t i a l  v e l o c i t y  in t h e  a l ) sence  of a d d e d  i n h i l i i t o r  is  l )e ing d e t e r m i n e d ,  t - -  O a n d  

k°  ea°  (8) 
e q u a t i o n  (7) r e d u c e s  t o  v i =  [K., ~ a 0 

w h i c h  is i d e n t i c a l  w i t h  t h e  MICHAItLIS-MENTEN e q u a t i o n l L  T a k i n g  t h e  r e c i p r o c a l  ~1" h o t h  s ides  
o f  e q u a t i o n  (8) g i v e s  t h e  LINEWV, AVER-BURK 1'~ e q u a t i o n  

~1~,~ = Wk~ -+ /ql/<~ (Wao) (o) 
( the  i n t e r c e p t  and  s lope  of which yield liD°/ 3 and I , [ s / k  0 respect ively) .  
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If the  init ial  veloci ty  is to be de t e rmi ned  in the  presence  of added  compet i t ive  inhibi tor  (I), 
t h e  de r iva t ion  p resen ted  above  uses  (I) for the  concen t ra t ion  of P, r a the r  t h a n  (a 0 - - a . )  T h e n  a t  
t --  o we have ,  aga in  t a k i n g  reciprocals,  

Compar i son  of equa t ions  (9) and  (io) shows t h a t  in the  presence of a compet i t ive  inhibi tor  
a plot  of 1/v i aga ins t  Z/a o gives the  same  in tercept  as in its absence b u t  t he  slope is increased by  the  
q u a n t i t y ,  I + (1)/K i. 

The course of reac t ion  is given by  in tegra t ion  of equa t ion  (7) : 

k~et = 2. 3 K s + log r ( a ° - - a )  (II) 

Determination el kinetic constants 

The inhibition of the rate of ATP hydrolysis by the product, ADP, was studied with 
three different viral enzyme con- 
centrates. The influence of three 
concentrations of ADP on the 
substrate-dependence of this rate 
was determined by averaging tri- 
plicate assays after the phosphate 
present in a suitable blank had 
been subtracted. Rates in the ab- 
sence of added ADP were plotted 
according to equations (9) and 
(IO) respectively, and the data for 
each enzyme preparation were 
kept separate. An example of such 
a study with preparation number 
I is shown in Fig. I. The lines 
were obtained by the method of 
least squares. 

Since it had become evident 
from a preliminary plot of the 
data that  competitive inhibition 
applied, the calculation of these 
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Fig. I. LINEWEAVER-BURK plots  showing the  var ia t ion  
of reciprocal  initial react ion velocity,  expressed  in 
reciprocal  moles  per  liter per  minu te ,  wi th  reciprocal 
init ial  s u b s t r a t e  concen t ra t ion  expressed  in reciprocal 
moles  per  liter, for the  hydro lys i s  of A T P  by  Leukosis  
viral  e n z y m e  at  3 °°  C. All va lues  are reduced to a 
c o m m o n  e n z y m e  concen t ra t ion  of one mole enzyme  
part icle per  liter. E a c h  line has  been ob ta ined  by  the  
m e t h o d  of least  squares  and  represen ts  d a t a  for a 
par t icu la r  inhib i tor  concen t ra t ion  whose value,  in moles  

per  liter, is affixed. 

lines in the presence of ADP involved the use of the intercept obtained from the 
L I N E W E A V E R - B U R K  15 plot of the uninhibited reaction. The K~ values for each prepara- 
tion were calculated with the use of the Ks values obtained from the same preparation. 
The data obtained with the three preparations are presented in Table I. 

Applicability o/Michaelis-Menten theory 

The application of MICHAELIs-MENTEN 17 theory in the study of competitive in- 
hibition by ADP has been validated by  the use of STRAUSS-GOLDSTEIN 7,24 criteria. A 
series of reactions were performed using varying quantities of ADP at a constant ATP 
concentration. The rate in the presence of inhibitor, expressed as a fraction of the un- 
inhibited rate was plotted against the sum of the logarithms of the "reduced" concen- 
trations of ATP and ADP. The "reduced" concentrations were obtained by  dividing the 
molar concentrations of ATP and ADP by Ks and Ki respectively. The experimentally 

Re/erences p. 4 8. 
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]\'l', ]\', . \ N i l  ]¢~ I"OR T H | ' ;  H h ' I ) R ( ) I . Y S I ~ ;  ()l." .\'1"1' :~r 3 ° (" 
|3x~ L E U I , ~ O S I S  V I R A [ ,  E N Z Y M t ' ;  

h I P r  't ar:Hi~ I t  k 3 ~,  K s  " : , , '  l , ~ .  1,,' K I . ~ , , '  

.Y ) .  M *  m ] m I m I 

1 o . 5 3 5  (~.()S 2 . 3 o  i .{)3 

3 . q S  1 . 7 7  

6 . o  3 1.76 

-' o -527  7 .30  1.24 i.~%1 
-' ,3 o z. 13 
3 . o o  i .OS 

4 ° . 5 8 z  7 .45  1.2-t 1.73 
- ' .3 o 2 .o  3 

3 . 9 8  1.77 

* Moles per liter per minute  per mole  e n z y m e  particles 
per liter (minutes  l) .  

determined points  have been plot ted in Fig. 2 along 
a solid s igmoid curve which represents zone A be- 
havior for both substrate and inhibitor when n~ 
and n~ (see equations (I) and (3)) each equal one. 
This s igmoid curve satisfies the equation 7, l '  ~ S' 
( I - -a) / (~  where 1' and S' are the "reduced" con- 
centrations of inhibitor and substrate respect ive ly  
and a is the fraction of the act iv i ty  obtained in the 
absence of added inhibitor. 

Course o / the  reaction 

t.O- 

o . 5  

o ~ ~ ~ 
LOG S'+ LOG I' 

K i g .  2. D e p e n d e n c e  of  the rate, e x -  
p r e s s e d  a s  a f r a c t i o n  (a) of  the  un- 
inhibited rate, on the s u m  o f  the 
logar i thms of the  "reduced" substrate  
a n d  inhil)itor concentrat ions ,  The 
" r e d u c e d "  c o n c e n t r a t i o n s  w e r e  o b -  
t a i n e d  by dividing the m o l a r  c o n c e n -  
t r a t i o n s  o f  A T ] '  a n d  , \ D P  b y  their 
respect ive  enzyme-nue leot ide  d i s -  
s o c i a t i o n  c o n s t a n t s ,  K s =: ~ . 6 8 .  i o  :' 

a n d  K i = ' . 7 " ' 1 o  s. E a c h  point  is a n  
average of tripl icate determinat ions .  
A c o n s t a n t  A T I '  c o n c e n t r a t i o n  o f  
13 .56 .  ~o 4 m o l a r  w a s  e m p l o y e d  

throughout .  

With a knowledge of the values of Ks and Ki and of the fact that the product, 
ADP,  of the reaction behaved as a compet i t ive  inhibitor, it became possible to determine 
if the course of the reaction would follow equation (II) which involves  both zero order 
and first order terms, The experimental  determination of the reaction course was carried 
out with  a scrupulously purified sample  of ATP. Purification was carried out by the 
method  of COHN aNt) CARTER x and an aliquot was shown to be free of any detectable 
ADP. This sample  of ATP was used immediate ly .  A series of identically const i tuted 
reaction vessels  were incubated at 3 °0 C and the reaction was  init iated by the addition 
of substrate.  At suitable intervals  the reaction was terminated in three vessels  plus a 
blank containing substrate but no viral e n z y m e  by the addition of trichloroacetic acid. 
Subsequent treatment  was identical to that described under materials  and methods.  
The rate of Pi released (an average of the triplicate assays after subtraction of the 
control P0 as a function of t ime is shown in Fig. 3. The latter also shows a plot of f(s), 
the right-hand side of equation (It) ,  as a function of t ime  in minutes.  The reaction was 
fol lowed for approximate ly  o, of its 75/o  course. 

DISCUSSION 

A D P  is a compet i t ive  inhibitor in the hydrolysis  of ATP by leukosis  viral enzyme.  
This is borne out in Fig. I where the least square lines have been calculated on the basis 

l e c / t ' r c m ' v s  p .  4 x .  
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Fig. 3- The time course of a reaction plotted as gamma 
phosphorus released in 5 ml reaction containing 15 )L of 
stock enzyme solution (open circles) and also plotted as 
a function of substrate satisfying the right-hand side of 
equation (I I) (closed circles). The enzyme concentration 
was 3.24- IO -lz moles particles per liter. The initial ATP 
concentration was 13.56.1o-4 molar. Each point re- 

presents an average of triplicate determinations. 
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of a common in te rcept  ob ta ined  from 
the plot  in the  absence of inhibi tor .  
I t  can be seen tha t  the  exper imenta l  
poin ts  lie ve ry  close to thei r  respec- 
t ive lines a t  each of several  concen- 
t ra t ions  of A D P  used. 

The values  of Ki  for each pre- 
pa ra t ion  have  been ob ta ined  from 
the slope of these I/Vi vs. I/ao plots  
(see equat ion (IO)). The quant i t ies ,  
K ,  and  k ° used in this  calculat ion 
were those ob ta ined  from the unin- 
h ib i ted  react ion with the same pre-  
para t ion .  The resul ts  ob ta ined  are 
summar ized  in Table  I. The mean 
value of Ki is 1.85 ~ o.17" lO -5 and 
i t  appears  to be essent ia l ly  inde- 
penden t  of the  A D P  concent ra t ion  
over the range, 1.24-6.o 3 • IO-* moles 
per  liter. I f  K~ is t ru ly  independen t  
of the  inh ib i tor  concent ra t ion  em- 

ployed,  n 1 and n 2 (see equat ions  (I) and  (3)) should each have a value of one. This 
is shown to be t rue  in Fig. 2 where the  exper imenta l  points  follow very  closely along 
the theore t ica l  s igmoid curve p lo t t ed  for zone A behavior  for bo th  ATP and ADP,  when 
n 1 and n 2 each equal  uni ty .  This plot  also va l ida tes  the  use of MICHAELIS-MENTEN 
t r e a t m e n t  for the  s t u d y  of A D P  inhibi t ion presented  in this  paper .  

A compar ison  of the  mean values of 7.34 • 0.84 "1o-5 and 1.85 ~ o.17"1o -5 for 
Ks and Ki  respect ively ,  shows tha t  since Ki/Ks is less than  uni ty ,  and  since the  inhib i tor  
is a p roduc t  of the  react ion,  one should expect  the react ion to proceed more slowly than  
requi red  b y  I s t  order  kinetics.  This has been found to be true.  The da t a  presented  as 
a curvi l inear  plot  of phospha te  released agains t  t ime  have  been r ep lo t t ed  according to 
the  r igh t -hand  side of equa t ion  ( I I )  as a funct ion of t ime and resul ts  in a rec t i l inear  plot  
shown in Fig. 3- Thus,  an equat ion  with  zero- and  f i rs t-order  t e rms  der ived on the 
assumpt ion  t ha t  the  product ,  ADP,  inhibi ts ,  sa t i s fac tor i ly  describes the  course of the  
react ion.  

The va lue  of k ° was ob ta ined  by  d iv id ing  the slope of the  f(s) VS t ime plot  b y  the  
enzyme concent ra t ion  and is equal  to o.531" lO 7. This value  is wi th in  5 % of 0.556. IO 7 
ob ta ined  from the ex t r apo la t ed  in tercept  of the  LINEWEAVER-BuRK plots.  This agreement  
is proof  of the  coherence of the  results  and  const i tu tes  an essential  feature  of the  argu-  
ment  t ha t  the  kinet ic  formula t ion  presented  above is a reasonable  representa t ion  of 
the  exper imenta l  da ta .  

SUMMARY 

ADP acts as a competitive inhibitor in the hydrolysis of ATP by leukosis viral enzyme. The 
mean value for the inhibitor-enzyme dissociation constant is 1.85 ± o.17. io 5. Only one molecule 
of ATP or ADP can be bound to each active center. 

Re/erences p. 48. 
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Thc app l i cab i l i t y  of M[CftAELIS-~IENTb;N t r e a t m e n t  i~7 the s tudy  ¢,( ,\111' i,hibitior~ h~s b,c,~ 
v a l i d a t e d  wi th  the  SXRAUss-GoLos'rElY c r i t e r i a  

The reac t ion  c,,urse obeys ;ill equat i (m der ived  on the a s sumpt ion  that  the pr, ,dm'l inhi l , i ts  
and inwf lv ing  zero-  ~/11(| I s t -o rde r  terms.  

R l:;S i '  M l:z 

I . 'ADP se compor te  comme un i nh ib i t eu r  compdt i t i f  de l ' hydro lyse  de I'A'I'I ~ pa r  I ' enzyme du 
vi rus  de la leukosis.  

l .a va leur  moyenne  tie la cons t an t e  de dissocia t ion du complexe  enzyme- inh ib i t eu r  est  1.,~ 5 
::l o . 1 7 . 1 o  5. 

Une seule moldcule d 'ATI  ) ou d ' A l ) l  ~ peu t  6tre lide "~ chaque  centre  aetif. 
La val id i t6  de l ' app l i ca t ion  de la thdorie  de MmHAELIS-MENTEN ~ l 'd tude de l ' i nh ib i t ion  par  

I 'ADP a dt6 dtabl ie  ~ l ' a ide  des cri t6res de STRAUSS-GOLDSTEIN. 
I.a rdact ion se d6roule selon une 6quat ion  ob tenue  en supposan t  que le p rodu i t  est  i nh ib i t eu r  

e t  r en fe r lnan t  des t e rmes  d 'o rdre  zdro et  d 'o rd re  till. 

Z I IS:XMMF.NF:\SSI !N(; 

A D I '  w i rk t  als k o m p e t i t i v e r  Hemmstof f  bei tier Hydro ly se  von ATI '  durch das E n z y m  des 
Leukosis-Virus .  

Der D u r c h s c h n i t t s w e r t  der H e m m s t o f f - E n z y m - D i s s o z i a t i o n s k o n s t a n t e  is t  ,.85 ; o.l  7. lO ~. 
Nur ein Molekfil  ATP oder  A D P  kann  an jedes  a k t i v e  Zen t rum gebundel l  werden. 
Die A n w e n d b a r k e i t  der MmHAELIS-MENTEN-Theorie auf das  S tud ium der A D l ' - H e m m u n g  

w u r d e  d u t c h  die STRAUSS-GOLDSTEIN-Kriterien bekr/ i f t igt .  
Der  R e a k t i o n s v e r l a u f  folgt e iner  Gleichung,  welche auf Grund  der  : \ nnahn le  e rha l t en  wurde, 

dass  (lie Reak t ion  von ihrem P r o d u k t e  g e h e m m t  wird und we/che Glieder  yon o. und I. Ord l lung  
en th i i l t .  
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