
R E C O N S T I T U T I O Y  S T L D I E S  U S I h G  M O D I F I E D  F I  

Laenimli. L'. K . ,  & Favre. M. (1973) J .  Mol. Biol. 80, 

Lancaster, J .  R., Jr . ,  & Hinkle, P. C. (1977a) J .  Biol. Chem. 

Lancaster. J .  R., J r . ,  & Hinkle, P. C. (197713) J .  B i d .  Chem. 

Osborn, M.  J.. Gander, J .  E., Parisi, E.. & Carson, J .  (1972) 

Overath, P.. & Thilo. L. (1978) Int. Rei.. Biocheni. 19. 1-44. 
Overath. P.. Hill, F. F., & Laninek-Hirsch, I .  (1971) Natrrrr 

Overath. P., Thilo, L., & Trauble, H .  (1976) Trends Biochen7. 

Reeves, J .  P., Shechter, E., Weil. R.. & Kaback, H.  R.  (1973) 

Rickenberg. H. V . ,  Cohen. G .  N . ,  Buttin, G.. & Monod. J .  

Rudnick, G., Schuldiner, S., & Kaback, H .  R. (1976) Bio- 

Schmid, K., & Schniitt.  R .  (1976) Eur. J .  Biochrni. 67.  

Schuldiner, S., & Kaback. H. R .  (1977) Biochinr. f3iophj.s. 

575-599. 

252, 7662--7666. 

252, 7657-766 I .  

J .  Biol. Chet?i. 247, 3962-3972. 

(London),  New Biol. 234. 264-267. 

Sci. I ,  186-189. 

Proc. Natl .  Acad. Sci. U S A .  70, 2722-2726. 

(1956) Ann. Ins t .  Pasteur. Paris 91. 829-857. 

cheniisrrj' 15, 5 126-5 13 I .  

95-104. 

Acta 472, 399-418. 

V O L .  1 8 ,  N O .  I ,  1 9 7 9  1 1  

Schuldiner, S., Kerwar, G.  K., Kaback, H .  R. ,  & Weil, R .  
(1975a) J .  Biol. Chern. 250, 1361-1370. 

Schuldiner, S., Kung, H., & Kaback, H .  R .  ( 1  975b) J .  Biol. 
Chew. 250, 3679-3682. 

Schuldiner, S., Spencer, R .  D.. Weber,  G., Weil, R., & 
Kaback, H .  R.  ( 1 9 7 5 ~ )  J .  Biol. Chem. 250, 8893-8896. 

Schuldiner. S.,  Rudnick, G.,  Weil, R., & Kaback, H .  R .  
(1976a) Trends Biochetn. Sei. I ,  43-45. 

Schuldiner, S., Weil, R., & Kaback. H.  R. (l976b) Proc. A'atl. 
Acad. Sei. U.S.A.  73. 109-1 12. 

Schuldiner, S., Weil, R.,  Robertson. D. E., & Kaback, H .  R. 
(1977) Proc.Nat1. Acad.Sci .  U.S.A.  74, 1851-1854. 

Teather, R .  M., Hamelin, 0.. Schwarz. H. ,  & Overath,  P. 

Teather,  R. M., Muller-Hill. B., Abrutsch. U.. Aichele. G.. 
& Overath, P. (1978) Mol.  Gen. Genet. 159, 239-248. 

Therisod, H. ,  Letellier, L., Weil, R., & Shechter,  E. ( I  977) 
Biochemistrj3 16 ,  3772-3776. 

Thilo. L., Trduble, H.. & Overath. P. (1977) Biochemistry 

Winkler. H .  H., & Wilson, T .  H .  (1966) J .  Biol. Cheni. 241, 

( 1  977) Biochi/?l. Biophy.~. Acta 467, 386-395. 

16. 1283-1290. 

2200-221 1 .  

Reconstitution of Oxidative Phosphorylation by Chemically 
Modified Coupling Factor F,: Differential Inhibition of Reactions 
Catalyzed by F1 Labeled with 7-Chloro-4-nitrobenzo-2-oxa- 1,3-diazole 
or 2,3-Butanedione? 

Robert C. Steinnieier' and Jui H .  Wang* 

ABSTRACT: Energy coupling factor F, from beef heart mi- 
tochondria has been chemically modified by either 7- 
chloro-4-nitrobenzo-2-oxa- 1.3-diazole (KBD-CI)  or 2.3-bu- 
tanedione. Labeled F, was used for the reconstitution of 
oxidative phosphorylation in urea-washed submitochondrial 
particles ( A S U  particles). Inhibition of ATPase activity b) 
NBD-CI follows a simple exponential decay. reaction is first 
order with respect to NBD-CI,  and magnesium complexes of 
methylene analogues of A D P  or A T P  produce sevenfold re- 
duction in the rate of inhibition. Spectral evidence indicates 
labeling of tyrosine. with a biphasic incorporation approaching 
2 mol of N B D  label per mol of F , .  Experiments on F, in- 
volving labeling by both NBD-CI and 2.3-butanedione reveal 
no competition between the two labeling agents. When ASU 

C o u p l i n g  factor F,, first isolated by Racker and co-workers 
(Pullman et al., 1960: Penefsky et al.,  1960). is generally 
regarded as the terminal enzyme of oxidative phosphorylation. 
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particles are reconstituted with F, containing 1.35 to I .65 mol 
of N B D  label/mol of F,. the activities for A T P  == P, exchange, 
ATP-driven reverse electron transport. and membrane-bound 
ATPase a re  almost completely inhibited. however. the re- 
maining activity for net synthesis of A T P  is 35-65% of the 
initial value. For A S C  particles reconstituted with 2.3-bu- 
tanedione labeled F , .  the loss of activity for reverse electron 
transport occurs at  a fivefold greater rate than loss of activity 
for net A T P  synthesis, emphasizing a functional separation 
of these processes. These results are difficult to rationalize 
by a compulsory alternating site model but can be explained 
b) the presence of catalytic sites specialized for ATP utilization 
and synthesis. respectively. 

Its known properties have been recently reviewed and emphasis 
has been placed on the remarkable complexity of this enzyme 
(Pedersen, 1975; Panet & Sanadi,  1976). Studies by Senior 
(1975) and Wagenvoord et al. (1977) support a subunit 
stoichiometry of cu2/32y2ds~2. where x is presumably 1 or 2. 
Preliminary crystallographic studies have revealed a twofold 
axis of symmetry (Amzel & Pedersen, 1978).  

It is clear from work in several laboratories that F, possesses 
several nucleotide binding sites, including 2 sites for tightly 
bound A D P  and 0. I ,  or  3 sites for tightly bound A T P  
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(1,cinigrubcr 8: Senior. 1976~1; Garret t  & Penefsky. 1975: 
Kosing e t  ; i I . .  1975).  However. neither t h e  location of these 
sites nor their function i n  oxidative phosphorylation i s  clear. 
l u m c r o u s  active site studies o n  F, have been concerned n i th  
inhibition of the :ZTPase reaction catalyed by purified F,  and .  
to ;I lesser ex ten t .  b) mcnibranc-bound F , .  In  addition. ;i 

gro\ \ ing bod) of evidence h a s  shown t h a t  some substances 
which inhibit t\TPasc :ictivit> do not produce equivalent 
inhibition of' net A T P  sqnthcsis. ATP-driven reverse electron 
t r a ti \ po r I .  en e rg) -I i  n ked n icot i n a  m i  de  n ucl eot id e t r a n s-  

hydrogenase activity. and/or various exchange reactions. For 
e \ ;I iii p I c , s t lid i  ex u \ i n g the n ;I t i  v e .AT I'LI se i  n h i bit o r pro t e i n 
( t r i i s tc r  ct al.. 1973).  quercetin (Lang & Rackcr. 1974). and  
/ZMP-P \P '  (Pcncfsk) .  1974; Pedcrscn. l975b)  h a \ c  deni- 
onstrated t h a t .  u n d e r  conditions where these substances 
s t r o n g I! i n h i bit :IT Pa se act iv i t ! ;I n d .\ T P- d r i v e n r c w  r sc 
electron transport. the! h a w  relativcl> l i t t l e  effect on net ATP 
sqnthesis. . .ZhlP-PNP also inhibits the :ZTP e P, a n d  P, :-+ 

tl?O cuchanges but not the A T P  ;= H,O exchange (Holland 
et '11.. 1974). On the other h a n d .  use o f  the  inhibitors ; iu-  

rovcrtin iL.w & Erns tcr .  1968) or speg;177inine (Roveri & 
Val lc jos.  1974) or lo\\ level t r )  psin t r e a t m e n t  (Leinigruber 
& Senior. 1976a) all produce much greater effects on net .4TP 
s)nthesis t h a n  oii . I T P a s c  Lieti\ it! 

Such differential effects of inhibitors h a v e  led to t h e  
suggestion t h a t  separa te  sites on mitochondrial F ,  ma)  be 
specialired for  ATP synthesi5 a n d  ATP utiliration. respective11 
(Pencfsk!. 1974: Pederscn. 1975b). h s e d  on various kinetic 
studies. L a r d y  a n d  co-\+orkers have proposed that  A T P  
\)nthc\is and utiliration both take place a t  a catal!tic site but 
that ;I scpnr;itc nucleotide binding site functions 21s a regulator! 
site ( l .ard> e t  al.. 1975: Schuster e t  al.. 1975) .  Clcarl!. t o  
distinguish bctueen such models a n d  to achieve a more detailed 
underh ianding  of the tcrminnl steps i n  oxidative phosphor! - 
l a t i on .  i t  is ncccssar! to obtain fur ther  information about the 
n a t u r e  a n d  function of sites on F ,  involved i n  catal!sis or 
regulation. T o  th is  end. \re h a v e  emplo!ed NBD-CI a n d  
2.3-but'incdionc. \\ hich s e r e  prcviousl! sho\+n t o  inactii ate  
ATPasc activit! i n  isoluted f ,  b) chemical modification of 
specific t>ro>ine (Fcrguson ci 211.. 1975) and arginine (Marcu\  
et  ai.. 1976) residues. respectively. Clsing .ASL particles 
(Knckcr  & Horstninn. 1967) reconstituted \ + i t h  OSCP a n d  
modified P , .  \\e have examined the effect\ of specific chemical 
niodification on various catalytic actiLities associated \\ ith 
membrane-bound t 

Experimental Procedure$ 
. tfci~~w'~i/ . \ .  P\ruviite kinase (type I I ) .  i.-luctic dehldrogcnuse 

( t ) p e  Ill). hexokinase ( type IV) .  bovine serum albumin. di- 
thiothrcitol. phosphoenolp) ruvate. ATP (equine muscle). ADP 
(grade I ) .  IDP. F A D H  (grade 1 1 1 ) .  NAD'. ant im)c in  A .  
o1igoiii)ciii. a n d  UBD-CI \ \ere purchased from Sigma 
Chciiiical C.0.  2.3-Rutanedionc \\;is purchased from Aldrich 
Chemical  Co. Phosphorus-32 in the  form of orthophosphoric 

__ 
I :\bbrc\i,itions u\ed: AMP-PhP .  adenq1)I iniidodipho5phate: \ BII-CI.  

7-ctiioro-4-nitroben7o-2-0\3- I .i-din7olc: EDTA. ethqIcnediaminetetraai.ctiL. 
Acid: DTT. dithiothreitol: P,. inorg,inic pho\phate: FCCP. cnrbon)l chanidc 
~ ~ - t r i f l u o r i ~ n i e t l i o ~ ~ p h c r i ! l h ! d r ~ i ~ o n ~ :  OSCP. oligom>cin sens i t i \ t t !  
conrcrring protein: ..\SI, particle\. submitochondrizil particle\ prcp,ircd 
froti1 beef' heart mitochondria b) wnication in the presence of aminoniurii 

roxidc a t  pH 9 folloued b> steps involving Sephddex and urea 
tments; UBD-F, .  coupling factor F, labeled b! %BD-CI; F,.ASL. Lind 

YBI)-l.,.,\SL. ASU particle5 rcconstituted t r i t h  OSCP p lu \  F ,  a n d  
\ H D - l : , .  rc\pecti\.el!: PEI. pol>(cih! Ienimine): D E I E .  dieth) laminocth! I. 
C W ,  carboxqnieth!l: UuDodSO,. \odium dodecyl sulfate:  PEP. p h w  
phocnolp! ruvatc: E..\. bovine seruin albumin. 

acid \ + a s  purchased from \ew F:nglnnd Nuclear. Sephadex 
G-25. DEAE-Scphadcx .2-50. and CII-Scphadcx C-35 used 
i n  protein preparations uere products of Pharniacia Fine 
Chcniicals. Inc. )Iniinoniuni s u l f ~ i t c  ;ind urc;i ciiiplo>cti i n  
protein preparat ions were of L I t r a P u r e  gr;idc f r o i i i  

Sc  11 \+ ;I r I i :I ;in ti. Orange b u rg. \ . k' . Put > ( c t h I en i iii  i  n c ) . 5 0% 
aqueous. obtained from Fxst tmin.  Rochester. K . Y .  \\:is used 
i n  the preparation of  PEI  paper  (Kandcr , i t l i .  1963) .  Other 
chcmic;ilh used \\ere of reagent grade Lind \\ere used without 
f u r t h e r  purification. 

Prorc i ,~  Pri,pcir~itioir. The starting material  l~or a11 protein 
preparations \ \ a s  bovine h u r t  initochondria, prepared e>- 
sentiall! 3 s  described b) Liiu & \'all in \ 1963).  Coupling 
[actor F,  \\:I> prepared b> t h e  method of knotiles 8: Penefsk) 
( 1971). Different batches of purified F,  had specific acti\itics 
in the range 70 to 80 uni ts jmg.  O n  pol>acr>laiiiide gel 
c lcc t rophorcs i~  i n  t h e  presence of \aL)odSO, Lind mcrcap- 
toethanol (M'eber 8: Osborn. 1969). purified F,  hiclded five 
bands.  of approximate  iiio1ccul;ir \\eights: 56 000: 5 1 000: 
3 3 0 0 0 :  14000: a n d  8000. F ' i  \ \ ; I \  storcd at  +5  O C '  :I \  :I 

precipitate in  buffer containing 0.25 11 huerose. 50 ni21 
Tris-CI. p l l  8.0. 2 in111 EDTA.  3 m2.1 ATP.  and  2 11 a n i -  

iiioniuin suIf,itc. Oligom!cin \cnsiti\it! conferring protcin 
(OSCP) u ~ i x  purified to homogeneit! b! the method 01' Scnior. 
( 1971 ) ,  i t   is stored a t  -t-j " C  a s  ;I prccipitatc in mcdiuiii 
containing 20 mI1 Tris \ulfatc. pH  8.0. and  2.X M ;immoniuri i  

sulfate.  ,I jxirticlcs \ \e re  prepared :is preL iou\I> described 
(Higashi lama et al.. 1975).  Sonication4 \ \ere performed b! 
a Branson LV-350 sonifier a i t h  ;I ? - in .  s tep  horn .  ;\SI' 
pnrticles \+ere prepared from .I part Ies euactl! ;is dc\ci-ibctl 
b! Kackcr  & t lors tman (1967). c\cept th:it the I'iniil rchu\- 
pension medium did no t  contain D'l'T. The prcxence 01 '  D7'r 
\!:is not required for :ZSL, particle acti\.it! a n d  added 1>7T 
did not stimulate act iv i t ! .  ..\SI particlc ncrc  s t w e d  i n  
O.5-ml. aliquots. 20 iiig,ciiil. protein conccntration. a t  70 O C ' ,  

ETPH's  (blg". \In'+) \ \ e r e  prepared accordins to Be>er  
( 1967) .  

rout inel> performed ;it 30 "C i n  b 'cr cuntaininp 50 n111 
triethanolamine hjdrochloride. 0 .3  M sucrose.  2 n i \ I  :.\TI'. 
and 2 m\I  EDTA,  p t l  7 .5 .  I n  experiments ut i l i r ins  t ! 

modified \+ i t h  2.3-butanedione. the rcc~iiis~itutioii iiicciiuiii ;iIso 
contained 0.1 M borate and  the p t i  \ \ ; I \  KO. Kccomtitii 
utili/ed 2 0  ~g 01' OSCP and 300 pp of I ' ,  ( e i t h e r  I/ 
chciiiic;ill! modified F , )  per nip 01' ,\SL partislc protciri. \ S I  
particles \ \ere incubated I miri n i t h  OSCP on11 a n d  then  a n  
:idditional 3 min following addition of the 1 . ;  sample. The lin;il 
concentration o f  :\SI. particle protein i n  t h e  mixture \ $ : I \  -5 
nig/ niL. .  Reconstituted ,\SC particles \ \ere  stored o n  ice 
during the course u f  t h e  expcrinients.  \+ hich \\c'rc usuall!  
completed w i t h i n  I to 2 h I'ollo\\ing the  reconstitution. I t  nCi \  
;iIso found that particles rcconhtitutcd i i i ~ l i  i i t i i i \c  I I 01- 

h B D - P ,  sur \ . i \ c  freering arid storagc a t  7 0  O C '  i i i thoi i t  lo\\ 
01' thc  assa!ed act i \ , ! t i c \ .  

~ W I . I . . \ .  ,\Tf';isc asa;i!a \rere carried o u t  'it 30 O C  i n  ;I t o t i l l  
\oluiiic 01' 3 .0 nil- containing 5 0  mL1 Tris acet;itc. 3 i i iM 
'IlgCI?. IO niII  KCI. 2 inI1 ,\TI'. 3 nib1 PEP.  0 . 2  rnhl 
\ X D t i .  IO0 pg of p r u \ a t c  kinase. a n d  40 pcp 01' I - I , I ~ I I C  
dch>drogenasc. pt  1 7.5 .  ..\bsorbancc ctwiigcs ;it  340 ni i i  \ ju re  
f'olloued in ;I Gilford \lode1 2000 spectrophoioriictcr. Z s s a > s  

oi' ;\TP-dri\,cn reverse electroil transport were pcrl'orincd a t  
3 0  OC i n  ;I total \.oIuiiic 01' 3.0  m l .  containing 50 1112.1 T r i \  

Krc' i l lJ .~/ i t ir t iol? f!f . j .yL Pcit'fic / I< e co n \ t i I u t i  o n \+ i i  \ 

I '. 

su l fa te.  3,.3 rnC1 ClpCI,. I O  I i l \1  KCI. 6.7 rnX1 sueclll~lte. 2 
111g of' RS.;\. 2 tiiM :ZTP. 1 tlilcl \AD+, I O  111111 l'l!P. 100 /.IP 
ol'p>ru\':itc kinase. Lind 3 . 3  ni\ l  KC\.  pt I 7.X. Kc~ctio: i  \ + < i h  
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initiated by addition of the cyanide. Reconstituted A S C  
particles possess appreciable ATPase activity. which neces- 
sitates the presence of an ATP-regenerating system to obtain 
linear reaction traces a t  340 nm. 

Measurements of oxidative phosphorylation utilized a system 
containing 50 m M  triethanolamine hydrochloride. 0. I M 
sucrose, 0.5 m M  EDTA.  50 m M  glucose, 27 units of hexo- 
kinase. I nip of BSA. 20 mM MgCI2. 10 m M  ADP,  30 niM 
succinate, and 20 m M  potassium phosphate containing suf- 
ficient jZPl to produce a specific activity of about 0.15 
mCi/mol. Other conditions were p H  7.5,  30 "C, and 1.0-mL 
total volume. Assays routinely used 0.25 mg of reconstituted 
ASU particles and a 3-min fixed time period. Reactions were 
quenchcd by adding pcrchloric acid to a final concentration 
of 3.5?6. Net A T P  synthesis n a s  determined from the for- 
mation of phosphorus-32-labeled glucose 6-phosphate. The  
analysis was performed by spotting (centrally in a 3-cm wide 
channel) an aliquot of each acidified reaction mixture on 
Whatman no. 541 chromatography paper, drying, and de- 
veloping overnight with solvent l as described by Wood (1968). 
After  dr l ing ,  chromatography papers were ruled in I-cm 
increments and cut into I x 3 cm strips. which were counted 
in a Beckman LS-233 scintillation counter. With solvent I .  
glucose 6-phosphate migrates faster than A T P  + A D P  but 
slower than A M P  and orthophosphate. allowing a clear-cut 
evaluation of radioactivitj present in glucose 6-phosphate. In 
a few phosphorylation experiments the hexokinase-glucose trap 
was omitted from the reaction mixture. and A T P  synthesis \vas 
directly evaluated from the incorporation of 12P, into ATP. For 
this purpose. adenine nucleotides tvere separated on PEI paper 
prepared according to Randerath (1963). The  developing 
solvent was 0.25 M Tris-acetate, p H  4.7, containing 1 .0 M 
NaCI .  Developing for about 5 h a t  room temperature gave 
complete separation of A T P ,  ADP.  and  A M P .  Ortho-  
phosphate and  A M P  were not completely separated. 

Assays of the A T P  e 12PI exchange reaction were carried 
out a t  p H  7.5, 30 "C, in a total volume of I .O mL containing 
50 niM triethanolamine hydrochloride, 0.1 M sucrose, 0.5 m M  
EDTA,  1 nig of BSA, 4 p M  rotenone. 4 p M  antimycin. 20 
m M  MgCI,. 20 m M  ATP,  and 20 m M  potassium phosphate 
containing sufficient 32PI to produce a specific activity of about 
0.15 mCi /mmol .  The  reaction was initiated by adding a 
mixture containing the phosphate and ATP-Mg and M'X 

terminated after a 3-niin incubation by adding perchloric acid 
to a final concentration of 3.5%. The  amoun t  of radioactive 
A T P  formed was evaluated by chromatography on PEI paper 
as  described above. 

Concentrations of A D P  (or ATP)  and IDP were determined 
from the absorbance at 259 and 248.5 nin, assuming millimolar 
extinction coefficients of 15.4 and 12.2, respectively (Beaven 
et al.. 1955).  

Respiralinn Measirrenients. Rates of oxygen consumption 
by reconstituted A S U  particles were measured using a 
standard Clark type polarographic electrode (YSI 533 I ) .  The 
buffer medium h a s  identical with that  used i n  the 
A T P  synthesis, except that  hexokinase, BSA, and A D P  were 
omitted. For evaluation of P:O ratios, respiratory control 
ratios, and stimulation by uncoupler, respiration measurements 
were performed within 1 h following reconstitution of the ASU 
particles. The sample volume was 3.0 mL and the temperature 
was 30 "C, unless specified otherwise in the text. 

Preparations of F ,  were 
stored a t  +5 "C as  an  ammonium sulfate precipitate ( 2 5 ~  50 
mg/mL of total protein), as  described previously. Just prior 
to use. an aliquot of the F ,  suspension was centrifuged and 

Chemical Modification of F , .  
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I \ \\ L , y y  l3OU'vl y"" 5,3flM 
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T I M E  ( r i " . )  

F I G L R E  1 :  Inactivation of ATPase activity by ICBD-CI. The time 
course of inactivation is shown for different concentrations of NBD-CI, 
as indicated in the figure. Reaction conditions were: 50 mM tri- 
ethanolamine hydrochloride, 0.2 M sucrose. 3 m M  ATP. 3 m M  
EDTA. pH 7 .5 ,  25 OC. and 2 W M  F , .  

the pellet was redissolved in the appropriate buffer to a protein 
concentration of approximatell I O  mg/mL.  For modification 
by NBD-CI, the buffer contained 50  m M  triethanolamine 
hydrochloride, 0 .2  M sucrose, 4 m M  ATP,  and 4 niM EDTA,  
pH 7.5. The solution of F,  in this buffer was divided into two 
portions. T o  one portion was added sufficient 20 m M  NBD-CI 
(in ethanol) to attain a final concentration of 100 p M  KBD-CI 
i n  the reaction mixture. To the second portion. the control, 
was added an  equivalent volume of ethanol. After a 2-h 
incubation a t  25 "C in the dark,  both samples were applied 
to separate columns of Sephadex '3-25 fine. 1 X 20 cni, 
equilibrated with the above triethanolamine buffer. Fractions 
containing F,  were identified by assay of their ATPase activity. 
Fractions containing NBD-F,  nere  assayed for ATPase in the 
presence of D T T  to remove the N B D  label. After pooling 
appropriate fractions, protein concentrations of the two samples 
were measured by biuret using a BSA standard.  Since tri- 
ethanolamine interferes with the biuret color development, 
protein samples were precipitated with 4% trichloroacetic acid, 
centrifuged, and redissolved in 0.5 M K a O H  before addition 
of the biuret reagent. When prepared as described above, the 
ATPase activity of NBD-F ,  was a t  least 97% inhibited 
compared with the control. Incorporation of the N B D  label 
was also monitored by following the absorbance increase of 
a new' peak a t  390 nm, as observed by Ferguson et al. (1975). 
Absorbance scans from 350 to 500 nm employed a n  Aminco 
DW-2 spectrophotometer. The F,  and h B D - F ,  samples could 
be kept for a t  least 24 h without significant changes in 
properties. 

Cheniical modification by 2,3-butanedione was performed 
under conditions generally similar to those described for 
UBD-CI. However, the buffer system was 50  mM tri- 
ethanolamine hydrochloride. 0.2 M sucrose, 4 m M  A T P ,  4 
niM EDTA, and 0.1 M borate, pH 8.0. Final concentrations 
of 2.3-butanedione in the reaction mixture ranged from 2 to 
5 niM and incubations were a t  25 "C. Excess reagent was 
removed from the samples by desalting on columns of 
Sephadex (3-25. A s  many as seven different reaction times 
Mith 2.3-butanedione were examined in a given experiment. 
Protein samples were used within 24 h of preparation. 

Results 
Reactioti of ,VBD-CI with F , .  The ATPase activity of 

coupling factor F,  from beef heart mitochondria is inactivated 
by NBD-CI as  a result of specific modification of approxi- 
mately one tyrosine residue per enzyme molecule (Ferguson 
et al., 1975). W e  have further character i~ed the effects of the 
N B D  label both on soluble F ,  and on F ,  rebound to vesicles 
derived from the mitochondrial inner membrane.  Figure 1 
shows the rate of inactivation of F ,  ATPase activity a t  several 



Table I :  
Various Nucleotidesa 

NBD-CI Inactivation of ATPase in the Presence of 

concn 
nucleotide (mM) k (min-') t ,  j 2  (min) 

ATP (EDTA) 0.05 
ATP (IrDTA) 0.25 
ADP (EDTA) 5.0 
ATP (EDTA) 1.0 
ATP (EDTA) 5.0 
ADP-ME 5.0 
IY.s-(cH )-.4 DP-MI! 5.0 
O,r-(CH,)-ATP-Me 5.0 

0.120 
0.112 
0.111 
0.0834 
0.0730 
0.0564 
0.0186 
0.0165 

5.8 
6.2 
6.2 
8.3 
9.5 

12.3 
37.3 
42.1 

a All experiments employed 100 gM NBD-Cl. The EDTA 
concentration was 4 mM if present in the reaction mixture. 
Ma:ncsium chloride was used to preform nucleotide-magnesium 
complcues where specifically indicated. Other conditions were 
0 . 2  M sucrose, 50 mM triethanolamine hydrochloride, pH 7.5, 
ut 25  -C. and 2 pbl F,. Values in the first  row are from measure- 
ments without added nucleotides. The 0.05 mM ATP listed in 
this r o w  is due to ATP in the I : ,  preparation which could not 
bc removed without inactivation. 

diffcrcnt conccntrations of UBD-C'I. The reaction n i t h  
N BD-CI ;is performed under pseudo-first-order conditions 
and semilogarithmic plots \ h o n i n g  the decline in activity as 
;I function of time were characteristicall! linear over a t  least 
XO 40% of the reaction. The reaction order with respect to  
NBD-CI w s  given by the slope of a Iincar plot of log ( I  It,,,) 
against log (UBD-CI)  ;is prcviousll, described (Le!,!, et al.. 
1963: Scrutton & Utter. 1965). h:hcn the da ta  of Figure I 
a r e  plotted i n  this form. ;I very good straight line Mith slope 
equal to I . 0 3  wiis obtained. In agreement with Fcrguson u t  
a l .  ( 1 9 7 5 ) .  \+c have found that DTT removes the K B D  label 
and complctcl) rexrses  the inhibition. For the three different 
b:itchcs of F, tested in the present uork.  1 m M  DTT restored 
ful l  ATPase acti \ i t> t o  KBD-labeled F,  Mithin 20 s after 
addition of t h e  thiol. 

Thc tSrosinc m i d u e  modified b! \ BD-CI is prcsumabl> 
at or near a nucleotide binding site. Added nucleotides would 
then bc cspcctcd to afford sonic protection against inactivation. 
h 'hcn  inact ivat ion \+as performed in the presence of different 
nuclcotidcs and nucleotide concentrations, the extent of 
protection varied considerably (Table I ) .  In these experiments 
F ,  N ; I \  cquilibrated ~ i t h  nuclcotides a t  concentrations a s  I O U  
:15 0.05 mLI b!. gel filtration on Sephadcx G-25. ,A 100-fold 
incrcasc i n  :ITP conccntration caused onl! a 600;~ decrease 
in rate of' in;ictivation. perhaps because the presence of EDTA 
\ c a s  required to prcvcnt h!drol>sis. However. magnesium 
complexes of the ineth>.lenc analogues of either A D P  or ATP 
wcrc capable of slowing inactivation b) a factor of appros-  
inintcl! 7 .  

Inactivation of F,  .4TPase by NBD-CI a t  pH 7.5 is par- 
alleled by formation of i~ nea  chromophore with maximal 
iibsorbancc a t  Libout 390 n n i  and mo3;ir cvtinction coefficient 
I 1  600 (Ferguson et al.. 1975).  At 100 pM NBD-CI. the 
conccntration customarilq employed in the present uork.  
ATPase inactivation is 90% complete in about 35 min. Figure 
2 sho\+s the incorporation of N B D  label into F ,  as a function 
of time. a s  monitored by the absorbance increase at 390 nm.  
I t  is seen that .  after 35 niin of reaction, 1 .O mol of label has  
been incorporated. However. observation of the absorbance 
a t  still longer times reveals a continuing reaction, approaching 
incorporation of about  2 mol of label per mol of F , .  T h e  
semilog plot of the percent of sites unreacted as  a function of 
time. based on two possible reaction sites per F,  molecule. 
indicates that the time course of reaction is clearly biphasic. 
Analysis of the rapid and slow kinetic components in terms 
of ;i sun1 of two exponential decay processes yields the sec- 

S ^ 3 t  
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FIGLRE 2 :  Incorporation o t ' \BD labcl into The reaction mixture 
contained 1 . 7  inig of protcin in  I .0 ml. of buffer n i t h  50 nib1 t r i -  
cth,inolamine IiJdrochloridc. 0.7 11 wmx. 3 m M  ATP. 3 n1.V 
EDT'A, and 100 p M  SBD-CI .  pH 7 . 5 .  a t  7.5 "C. Incorporation \vas 
monitored b! the nbsorbancc incrcasc ,it 390 n i i i .  

Table 11: Iiffect of NBD-C'1 on  2,3-Hutancdionc Labelin? 

': ATPase k tor butancdione 
sample act. inact.' (min-') t , l I  (min) 

I; I 100 0.0459 i- 0.0024 15.1 -r 0.8 
NB D- I;, 2.1 0.0525 i 0.0012 13.2 t 0.3 

ATPase assays were performed in the presence of 2 mM DTT. 
The concentration of 2,3-butanedione \vas 4.3 inW and the reac- 
hon \vas performed in buffer containing SO mM triethanolamine 
hydrochloride, 0 .2  41 sucrose, 4 mM ATP. 4 mhl EDTA, and  0.1 
41 borate, pH 8.0, at  25 'C. 

ond-order rate constants 550 and 59 M I min I .  Incorporation 
of tritium-labeled YBD-CI by  h p i n n c h  chloroplast CF, also 
exhibits biphasic kinetics and total incorporation of up  to a t  
lcast 1 . h  mol of label per mol of CF, (Cantle! & Hammes.  
1975). ,Ilthough reaction of only a single KBD-CI per F, is 
ncccssary for inactivation of ATPax activit!. i n  agreement 
Mith Ferguson et al .  (1975).  M e  conclude that reaction of a 
second NBD-CI per F ,  can and docs occur. 

Both 'C'BD-CI and 2.3-butanedione inactivate .4TPase 
activit! v i a  covalent modification of F , ,  presumabl\ a t  a 
specific nucleotide binding site or qites. I t  \+;is therefore of  
interest to determine i f  modification b) one reagent  affects 
the subsequent reaction of the othcr. This experiment eni- 
ployed F, and \BD-F,  prepared a h  described in Experimental 
Procedures. The  reaction of these samples with 2.3-butane- 
dionc at  pH 8.0 \ + a h  then studied. :lliquots of the  reaction 
mixtures were removed after various incubation times and were 
~ h s i \ e d  for ;ZTPase activity in  t h e  presence of 3 inM DTT'. 
Thus. the extent of inactivation observed is due on11 to the 
extent of rciction with 2.3-butancdivnc. sho\+n i n  Table  
I I .  2.3-butanedione reacts with F ,  and XBD-F,  a t  very similar 
rates. There is no direct competition b e t w e n  thc t u o  labels. 
Also, any conformational change induced by the Y B D  label 
is not sufficient to affect accessibility of 2.3-butanedione to 
the arginine residue required for ATP hydrolysis. 

Rec.ot~stitutrd ASU Pnrricles. ASL particles (Racker  & 
Horstman,  1967) are  devoid of coupling factor F l  and thus 
are &ell suited for rcconstitution studies involving chemically 
modified F , .  However. since the final step in preparing ASU 
particles involves \bashing \+ith cold 2 M urea, there is some 
concern of damaging membrane components and perhaps 
introducing a different rate-limiting step into the overall 
oxidative phosphorylation process. ASU particles were an- 
al>zed for cytochrome content b\ the spectroscopic technique 
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Table 111: Cytochrome Content of Submitochondrial Particles Table IV: Activities of ASU Particles Reconstituted 
with f ,  or NBD-F,' ASU particles ETPH 

(nmolimr) (nmolimg) 

Cyt-(a + a , )  2.06 5 0.05 (1.0)' 1 .63 + 0.04 ( l . O I a  
Cyt-b 1.56 2 0.15 (0.76) 1.27 * 0.11 (0.78) 
Cyt-c, 0.47 2 0.01 (0.23) 0.36 r 0.03 (0.22) 
Cyt-c 0.49 t 0.03 (0.24) 0.28 i- 0.04 (0.17) ____ 

Values in parentheses represent the amount of individual 
cytochromes relative to the amount of cytochrome (a T a , )  
present. 

of Williams ( 1  964). Similar analyses were also performed on 
E T P H  particles. The  results presented in Table 111 show that 
ASU and E T P H  particles have a very similar pattern of 
cytochronie distribution. The  absolute values for different 
cytochromes. expressed as nmol of cytochrome/mg of particle 
protein, are uniformly higher for ASU particles than for ETPH 
since ASU particles are devoid of F, .  which normally comprises 
approximately 2O06 of the protein of the mitochondrial inner 
membrane. Respiration rates with succinate as substrate uerc 
also directly compared for ETPH nnd ASU particles re- 
constituted M i t h  O S C P  and F ,  (see Experimental Procedures). 
At 37 "C and pt4 7.5. respiration rates for F,.ASU and ETPH 

26 and 228 ng-atoms of 02/(min.nniol)  
of c),tochrotne ( ( 1  + (I). The smaller valuc for ETPt l  reflects 
the greater retention of respirator). control in these particles 
than i n  F , .ASU particles. In  the presence of 3 X IO-' \f 
2.4-d i n it ro p hen 01, u n cou pl er  s t i mu 1 a t  ed res pi rat ion rates 
incrcxed to 380 and 402 for F,.:.\SC Lind ETPH. rehpectivel!. 
Thus, respiration related processes in F,.ASU particles appear 
undamaged and certainly are no more rate-limiting than niight 
be the case with E T P H  particles. 

A direct comparison of rcspiration rates for F,.:\SL and 
NBD-F, .ASU particles \vas  made using samples in t r i -  
ethanolaniine buffer. p t l  7.5, at 30 O C  with succinate as the 
substrate (see Experimental Procedures). Basal rates for 
F,.ASU and SBD-F , .ASU particles v.cre 457 * I6 and 464 
f I 2  ng-atoms of 02 / (min .mg) .  respectively. Respiration of 
F l . A S L  particles in  the presence of A D P  ( 5  in\f) ,  2.4-di- 
nitrophenol ( 3  X 10 M). and F C C P  ( 5  X IO- '  M) \\;is 
stimulated bg I .02-. 1 ,  I O - .  and 1.09-fold. respectivel?. Similar 
measurements on NBD-F, .ASU particles gave stimulation 
ratios of 0.97, 1.06, and 1 . I  2.  respectively. These results 
emphasi7e the absence of  respiratory control in  both re- 
cons t i tu t ed s a m pl es. Fur therm ore. nl a x i mu m s t i in 11 1 ;i t ion o f 
respiration by uncouplers does not exceed approximately IOo/0. 
Thus.  in  a s s a p  of A T P  slnthesis discussed subsequentlq. 
respiration is always essentially maximal and invariant. 

Concerning the properties of the ASU particles themselves, 
i t  should be noted that they have a small residual ATPase 
activity of about 0.3 pmol/(min.mg).  which is less than 5% 
of the ATPase activity of washed F , .ASU particles. Prior to 
reconstitution, ASU particles do  not catalyze reverse electron 
transport t o  a measurable extent (i.e..  the activity is 10.5 
nmol/(min.mg)).  Also, A S L  particles have a very small 
apparent activity of about 5 nmol/(min.mg) for net ATP 
synthesis. uh ich  could largel) be due to counting crror i n  
determining background. Addition of O S C P  to ASU particles 
does not stimulate activity for either reverse electron transport 
or net A T P  synthesis. By these criteria we judge ASU particles 
to be essentially devoid of F , .  

.Yonequir.alent Inhibition of' ATP Synthesis nnd Other 
Reactiuris Cata!),zed bj,  .VBD-F,.ASL' Pnrticles. Use of the 
chemical modification procedures and reconstitution proce- 
dures described i n  Experimental Procedures allows the 
preparation of submitochondrial particles specifically modified 

act. (nmol/(min,mg 
of ASU)) 

additons to NBD- 
measurement normal medium F,,ASU F,,ASU 

reverse none 96.2 2.2 
electron DTT 95.5 18.2 
transport D T T ~  95.1 96.1 

oligomycin $0.5 9 0 . 5  

ATP ;--- Pi none 116 7.5 
exchangec DTT 120 71.9 

oligomycin 6.0 1.9 

phosphorylation none 163 110 
of ADP DTT 179 187 

oligomycin 12.3 8.7 

phosphor lation none 63.8 41.7 
of IDP 2 DTT 56.8 68.3 

oligomycin 3.5 5.3 

phosphorylation none 139 79.9 
of ADP (minus rotenone + 21.4 20.4 
ATP trapping antimycin 
system)e 

a ATPase activities of soluble coupling factors were: I : , ,  51.0 
pmol/(min.mr);  NBD-F,, 1 , l  pinol/(rnin.mr). All assays were at 
30 'C and p H  7.5 except the reverse electron transport assays, 
ahich were at 30 'C and pH 7.8.  The concentration of DTT, 
when present, was 1 mM. A separate control with DTT added 
to soluble coupling factors prior to reconstitution of ASU parti- 
cles. 
presence of 4 ~ 1 5 4  rotenone + 4 pXI antimycin. a' For these 
experimcnts, :el filtration was used to equilibrate soluble coupling 
factors with buffer containin: 4 mM ITP instead of ATP. Re- 
constitution of ASU particles was then performed in the presence 
of buffer containin!! 2 mM ITP. e Hexokinase and glucose were 
omitted from the assay medium and nucleotides were separated by 
chromatography on PEI paper. 

Measurements of this eschance were performed in the 

i n  the F,  moiety and freed of excess modifying agent.  Such 
particles are amenable to assay of A T P  synthesis driven by 
s u bs t r a t e oxidation. AT P-d r ive n reverse e I ec t r on transport , 
, 4TP  P, exchange, etc. When N B D - F ,  is used to re- 
constitute ASL particles. the striking result is that  net A T P  
synthesis is very much less inhibited than all other processes 
assayed. 

Results of a typical set of experiments are summarized in 
Table I V .  Preparation of NBD-F ,  as  described i n  Experi- 
mental Procedures gives virtually complete inactivation of 
ATPase activity. with less than 3% of the initial activity 
remaining. The  same level of inhibition carries over to 
measurements of ATP-driven reverse electron transport by 
UBD-F, .ASU particles. In the presence of oligomycin ( 2  
pg /mg  of protein). the reverse electron transport activity is 
essentially zero for both F,.ASU and NBD-F, .ASL particles. 
A T P  e PI exchange by NBD-F, .ASL particles is also in-  
hibited to the level of oligomycin sensitivity. The  control 
F,.ASU particles catalyze reverse electron transport and A T P  
=S P, exchange (and net .ATP synthesis) with activities similar 
to those obtainable icith E T P H  particles. Houever,  for the 
experiments of Table IV, net A T P  synthesis by NBD-F,.ASU 
particles is about two-thirds of that found for F,-ASU particles. 
A T P  synthesis for both samples is 90-95% oligomycin sen- 
sitive. Exactly the same pattern is obtained when the substrate 
for phosphorylation is IDP  instead of ADP.  

One  advantage of the N B D  label is its ready removability 
by DTT. The presence of 1 m M  DTT completely regenerates 
ATPase activity in  NBD-F , .  providing assurance that the 
native protein structure is generally undamaged by the 
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7ablc V :  
Inhibition of ATP Synthesis4 

I:ffect of Malonate or Antimycin on NBD-C1-Induced 

net ATP ratio of 
synth (nmol/ NBD-treat- 
(min.m: of ed/control 

sample ASU)) X 100 

1,' , , A S  U 170.2 40.7 
N 13 D- I '  , . AS U 69.2 
I:;ASU malonate 51.4 37.1 
NBD-F;ASU + malonate 21.3 
1:;ASU antimycin 35.7 48.7 
NBD-I , . M U  t antimycin 17.4 

a Measurements were performed at 30 "C and pH 7.5 in the pre- 
wnce of a hexokinase-glucose trap, as described in Experimental 
Proccdures. The concentration of malonate during the assay was 
25 niM, and that o f  antimycin was 1.25 pbl. 

modification reaction. Furthermore.  D T T  treatment  of 
NBD-I-, prior to reconstitution with ASC particles (Table IV) 
produces coiiiplcte regeneration of reverse electron transport 
;rct ib, i t>. , ldd i t ion  of DTT to  NBD-F, . /ZSti  particles during 
 ass,^) of r c ~  crbc electron transport gives regeneration of activit! 
within 2 0  s after addition of the thiol. the activity then re- 
iii;iiiiing constant for a t  least 4 min. But the activity thus 
rcgcnerated is reproduciblj, X0--85% of the control. This ma! 
reflect some change in accessibility of a labeled site to DTT 
after coupling factor has been rebound to the membrane.  ,A 
similar effect is noted i n  regenerating A T P  2 Pi exchange 
activit) by N BD-F, .ASC particles. Ho\\ever. the partial 
inhibition of net A T P  synthesis with KBD-F, -ASU particles 
is completclq reversed by D T T  treatment of the reconstituted 
po rt i  cI c'r . 

Tlic  partial inhibition of ATP synthesis by NBD-CI (\\hen 
othcr activities a re  full!, inhibited) has been confirmed in 
studies o n  three different batches of F , .  Excess coupling factor 
can be removed from reconstituted particles by ultracentri- 
fugation and resuspension i n  fresh buffer. Such \+ashing does 
not alter the pattern of results shobtn i n  Table IV .  nor does 
freeling ( 70 "C) and  thabbing of reconstituted particles. 
Furthermore. the use of ;I hexokinase-glucose t rap  for . 4 T P  
is not  ncccssar! for thc demonstration of net h T P  sLnthesis 
bq reconstituted particles. buclcotide separations on PEI 
paper (see Esperiinental Procedures) a l l o ~  direct evaluation 
of incorporation of radioactive inorganic phosphate into ATP.  
Data  obtained i n  the absence of thc . \ T P  trapping system 
(Tnble  I \ ' )  ~ i l so  ihow that  A T P  synthesis by YBD-F,.ASU 
particlcb i4  onl! partiall) inhibited. Howctcr. under such 
conditions. ;I slightly increased a m o u n t  of rotenone-antimycin 
insensitive I I T P  f'ormation is also observed. 

Reducing the overall rate of electron transfer by the presence 
of iiidonatc o r  mtim!cin has littlc effect o n  the relative activiti 
01' NBD-F!.:\SL, particles i n  A T P  synthesis ( T a b l e  V ) .  The  
activit! of \ BD-F,..ASL comparcd w i t h  F,..\SU particles 
maintains II relati\,el> constant ratio. even when / \TP synthesis 
in both saiiipIc\ i 4  extcnsivcl! inhibited by either nialonatc or 
an t in i ic in .  T h c  partial inhibition of :\TP synthesis by 
?KBD-I-~,./\SL particlcs appears t o  be correlated u i t h  the 
partial modification of ;I s x o n d  tyrosine residue per F, 
molecule. The YBD-F,  samples eniploSed in the present Mark 
h a w  noriiiullg contained from about I .35 to I .6 mol of Y B D  
label per iiiol of f . l .  :is judged from spectral da ta  of the t>pe  
given in F igu re  2 .  

, - lLYL'  f-'rrrtic~le.c Krc,oti.,titirtc~J 13 itli -7.3-Biitcrtit.diotir Treated 
F , .  Modification of arginine residues in soluble F ,  b) dione 
r u g c n t s  \uch :is 2.3-butancdione causes concomitant inac- 
tivation 0 1 '  ,ZTPase activity (Marcus  et ai.. 1976) and .ATP 
t P, exchange activit!. (Frigcri et al.. 1977) .  Direct infor- 
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t I C , C K L  3: Elfcct 01' labclinp f'; u i t h  2.3-butanedionc on various 
reactions catalyzed. Activities assaqed ue re  A T P  sinthesis (0 ) .  
ATPase of soluble F, (0). and ATP-drivcn reverse electron transport 
(A). The 100% activitj values Mere: ATP synthesis. 113 n m d /  

TPase. 66.1 pmol/(min.mg): reverse electron transport. 
min.nig). Purified P I  \\;IS incubated \ k i t h  butanedione 

for the time periods shoun and then pas\ed through Sephader; and 
recombined w i t h  ZSL particles. 

mation concerning the essential role of these arginine residues 
in A T P  synthesis has been obtained from experiments 
analogous to those previously described involving N BD-CI. 
Figure 3 shows the results of a n  experiment designed to probe 
possible differential effects of butanedione inhibition. Coupling 
factor F ,  u a s  modified to varying degrees bq 2,3-butanedione 
b> varying the total incubation time with the dione. Reactions 
catalyzed b) membrane-bound f:, employed M U  particles 
r cco n s t i t ut ed \vi t h a p pr o p r i a t e 2,3 - but a ned i o n e mod i f i ed 
samples of F , .  I t  is seen that the tinic course for inactivation 
of ATPase activity of soluble F ,  closel) parallels t h a t  for 
inactivation of ATP synthesis by reconstituted ASL particles. 
However, there is a much faster loss of activity for ATP driven 
reverse electron transport. For these experiments. the longest 
exposure of F ,  to 2.3-butanedione \ + a s  105 iiiin. I t  should be 
emphasized that, for ASU particles rcconstituted ~ i t h  the 
treated 105 min. the residual actikit) for ,,ZTP sinthesis \\:IS 
still more than 9090 sensitive to inhibition b! o1igoiii)cin (1 
p g j m g  of protein) or b> FCCP ( 5  X IO ' M final concen- 
tration). 

T h e  data  in Figure 3 clearlq dcmonstratc the presence o f  
arginine residues essential for net .ATP synthesis ( top  curvc) 
and for reverse electron transport (bottom curve) .  I u r -  
thcrmore. the rate of loss of these activities differs b! fivefold. 
But ATPase inactivation of isolated F ,  occurs a t  exsentiall) 
the same rate as loss of activity for net :\TP s! nthesis. unl ike 
the results described for \ BD-CI modification. U ' c  u n n o t  
c\clude the possibilitj that  F ,  labeled bq butancdione ;it ; i n  

ATPase bite might participate in ;I tr;tnsfcr reaction follow ing 
reconstitution, resulting in migration of label to iin / l T P  . 
PI cxchangc site of'the t i p c  described b! l-'rigeri ct ; I I .  ( I  977) .  

Discussion 
The reaction of "\BD-CI \\ith coupling factor f ' ,  from beel' 

heart mitochondria has  been reported to inactivate ATPase 
activity through 5pccific modification of tyrosine in the d 
subunit (Ferguson et al., 1975). We have further characteri7ed 
this labeling and have btudicd its effects on various reactions 
normallq cutalqzed bi inembrane-bound F,. The rcsults in  
Figure I show a rapid inact ivat ion of F ,  ATPase activit) on 
incubation a t  pH 7.5 n i t h  \BD-CI. This inactivation is first 
order u i t h  respect to hBD-CI. The additional prcsencc of  
iiiagnesiuni complexes of either ( t . , j - (CH2) IZDP o r  ij.+,- 

(CH,) -ATP provides marked protection against the inacti- 
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vation, which is consistent with the NBD-CI reaction occurring 
a t  or near a nucleotide binding site. In  contrast to the results 
of Ferguson et al. (l975), we find that the labeling of F ,  by 
NBD-CI is not limited to 1 mol of label per mol of F,. Rather, 
the incorporation is biphasic and approaches 2 mol of label 
per mol of F , .  This is quite reasonable in view of other recent 
labeling studies on F , .  For example, the photoaffinity label 
8-azido-ATP reacts specifically with the @ subunits of beef 
heart F,  (Wagenvoord et al., 1977) and the chemically reactive 
A T P  analogue Nbs61TP, 6-[(3-carboxy-4-nitrophenyl)- 
thio]-9-~-~-ribofuranosylpurine 5’-triphosphate, specifically 
labels the 6 subunits of F,  from a bacterial plasma membrane 
(Hulla et al., 1978). In both cases the stoichiometry of reaction 
is 2 mol of label per mol of F, .  Furthermore, there are  2 
aurovertin binding sites per F,, aurovertin binding is biphasic 
(Chang & Penefsky, 1974; van de  S tad t  & van Dam, 1974), 
and each p subunit contains 1 aurovertin binding site 
(Verschoor et al., 1977). Considering these facts and the 
presence of a twofold molecular symmetry axis (Amzel & 
Pedcrscn, 1978), it  seems likely that the 2 tyrosine residues 
modified by NBD-CI are  on separate 6 subunits wi th in  the 
native structure. 

The reconstituted ASU particles used in the present studies 
have proven to be very satisfactory for the assay of net A T P  
synthesis, reverse electron transport, and ATP ~i Pi exchange. 
I n  these assays, F, .ASU particles yielded specific activities 
comparable to those reported by other workers for beef heart 
ETPH particles prepared according to Beyer (1967). Spe- 
cifically, for ETPH at 30 “C and pH 7.4 to 7.6 with succinate 
a s  the substrate. recent literature shows maximal activities for 
reverse electron transport of 80-1 20 nmol/(min.mg) (Rot-  
tenberg & Gutman,  1977) and 80.1 f 5.9 nmol/(min-mg) 
(Leimgruber & Senior, 1976b) and maximal activities for ATP 
synthesis of 152-173 nniol/(min.mg) (Hackney & Boyer, 
1978) and 168 nmol/(min.mg) (Penefsky, 1974). Under 
similar assay conditions, our values for F,-ASL particles 
(Table V )  a re  96.2 nmol/(min.mg) for reverse electron 
transport and 163 nmol/(min,mg) net ATP synthesis. Thus,  
turnover during both A T P  utilization and A T P  synthesis 
appears normal in  the reconstituted particles. 

Moudrianakis and co-workers as well as Boyer and co- 
workers have recently proposed an alternating site model for 
oxidative phosphorylation (Adolfsen & Moudrianakis, 1976; 
Kayalar et al., 1977). This model proposes the participation 
of two identical enzyme catalytic sites, such that during 
oxidative phosphorylation the binding of A D P  and P, a t  one 
site is necessary for subsequent events leading to release of 
A T P  from the second site. I t  regards the energy derived from 
electron transfer reactions as driving a conformational change 
to an enzyme state capable of forming A T P  from A D P  and 
P, at  the catalytic site without additional energy input. Also. 
A T P  hydrolysis is viewed as a reversal of the events for A T P  
synthesis. 

It is difficult to rationalize our present results i n  terms of 
such a model. I f  there is compulsory interaction between two 
sites in  the alternating site model, then blocking one site stops 
the cycle. If the blocking is achieved by covalent modification, 
then one site is “tagged” throughout a series of measurements. 
An agent like NBD-CI which blocks ATPase activity should 
also block A T P  synthesis, if  these reactions occur by simple 
dynamic reversal. 

Findings in several laboratories indicate that coupling factors 
F ,  and C F ,  undergo conformational transitions related to their 
function (Chang & Penefsky, 1974; Ryrie & Jagendorf, 1972; 
McCarty & Fagan, 1973). During recent years, the role of 

negative cooperativity and half-of-the-sites reactivity in enzyme 
regulation has received considerable attention (Levitzki & 
Koshland, 1976). The  action of coupling factor F ,  during 
oxidative phosphorylation may well involve negative inter- 
actions between catalytic subunits, as suggested by Boyer and  
eo-workers (cf. Hackney & Boyer, 1978) and by Cross & 
Kohlbrenner (1978). Our  results with reconstituted ASU 
particles would be consistent with a model in which there are 
two catalytic sites per F,  molecule, only one of which is in- 
volved in net A T P  synthesis a t  any given time. This would 
constitute a half-of-the-sites reactivity pattern if  the sites were 
intrinsically identical but subject to interconversion induced 
by nucleotide binding pattern or through interaction with other 
protein factors such as the ATPase inhibitor, OSCP,  or specific 
membrane sector proteins in Fo. W e  cannot rule out possible 
explanations based on negative cooperativity. However, our 
findings are directly explained if there are intrinsically different 
catalytic sites or if  sites involved in A T P  synthesis and A T P  
utilization are  partially overlapping. 
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Proton and Phosphorus Nuclear Magnetic Resonance Studies of 
Ribonuclease T I t  

Y .  !2rata.* S. Kimura. H .  Matsuo. and K .  Narita 

.ABSTRACT: 'H and "P nuclear magnetic resonance (;21 'LIR) 
studies of ribonuclease ( R h a s e )  T I  are reported. Assignments 
of the C2-H proton resonances of the three histidine residues 
ue re  made using a tritium labeling technique \\hich is a 
combination of differential tritium exchange a t  the C2-H 
position of histidine [IMatsuo, H.. Ohe. 41.. Sakiyama. F.. & 
Nari ta ,  K. (1972) J .  Biocheni. (Tok j ,o)  72. 1057: Ohe. M.. 
Matsuo, H.. Sakiyama. F., & l 'arita. K.  (1974) J .  Biocherv. 
(ToXj,o) 75. 11971 and ' H  ULIR of a differentially deuterated 
protein. IH ?r M R  data taken in the absence and presence of 
guanosine 3'-monophosphate (3 '-GMP), a strong competitive 
inhibitor to  the enzyme. v,ere used along with 3 ' P  NMR 
spectra of the inhibitor to provide information on the structure 

R i b o n u c l e a s e  TI (RNase  TI : '  EC 2.7.7.26) is highly specific 
to the 3'-phosphodiester bridge of  a guanosine base in the 
R \ A  chain (Lchida  & Eganii. 1971: Takahashi, 1974). I n  
RlVase T , ,  \rhich is composed of 104 amino acid residues with 
the two disulfide bridges. the three histidine R h a s e  occur a t  
positions 27. 40, and 92 (Takahashi. 1971).  Two of them, 
His-40 and His-92, along with one glutamic acid (Glu-58) and 

' From the Department of Chemistrq, Lniversit) of Tokyo, Hongo. 
Tokjo. Japan (Y.A.),  the Institute for Protein Rehearch, Osaka Lniversitq. 
Suita. Osaka, Japan (S.K. and K.N.).  and thc Department of Bioehemistrq, 
Miyazaki Medical College, Kiyotake. Mijazaki, Japan (H.M.) .  Krc , r iwd  
Julj '  18, 1978. This work was supported by National Institutes of Health 
Grant RR00711 and hationai Science Foundation Grant GR 23633 
(Stanford Magnetic Resonance Laboratory). 

of the active site of the enzyme. I t  was concluded that his- 
tidine-40 along with a carboxyl group \vhich is probably that 
of glutamic acid-58 is responsible for the catalytic action of 
the enzyme. The  structure of the active site of  RNase  T I  is 
in a marked contrast with that of RYase A where two histidine 
residues a re  known to act as a general acid and general base 
to conduct the catalytic action. Interaction involving histi- 
dine-92 and N-7 of 3'-GMP through a hydrogen bond is most 
likely responsible for the enzyme-inhibitor binding. A scheme 
of the active site and of the interaction of the enzyme i r i t h  
3'-GMP is presented on the basis of the present experimental 
results. 

one arginine (Arg-77) .  have been suggested to be in or near 
the active site, participating in eithcr binding or catalytic action 
of the enzyme (Takahashi et al., 1967: Takahashi. 1970. 1973). 

I t  has been wcll established that ' H  N M R  peaks of his- 
tidines give invaluable information about the structure of 
proteins in solution once each individual resonance can be 
assigned to a particular histidine residue in  the amino acid 
sequence (Roberts & Jardetzky. 1970; Markley, 1975a). A 
first N M R  study of RNase TI  was reported by Ruterjans and 

' Abbreviations used: RNabe. ribonuclease: G M P .  guanosine inon- 
ophosphate; CMP,  cytosine monophosphate: N M R ,  nuclear magnetic 
rcsoiiance; FT. Fourier transform: A4e4Si. tctramethqlsilane; DSS. sodium 
-I.j-dimethql-4-silapentane- I -culfonatc.  


