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Significant quantities of endogenous GDP and ADP are prcsent 
on catalytic sites of the F -ATPase isolated from M. lysodeikticus 

in the absence of added nucleotidcs 
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The Fj-ATPase from /I/licnwoccus lysodeikti(us is isolated in the absence of cxogenuus nucleollde,,. After removing h~osely 
bound nuclzotidcs from the isolated enzymc by gel pcrmealion chromatography, analysis liar tightl~ bound nuclcotidcs rc~caled 
in 14 experiments 0.4 _+ 0.1 tool ADP. 0.5 4-0.2 mol GDP. and t).8 ± 0.2 tool ATP per tool of F~, iocubation of the i,,ulalcd 
enzyme with Mg:+ or Ca-" did not alter the endogenous nuclcotidc compo,dtion o|  the enzyme, indicating thai t..ndogcrlou.~ 
ATP is not bound to a catalytic site. Incubation of the enzyme with P, decreased the amount of lightly bound ADP and (IDP but 
did not affcc! thc A T P  con,ont. Hydrolysis of MgATP in the presence of su!litc raised the tightly bound ADP and to~crcd tightly 
bound GDP on the enzyme, in the reciprocal experiment, hydrolysis of MgGTP in the prc~cncc o[ sulfitc raised tightly bound 
GDP and lowered tightly bound ADP. Turnover did not affect the content of tightly bound ATP on the enzyme. These rc,,t, lts 
suggest thai endogenous ADP and GDP arc bound to exchangeable catalytic sites, whereas endogenous ATP is bound to 
noncatalytic sites which do not exchange. The presence of cndogcnous GDP on catalytic sitcs of isolated F~ ,,uggcsts that the 
F,F,-ATP synthase of M. lysodeikticus might synthesize bolh GTP and ATP under ph',siol~gical condition.,.. In support of thi,; 
hypothesis, we havc found that plasma membrane vesicles dcri,,cd from M. lysodikticus synthesize [~2 PIGTP from i ~'-P]P, u,,ing 
malatc as electron donor for oxidative phosphorylation. 

Introduction 

The ATP synthases of energy transducing mem- 
branes are composed of an integral membrane com- 
plex, F,, which mediates transmembranc proton con- 
duction, and a peripheral membrane pn~tein complex. 
F t. which contains the catalytic sites. When removed 
from the membrane in soluble form. F~ hydrolyzcs 
ATP and a number of other nucleotides, The isolated 
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en~'me is usually made up of five different polypcptide 
chains ~ith the stoichiomet~ a;/3~Tfi~. The isolated 
F~-ATPascs bind up to 6 tool o[ adenine nuclcotides 
per ,nol [1.2]. Three of the binding sites are potential 
catalytic site,, and are exchangeable during catalytic 
turno,,rcr. The other three, which have a poorly defined 
functional role. and are thus called noncatalytic sites, 
do not exchange during turnover. The Lndogenous 
nuclcotide contents of F~-ATPases is~,lated from dit- 
ferent ,.c, urccs ',,a~ considerably. For instance, the [:~- 
ATPa~e isolated from the thermophilic bacterium PS3 
contains none [3], whereas the F~-ATPase isolated frem 
f: .scheri~hia ¢~)fi contains about 5 moi of adenine nu- 
cleotidc per mol [4,5]. These variations might reflect 
differences in physiological properties of the intact 
synthases or represent differences in loss of nu- 
cleotidcs during purification of individual enzymes. Al- 
though F]-ATPascs from different murces hydrc~lyzc 
GTP and ITP and bind exogenous GTP. ITP and GDP 
[6-8] only A T P  and ADP have bccn reported to bc 
present in isolated enzymes. We rc~)rt here that the 
F+-ATPase Rotated from M. h ' w d e i k t i c u s ,  which is 
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purifcd in the absence of adenine nuclcotidcs, con- 
tains tightly bound endogcnous GDP in additi~m to 
tightly bound ATP and AI)P. 

Materials and Methods 

Enzyme purification. A bactcrial culture of Micro- 
coccus lysodeikticus, Flcming's strain (2665) was used. 
The bacteria were grown under aerobic conditions at 
3(1°C for 15 h in a medium containing I¢~ Bacto-tryp.- 
tone (Difco). 0.5~;~ ycast extract (Difco), (1.5'7~ NaCi 
(pH 7.4) and were harvested in early stationary phase. 
To obtain membranes, the cells were treated with 
lysoz3'mc and DNAasc according to Ref. 9. The mem- 
branes wcrc washed first with 0.1 M and then 0.03 M 
Tris-HCI buffer (pH 7.4)bcfore cxtract~ng the ATPasc 
with t).003 M Tris-HCl (pH 7.4) according to Ref. 9. 
The ATPasc extract was centrifuged a¢ 14(1000 ×g  at 
15°C for 30 rain and the supcrnatant w.~s concentrated 
by ultrafiltration in Amicon cells with synthetic mem- 
branes (YM 10 Dial]o). 

The ATPasc was purified by gel-filtration on a col- 
umn packed with Supcrosc 6 (1 × 100 cm) cquilibratcd 
with 50 mM Tris-sulfatc buffer (pH 7.8). About 5 ml of 
protein (1 mg/ml)  was loaded and the column was 
clutcd with the same buffer at a rate 1 ml per min. 
Fractions (1 ml) containing ATPase (Fig. IA) were 
pooled, the protein was concentrated to 0.6-0.8 mg/ml  
by ultrafiltration and stored at - I0°( ' in 511 mM Tris- 
sulfate buffcr (pH 7.8). When the purified ATPasc was 
submitted to polyacrylamidc clectrophoresis in the 
prcscncc of lC'i SDS according to Lacmmli [llJ], it was 
clc~kr that it was nearly homogeneous as illustratcd in 
Fig. lB. Although the e subunit ran off the gcl shown 
in Fig. I B, it was readily apparent when thc pooled 
fractions were submitted to clcctrophorcsis under dif- 
ferent conditions. 

I'reparation of plasma membrane tesicles. Plasma 
mcmbrane vesicles from M. l.vsodeikticus wcrc prc- 
narcd as follows. M. lysodeikticus cclis (30 g) wcrc 
treated with 3 mg of lysozymc and I mg of DNAsc in 
30(I ml of 10 mM Tris-HCI buffer (pH 7.4), 5 mM 
MgSO~ and 0.25 M sucrose for 20 rain at 37°C. The 
resulting suspension was centrifuged at 1611(1t)× g and 
the sediment was resuspended in the same buffer also 
containing 1 mM ATP and 1 mM. malate to a final 
protein concentration of about 1t) mg per ml. The 
suspension was sonicated for I rain under cooling in 
MSE-50{I W ultrasonic disintegrator at a frequency of 
211 kcyctcs and a current of (J.5 A. Thc sonicatcd 
mixture was centrifuged at 22 !100 >: g and the sedimcnt 
discarded. The supernatant was centrifuged at 14400() 
× g. The pellet was washed in 10 mM Tris-HC1 buffer 
(pH 7.4) containing 0.25 M sucrose and 5 mM MgSO 4 
and thcn suspcndcd in the sarrtc bufler at a final 

protein concentration of about 2(J mg per ml. The 
vesicles were stored in 1 ml aliquots at -20°C. 

Analytical procedures. The protein concentration was 
determined by the method of Lowry et al. [11] using 
bovine serum albumin as a standard. The MgATPase 
activity was assayed with an ATP-regenerating system 
coupled to oxidation of NADH by pyruvate in the 
presence of lactate dehydrogenase. A sample of AT- 
Pasc (10-50 #1) was added to 1 ml of assay reaction 
mixture which contained 50 mM Tris-HCl buffer (pH 
8.0), 2.6 mM MgSO 4, 2.6 mM ATP, 50 mM KCI, I mM 
PEP, 0.2 mM NADH, 10 U of pyruvate kinase and 10 
U of lactate dehydrogenase at 37°C. For determination 
of MgGTPase activity, lactate dehydrogenase and pyru- 
rate kinase were increased to 30 U each. CaATPase 
activity was measured in 50 mM Tris-HCI buffer (pH 
8.(I) containing 3 mM ATP and 3 mM CaCI, at 37°C by 
P~ release was determined according to Rathbun and 
Bctlach [12]. 

Tightly bound nucleotides were analyzed by the 
following procedure. Samples of the ATPase were cen- 
trifuged through the columns of Sephadex G-50 equili- 
brated with appropriate buffer. The protein was pre- 
cipitated by treatment with perchloric acid (final con- 
centration 0.5 N) and separated by centrifugation. The 
precipitate was dissolved in 0.2 M NaOH and protein 
was determined according to Lowry et al. [11]. The 
supernatant was neutralized by KHCO 3 (final concen- 
tration 0.5 M) and after 30 min at 0°C, KCIO 4 was 
removed by centrifugation. The supernatant containing 
extracted nucleotides (about 0.1-0.2 nd)was diluted to 
1 ml with 5(I mM Tris-HCI buffer (pH 7.5). 

Separation of nucleotides was carried out by ion 
exchange chromatography on a Pharmacia-LKB (HR5 
/10 )  Mono-Q column using an FPLC system (Phar- 
macia-LKB). The column was equilibrated with 50 mM 
Tris-HCt (pH 7.5). After loading the sample, the col- 
umn was washed with 5 ml of the same buffer and 
nuclcotides wcre eluted with a salt gradient of 0 to 11.4 
M NaCI in 5(I mM Tris-HCI (pH 7.5) at a flow rate ! 
ml per min. Fractions of (i.25 ml were collected. The 
column was thcn washed with 2 ml of 1 M NaCI 
followcd by 3 ml of 50 mM Tris-HCl, The absorbance 
of the eluatc was monitored at 254 nm. The mM 
cxtinction coefficients of 15.0 for ADP and ATP and 
13.7 for GDP at 254 nm were used. For reference, 
separation of AMP, ADP, ATP, GMP, GDP and GTP 
present in a standard mixture by this method is illus- 
trated in Fig. 2B. Absorption spectra of ADP, ATP 
and GDP isolated by fractionation illustrated in Fig. 
I A werc determined between 22(I nm and 320 nm 
using an LKB Ultraspec recording spectrophotometcr 
in a votumn of 0.2 ml. A molecular mass for the 
ATPasc of 38(11)00 was used in calculations. The GTP 
and ATP synthase activities catalyzed by plasma mem- 
brane vesicles from M. h:~odeikticus were determined 
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Fig. 1. Purificati~ia of M. lysod,"[ktt=~;:, A:lCi~a,c-~,~iSupCm~c 61~). 4----/~) 
5 ml of crude ArPa.s¢ extract (about 2 mg/mtl  were loaded onl~ a 
column ( I × 10l) cm) of Supcro~e 6 ~hich was equilibrated and ,:]ulcd 
wilh 50 mM Tris-HCI (pit 7,Hi v,ith a flow rate t ml per rain. The 
Ca-ATPase ol I0 #1 ~t each fraclion ~'as a~,~,a)cd a', de';crihcd ~n 
'Material.,, and Methods', (B) Pattern of ,,,laincd prolcim, ohlaincd 
after submitting fractions 51t-57 (Fig. IA) to polyac~'lamidc gel 
dectrophoresis accordmng to Laemmli [101 on 12q; gel.,, in ~hc prc~- 
ence of I~; sodium ~1,)dccyl sultate. 54) /zl of each fraclkm ~,cre 
loaded into the v,ells of the designated lanes. The molecular v,eigh! 
standards were: rabbit skeletal muscle myosin. 2tt!11)i1(1: E. co/, / /3- 
galactosidase. 1162511. rabbit muscle phospht)rTlase h, 9741111: bo~,inc 
serum albumin. 662{11): hen egg white ovalbumin. 42699: N)vinc 
carbomc anhydrasc. 311RN): ~ybean l~'psin inhibitor. 21 5(N): and hen 

egg v, hitc ly.,.ozymc 1441HI. 

by the incorporation of [32p]p~ into GTP and ATP. 
Reaction mixtures (I).5 ml) contained 21) mM Hcpcs 
(pH 7,4), 5 mM MgSQ~. I).25 M sucrose. H ~ TPO~ 
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(2.5-10" cpm) I mM KH2PO ~, 1 mM GI)P or ADP 
and plasma membrane vesicles (40 Ng of protein). 
Syntheses wcrc initiated by addition of I(1 mM malatc 
and wcrc carried out at 2(t°C with intensive aeration. 
At 2 min intervals, samples, 5(I #1 each, wcrc removed 
from the reaction mixtures and injected into 0.5 ml of 
2¢k activated charcoal suspended in (.).5 M HCI. After 5 
rain, the charcoal containing [32p]GTP or [33P]ATP 
was collected on glass microfibcr filters (Whatman 
G F / F )  and submitted to liquid scintillation counting. 

Results 

The ATPasc purified from the membranes of Mi- 
crococcus lysodeikticus hydmlyzes CaATP with a spe- 
cific activity of about 3-5/.tmol min- J (rag protein)  
at 37°C. The ATPase activity observed when F~ was 
removed from the membrane, where the ATPase is 
latent in the absence trypsin digestion, might be caused 
by partial proteolytic digestion of a small inhibitory 
subunit by endogenous protcinases [13,14]. As pre- 
sented in Table I. Mg ~ +-dependent ATPasc activity of 
the soluble ATPase in a coupled ATP-rcgcncrating 
system was 1.9 #tool ra in  ~ (,.-rig protein) ~ and was 
stimulated 2-fold by sulfite. The same level of activity 
and sulfite stimulation were observed for the hydrolysis 
of MglTP. However, MgGTP was hydrolyzed more 
slowly with a specific activity of 0.85 gmol r a in  ~ rag-i 
but exhibited 3.5-fold activation with suifite. The high 
level of stimulation of GTPasc activity by sulfite is a 
characteristic of the M. lysodeikticu~" ATPasc that dis- 
tinguishes it from the mitochondriai ATPasc [t5]. 

The tightly bound, endogenous nucleotidcs present 
in a typical preparation of M, I vsodeiktict~s ATPase is 
shown in Fig. 2. From comparison of Fig. 2A with Fig. 
2B it appears that the enzyme contains three different 
tightly bound nucleotidcs. ADP. GDP and ATP. To 
verify that the peak.,, do indeed contain these nu- 
cleotidcs, samples of the different peaks wcrc submit- 
ted to scanning spcctn~photomctry. The spectra of 

1ABI .  t: I 

.4"lPa.w aml  ( ; f f ) ,~ :  ' m m try , l  t~).4 ]l~l~r ~rom 3hcr,~ o~ ~ t~ fy~o&'lk- 

ti~ m 

En~mc activity wa,~ mea~,ured ~'ilh an ATP or GTP regenerating 
s,,~Icm containing 511 mM Tri~-ftC! buffer (I)|! N.t'l). 51) mM KCI. I 
mM PEP, 11.2 mM NADlt. 1() or 3tl 1/of  lactate dchydrogcna~,c and 
pyru~atc : !nose at 37~( ". 

Suhslralc Acli~,il~ Sulfite 
(ynlol rain t acti,,ati~m 
mg t ) 

2.5 mM MgATP 13) 
2.5 mM MgATP. 2~P mM ,,ullitc 4.7 2.5-fi)ld 
2.5 mM MgGTP fl.S5 
2.5 mM MgGTP. 2tl mM sutlHc 3.11 3.5-told 
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Fig. 2. (A) Scp~mlfion ol tightly lxlund cnd~gcnou~, nuclcotidcs 
rcm~wcd from Ihc .~d. h so~h'tkticu~ ATPasc b~ .r LIlli.i}|] exchange chro- 

mah~graphy, l.ooscly hound nuclcolidcs were l'CllWivcd Imm a t).2 ml 
sample of the A'FPa~c (abnul (L5 rag/roll  h~ ccnlrifu~:ation through a 
l.() ml Scph,tdcx (~-511 column cquilibralcd with 5(I rnM Tris-lt( ' l  
(pl l  75). The pr.'.~cin ~as piccipitatcd v, ilh pcrchloric acid. The 
pr~lcin conicnl ~l the ])rt_c,?Jt;itc v,~is determined acc~rtling to 

l.o~r3, c t a l .  Lll]. The supcrnatal~t ~a~ ncutr~dizcd ~ith K|tC(_). i. 
rcccntrifugcd Io t'¢111ov¢ KCIO 4, and lhen suhmillcd lt~ ion exchange 
chronl~llography on a Mono-Q column which v, as clulcd wilh a Na('l  
gr~tdicnt from U to 0.4 M in 51) mM Tri~,-itCI (pit  7.5)al a 11o~ l 'al¢ I 
ml per rain. (B}. Posilio~l t~l' AMP. AI.)P. ATP, (_iMP, GI)P  and (; '[ 'P 

when clulcd from the MonoQ colunm using a gradicnl of EL4 M 
Na(1 in 50 mM Tris-II(.l (pll  7.5) into lhc ~,anac bulfcr al a flow rtltC 

~1 1 ml per rain. rl'hc c~mccnlrali~ms of nuclct~lidc~, wcrc: A M I '  I.~} 
,aM: AI)P. 27,aM" AI f ' .  23 ,aM: (.iMl'. (i.5~ /~,M: (i l)P.  12.5 uM. 

and (ITP. ll.h ,aM. 

samples from peaks 1.2 anti 3 are prcscntcd in Fig. 3. 
('omparis~n of retention times of peaks in Fig. 2 and 
these spcctra with those of authentic samples of AI)P 
and GDP confirmed that peak 2 contained GDP. The 
spectrum of the matcrial cxamincd in peak 3 was that 
of an adenine nuctcotidc (curve 3 in Fig. 3£ Thcrefore 
this peak is concluded to be ATP. Thc small peak 
cluting at 2 rain before the salt gradient was applied 
probably represents traces of protein not precipitatcd 

after PCA treatment which wcrc detected by the sensi- 
tive optical system employed. From the data of four- 
tccn cxperimcnts, the tool of ADP, GDP and ATP 
found pcr tool of ATPasc wcrc 0.4 + 0.1, 0.5 ___ 0.2 and 
0.8 ± 0.2, respectively. 

Other properties of the nuclcotidc binding sites 
wcrc examined. The rcsults of these experiments are 
summarized in Table I1. Fhc ATPase was incubated 
under different conditions, and then separated from 
thc incubation mixture by centrifugation through the 
Scphadex G 50 column. Tightly bound nucleotides 
wcrc then analyzed, 

As presented in Table 11 incubation of the ATPase 
with Mg 2+ or Ca -'+ for 30 min did not change the 
content of tightly bound ADP, GDP or, most impor- 
tantly, ATP. Hydrolysis of tightly bound ATP was not 
ohscrved under these conditions. Incubation of the 
ATPasc with P. resulted in a decrease of the level of 
tightly bound ADP and GDP but did not affect the 
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Fig. 3. Al~sorhtion ,,pcclr~i ol the tighlly bound endogenuus nu- 
clcolidc ~f the M. ly.~udeil,'m'm ATPasc. (A) Absorption spectra of 
peak I(I) and peak 2(2} and pc~,k 3(3} from Fig. 2 (B) Absolplion 
spcclra of 4.7 ,uM AI)P and 5 ,aM GDP in 50 mM [ri.,,-llUl bMfer 

(pll 7.81. 
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TABLE 11 

Elt'ecls of Mg:"  ('a 2 ~, P, ,rod t't', on l(~,llth" t~ound endo.~,emm~ 
nudeotides ml the M ly,¢nh,ikticu.~ I')-,4 H'aw 

Samples, 0.2 ml each, nf M. &~odeiktk'u.~ ATPase preparations 
01.2-0.7 mg of  prolein/ml) were centrifuged through a 2 ml eotumn 
of Sephadex G-SI) equilibrated in 511 mM Tris-lt('l (pll 7.5) or 211 
mM sodium phosphate (pH 6.3), and then incubated under the 
different conditions indicated. Unless indicated otherwise, samples 
were treated in 511 mM Tris-tlCI (ptt  7.5). Samples marked with an 
asterisk(*) were passed through a second centrifuge column equili- 
brated with 50 mM Tris-HCI hefl~re analysis for nucleotides a,~ 
described in Materials and Methods. 

Additions Bound m,cleotides 
(mot/tool F t ) 

AI)P GDP ATP 

None 0.4 II.4 II.9 

None 11.4 I),4 I,() 

None 11.5 I).3 I.(I 

I mM Mg 2~ : 20°(': I min 1).6 {1.5 I).g 
I0 mM Mg 2. ; 21)°(': i min I1.5 11.4 1.0 
t0 mM Mg 2 ÷: 37°C: 31) min I).5 11.4 09 
5 mM Ca 2 ": 37°(': 30 min 0.4 0,3 I.~I 

* 21) m M  Pi (p t t  6.31: . ,7 ' ( ' :  
30 min It. I 0.2 l.i) 

* 10 mM PPi, I mM CD FA: 
37°C; 311 rain 11.4 0.6 0.8 

211 mM P~ (plt 6.3), 
i mM Mg:* : 37°(': 30 rain (i.fl 1).5 0.8 

ATP content. The addition of ! mM MgSO 4 m the 
incubation mixture prevented loss of ADP and GDP 
promoted by P,. Inorganic pyrophosphate in combina- 
tion with CDTA did not promote release of tightly 
bound nucleotides from the enzyme. 

As shown in Table i11, incubation of the enzyme 
with MgATP in the presence of sulfite (at pH 7.5) 
raised the ADP content and decreased the tightly 

TABLE I11 

I';.whatlgc of  tighth" hound emh~g,'n.us .4 TP aml (;DP pr,.m~t,'d hv 
exogenous nuc'h.otidcs 

Samples, 0.2 ml each. of .ll. ly.~odetkti<u~ ATPase 111.2 0.7 mg of 
protein/rnl) were cenlrifuged through a 2 ml column oI Sepha, dex 
G-5(I equilihraled with 511 mM Tris-t l ( ' l  buffer ~plt 7.51 anu then 
incubated under the different conditions indicated. Aflcr i1~cubation. 
samples were passed through two centrifuge column,. 1 ml each. 
equilibrated with lhe ,~ame buffer. 

Additions Bound nucleotide, 
(mol/mol enz.vme) 

ADP GDP ATI' 

In Tris-ltCI (pit 7.5) 
None 0.3 (I.t~ 4k6 
ii.l mM MgATP: 15 mM 

sulfile: 37~(': 30 rain 12 IL2 11.5 

0.I mM MgGTP: 15 mM 
sutfite: 37~C: 3II rain 1).15 I).N I).6 

T,\BI.E IV 

htactit ulion of A I. h'~odcil, titus ,,i lt'a,sc tw 40 ~ .lI qtmtmrmc mt¢~tard 
with and with,rag l'.Iok'l'tlOll~ tHllltr¢lt h gamtx 

The ATPase 111.2 mg/ml)  ~as incubated in 50 mM Tris-ll('l bulle, 
(p]] 7.81 ~ilh 40 ,u M quinacrine mustard m the presence or ab,,ence 
of ligands. Sample,, of the reaclion mixlures ~cre ~vithdra~'n 'at 5 rain 
intervals to dele~ "nine MgATPase activily using the omplcd ATBrc- 
generating system. Pscudo-firsl-order rates t~l im~clivalhm, k', ~erc 
determined tmm Guggcnhcim ph~l~ [25} 

Additions III 2 >~ k ' (m in  t) 

None 8.25 
5 mM Mg 2 7.S 

I1.1 mM MgADP 4.5 
(}. I mM ATP ,.1.4 
0.1 mM MgATP 2.t) 
t).1 mM MgGTP 3.2 

bound GDP content, On the other hand, incubation 
with MgGTP and sulfite lowered the level of tightly 
boand ADP, whereas the level of tightly bound GDP 
increased. Thus, ADP and GDP can exchange with 
each other during turnover conditions. The amount of 
tightly bound ATP did not change under any of the 
conditions examined. 

Quinacrine mustard which has been shown to inacti- 
vate the mitochondriai F~-ATPase by dcrivatizing the 
/3 subunit, [! 6,17] is a potent inactivator of M. lysodeik- 
tict's ATPase as shown in Table IV. As has been 
ob:,erved for the mitochondrial enzyme (Bullough, D.A. 
and Allison, W.S. (1988), unpublished data), adenosine 
and guanosine di- and triphosphates protect the M. 
lysodtikticus ATP against inactivation with quinacrine 
mustard. However, inaclivation of the M. lysodeikticus 
ATPase with quinacrine mustard did not affect the 
tightly bound nucleotide content of the enzyme. This 
ob~er~ation is consistent with evidence presented on 
the mitochondrial F~-ATPase which suggests that the 
site in the /.3 subunit that reacts covalentl~ with 
quinacrine mustard is not part of a nucleotide binding 
site [17,18]. Therefore, binding of nucleotides to their 
specific sites appears to decrease the affinity or reactk- 
it v of quinacrine mustard for its specific site in the 
subunit by indirect effects. 

The presence of tightly bound GTP on the enzyme 
ar:d the observation that suifite stimulates GTPase 
,:ttMty, suggested that the membrane-bound ATP syn- 
thase of M. h'sodeikticus can catalyze GTP as well as 
ATP synthesis. To test this hypothesis, the capacity of 
membrane vesicles to phosphorylatc GDP and ADP 
with [.~2 p]p, under conditions of oxidative phosphoryla- 
tion was determined as described under Materials and 
Methods. The results of this comparison showed that 
33.6 nmol GI-P and 39.5 nmol ATP were synthesized 
per mg protein per rain under the same conditions in 
different experiments. As shown in Table V. GTP-syn- 
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[iTPa.~e ,nntha~sc actt~ t;r o f  3L !v.~odOat,ctt,s p/a~nta membrane t c~icle~s 

(i'|'[~-.%'nlhase acib. iiy was nlca,;urt_'d a', dcscribcd in .Malcrials and 
Melhods. Plasma membrane vcsich,-s t lNI ,~lg o] pmlein/nfl t  ~cre 
Irealed N, {1.5 mM I)('( '!) in lhc Imffcr containing 20 mM I iepes 
(pll 7.4k 5 mM MgS():. 11.25 M stlcro.,,e at 211 (" for 20-25 mm "Ihc 
reaction mixlt, rc was dilulcd 2-fold with lhc ,,;.ffllc tsull~cr no! c~mtain- 
ing DC('D I~ul containing (;I)P (or AI)PI vnd KII-}epo,. S.~nthcsis 
~,as iniliatcd t~x addilion of ill;.dalc [.~ltlani',l at [1.5 r,: did ill.ilL inhibit 
oxidaliv¢ pho.,,phoi3lation in the iil',seilce of I ) ( ' (D .  

nmol [~:P]( iTP rain i 
(rag prolcin) 

None 33.6 
K('N. 0.5 mM 2.7 
F( ' (P,  45 j~M II.II 
I ) ( ' ( ' I ) .  11.5 ll],'M S.7 
!!ihanol, 11.5~; 33(~ 

thase activity was inhibited by 92<,: in the presence of 
0.5 mM KCN, by 74ci after treating the membrane 
vesicles with 0.5 mM DCCI), and by 10(ICr in the 
presence of 4.5 # M F('CP. 

Discussion 

[21] have reported that hydrolysis of GTP or ITP by 
submitochondrial particles is relatively inefficient in 
driving energy depcndeni reactions. However, in con- 
trast to this contention, Matsuno-Yagi and Hatefi [22] 
have recently reported that submitochondrial particles 
catalyze cooperative GTP synthesis. The phosphoryla- 
tion of GDP and IDP was also shown to be catalyzed 
by chloroplast [23] and E. coil membranes [24]. 

The results prescnted establish that tightly bound, 
cndogenous GDP is present on the M. lysodeikticus 
Fj-ATPase when isolated in the absence of exogenous 
nucleotides. Since other F~-ATPases are usually pre- 
pared in the presence of ATP, which would exchange 
with endogenous GDP on catalytic sites, it is not clear 
whether this property is unique to the M. lysodeikticus 
ATPase. or this is a property common to F~-ATPases 
in general. The presence of tightly bound endogenous 
ADP and GDP on a catalytic site of F~ may indicate 
that GTP as well as ATP are synthesized by the F,F I- 
ATP synthase of M. lysodeiktk'tts undm physiological 
conditions. This possibility is strongly supported by the 
demonstration that plasma membrane vesicles isolated 
from M. h'sodeikticus catalyze A'I"P and GTP synthesis 
with equal facility using malate as electron donor for 
oxidative phosphorylation. 

From the results presented it is clear that M. 
h'sodeikticu~ A'I'Pase contains tightly bound ATP, ADP 
and GDP. Incubation of the enzyme with Mg: +, sulfitc 
and GTP (turnover conditions) did not release ATP 
from this binding site, these results strongly suggest 
thal A'I'P is located in a nonexchangeable, noneatalytic 
site of the enzyme. ]'he obsewation that endogenous 
nuclcotides wcrc exchanged during hydrolysis of ATP 
or GTP shows that both ADP and GDP are located in 
exchangeable sites on the enzyme. Although, it was not 
shown that the rate of exchange observed is equivalent 
to thal of turnover, the results presente,t suggest that 
tightly bound endogenous ADP and GDP are on cat- 
alytic sites. 

The observation illat stimulation of the Mg 2~- 
G'l'Pase bv st, lille was greater than stimulation of the 
Mge'-ATPasc activity, by sulfitc distinguishes the bac- 
terial ATPase from the mitochondriai ATPase. since 
sulfite has little effect on Gt'P or ITP hydrolysis by 
mitoehondrial ATPase [15]. Evidence has been pre- 
sented showing that sulfite accelerated the release of 
ADP from the catalytic site of the spinach chloroplast 
ATPase under turnover conditions [191. Thus, the fact 
that sulfite stimulated GTPase activity of the M. 
A'sodeiktk'us ATPase supports our contention that en- 
dogenous GDP is located on a catalytic site of the 
enzyme. 

The F~-ATPases from bovine heart mitoehondria 
and yeast [82(i] and spinach chloroplasts [6] have been 
shown to bind exogenous GTP or GDP. Harris et al. 
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