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The mode of interaction between mitochondrial ATP synthase and two phenothiazine derivatives, chlorpromazine 
(CPZ) and trifluoperazine (TFP), was studied as a model for the interaction of local anesthetic drugs with membrane 
proteins. Photolabeiling experiments demonstrated that CPZ and TFP interact with various subunits of either the 
peripheral F ! moiety or the membrane-embedded F 0 sector. Both drugs, however, labelled the membrane sector much 
more heavily. Qualitative differences in labelling were observed between CPZ and TFP, indicating non-identical sites of 
interaction. These diversities appeared related to the different hydrophobicities of the two drugs since: (a) TFP, which 
has a higher lipid/water partition coefficient, labelled the more hydrophobic subunits more markedly than CPZ; (b) 
reduced glutathione, a hydrophilic free radical scavenger that does not penetrate the membrane continuum, had a 
negligible effect on the labelling by TFP, whereas it reduced the labelling of various subunits by CPZ; (c) the labelling 
by [3H]TFP was poorly antagonized by cold CPZ, whereas it was almost totally prevented by flupbenazine, a 
phenothiazine similar to TFP in hydrophobic character. Consistently, double-inhibition experiments showed that TFP 
and fluphenazine are mutually exclusive inhibitors of mitochondrial ATP synthase, whereas TFP and CPZ are mutually 
nonexclusive. The nature of the phospholipid bilayer influenced neither the labelling nor the inhibition patterns. The 
complex of these data indicate that tertiary amine local anesthetics affect the activity of membrane proteins by 
interacting with a multiplicity of relatively aspecific hydrophobic sites located preferentially, but not exclusively, on the 
membrane-embedded domains. It is suggested that at least two phenothiazine derivatives of different hydrophobicities 
be used in photolabelling experiments, before any generalization is made, since the molecular targets of these drugs 
vary according to their hydrophobic character. 

Introduction 

There ~s now general consensus that the ultimate 
effect of local anesthetic agents ~s on membrane pro- 
terns [1-9] However, the molecular mechamsm underly- 
ing tins effect is still a matter  of considerable debate 
The local anestheUc action has been m turn ascnbed to 
a direct interaction with either the peripheral [1,2] or the 
hpld-embedded moiety [3-7] of proteins, or to an mch- 
rect effect through a general perturbation of the phos- 

Abbrevlataons TFP, tnfluoperazane, CPZ, chlorpromazme, Tns, 
tns(hydroxymethyl)anunomethane, Mes, 2-(N-morphohno)ethane- 
sulfomc acid, SDS, sodmm dodecyl sulfate, PC, phosphaudylchohne, 
PS, phosphatadylserme, SDS-PAGE, sodmm dodeeyl sulfate poly- 
acrylatmde gel eleetrophoresls, GSH, reduced glutatluone 
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phohpld bflayer [8,9] The nutochondnal  ATP synthase 
complex has become a widely used model system for 
such studies (see Ref 10 for a review) It  consists of two 
structurally distract components,  a sector embedded m 
the membrane,  termed F0, winch functaons as a proton 
channel, and a peripheral sector, termed F1, winch cata- 
lyzes ATP synthesis/hydrolysis  The latter component  
can be isolated f rom the membrane  sector m a water- 
soluble form that retains ATPase actlwty [11,12] It  has 
been reasoned that if local anesthetic drugs interact 
with the membrane  sector, no minbltory effect should 
be exerted on the Isolated F t component  On the con- 
trary, slrmlar lrtinbltory patterns should be observed 
with either the isolated F~ or the whole enzyme complex 
if the drug-pro te in  interaction Is at the level of F 1 [1] 
On these grounds, the finding that the isolated Fx com- 
ponent  and the whole, membrane-bound enzyme com- 
plex were slmalary affected by phenotinazanes and other 
tertiary attune local anestheUcs was considered an md~- 
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cation of a selective drug mteraction with the peripheral 
sector of the enzyme complex [1,2] However, other 
observauons such as, (1) the greater sensmvtty of the 
membrane-bound enzyme to the minbltory effects and 
(2) the decreased sensltiwty to the phenotluazlnes m 
condmons that also decrease oligomycin sensitlwty sug- 
gested an effective drug interaction also wath the mem- 
brane-bound F 0 sector [13-15] Covalent labelhng of the 
binding sites can be of help in resolving tins question 
Such a labelhng can be easily accomphshed with pheno- 
thlazanes which are naturally photolabde compounds 
Upon ultraviolet lllununatlon, these drugs convert to 
free caUon ra&cals that react covalently with nucleo- 
phlhc groups present at their binding sites [16,17] 
Therefore, the use of ra&oactwe phenothlazanes allows 
an ~denUficatlon of the phenotbaazane binding sites by 
deternumng the d~strlbutxon of the protein-associated 
radioactivity after SDS-PAGE The possablhtles of this 
techmque have been fully explored by Changeux and 
co-workers in a series of stu&es on the mteractaon of 
chlorpromazlne wtth the mcotamc acetylchohne receptor 
(reviewed in Refs 18 and 19) Such studies have shown 
that tins technique, albeit not strictly quantitative, offers 
suffioent selectwaty for identifying phenothmzlne-bmd- 
mg domains on macromolecules 

Recently, we obtained evadence that the same band- 
mg sites are revolved in the mhabltlon of mltochondrlal 
ATP synthase by either phenottuazlnes or thear photo- 
generated radicals [15] In partacular, the same order of 
potency was observed among photoactwated and un- 
modified drugs The lntubatory efficacy was &rectly 
proportional to the drug hydrophobacaty and reversely 
related to the radical hfetame Tins implies that the 
photolnduced lnacuvation of the enzyme did not occur 
by reaction wath free radicals generated in free solution, 
but was the result of an interaction w~th drug molecules 
photoacuvated at their binding sites On the basis of 
these results, we here apply the photolabellmg tech- 
nique to nutochondrlal ATP synthase Using two phe- 
nothlazme derivatives, trlfluoperazme (TFP) and chlor- 
promamne (CPZ) of high and low hydrophobicaty, re- 
spectwely, and the same enzyme preparations used for 
the inhibition studies [15], we provide direct evidence 
that phenotluazanes anteract preferentmlly with the 
membrane sector of the enzyme and identify the af- 
fected subumts Because of the unexpected results of the 
photolabelling experiments, a e, mutually non-exclusive 
binding of TFP and CPZ, we also performed double-in- 
hibition experiments and confirmed that phenottuazlnes 
of different hydrophob~clty actually interact with non- 
~dentlcal ininbatory sates 

Materials and Methods 

ATP, phosphoenolpyruvate, chlorpromazme HCI, 
trlfluoperazane 2 HCI and all buffers were obtained 

from Sigma, acrylamade and blsacrylamlde from Bxo- 
Rad, fluphenazlne 2 HC1 was a kand gift from Sqlbb 
[3H]CPZ (spec act 26 7 C1/mmol) and [3H]TFP (spec 
act 12 8 C1/mmol) were obtained from New England 
Nuclear, Boston, MA and Rotem, Israel, respectively 
ATP synthase complexes were prepared from bovine 
heart Mg-ATP submltochondrlal particles as originally 
described [20,21] The dehpidated ATP synthase com- 
plexes obtained by these methods were reconstituted 
with phosphohpids according to the cholate-dialysls 
method [22] In summary, 0 2-1 mg of the dehpldated 
complexes were reconstituted with 3 ~mol/mg protein 
of somcated hposomes of either egg phosphaUdyl- 
choline (prepared as previously described [23]) or egg 
phosphatxdylchohne plus 10% HPLC-purlfied bowne 
brain phosphatldylserlne (FIDIA, Abano Terme, Italy) 
m the presence of 2 mg/ml of potassium cholate 
Cholate was then removed by overmght dmlysls against 
1000 ml of Trls-Mes 25 mM (pH 74) at 0°C The 
dialysis medium was changed twice, after 1 and 4 h 
from the start of the dmlysts The ATPase actw~ty of the 
reconstituted complexes vaned from 1 2 to 3 0/~mol/mg 
per mln for Complex V [21] and from 41 to 95 
~tmol/mg per nun for the preparation of Serrano et al 
[20] Protein determination was performed according to 
Lowry et al [24] 

Photolabelhng procedure 
100-200 ~tg of enzyme complexes were incubated 10 

nun under red safety hght with [3H]TFP or [3H]CPZ 
(1000000 cpm corresponding to 0 8 and 0 4 / tM drug, 
respectively) an a final volume of 100 ~1 Tns-Mes (pH 
7 4) Lipid-protein samples were then irradiated at 256 
nm for 15 nun with an ultraviolet, UVSL-56 Mlnera- 
hght lamp (S Gabriel, CA) Tins relatively long ll- 
lununatlon time was made necessary by the low yield of 
the photolabelhng reaction [16] Decreasing the time of 
illumination wtule increasing phenotinazane concentra- 
tions had no effect on the labelling patterns At the end 
of the dlununatlon period, 5 mM ditinothreltol and 
1 5% defatted bovine serum albunun were added to 
prevent possible postphotolytlc labelhng [25] The 
labelled proteins were recovered by centnfugatxon on a 
20% sucrose solution buffered with 25 mM Trls-Mes 
(pH 7 4), in the presence of 1% CHAPS (3-([3-cholanu- 
dopropyl]dlmethylammomo)-l-propanesulfonate) to 
ehrmnate the bound phosphohplds, wluch would other- 
wise alter the electrophoretlc pattern of low molecular 
weight ATP synthase subumts Among the various ionic 
and non-lomc detergents tested (SDS, potassium cholate, 
potassium deoxycholate, Lauryl dlamlne oxide, Triton 
X-100) only CHAPS provided 100% protein recovery 
The pellets were &ssolved in 4% SDS, 3% fl-mercapto- 
ethanol, 10 mM Trls-acetate (pH 8 2) (sample buffer) 
and subjected to electrophoresls on 20 cm long poly- 
acrylarmde linear gradient (13-19%) gels as descnbed 



before  [26] Af te r  s tmmng with Coomass le  blue,  the gel 
pa t t e rns  were recorded  by  scannmg with  a Sh tmadzu  
Dua l  C h r o m a t o  Scanner  CS-930 The  gels were then 
t rea ted  for f luo rography  with  A m p h f y  (Amersham)  and  
the dr ted gels were exposed  to X - O - M a t  5 A R  K o d a k  
f i lms at  - 8 0  ° C  [27] The  in tens i ty  of  the spots  on the 
deve loped  fi lms was de t e rmined  by  scanning  as above  

Double-mhtbttton studtes 
InhtblUon e x p e n m e n t s  were pe r fo rmed  m the da rk  to 

prevent  the poss ib le  fo rma t ion  of  phenothlazane free 
radicals  [28] A T P a s e  actxwty was de t e rmined  at  37 ° C  
b y  m o m t o n n g  s p e c t r o p h o t o m e t n c a l l y  at  340 n m  the 
ox ida t ion  of  N A D H  ill a coupled  lac ta te  dehydro -  
genase-pyruva te  lonase  A T P  regenera t ing  sys tem [21] 
In i t ia l  rates of  hydro lys i s  were used in all  ca lcula t ions  
The  results  p resen ted  are the means  of  three separa te  
expenmen t s  pe r fo rmed  in duphca t e  
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Results 

Photolabelhng of Fo-F ~ A TP synthase complexes 
The  p r e p a r a t i o n  of  Ser rano et al [20] and  Complex  V 

of  St iggall  et al [21], p rev ious ly  employed  for  the m-  
lubltlOn exper imen t s  with p h o t o a c t w a t e d  pheno t tua -  
zanes [15], were also used for  the pho to l abe lhng  experi-  
ments  These  enzyme p repa ra t i ons  a p p e a r e d  to be  par-  
t lcular ly  sui ted  for  such exper iments ,  since they are 
lughly  pur i f ied  and  fully charac te r ized  in their  subumt  
compos i t ions  They  are  ob ta ined  as hp ld- f ree  inact ive  
complexes ,  that  can  be  reac t iva ted  by  recons t l tu t ion  
with p h o s p h o h p l d  l lposomes  Therefore ,  the poss ib le  
inf luence  can be  eva lua ted  of  the compos~tton of  the 
l ip id  m a t n x  on the d rug -p ro te in  in te rac t ion  In a d d m o n  
to the F 0 - F  1 complex ,  the p r e p a r a t i o n  of  Ser rano et al 
[20] con ta ins  the a d e m n e  nuc leo t lde  carr ier  which is 
hke ly  to in te rac t  d i rec t ly  with A T P  synthase  [29] and  

A 
COOMASSIE BLUE 

Pqq ~ 

B 
FLUOROGRAPHY 

a b c d e f g h a b c d e f g h 
Fig 1 SDS-PAGE and fluorography of ATP synthase Samples of phosphohpld-reconsUtuted enzymes (about 100 #g protein) were incubated 10 
nun under red safety hght with [3H]TFP or [3H]CPZ and then irradiated at 256 nm for 15 mm with an ultraviolet lamp as described m Materials 
and Methods The labelled protems were recovered by centrffugataon on 20% sucrose soluuon buffered wtth 25 mM Tns-Mes (pH 7 4) m the 
presence of 1% CHAPS The pellets were dissolved m the sample buffer and subjected to electrophoresls on a 20 cm long polyacrylarmde hnear 
gradaent (13-19%) Greek letters mdlcate the F1 subumts Numbers denote the bands found assocmted with F0, according to Montecucco et al [26] 
ANC and OSCP denote adenine nucleotlde earner and ohgomycm sensitivity confernng protein, respectively Subumts 4, 5, 6 and 8 are also 
referred to as ATPase mlatbltor, F6, A6L and DCCD binding protein, respectively (A) SDS-PAGE of Coomassle blue-stamed egg-PC/Serrano et 
al [20] ATP synthase (lane a), egg-PC/complex V (lane b), egg-PC/10% PS/Serrano et al [20] ATP synthase (lane c), egg-PC/10% PS/complex V 
(lane d) These patterns were obtained from enzyme preparattons labelled with [3H]TFP Lanes e, f, g and h represent the Coomassle blue-stmned 
electrophoretlc patterns of the same enzyme preparauons, m the same order, after labelling with [3H]CPZ (B) Fluorograms of [3H]TFP labelled 
egg-PC/Serrano et al [20] ATP synthase (lane a), egg-PC/complex V (lane b), egg-PC/10% PS/Serrano et al (20] ATP synthase (lane c), 
egg-PC/10% PS/complex (lane d) Lanes e, f, g and h represent the fluorograpbac patterns of the same enzyme preparations, m the same order, 

after labelling with [3H]CPZ 
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F~g 2 Photolabelhng w~th [~H]TFP of phosphohpzd-reconstztuted 
ATP synthase complexes Densztometnc traces of Coomass~e blue- 
stained egg-PC/Serrano et ai [20] ATP synthase (A) and egg-PC/ 
complex V (B) Densxtometnc traces of fluorograms of egg-PC/ 
Serrano et al [20] ATP synthase (C), egg-PC/complex V (D), egg- 
PC/10% PS/Serrano et al [20] ATP synthase (E) and egg-PC/10% 
PS/complex V (F) The dens]tometnc traces of Coomass~e blue-stained 
SDS-PAGE and of fluorograms were obtained from the gels and 
fluorograms shown in Fig 1, recorded by scanmng w~th a Stumadzu 
Dual Chromato scanner CS-930 at 570 nm For symbols see legend to 

Fzg 1 

has been shown to influence ~ts interaction with either 
drugs [29] or phosphohp~ds [23,26] F~g 1 shows the 
electrophoretxc and fluorographlc patterns obtamed 
from the Serrano et al [20] preparation and complex V 
after reconsututzon w:th zsoelectnc or acidic phospho- 
llp~ds and ultrawolet lrradmUon m the presence of 0 8 
/~M [3H]TFP or 0 4/~M [3H]CPZ Isotop~cal dlluUon of 
[3H]TFP or [3H]CPZ with unlabelled TFP  or CPZ up to 
their I50 values (7 and 20 ~M, respecuvely, see below) 
had no effect on the labelhng patterns The correspond- 
mg dens~tometnc traces are shown m F~g 2 for [3H]TFP 
and F~g 3 for [3H]CPZ From these figures ~t xs ewdent 
that e~ther drug labelled both the F~ and the F 0 compo- 
nents of the two ATP synthase complexes However, if 

the relatwe molecular wezghts of F: and F0 are consid- 
ered, the latter component appears much more heawly 
labelled For  example, with complex V and TFP  (Fzg 
2B and D) the raUo of fluorograpluc to Coomass~e blue 
area was 0 41 for F: and 1 55 for F 0 Sznular values were 
obtained with CPZ or the enzyme preparation of Ser- 
rano et al [20] Unexpectedly, as zs apparent from a 
comparison of Figs 2 and 3, the two drugs exhibited 
somewhat different labelhng patterns As far as F 1 was 
concerned, TFP  labelled more heawly the V subumt 
than did CPZ In addition, TFP  did not label subumt ~, 
whereas CPZ did not label subumt 8 Neither drug 
labelled heawly the a and /3 subumts, ff one considers 
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Fzg 3 Photolabelhng wzth [3H]CPZ of phosphohpld-reconstatuted 
rmtochondnal ATP synthase Densltometnc traces of Coomassle 
blue-statned egg-PC/Serrano et al [20] ATP synthase (A) and egg- 
PC/complex V (B) Densltometnc traces of fluorograms of egg-PC/ 
Serrano et al [20] ATP synthase (C), egg-PC/complex V (D), egg- 
PC/10% PS/Serrano et al [20] ATP synthase (E) and egg-PC/10% 
PS/complex V (F) The densltometnc traces of Coomass~e blue-stamed 
SDS-PAGE and of fluorograms were obtained as m F~g 2 Symbols 

as m Ftg 1 



the amount of protein mass contnbuted by these poly- 
peptldes. For  example, with TFP  (Fig 2,) the ratio of 
the fluorographic to Coomassle blue areas for the a and 
fl subumts was 0.20-0 25, as compared to 0.40-0 60 for 
the y subumt and 0.65-0 75 for the 8 subumt 

Different labelhng patterns were observed also for 
F 0, TFP interacted more extensively than CPZ with 
subumts 3 and 6-7, whereas CPZ showed greater affin- 
ity for subumts 1 and 2 Moreover, TFP  did not label 
subumt 10, whereas CPZ did not label OSCP as well as 
subumts 8 and 9 Subumts 4 and 5 were labelled by 
neither drug. The ademne nucleotlde career, when pre- 
sent, was heavily labelled, but did not alter the profile 
of labelling of the other polypeptides, so that no quali- 
tative differences in labeUmg pattern were observed 
between the two ATP synthase complexes For this 
reason only one enzyme preparation was used m the 
subsequent experiments The mode of labelhng was also 
independent of the charge of the phosphohpld bilayer 
The presence of negatively charged phosphohplds, that 
bind catlomc amphipatic drugs more strongly [30], 
merely reduced the amount of protein-bound radioac- 
tivity. With TFP, this effect included all polypeptldes 
and was particularly evident for subumt 6-7 of the F 0 
component Although with CPZ the labelhng of the 
ATP synthase complexes was even more markedly re- 
duced, the interaction with the adenine nucleotide car- 
her was virtually unaffected, indicating a much stronger 
afflmty of CPZ for this protein 

A different labelling pattern of F 1, 1 e ,  much heavaer 
labelling of the fl subumt, has been observed by Laikmd 
and Alhson [31] with the physlcochermcally related drug 
qumacrme The posslbthty was, therefore, explored that 
the lack of labelling of certain subunlts by the pheno- 
thiazmes was due to a lack of react~vaty of such subumts 
towards the drug radicals rather then a lack of afftmty 
for the parent drugs To this purpose, we performed 
labelling experiments also m the presence of the SDS, 
which causes enzyme dissociation and denaturation 
Fig 4 shows that, after treatment with SDS, all subumts 
were labelled by both drugs In particular, subumts a, 
fl, 4, 5 and OSCP, which did not interact slgmficantly 
with photoactivated drugs when the enzyme was m its 
native conformation, were markedly labelled after ex- 
posure to SDS This indicates that reactive nucleophihc 
groups are present also on these subunlts and the lack 
of labelling of such subumts m the native enzyme was 
due to a lack of receptor sites for the parent drugs 
rather than a lack of reactlvaty towards the free radicals 
The differences m labelling patterns between pheno- 
thiazmes and qtunacnne are most likely related to the 
different mechamsms of Interaction of these drugs with 
F 1 Unlike phenothiazmes which are noncompetitive 
mhibltors [14], qumacnne competes with the substrate 
[31] and is, therefore, expected to label the fl subumt 
wluch contains the catalytic site 
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Fig 4 PhotolabeUmg with [JH]TFP and [3H]CPZ of SDS-treated 
ATP synthase Samples of 100/~g of Serrano et al [20] ATP synthase 
not reconsUtuted wRh phosphohp~ds were premcubated m 20 /~1 of 
Tns-Mes 25 mM (pH 7 4) contatmng 2% SDS and 0 8/~M [3H]TFP or 
0 4 ~tM [3H]CPZ under red safety hght for 10 mm and then trradlated 
for 15 nun at 256 nm The labelled proteins were tmmechately 
chssolved m 20 /xl sample buffer and subjected to SDS-PAGE and 
fluorography as described m Materials and Methods (A) dcnmo- 
metric trace of Coomassm blue-stained enzyme preparauon (B) and 
(C) denmometnc traces of fluorograms obtamed after labelhng w~th 

[3H]TFP and [3H]CPZ, respectavely Symbols as m Fig 1 

The contention that CPZ and TFP  do not possess 
identical binding sites was further tested by means of 
cross-competition experiments between labelled and un- 
labelled drugs. For  these experunents a hpld-free en- 
zyme preparation had to be used, since the detergent 
effect of phenothiazlne derivatives m the mdhmolar 
range [32] prevented a good protein recovery of the 
phosphohpld-reconstituted complexes (see also Meth- 
ods). Fig 5A shows the profile of labelling of the 
preparation of Serrano et al [20] by 0 8 #M [3H]TFP 
In the presence of 0.5 mM cold TF P  (Fig. 5B) no 
slgmficant labelhng could be observed of any of the 
subumts. By contrast, unlabelled CPZ, at a concentra- 
tion as high as 3 mM (Fig. 5C), could not prevent the 
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Ftg 5 CompeUtlOn between radioactive and unlabelled drugs Sam- 
ples of 100 pg of Serrano et al [20] ATP synthase not reconstituted 
with phosphohplds were premcubated with 0 8 pM [3H]TFP m the 
presence or absence of 0 5 mM unlabelled TFP or 3 mM unlabelled 
CPZ m 20/~l of Tns-Mes (pH 7 4) for 10 mm under red safety hght 
and then, u'radlated for 15 mm at 256 nm The labelled proteins were 
lmmedmtely dissolved m 20 #i of sample buffer and subjected to 
SDS-PAGE and fluorography as described m Materials and Methods 
(A) Densltometnc trace of fluorogram obtained after labehmg voth 
0 8 #M [3H]TFP, (B) the same m the presence of 0 5 mM unlabelled 
TFP (C) the same m the presence of 3 mM unlabelled CPZ Symbols 

as m Fig 1 

mcorporation of [3H]TFP into numerous subumts, 
especially OSCP and subumts 3 and 6-7 of F 0 as well as 
subunlts y and 8 of F i This lack of competition ap- 
pears consistent with the results of Fig 3, showing weak 
or no labelling of such subunlts by [3H]CPZ In experi- 
ments not shown, partial cross-compeutlon was also 
observed between [3H]CPZ and unlabelled TFP, whereas 
virtually total competition was observed between 
[3H]TFP and unlabeUed fluphenazlne, a phenothiazme 
denvauve similar to TFP m hydrophobic character [33] 
Since the different hydrophoblCltles of TFP and CPZ 
appeared to be responsible for their different labelhng 

patterns, we exalmned the effect of reduced glutattnone 
(GSH) on the labelling reaction This hydroptnhc free 
radical scavenger does not penetrate the membrane 
continuum and has been used to discriminate between 
surface and hpid-embedded binding domains [25] With 
the more hydrophobic TFP molecule, the photolabelhng 
pattern remained qualitatively unchanged in the pres- 
ence of excess GSH (cf Fig 6A and C), suggesting that 
the binding domains of TFP are mainly buried within 
the membrane at the pro te ln /hp ld  interface This result 
also excludes that the observed incorporation of radio- 
activity was the result of a pseudophotoafflmty label- 
ling, since GSH is a highly effective scavenger for 
phenothiazlne radicals [34] With the less hydrophoblc 
CPZ molecule, the labelling of various subumts was 
slgmflcantly reduced (cf Fig 6B and D), suggesting a 
preferential interaction of this drug with sites accessible 
from the external medium 
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Fig 6 Effect of reduced glutatlnone on the photolabelhng patterns of 
[3H]TFP and [3H]CPZ Samples of about 100/~g of Serrano et al [20] 
ATP synthase reconsututed with egg-PC were premcubated voth 0 8 
pM [3H]TFP or 0 4/ tM [3H]CPZ m the presence or absence of I mM 
GSH The samples were then treated as described m the legend to Fig 
1 (A) densltometrlc trace of fluorogram of the enzyme preparation 
labelled with [3H)TFP, (B) densltometnc trace of fluorogram of the 
enzyme preparation labelled with [3H]CPZ, (C) and (D) the same as 
in (A) and (B), respecUvely, m the presence of I mM GSH Control 
experiments demonstrated that 1 mM GSH had no effect on either 
the enzyme act,wty or the lnhthltory effect of phenothtazlnes Sym- 

bols as m Ftg 1 
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Fig 7 Double-mlubmon expertments (A) mteractaon between TFP and CPZ, (B) lnteracuon between TFP and fluphenazme (FPZ) The enzyme 
preparation of Serrano et al [20] reconstituted with egg-PC was used for these experiments Idenucal patterns of interaction were obtained when 
the enzyme was reconstituted with negatavely charged phosphohptds, or complex V was used instead of the preparation of Serrano et al [20] 

Experimental condmons were as descnbed m Materials and Methods 

Double-mhtbltion expertments 
Since TFP and CPZ [15] as well as other phenothla- 

zme denvaUves [13] produce quahtatlvely identical m- 
lubltton patterns, these drugs were expected to interact 
with identical sites The lack of mutual competition 
observed m the photolabelhng experiments led us to 
analyze the interaction between TFP and CPZ by means 
of mlubmon experiments, using the double-mlubmon 
techmque of Yonetam and Theorell [35] Since this type 
of analysis apphes only to hnear mhlbltors, phenotlua- 
zanes were kept in a concentration range where they 
produce essentially linear inhibitory effects According 
to tbas method, one mlubltor is vaned at different 
constant concentrations of the other mlubltor and the 
data are analyzed by means of the Dixon plot Parallel 
lines are obtamed in case of mutually exclusive mlubltor 
binding, whereas nonexcluswe mlubltors 2held converg- 
ing hnes It has also been shown that, if at least one of 
the mhtbitors is noncompetatlve, the point of conver- 
gence hes on the absclssal axis m the absence of mtubl- 
tor-mhlbltor mteractlon [36] Fig 7A shows that with 
TFP and CPZ, both noncompetmve lnlubltors of mtto- 
chondnal ATP synthase [13-15], the lines converged 
near the absclssal axts, mdicatmg weak antagomsm 
between the two mbabltors When the mteractaon be- 
tween TFP and fluphenazane was analyzed, nearly 
parallel lines were obtained (Fig 7B), conslsent with a 
virtually exduswe binding of the two drugs The value 
of the mhtbltor mteractaon factor, determined by fitting 
the mttlal velocity data to the appropnate equation [37], 
was 1 2 for the CPZ-TFP pair, whereas proved to be 
very large, 12.3, for TFP and fluphenazane Thus, the 
results of the double-mlmbmon analysis appear fully 
consistent with those of the photolabelhng experiments 

and prove that phenotluazanes of different hydro- 
phoblotles actually mteract with different inhibitory 
s i tes  

Discussion 

The reversible interaction of local anesthetic drugs 
with membrane proteins has been recently characterized 
in detail by means of various techmques, lncludmg 
lnlubltlon [6,14,15] and eqmhbrlum bmdmg studies [38], 
differential scanning calonmetry [4,7,39] and fluores- 
cence [7,40] All these studies came to the conclusion 
that the protein component rather than the hpld matrix 
Is the primary target of membrane-active drugs How- 
ever, the exact localization of the drug bmdmg 
domain(s), 1 e,  on the peripheral or the hpld-embedded 
sector of membrane proteins, could not be unequiv- 
ocally defined One approach to the identification of 
drug bmdmg domains revolves covalent labelling of the 
drug binding sites Phenothxazanes are well suited for 
ttus purpose since, by virtue of thetr inherent photola- 
blhty, they do not require introduction into the mole- 
cule of a photoreactive momty wluch is likely to alter 
thetr binding properties and reduce their selectavity The 
fact that identical binding [18,19,41] and mbabltaon [15] 
patterns have been observed with either unmodified 
phenotluazmes or thetr photogenerated radicals testifies 
to the selectivity of photoactlvated phenothlazanes 

The photolabellmg experiments presented m tlus re- 
port have shown that CPZ and TFP at concentrations 
lower than, or comparable to, their I50 values label 
numerous enzyme subumts They have also shown that 
these drugs do not mteract exclusively with the periph- 
eral F 1 moiety, but bind preferentially to the 
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membrane-embedded F 0 sector These data proxade an 
explanation for the results of intubltion studies, which 
were compatible with the presence of multiple inhibi- 
tion sites and showed that the intact F0-F 1 complex was 
more sensitive than the isolated F 1 to the phenottuazme 
inhibitory effects [13-15] 

MulUple binding sites for local anesthetic drugs have 
also been detected on the mcottmc acetylchohne recep- 
tor, where a population of 10-30 ' low affinity' s~tes for 
CPZ has been estabhshed and tentatively locahzed at 
the p ro te in /hp ld  interface [38] On the basis of fluores- 
cence measurements, approx 60 binding sites on l=l- 
ATPase have been proposed for tetracame [40] These 
observations led to the proposal of models in which the 
local anesthetic acuon is wewed as the result of the 
ampluphde interaction with a multlphcity of relatwely 
aspecipluc, hydrophobic sites As a consequence of these 
interactions, small structural perturbaUons are pro- 
duced wluch interfere wtth the normal functions of 
proteins [5,42] The present finding that CPZ and TFP  
produce quahtatively indistinguishable effects by inter- 
acting w~th nomdent~cal lnlubitory sites constitutes a 
wrtually conclusive evadence in favor of these ideas It  
should be noted that the concept of a relaUvely non- 
speofic hydrophoblc bmdmg has also emerged regard- 
lng the interaction of phenotluazlnes with calmoduhn, 
whtch had been xmtlally assumed to be very specific 
[43,44] With this protein, potentiation rather than com- 
petition has been observed between CPZ and TFP, at 
low drug concentrations (45) 

The difference m binding sites observed m tills study 
appears to be related to the different hydrophobtctties 
of the two phenothaazmes, as revealed by several ob- 
servations (a) TFP, the more hydrophobic one, labels 
much more markedly than CPZ subumts 6-7 and 8-9 of 
F 0, whtch are identified as the proteohpld A6L and 
D C C D - b m d m g  protein [26,46,47], two membrane-em- 
bedded subumts of high hydrophoblcity, (b) the hydro- 
pluhc free radical scavenger GSH prevents much more 
efficiently the labellmg by CPZ than by TFP,  (c) in 
either photolabelhng or inhibition studies poor  
antagomsm is observed between TFP and CPZ, whereas 
virtually complete mutual exclusiwty is observed be- 
tween TFP and fluphenazme, a phenothtazane derlvatwe 
with hydrophobic character very smular to TFP  Since 
vanous phenotluazane denvatives are used as phototype 
drugs for investigating the molecular targets of catiomc 
amptuphlhc agents, the observed chversitles suggest that 
cauuon should be exerted in companng  the results of 
studies employing different phenottuazane derivatives 
The more hydrophoblc TFP molecule appears highly 
preferable for photolabelhng experiments, since it con- 
sents a much better resolution of the fluorograptuc 
peaks (cf Fig 2 and 3) However, it seems advasable 
that at least two phenotluazme congeners of different 
hydrophobIcmes be tested, before any generahzation is 

made about the mode of binding of these drugs 
In summary,  this study has presented ewdence that 

phenottuazlnes do not interact selectively with F l, but 
bind to multiple sites located on both the penpheral  F 1 
moiety and the hpid-embedded F 0 sector of the enzyme 
It has also shown that the binding domains of such 
structurally and pharmacologically simdar drugs as CPZ 
and TFP  are not overlapping, but are strongly depen- 
dent on their hydrophoblc characters These observa- 
tions have been interpreted as indicating that the action 
of local anesthetic agents is the results of structurally 
nonspeciflc interactions with both the penpheral  and 
the integral components  of membrane proteins The 
methodologtcal lmphcat~ons of the differential labelhng 
by the two phenothtazanes have also been discussed 
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