POTENT NON-PROTONOPHORE UNCOUPLERS ACTING ON NATURAL AND ARTIFICIAL MEMBRANES
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AbsfraCl-The uncouphng propenîcs of 10 ncw symmctrica\ phcnylure:ls. includini! S.J\•'•bis-H-triP.uoromelhylphenyl).ureJ.. 1'1 cre in\ cstig:lled. Four compounds were shown to he powerful uncouplc;s. Thc resull is :1 proton lransfer :lcross lhe orpncHe•. membrJ.ne. These symmelrical phenylureas cannat he classified among the mJ.in e13ss of uncouplers \acting lh~ough 3 prolonophoric mech3nism), due ta their in3bility to cxchange pr~tons in 3 rJ.nge of pHs betw.:en :! and 9. The most potent uncouplers of th.: series induccd perme:lbiliz:l!ion of anilka\ bib.yer membr3nes (wilhout prolein) te both H" and monov:llenl c:ltions (K•. :-<3•) and did not incre:lse the rate of diffusion of a small uncharged molecule lureal. The uncoupling properties for such molecules are due neither to their ability to induce conformational change:> in membran<: protein nor 10 their effect on phospholipid bil:1yer fiuidit~. They seem to c~3nge the regular orpnizalion of :he polar lipid bila~er.

1....

ln ::a prC\iOUi paper (1]. ""e desc::~sorne biologieal propenies of :1 s~mmetr1cal phe:tylurea: S,S••bis-\4-trinuoromelh~•lphen~I).ure:ltVSpCF J ). Among severJ.I inlereslÎng activlti.:s ",hich ""cre observed in isol:lled oqpnelles. lhis compound was s:Jown to be a highly pOI.:nt uncoup\er, The result of il> aclÎon i5 a proton tr3;'tsfer through the biologiea! membrane. leading tO a collJ-pse of the proton gr:l.:iient requircd for ATP s~'n' thesi:>. The effeeti\'enCSi of t1".is cOr.1pound is comp:lrJ.b\e to the protonophorc râcre;;..:e un':ùupler CCCP [:] Of to phlanetin. a naturallipophilic fia•.onoid e'tlracled from plane'lree buds [3] bl:! its mode oi ;lction is dilfe-rcrll: the s~mmetocal phenylu~ca b<:ng a n~n'protonophorc. The ph~siologi..,:J.'interes: ùfth:s mo1e,';\e led U$ tO s~n,hesize a;,\.:i s:ud~10 deri\:l::\~S of ::-te $a:::e family in.:1u.:ilnj:th.: S.S •bIS•t~"I:lfiuor.:o::1~lh~~rhe:1~lt.urea. It se::ns 10 l'C d :l ~reJ: ir:l?OnJ;1':~Î.:o: the und~rs:JnJln~of th: u:-..:oupltn! m<:ch:l!"j;~tO k:lo',I, I:.:ow su.::: nO:H('nIZJ~l: c.,)r:1poun":s C:ln un,_'up!e ..,:r,p::<:::e,. F~,~thi~FU:;'os~. thts pap.:r reports s.:o:::e fur: :-ter ln \ ::'ilip!i.:on~on HlÎn.;tal bi1J\'~t membr3nes i:l HI a:::mpl t..J g:1În insighl int~' the m01~..:ulJ: m<:,h:lni:ir:1 b~'" hl.:h l;":s mùk,u!e C:l;,\ ind'.:.:e :l ;:orotùn tr:lnskr ac~,'ss th~bic-l.:oi=:.;al m~mbfJr.~s. Tl':(':r m~'Je cf J.;lion ,oul~b< 1.:0 :-rir.g .f:OUl a ,:ùnr.:>r.:uti.,)nJ-! dlJng: in the lr3n~:::embrJn(' p-,c~:ns. 1:3.::1m~tO:l H' ~rrne3billly (.;. 5] or il cha~gc in the crganizac:on or aclî.i(~of the phospholipld bib.:.:: [6].

RESllTS

Pi: ....sical conSC<lnts of ch" symm<,:r:ùll ph"r..d:.or",Jj

The :lbilit~• of lh.: symmelrk:l~phen~k:::l:i tû ionizw u studled. ln order to do tl:i~. U.... sp«:tral ~hifts èependent on pH change lbet.... cc:l 1. and 9) ...-~r(' looked f..-.r. :-';0 signitkJ.nl sp<ctt:ll \•30J.l:.,)I'IS .... cr~ùb:>O:f\Cd. This mdic3ted that the s~m:netnc31 ?hen~lur~:lS. SI.:c!l 3.S l"S,1CF) (1]. are unabk to ionl."::. Simila: results l'Icre obuined b~3 cbssical titrirr:e:r...: meihcJ.

Wc :lis,,) determincè the hpùph:;:,-ti~of ::-.e cOr.-1;xJum!s b~threc rneth"ès. The p3:111icn ":\'('ffi'::e~,: P. e\;,r::>t <~logP la cùn\en:lonJ! rr.('3~,;:::nent cr th.: llt"'rhi-E.;::~1. , Il '" 3S mCJ:Hl~:.! sF"":lr~'r::~'tOr.1C::-:'::l!I~lhrough ~''::Jnol "" :lier pJrtitlùlling. Th~::-.CJSlH<::::e;11 cf the lipoj'i':.ili.:ily by lhe putillùnlnj: me::,,,..: IS net::'er:l:l a~'l:l,H3te r.,'r an C.H~techniqu<: fer ~\:.:h hlghly ilp..,phih: com-r~'\:ndi. Onl~Il1rec èe:-i13'.I'CS "'cr: rr.<:~'.:rc": by thi; r::eth~'J ... ilh iufficient a';,'JrJ,~: \:1 "'.1'; estir:u:ed br c\<:rs31 pha;;c TLC on illl.;,a•CI~,:'-I<:OH-H;O. 17:3) 3;1~\31 "':li C:lkulltcé t::eù:ctt.:J.!::-b~' a :::c:hod 

-l•O~le -l.~1e -1-Cf) 3.-l•diCl 3-Cf, ]•0 -l•CI )•\k 3-0:-"[( Subllirulion
" t:SpCfJ " U.1"",ol.m,-1 \ ,OO" ----' 1:0 ".\1 100 1 ,
.~1 00 KC" 2 mi~" " Fig. l. ?olarogrJphlc lrJe:s sh,;;":ng lhe: ur.eoupling :lcli\"il~of L'SpCF J on Attr c~lIs (0..13 mg pr,Jlein ml-').lI! Rc:spiralor:conlrol Ir:lC~: (2) re~pirJ:.:'ry cl'n:rol Ir:le: in th~pr~se~ce of CCC? llOA nmol mg -1 prOleirll; l)l respirJlOry lr:lee in lhe presenc: of L:SpCF J . "'u!Tlber~.:In lh~Iraces reler 10 nmol 0, consum.:d min-l mg-' pr"Ie:Il\. KC;\": 100 16.7. 26.~. 32.5 and JS.1 nmvlmg-l protein of USpCF,. l'Sm.pCI. L:SmCF l :l:1d L'SmCL res~cti\"el>•. induced the same increJ.se of the cy:lnide-sensiti\"e respira tOry r:l.le:lS lh:ll obl:lined w~lh CCCP, Po.'rrr. ....:bili:..:rian ai <Jr:if.,:i.. li Ctd,,:.~•..r rr.o.'mbr..:r..' '" ;';':.lnS ily li:.. symtr...lr:.-o.l/ pl:..n.d:.lN":S Lirùso:n::> ale usua!!y im~<:~I':1C:J.:-;e 10 p":.:-ns 3na th:s '''3i the case for the i.:t:•.l 1e.:ilh::I liiX\s,,-;::c:s Ui:C in titi;; .:ua:•. H~nk!ù r.lelhod (~J :>~O...S IhJ! the F't:::ie:l":lil-iZJ!:.:>n of liposome:! tù callor.s C:l:l be obt3~:lcC 3f,:r 3ddltiùn of :ln un..:oupk:. \\': fùilù ...•C'd l1::e c!ec:rùn 1:J.nsfe: be!"'~1I3:l e.,:emJ.l h~d:ophi1:..: r:du..::.:-r un3ble lù p.:ne:rJ.le inl\) lipos.,)mes liùciu::l JScorbJ.:el 3::d :l h~~rophillc :leCepl.,)r endost.! III Epùscmc:s (JXll3isium ferric~3{HCel ... ah a li~phll:c e!e<:tron CJ.rricr \:elr3• l::e:;'~'I-p-phelly1c:'l~iJmill(: T~I?DJ ... hich CJ..:1 (:15il~' C:OSi the :lr:ificiJ.! mer:lbr:lne. The tr.l:'lSmembr.Hle H-g~:ldienl limia slrictl~' the elc..::tron tranifer :lCTOS! the memhr3ne. The uneoup!cr ind:.:cîng :l H -rcrn:e:lbil.iz• j,.M. ROUTASOUl Il al.

ation. suppresses the transmembranc charge gradient, and consequently increases the ferricyanidc reduclion raIe. USpCF J (25 !1:Vlj induced a 12-fold increase in the average reduclion raIe of the inoer ferricyanide {Fig. 2) which rose from 0.059 to Q.186A min-1 du ring the firs! 4 min. This increasc corresponds to a rapid transfer of cations acress the liposome membrane. Under the samc e.,perimental conditions, USm,pCl, USmCfJ. USmCI and USpCI induced an increase in the reduction r:lte of Q.I.tO. 0.122. 0.082. O.Q.lS dA min -1, respectivcly. Olher s;.mmctrical phenylurca daivatives were withoul effect. For comp3ri,;on. the prolonophore refcrence uncoupler p\;l.lanetin. al 2511\1. induccd an increas~in the rerri.:yanid~rduction r3t~whi.:h was onl~' 1.5-fold higher (0.065~.-l.min-l) than that of the untreated sam pie.

Similar results were obtained when measuring the liposome swelling rate in isoosmottc NH~Cl medium. Figure 2 shows that 25 >l\l of USpCf J induced an average swdling r:lle of 0.11 ~A min -, during the first 4 min when the untreated sample remained unchanged. Under the sa me experimental conditions. USm,pCl, USmCF J' USmCl, USpCl and reference uncoupler plalanelin induced an a v~rage raIe of swelling of 0.035, 0.055. 0.030. 0.023. 0.065 L\.-l. min -1. r~specti,•ely. The other producls of the series were ineffective.

Correlations wer~studied between the uncoupling .1cti.•ity on organelles and cdls (D Jo ; nmol mg-' j and the induclion of liposome H -perm~.1bi\iZ3.tion (-".-1 min -'). The best correlations were round wilh lhe p<::rmeabiliz• :llion values Obl:lin~d wiù the liposome swe\ling r:lte Reference K + carrier, valinomycin, al 25 >lM, induced an average rate of swelling of 0.055 6A min -1.

M odijicalion of rhe membrane jluidilY

Liposomes spontan~ously swell in a ur~a isoosmotic medium. This sma\! mol~cule. without charge. diffuses slowly across the m~mbrane inducing a chang~in the osmotic pressure and as a consequence an influx of ....ater. Addition of USpCFJ did not change the speed of penetration of urea suggesting that the symm~[rical ph~nylurea did nOI modify the membr:lne fluidity. E..en after a 15 min incub:ltion period with the symmelrica\ phen~'l urea. the penetr:ltion rate of urea remained Uneh3rlged.

DISCLSSIO'"

Several derivatives of the symmelrical phenylurea ~r ies studied here ar~among the most pow~rful uncoupkrs of phosphorylation proc~sses. Due to lheir non•ionizability. these highly lipophilie compound; [1. 10] '::lnnOl transport H• directl:. as c!assical uneoup1ers do [2. 11-16].

Among the studied ser.~s. onl~' p or m CFJ. p or m Cl or m.p diCl dcriv:ltlvcs are polent uncoup"ers. The other symmetrical phenylureJs are almosl ineifecti.'e as un• couplers. A very high lipophilicilY seem.> 10 he required . in this series. to show potenl un.:oupling JctiC'rl (logP > 4.34). ln facto :l multiple !inear reg~ession eorreb• lion sludy belween ph~sico-ehemical paramel~:; anc uncoupling acti~'ily in Ihylakoids 3nd milcchondr--:J p'e in[er~sting equ:ltions wilh 10gP or!:a nlues (!:.c being highly correlJtt'd here ... ilh logP: r=0. measurement (Fig. 3). The high degree of correbtion found with the 'o<:st equation (r =0.99) sugge;t, an identi• C:l\ mode of action of lhe slUdi<'d compL~unds on bposornes. organelles and on .-t ..a ce\ls. ln m:lrked COntr3Sl. none of lhe p3r:lmelerS u..<.ed to e~press lhe shape of [he molecu!e (!englh. wi..!th, \olume. elc.) was able tO gi.•e ':lluable e';•.J:ltion; D~o mil,'chond"3 = 0.:99 H -pe~meJbil'Z.JtiC':1 -;.:.;1":ln = -1. r = 0.9851 Ai the h~pOlncsiî ci :l dircct H -\r:ln5rr.c:':lbrMlC \~Jnspcrt was ruled 01.1\ (no p.'J in thc biolog:c:ll pH rJ:'Igel. thc moee of acti00 of lhesc u:leC'uple~s coule ir.volle :ln elfeel ~ithe~on lhe proleic pJrI of lhe mem• bfJnes or on lhe po1:lr Iipids. LiposC':nes. e.\d~i ..dc onSliwted of polar lipid bib~ers. wer~used t0 d=ODstrale v.hcther the l'''\Jr \ipids were invC\\ve.! ID the 

f u i t < 1" , , } , "

T:lble 2

 2 summ:l::z~s the U:lCouF;::1g :lctlv:ties of rhe 5ymmet ric31 phe:1:. !u:e:l; Nl isob: e<! mi tcch0nd ria. Four deriva ti' es. S. S' •bi;•( -l-trinuc;: ,)mein:-1Fhen~1)• u:e3 l l:Sp CF) 1. S ...... •-bis•P...\•dic"::vrophe n~lI•ureJ. (l' Sm. p CI). S. S . "i:ts•(.~.trii1.u0rome:~:-\Fhn~\l•ureJ.ll"SmC F )l. .\". S' -bls,( :;•chlor,)pr.e!'<'! l-u:eJ \ l' Sir. CI) cJ.used complete unc0uFEng of e!ectr.:':l tr:lnsfer i;'\ rr.it0• chondria o:ùdizing succirlJte :lt conce:ll::ltions lc .... er or ('qualr,) 13 nmolmg-' protein (~3 r.:":"Iolmg-1 protein beinl! the concentrJti0n requir~d wi!;: CCCP 1.:"' oblain c0mpl<:le unc0uplingl. The same re,:.:II, w~r~cbtJ.ined .... hen 5:.lccinJle .... J.s r~?\aced by ;I-ke:~'glutJ.r:lte or m:ll-logP wimated by cnrvm:llogr3?hy =: 0.605 logP calcul:md +0.353 (n = 10. r=0.91) log P ca1cubted = ~.096 log P mea'l.lreè spectrophvlomelrically -2. 730 (n =3. r =0.99) (n: number of \"3\1.1<:5. r: r~gre55i~~n coe:::cie:H) \"31ues: '" J.-M. ROtfT"1I0UL el ,,/.

  li DJO milOchondria = 0.7 34 log P + 1.356 (n = S. r = 0.9;g. s = 0.;03. F = ':3.551 log 1 D~o lhylakoids = 0.912 log P + 1.+1 1 (71 = 10. r =0.SS6. s =0.513. F"" :9.161 log l, D!o mito.:hondriJ = 3.040 ra + 4.135 ln = 8. r=0.9:0. s =0.346. F = ElOl log 1 D!o thylakoids = 3.307 ta + 4.63ï (71 = !O. r=0.963. s = 0.:9i. F = 103.27).

  o~o th: bkvid;; = 0 \ 09 H -pC7neabiE!3 t:L'n -0 :61 1>: = -1. r = 0.99 31 o~o cci\, = O. -7 5 H -per;:;e:lb\:z.l :1,' n -6.:53 (r. ",.J. r = 0.9551. Sw~lIing exp.:r.me.H, C'r. \I;:05011'.e:> were performed nol only ... ith SH.Cl bUl 3\:>C' w,th SH~SO). I<-:.CL S:lCL :-;H.H:PO~and (:-:H~I:SO. isC'o:>mOlic l1'.e":iJ tFlg .JI. F0r examp\e. L:SpCF) "':lS l:-L~th an U:1.:C'urler (in ;';H~:"OJ :lnd :"H.ClI a:l'= an iC'n.'phNe able tC' indu.:e perme:lbilil3tion of 1i;:,C':>ome membf3.:1e, hl K-(0.1 ~.-t min -'J and Sa -(0.065 -"A min -L \. 1:1 conlr:l.:it. pIJI:l:'letin. a p0lent uncou;oler. is n0[:ln ion0phvre [ID).

  e:'liS (.J. 5]. The Il: pOlho:sis Ilr] de:ergen: :::ecl .'i t:tese $;;:-5:3n= r:rn3ins unhk:\: :lS the:r elfecl i:i ql,;::: c!iffe~e:li (rom dJssÎCJ\ compounds su.;~as Tn!on :\•1(\) (1--l'il]. The ~e:nbr3ne pcnne3blll!: tll H -. :"a -J::J K -$..~;ns 10 .:originJle from lhe bindmg Di lhe ?ho:n: !::~::l5 !.:> tile p.:lbr hçids. lllereror: ro:r:urb:l:ing l!te S!ri.;:,,~pniz.J::C'n oi the t-1!J:er r.:embr:lnes. The p.:lSSitllllt: of J:I :\lrJ ::t.:'ieculJr iln" b<:l"'een Ihe -SH a:"ld or t!l.e -CO gr.:ol.:;' of lbe pÏ'.~n~lurea .... ith the phosph.:>hpid corn;.:onents!l..l.S to he c.:>nsidered (6). Ho... e\er, Ihe ro:;-meùiil:y of :::e phospholipid bila~cr 10 H' c.t'ul!! JIs.:> toc Ihe res:;!! of lbe Fi! .1. S~:r"ph"IOmclrlc s•.. dhn~lra..:cs s!:,).... ing t!:c ;:-.:rmcJ-bihZ3:ion of a liposome isoosmolio: suspc:u;oJ" to pr,,:onl and t.uions aftel adtlition or CSpCFJ' L"' uncO\,l~jcr. S",;-;:bcrs on traces rder 10 lllo: J'crJl!c cl\;tn~c in lllc :lbsor1:oJ.:\c: oi;:l..::".cd for 1110: iim ~min L~~min-'I. ;I.!-IE..~3iL!S ....'0" (.1.... ::'.:n.I) • -=-Fil• .!. Spo:clropholometric (r;"es ùowin! the pcrmeahiliz-.uion of liposIlmes 10 pr'>lons.lll ~!(3sured by the m:!uctÎon of the pol3uium fcrriq31'1Ide: 1:1 mc:uured by the s...-dling i!'l J ~H.Cl îsoosmotlc medium. 1.:uncouplcr: ASC: sodium 'l.Ieorb;uc S m~t T~l PD: Ictr.llmctb}•l•...•phcnykncdiamine 25,11\1. :-":umbcrs on traces Ider 10 the 3"crJ!c change in tbe absorbance obwncd for the fini .1 min (~.~min .,).

Table 2 .

 2 CncoLlpling J.clivilics (nmol mg -1 protein) of the s)'mmetrical phc~.

	:-Iureas on isolated potaro mitochondria measured br 50% uncoupling of the
	respiration fate .... ith 6m\1 succinate (+ATP O.JmM) as substrate. or b~'
	100•,'> swelling in a NH 4 C1 or NH4~Ol isoosmotîc medium

Table 1 .

 1 logP values for tlle symmctrical phenylure:u studicd "

	Substitution 4_CF, 3A•diCi J•CF j 3•(1 -l-Cl 3•~k 3•Q;o.!c	Eslimaled br chromatography 3.30 •1.30 ':'.93 ).20 3.15 2.60 2.35	Measured br spectfophotomctry 180 3.30	Ca1culaled s.n 5.83 ;,12 4.34 .1.3-1 J.90 3.02	t l ,. t , , . ~'
	L n,:lbstüuted	2.25	2.70	2.86	
	-l•Q\le	1.95		lO-
	\-\k	2.60		J.9Q	

Table ) ,

 ) Comparison of the uncoupling and inhibilory aetivities (nmol mg -, ehloroph)'llj of lhe symmelrîe31 phenylurea$ on Ihylakoids and elus A chloroplastsDa$! A chlor.

				r !
				Th)'lakoids
	1" Common name 50% inhibition t;SpCF J '.1	1" 50-;. inhibilion ,,.	D" 50-;. uncoupling 10.9
	L:Sm.;rCI	li.':	125	IV
	l,;Sn:CF J	26.1	161	21.1
	L:SmCl	34.8	)1j	39.1
	t.:SpCl t.:Sm~lc l,;Sr:O~le		2500 3iSO	'" '69 1512
	l:Sm.pH		Jji5	1739
	L:S;O~k			.PSj
	t:S?~I-			

;..;" uncoupling dfttt e\"en Itloaturating con~nlralion. \ , , '\ " cccp t:SpCfJ \ Il.' ~moI.",,-t

  Aca cells "JS pu: inlo lhe reaction vessel of an o.'ygen electroCc. The o'ygen consumplion of 5uch a su:>pension. which reJched ~O nmol 0; min -, mg -1 protein. wJ.s greJtl~' increJ..Sed by 10.-1 nmol CCCP mg• l protein and ":15 fully s:.Jp• pres:>ed by KeS 100 .. ~l (Fig. Il. Vncn lhc sJ.:ne e,p.:rimental conditions.

	p1aSlS For :3.:h cf l:-.e f"l:: ~ùS1 :l.::i\e compouncs. 3
	simi1a: conCenlrJiion".l.S r:"':':lr:d tù inhibii 0; e\ol\.:•
	tien i:l cbu ... chl,,!.:';:,l.l':S 3:l.1 tù un.-:oup1c the ph,,;.s•
	phor:.lJlion proeess in :~~1.lA.:'ids. ~lùr:o\•er. Ihe inhibl'
	tion of e!ccnon ttJnsfer fh'~H:O tù melh~'hiolùgen in
	uneouplcd thylJkojd~Il:'l t~e pesenc: of :5 m~1 ~H ..Cl1
	octurrcd :lt much

",~l.

l"r.coLl;J/irlg anJ lr.h,b,:,Jr.. ..:,:irit... 0/ cht s.nr.lr.ttr:.. •,.:/ ph...,:ybrills on rf: .. /GkvUS ad .-h1Qrorf":~!5

TJbl: 3 summ:lriz:. :::e in:-::=il"'r~3:ld Ihe un..::oupling acti\ it:es of symr.-:etri'.l! pr.~:::.lur~3s 0n iso1aI:\1 lh~bk-oi~s 311d on Ilgh:.ëri\::'l 0, e•..:-lullC'n in intJet chl"r~'• hjg~:: cl.'::'::n!t:llion:> and this inhibition of elCl:1ton 1t3nsfe: could not npbin Ihe inhibiti.:-n of pholos~nthe5isin intJCI .-:hloropl.ua. As for USpCF l

(1]

. ... e demonslr:t::<! thJ: J!I tI':e s~mmclriC31 pbenyl-urus inhibiling elcetron Irarufer in lhylakoics were 3cting al Ihe 1cvel of phOlos~'Slem Il (PS iii and U"ere inacti\'e on photosystem 1 (PS 1) (resuilS nOl sho\l.n).

These resulu suggesled that uncoupling. of Ihe phOlOphosphorylation protess was directly responsible for the inhibition oflhe whole phOtOS~nlhetie mechanism shown by 0; evolution in class A chloroplasts. c.:ncoup/ing uniriry ofl!l'" symmtcrical pr.ènybrè.l.S. in situ. on a suspo.'nsion cu/cur.. of Acer pseucùpl.1tJ:t\:s c.Jmbi.r1 l'dis A dense susp.:nsion of