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l'fiU'I'Of~ COlJP.LEl! ME:m!RAJ!E ENEH<:Y 'Pl/ANSDUCTION: l'A'11HWAYS t m:c:JJAN1SM8 AND CON'T'HOL 

JJ(lOCLA:3 B. KELL :wll .T. GARE'l'J! MOHHIS 

J)()pnctmont of Bol.a11y aml MLc.robloLogy, The Univcn·~'lty CuLJoc;o of Walos, 

Al3l~HYfi'JWYTH, Dyfod :w·23 )DA, Unil.ed Kingdom. 

IN'l.'llClDUG'11ION 

'l'he irnpo:ctanco of 1 1 J>rotons W'I 111ublle ooupl i 11{\' intermediahw in 

rrn:u1y membrane PIK!l'[!.Y tra.nmlucl:Lon p:cooesseB i:.\ now g(cHleraJ.ly aoceptecl·J-4, Less 

cJ cu 1: ant al'FJ 1.;llc· na tu.re of the:w energiicH':d protons and ti 111 mochanlrn1lEl by which 

L!JC j I' 

to Uw :3pecial Lhern1odyna.rn.ic 1n:obl nms irtlwrent in the biornH"l','T,etic do:::orip!.ion 

of prol;onmotive n1olecular rnaul1.L11nfJ, We them ·1:nview recenL ovidence iJiat vivo 

Llw rnwrgised conp1 lng protoirn are caused to Ji:,wo along bl10 coupling mombrane 

stl:L'J'ac1"rn from tlwi1: :;ources to their sinlrn b,y llleans of s1iocialised H+-t:cansfer 

r•rO trcJinr3, which act to cons ti l.11.hi a coope:r:a Live 1 protoneural 1 netwo.:ck i\n• hio­

ol<~··' t: r·oclier11ical info:rrnation tran:;f,~r. Eviuuncn i'' preaenLed which sLtp;gcntG that 

Jn lw.oteria Lh:i.n uotwoTk is thP. 11rime targe l. of the memln·ancractive, but non-

11ro l.onophorio, ba<: terLocirrn. Flxperimeni:s a.ro roviewed 1•1hid1 :rn,ggest tlrn,L it .is 

l:hc oporation of l;l1Js network, in addition l;o U1B build-u.r1 of a membrane ]loten­

llal 1 that accourrl::~ for the la.ck of a:ppeal'ancc~ of protomi in the bulk aqueous 

pl1Etm' 1e>x l;erna I Lu Lite cytoplrtrnn1c membraue or ros pira to:(y !Jae te:cia cllu•i11r; 

I oxy,u;on-pulse I c3Xj)GJ:•iments .in the abscmcc or valinomycin or sClr. It in pointed 

out Uial; Urn exiotence of a lmllt-pl!ase prot.onrno Uve forc1:: rlor~o not of neGesoity 

require proton mu·ront flow wit,hin the bulk :1.q1wous phatm:: \:hat the coupling 

rn~rn1hrane serves to :1eJX'J,ratte, o,nd the type of rnod<"!l propc>cH'!<:I. here explE1.i.n:~ 1>imply 

\'Illy UH~ btll.k-plia.rm protonmotivr3 force~ obsorvrnl by ma,ny wo1•kot·s in a. variol;y of 

~1,ys{;r0r11:: is poor] y coupled to rn1}111lnn.ne energ,y-1;n:urnducing procesrrns. A ltentlon 

Li 1it·:i1-1n to the lnefficienc,y or energy cou}IJing eYJ1ibil;ed by reoonstitutc~d. pro-

tonn1ol:ive sys tem:'J tho u] crnenl:s of tho protoneura1 1w twork. Pinal 1,y, 

utrr·:~:' is laid itpon the contrc11 p<!s:;ibilitieo inherent in modianisrnr.; .Prc11.ioated 

upon Ug·a.nd-induuoc1 changes in conformation n,rnJ vectorial H+ concluctivil;,y or the 

e](?mcm [;:·J of the ]>.t•Cii;oneural no !;work. 

Tim:m·IODYNANICS AND l'!W'rONI·lO'l'TVA'!'E.:D ENERC~Y COlH'l1HlG 

l\ccognisinf; l:llci,I; working p1·1) hlrnnot.i ve ::;y:; to1m.1 aro no L a 1; flwrrnodynarnJe G1qu.i-

J ;i!J1• i wn, mari:y workor::1, incl u.dine: A:•;zone, van Jhrn, F'ergtwon, Hill, Rottm1 bGrg;, 

So:eg;:ito, Stucki, Vla1:3, Westr::n•])of'f and theh· onJleag1J.es, Jw.vu applied Iinea): 
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rnoLiVt' r(Jl'Ce tu •· l : L c·on 

Lo 1·111i•1'r':•~ 1'ro111 Ll1i:: approacl1 1 ,~ 

tl1aL, i11 1;ontr~wl. 1-.u normal 1:h1'111.LcaJ :ciyF:Ll'lil:1, j)J'ob1111n<1Livu cJy::l;,-!111:: 111:1.v 1Jx:11i.hLl; 

v;:u·iu.IJl1• :;t.oicJ·wLu1n1:Lric::; :_nul/ur 

1<: tica1 w111f.'u 

+ cuup! cd ll pump:: 
:, ') 

, and 110 L i.!1c 1clic<:"' I.' 1:!imniu:Jm<>L.i<: dovloe:-: .<IU.:11 

. JO 11 
rcdn;: lu<Jf! ' , 

l" 
rn:w 1:,;.;Jdlii l; 1;11 L1: type 111' !JuliaviotD_' ' ljo1·1evor, 

'1 (, 
cJ.11:-:.inn Lo ernen1;.:· l'_l'C>m th.L;,1 i.,yp1: of sl.wl.v ' i:_: that Lliu b1Ll_ 

i.) 1r! 

Lon 1:u1·1.·nnt. flm-1 LI 

\'/il.h 111\w_.t k.ind ill' 1'llGrg-y-coupl modcd :11:\\' vie se1~k Lo LIHlill';' 

" ' l )-1 ') 
1":ei:L_JT'C: . l f,J.v :'.Hl:UT.:"il'i(JeJ Liir: CTUi.:; !.Jlll-1 

polHI: U1d.L livLn1·· 

'' t.n(:: 

de(l 

J_ 11.v::L<"Jns mn::i, 1"n Llwu,d1t ,, 

J,p 
-~' 1 , 17 

co11-

in 

111V, U1n t, Lo 

:~vuid. n:<po:nu'1' l,o rn1En'getJn J"l.11.cb1at.Lo11:: :1.1111Jt>nti_111:: l,(J :1_, ::ignificn,lli. J.'ra"--:ti11n uf 

vlin:1',ylL1tion urn:: I. nut be all1"i\-f(>ii, wiLhin :_1.11 1-l1L"'t'V::tl L, Lo "excl1Ld1,n1• with the· 

b:rnic;Li t ional, 
H 

111:11,\. 11 · • i:; 

vJl1.L':_lLlonal :_utd rotatiun:_·1 I ' 

~ ! l 1 ' 

•;1ldul\ n1u_· intor1:::L lies i::: 11:.tti.Lly in tl1c: 1'.'Lll:'.'<' 1--10 i:1::. liO\·hN'''" 1mder no1'11!:-1.L 

buJ'l'1_• 1·lne: conclL U1rn:1 in v.L vu 111ul'1I18.l 1 ii+ L'J·:1.11:::fer l>u lvm1·n Llt<? ::1u_·J'aue:.: of 011 

I.Ji•'.- 2.d.iz1_cc:11L lillJ_k s.1n:.c-n11.: 1drJ,:~.o 

f::Lt' l!l<ll'8 .v U tl1i!: lu ~ T111.1~~: \-lL1 1·1_· fii·t_d· 

enr•J_'(•.\:1.ic cxchan,0 ;0 l.o take pln.<:c 1.-rith.i11 l.11.u l.irnu-C then wi:i,idrnL if; nnvu_r• 

wil L, A b:cit::J' II 

i (I c:: L,; ba.n ly« \ 

tm_·rwvv 1' J La::·l1, tkd; 

i;;i 1.o ::o.y by u. fl.11.1'11 uf liu;ll I; v1l1 ich l;l10111',l1 ::liort i.:1 ln·l1~·ht l.n cxc i tc all 

:: imtLL tane<nt:: I ,y. El er: L1·nn 

uf' il1i:» 
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the chcorw,1l;npl\1J1'(; 111",nln\1:1 ·, uuounl;i11c typica,l]y to apvroxinu"d;t)Jy 'JU rn\I (:i·r_i' IH 

and J·.:.:i. Ja.ck;1tJ11, p1;1·noual. (:u1m11w1loation). Thi:o41{1 Ho \.akr:en l;(i exi:1L bc)twem1 

1) cln·o111:J.Lopilnren uonLai.nlng approxiJ1L'l.tely 20 1.'~:acl.Jor1 

UOJ! 

ion cenh'e:3; on th:i:1 bani":: tlH'J :; tcu·novc:c fla.sh wo11J.1l 1~orun::1,i;u a ''/:.'f" of.' 

·1 , 13 V, yet, \;lto mwl\",.Y in l;Jrn abwn.·bml photons is only :·1,IJJ11•ox:L1tlf1,hlly eq1u1l to 

·1 • 4 eV l In otlH-lt' word"u, ·Lo avoid bToaking tho Second 1Ja.v1 of Lhu:ernoll.,'{li:u11io:1 

each pro ton pump would l!iWO l;o 1 know' whether the other pro l;ou ]Jlllll[>Ll in a. oln:o­

ma.tophore were wodting Cl.t' nol; at tl1~ .:~ ~~ if each contrilml;orl Lo tho m1me 

rlelocalfo:P.dLl f on l.lir• ti111H·-:cir,nle of ini>crcst. 'rh0 al l;ernD,.I; ivo, of crlu.1·uo, w 

that I.he one1'1";h1od pi:ol.on11 p;(c:•noro .. h0d by a given proton pu111ii rlo no!; nqui.l.i.1n:a1;c 

with a11 the: utl l•Jt' rlnru:.'{ic;P.d pro tons geneTa:tecl acT0}3E: Et given uln·om:1 Lo pl10:eP. 

1 . t " · r ·1 • ! tl · · · ' 1 I q ' mern Jl'B,.!1e, a {lOJ.ll. •'1" VJO\•I "en: w 1ii:: 1 1ere .Ls incroasll1ff ev1.1 •mcc • ii 

c;orollary 11f the :1.dnpl.ion of McC.l::1:re':c1 definition of st111'ed onel.'{';,y a:i :.i.p31lied Lo 

Jlroton111utiv1? :·:y:'.: Lr»n1n, 'i. I; l:h<:J~ci'o:r:e nc:em:~ to us, is tha i; "blwt<'J 11111!.d. lm ::po1).ia.1 ic;ed 

devices Hi b1Jl.n cnwr1;Y uoupJ mrnnbralles whicll act :-1pec !.o conduut mie1~ 

ellOl'f•,J' i.n thP f'oi:m r J' i1jld-i't1duced conformational state:~' rl'hr; bor1 I. C<Ycrm:' of 

eviil.01101~ )lrHnoHU.y avn..U a1J J.o Lo :ouppor:t this quite n0eessn.r,y viow i::. b'I 1m found 

among .. 1 t tlrn !i::i.c tc'.t.'i11,, :J..nd we next outline what ls known of tlie lfl<'F~l 1:.1nl::m of 

8 inc:(=! C(i 1 icl n:J uf Um la, l•:l a.ml K g-rou1)~~ are the beGt~·1mdor:~ t;ood. lllfm1br.:ix1e-

3,.o t 1ve bacto1·jonin:: wo uonl'irn) at.t("CJntion to them, although wo i·ooogn.i.rm l;ho 

strikillg fJi.milar:i ti(-HJ of l.lwir cwt.iun to that of othe.r• hautm·iouinu, o:-1pecially 

to "blie oluDtr'11lior::in bu i:y ric in '( pres cm tly lmtler :.: tudy 111 th i ri labo1•r.d:cn:y. 

Briefly, for 1·1D h:.wo .t·E1crn1 Ll,y .cev iewccl these facts in 1'um0 1Lota.U 1·1 il;h fnl 1 
::'O 

referencon , t.h1· wldil.ion of c:olicin K to seneitive celli:; of=;.:;;;,;;,=:.;;;;..;...:.:.;= 

in amountc ::1.ll lnw a:: ·1 mo.lr"Cllie/ccll results ln a ca.pid and uu111plr:l;o 11.i1uouplin,g· 

of' all pro t.oiw1u Li. vo, lei) mrc>mhl'ane energy-transduc prooe:Jfl<':n, Ye' L LliocJu coli-

cirn::, :~.t tlic lowr::·: pl1,y:~i'1lo1c;ic.o.ll,y lethal concenLr::i.ti.onn, :n•e rn-d.blw:r.· prot.ono-

) lono 1illod.c. A v21orie Ly oi' l.Jv11, r::rdit:in-

in::::onsitlvc rnul;:n1!; ::t.r:dn:: exh;i; which, on lr·'!.nsfer to tlie iwn-p1nrni1:Hivu Lemp-

parr:ml. ;d;l'rd1t; tlw::o 111\l.Lu.t:iun::: lie at :u1d 

lVJernbrane-o.::tJvrc' •. :•JJ.ic:Ln:: u.cL Lo d.i::i:3i}xi.to t;he bu1k-plw.s1~l!if b\ll, nut Cho bnlk-

pha:3e fi.pll. Ji'i11c:1.n,v, :~ucl1 co1icins ;:;l;.lmu:Late both the rn.h! o.nd <)xl;unL of' 
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+ refJpt-1·uLion-1h•ivo1i 1! tl'an:o:J un;·1.l.ion into Lh("! h<iJk phr:u;r:· nxtoTnal Lo ;Jru:penr:>iuim 

va1 inomy<; in or f:JCN 1<'01_• Llri:-. 
'1 ':.!'.! I 

lc1,l,b11· observo.ti.ott l;he clasaio:d chemios1n0Lic forrnulal;io11 :rn(l·g·e.=: c.ha,t, 

the appoaranco of ll+ il1 thL; phrum during O,, -pulse expur:Lmrants j_rJ duo l;o the 

dir'::~ipa.Lion of ;:i, lmlk-phasell'/Jbuilt u11 rJ1n•
1 

the 0:~' plll:Je, HhiJ:1t tho type of 

ener1:~Y ing mod.1!1 that we• have sough I; l,o develop lw1:0 oncl el 
~20 

wouJd maintain tha\; these pumpnd it are norinally retai_ned \Jn the lll(?llthrane sLt:c-

face b,y Glemen-t:z of a cooperative proton-onwJucting 1 probone1u·a.l1 iwLwork 1 

inclurling moietie:i ai1alogou:c; Lo !;he and. O)-lJ? gene rn•o1hwt::i 1 anrl i.lw .. t i:nhibi-

-Lion of l;he activity of thesG n1Gments by 111timbrane-acU ve r;olicim< a11ow:'l th,_:i 

p1unp1')r1 H+ to equilibrate with the bulk-phawe H+. 'l'lnu1 a :3imple diHcrimination 

br3l;woon these viown h; poss:ihlo; in tho chnmiosmotio v iow (a) hi bhF~ n.bB1:incc llf 

vaJ i.nomyoin, sc_11(- or membrano-active ool ioln, protonoplwro-sensi tivo 1(1- trans­

local,ion shoul1l lie complete when electron trarnir:o1·t finislws, arnl (h) the stiJnlJ.~ 

laUoll of the apparr:mt -?>H+ /0 r;:i.tio by m.toh eompom1ds :·:!101Lld be 

accompanied by a.n appropria,te 1lflcrease in Uw bulk-phw:e /J 'fl . 

THE PATHWAY OF ll
1 

TRANSFER DUHING SHORT BUR:::T:3 OF ELF:C'l'lWN TRANS1'01\'l1 .. , 
'J:'here are at ln;:wt 4 _publi:ched studir,>r;:'' in which the 0,,-puJ ue me 1,hod hi 

<'-

intoot bacteri;c1, ha:3 been appli0tl in the ab:Jllnoe of so-un.11ed 1 pormon.nl; 1 ion;:;, 

However, in each c;rne ·the 1; 1 of measured II+ ejection J::i very much (:~:IOx) grefl,ter 
';f 

than t.hE? 

that the 

time taken 

H+ Ill88,f3ltl'Cd 

Jor 

in 

the roduction of Urn 

the bulk phase tu11Ie1' 

02 in tho 1iulr;e, H \•/(JUld seem 

these corn! i tions Cll'(: thi.w essenti-

aUy irrelevant to the ene:qr,y-coupling j)l'OMiSS, Vnmt i.u tho effect of compounds 

sUGh aB SCN on +.he apparenl; -,1-II+/O ratio and the /J.'f dnvdo1md 1inrinc; tho 0.1 
~I. c 

pul:Jo? Since coJ,c1tlations shm·10d.> tha.t thfl role of SCN in sti111\Ll.at 

-;.H+ /o :catios noulri not mainl,y lie in col ing a bn'l k-phase !iYJ il i unfortu-

na t(1 that no er:L tionl expe :drnu11tD designed to l;ec-Jt the~ kine tie adel]Uany oi' ttw 

elec+.rur~enio role of SCI-( in :::Umulat:LrJ€; 1t1" e,jeetion into the bulk aqueous 

lJbaGo during O,,-pu1sc exper:imonts have so far been reportr~c1. lndc'f~d 1 we ;:;n·o not 
C, 

a1·m.rn of any evlrlGrteo whatsrn~v~rr tha.t at tho minimtuH conoentratio!I of 

necessary to provokr? maximum nt:imulation of the appi-l:t•fn1l. R+/o r:~;-l;io this 

compound acts by col1apsing El bu.lk-phaf3e Ar . Thus' by iJnpl iual;iun, the view 

ostonni bly obtainable~ from 0.,-pulse exporimc,,11ts tha. t the 
•'-

pathway of 

•:mr1'<'H1t flow is within the bulk aqueous that llw noupline; mr:imbrane 

servo:J to se1i<tTa,i,o must al:10 be deemed lU1proven. 
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IL Jn \'lo.II. k1101m that Lliu :1y11Uw:1i::1 of ATP ma,y Jiu d1•ivnn 11.L n.]Jparentl;y h 

:ral;fc!l:\ Jl1 rut:unstituted 1Lp1J:101nal. :1yn\,om:,1 \•1ho:3e only prol;1'ill OOIT!JJOl18llts ol' :1.ny 

qumit • .i b1,U vu Big11if'icBXHm cl,)'(~ n J ight-or eJ.ectron Lea.nHpo:l'L··driven H+ piun11 and 

·I I 'F · ' ' l ' l 2 '7-29 I 1' I I J t 
'
·:111 F Ji'

1
-ll -\'!..Jase oi appropru:no r10 ar1 ;.v. • .. ll .u,c·, , wnc ra«rn appEir1.r . () . 

:i.•er1,:CCJon:diJ.v high only when ex:pr<-~U:.~tld in tAnns of rnnol Nf'l'/111Ln/111f!.' p1'otein, Since 

tJieiJ('' i:m;onnti tuted sywf;ems ::n·e h1,<;lil,y enriched in l.lio n1,1.11po:'!od sole energy-

coup] pn» teins, however, t.hi11 lei an inappropri.a.te mc;:w::: of relating the 

, and .it l:: 

of in t.m•u:~> t; to enquil'e a:J to the ·1·a h~s of A'I'P syn Llw::in o h:.:erveil basecl on Lhe 

of the recoirnt i Ln Led ATPa:3e euz.ymcn. 'l'h .i :1 r:al cul a ti on has 
29 

recon Uy lmou performecl by Haiwkn n.nd colleagues · , who l'irnl that in their reoon-

sti tutod r1yn l;erns of photopl10epho1·ylu,tion the turnover numbo1•0 of the A'l'Petl-Je 

enzym1'C:\ :J.cn at hest only 0. 4)6 -.:d' tho:m oliserved in d1lo1.•opln.r1t thylako.ids, and 

poiut oul thal. i;h.i.s typc:c of dl:; .. ~·copa1w,y .is quite 00111prn'abl1: with that observ<?<I. 

in t,!tc? rr-w1<11:-;l;ituted system:: uf n.11 other workers. lt :1hould bo 111entioned that 

ob:J<n:·vn.hln l.1i the tl1ylakoidf; frOtil which i;he reconst.iLu.tr:d prol.eins were prepal'<~d. 
+ ':'!l 

Evon 111 U1e :1imple case of the H c:l1F1nne1 of an F
0

-Nl'1 1n.ue" 1;, l;i.u'nover m1mher of 
I . + 

on1,y r;H .. /H/100 rnV was obtained wlti1ut the Jn vivo :i:ate:3, b:.i.r-ied on a.n-!>H /A'I'P 
7 0-32 A 

ratiu ol' ;'.'.:!, a very consEu:·va,f;ive A1rPar;c hu'nover nlunlw:i.' of ·100/~J · and a L.l 

tf
1
t uf :.>()() 111V')~Z, are approxima.tdy ·140 H+ /s/100 mV, 'Plnw we are forced l;o con-

cludu Llinl. f'or l'apid and effccLLve protorunotivatorl cnr-ins,y conpl something el"'' 

is requirorl in alldition to t.lie 1>1'<1!.ornno t.ive sou.rGes arnl :1inb1 aml an intact in-

mtlati1 membrane; we bnlh've !.ha+. the aval lD,b1e ov idence is best vi'~~1·1cd 

as Gi.tppnrt inn· the not ion Lho. t, adiLL t.lonal, special iserl P.L'D f.oH-cornluc t 

disl;.i)JUI .. fl'Ol!l tho proton [.l'\.UliJJU, D.1'<' ;rn .important feature of proto1rn1otivated 

ene:r.·1.;.v u1>upling, ancl it is of i.11\.u1·1~st to enquire furUHn: an !;o Lheir no;l;ure and 

moohani:;m. In passing· we may oJ.:-Jo draw attention to l;Jie 1-'oucmi. genetic sequ.enc­

in£; of l;llf'f mitochondrial g-c-mome i.n wl!i ch oi.<:,:ht clif'forenl; pro t;n.i11aceous gene p:i.•o-
. . . . . 7,'i 

cluct;s ronn 1n m11dentiiied· ·• 

THE ENF.:l.IGY-COlh'LnTG F'ROCEm> 

It. wrw rmi11tod out earlier tl1al; protonmotive mo]oc1.LJ.a1· rnachini::is must opero.Lo 

by a pruc\~:J:: 1)f resonant energy l,1:rn1nfer. Now the key f'oa:Lm.•o of th.is t:n.io of 

quanLtun ruoc!w.niua.1 cme:rgy tr::uinfor i.e that the en8rp:y lnvc.l :1 uf the donor and 

aoeepto1· :Ji;:1,tec; rnwi\; be iderd;icaJ J'ot' it to take plaoP, rrnd. in tho absenoe of 

thi::: cundJ t. iun bcdne· met enel'f!.'Y uoupl ing .is impossible. .LI; 1-10Llit1 seem then l;Ji;1. l; 

th.i:~ l:,v1•c of 1•csniiant energy l;ca.tH.:ff't' must be exploi tio(l by 11rol.orw10tivo molec1llar 

·1 ) , a.nd tha. t n~m>lll: (; i i;u i;ed syr:; terns, d~;vice for 
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'cooper ive 
conformationally 
switchable field 
dependent proton -
carrying 

'protoneural' proteins 

Tlir.1 fignr1j nhows i.11 d iag1.•:01um:i;l;ic rnpre1::nnl:at.ion Llw typo of moclnl of 1H·oton­
rnotivaLml menilJ1·ane ciwn~·y cC>1tplin,g !.li:1.t is end.lined herein. 1 L~1e :i111pnrtanL 
f'eab.U't! ls tho incluninn of fll'IJton-uar1;rinf<; t•Poteln::: distl\\c I: fi·om the prnl:on­
motivn sourcen and :'iiuks whloh w~t, i.n a va:i:.i;t.bly-uoopel'aU:ve fa:':d1ion, to non-
duct onergisc;(l proto11:1 along l.he su:efaces or the ooHpl 111ornbra1rn between their 
SOU.TCf·rn and i.:hoiT ;:di1k:;, SU<~lJ 1 p1•0J:o11ectT'al 1 protci11:; [1,.'.!'.'C U!lV 

field-dcpendnnl: in c:onfo'.l'J1l9,l..ion and 11roton-c•Jt11luo c:ap:H:i , .'n1d in 
certai!l oasee ma,y a.lml he switohed (in by li,";:md-irnluced cmnf'orrnai .. inrml , 
for inntance by meth,y1o.tion 1lltring jnJ'orrnr:d:i1lll tran::fr:i~ tu bactGr·ial fla,o;nllar 
mo tort:. The coitformat.ional flr?xibil i inherent in thi:3 IH'. of : :y:; Lem :tl Lows 
for mai;chi11c: between 1 encir1~·i:3ecl' pro torn; :ix1d th•:: ii: :,;mu'cc,- and ink­

_,_._ proton cmrro11i. pathwa,y. 

rml'ficlerd; in 

terms of rates of enr>rgy aoupl It may I.here fore lxl Enli'.\'/','CFJted \;hat, Jn rulil-

i tion Lo cumhwting tl1(• H+ I"'' I.ween Lhuir sunt·c:e:3 ond l;hE•i1· c; t clli:ro, elF1111onts 

of the protoncural notwork play anul:l10r rolo; tha .. t of' mah:hillt': tlw c?11ergy of 

ricd pro Lons to Lhat of their ilt'r1lred 1ie;,: l;inatlnn EliLn:::. IH Lhh: 

a V<~1',Y sulli;lu type 01· ,;ontrol of 111n11lbrane cmergy 

es - proton :~inks m1ult ::w ac Uvc tr::i.w:por t cnrrle1::.: and. r lagc.Lla.r n1otoi'c: 

actlvn 1.13<1 both (n -1•:. H+-) iiit:l.Uof:d in thcl1' ow11 

but al:m by qu.L·l;e spu1:ifio arnt aroa.iw ligand-ind.uct:J1l chan,•::c·1: (e,g', lllUthyln,I. 

in th1c; coni'ornm.tion of the Pl.emcntr:i of r1rotoneural 1u:LH01:k, tLu'lrc•lJ,V :c;lm1dy 

It has not <rnoaped. OLIT a i:tuntiou \;hat th in l;YJ1e of 1'!ne r1;',V" coupl J.11g· d.U'l\n:•H 
. . "IO ;2·\ 

rm1<.ln11J1C!n l:al j rom i:hat ' ha.cie,J l))l the d U'fnsi O!J u r i'1:ec: .i OlEi down tlw Li' 

concenl:ration ,",Tadient::, In this l:JLLer typo of :1y1rl:rnn i.lw Lrnlk :lqU/:ous 
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p:ccsm1t !.ypc "Lliv,y :1.rn nut neco::~:::aril,y. l L Js therefore uf p;1«~a1. iuterost to 

11ote the varioty 1lf <o:treful but Jiwxpl ic:'1.!JLe observationn <l<ll!l'Li·rning tlle exi:ol;~ 

enne of thir; pl1rH10111n11on of field. i1)iJ Lu t:ltrcn1,g'h a bulk :upJr)ri\lf: phase in u. 

number of sy:~t<:rn:: (n ,g. refs. '.lH), Hli-ldt may porhapc; ho i'!'1ti I.fully 

from thi:3 stnndpuJ 11L. 

p~::r"i:ios nf p1•utonw0Uve 111acllines, bo{;J1 :t'r·orn Lhe ~:it11:i1rJpoinb of l.hoory and in th1C) 

way that ClU't'eJl1 r::Xjll)l'ilfl(?ntal cl.::d;a i'Ol1{1,}','(':1 i; tha. t they do j rnl<:od frniction, 

Becau::;e of the 1au l 1:1nt1:..i,r rn1 h:tre of f:l!er1c• ny 2tem:::, thr~ i.ntrod.uc L .Lon of time into 

i:o a nn1:1•:;:;~:a.ry acljm!Gt. to l lwir bioenergetic 

thrd. operate by ft rreocr:cG of resmk"tllt 

ellCL',"',Y tl'an:~ f'cr. W i i.h the real isa ·Hon !:lm t. ctui te :i.u1!d. :rui'faoe II+ con-

duct ion p::i..thw<'•.y1;, which H+ fluw ,1:c1 caLalyHed by <~oop8'1':1,'l.iv1c' noni'ormationa] 

chang·es in pro Lr· L11:1 cLLc:tinct from tlw H+ pwnp:', are a re::i;hu.'o of protonmotivo 

miei'gy eouplitif"' if. h: pointed out tlw.t 10uGr1.\'ilmtion 1-<loprmd<J11L cl1a.n,(jBS in the 

alee trical fi<:d.d, L11 \;he bulk aquoon:c: 
..!. 

may ]>r, ind111:,od without any :JicnLfiuant H' c1J.rr011L ftuw in them. 

'l'hc 
+ 

1.i u Tocptl rorl r or H transfeT by qunn two mechanical 

hum ell ex11.L:1 in:: tlle e:ross ineffioienc:y (:ca Le of free ener:1\'y oonso:cvation) 

r~xh:Lbii;ed lJy rrc>c<m:~li tutotl r3ystenrn lcwk.i.n11; tho olement::; of U10 pr:of;rmeu:ral net-

work, a,ncl ind . .Lrmtn:1 J;ha t n very sulltln d1":i,ime1Ling of cmorg:i.G(?(l H+ may 

br; cJi rnply aol! iovrnl. by uonfoi·ma tiona1 cltu.1111·n:_: .Ln proteins di:-J'U m: L from the 

that Lim 

!.he 11101ubrane-a.c ti ve 

hactr?riueiw·:. 
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