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Ref cr~·nce~ I 

II seems lo me that then: is no singk~ idea in hiology which hi hard In undei':>lami, in the way 
that ideas iii physkii can he hard. If biology is dillkult, it i::. because of the 
r1umhct and variety nf things that ont'. mu'.'>l hold in mm's 

(l\1Hynard-Smi1h, l 977) 

\Vhat is a cell like? The simplest attempt at a conceptual subdivision 
contrasts those (soluble) enzymes and molecules ·which, 
tion, are released into the supernatant of a high-spe1.~d 
(105,000 x u: l h) with those (membrane bound) which are 
evidenct! for the organinttinn, and indeed 
in viuo of many enzymes~ such as of glycolysis 
l Masters, I l ), is nm\.' extensive Welch 1977; \Vdch 
1 I; 198.Ja,b), this topic widely and is also 

by other contributors to this volume. 
· just as a prime purpose of glycolysis is f o ATP by 

phosphorylation, a prime purpose of many bfr,logical mem~ 
couplin~J membranes) is also to catalyze ATP synthesis. These 

arc exemplified by the inner mitochondrial membrane, 
thylakoid membrane, and the plasma (cytoplasmic} rnembnmc 
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2. CATALYTIC rACll ITATION AND MEMBRANE UIOENERGHICS 65 

and lhdic Our nrnin in thi:;. 
will thus be lo describe the nature, role, and organization of the free 
transducing devices that these energy-coupling 1ncmbrancs contain, placing 
special crnph;rnis upon the process of cledron-transport phosphorylalio1L 1'he 
Ii i~ rovcrcd thrmu!ll 1 -.c 

as rorH >rt phos-
phorylation and th dllcicndcs, similar to lhtisc implicated in 11iru, 
we regard it as permissible to consider such membranes in isolation from their 
normal "cylosociological" (Welch and Kclcli 1 1981) hahitaL To this end, wt: 

the .slrudural 
nmsport phosphorylation. shall 

the inner mitochondrial although when or appropriate 
we shall address our.selves to other systems. We shall sc~ thal in electron~ 
transport phosphorylation as well, enzymes that were previously t huught to 

imkpcndently turn out to function in rat tightly linked uni 

II. STRUCTURAL DYNAMICS 
NG MEMBRANES 

1. Introduction 

is now well known l: Lehningcr1 I f/eneral 
biomembran1! model and Nicolson, I · Fim~an al.~ l Houslay 
and Stanley~ 1982) visualizes biological membranes as consisting of a fluid 
phospholipid bilayer in~ on, and through which arc dispersed protein 

either as nwnomcrs or, rnorc commonly 
as polytopic (BlobeL 1980; 

complexes. Thermodynamic considcrutions dictate 1980; 
Jiihnig, .1983) that the nrnjor organizing force detcnnining the degree of 
pcnetralion of such complexes into or through the bilayer is the favorable free 

oft of the hydrophobic areas of proteins from an aqucnus to a 
lipidic environment are also reasons to l "tht~ hydrophobic 
domain t>f a transmemhrnnc protein is ve1'lkally delimited at both its upper 
ttnd lower ends by l wo collars of charged amino acid rcsiducs1 which interact 
with the polar head groups of lipids" (Monlccu1.,·co et al., 1982). Such 
internt;tions can be importalll'C to the t:atalytic activity of Sln.:h 

(Johansson et ul .. l la,b). 
The likely arrangcmcnl of the polypeptide chain in, bat:tcriorhndospin 

(e.g., Engelman et al., 1980) is consistent with the probable gcnernlily of this 
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66 DOUGl.AS 8. kUL AND HANS V. WESTERHOH 

view, and, since thi.s is not) perhaps, to as unexpected, we not 
pursue it here. We may add, ut this stage, that the llip~11op motion of even 
plwspholipids ( and M nell, 1971), let proteins, is 
negligible on a lime s<.~ale relevant to electron,..trnnsport phosphorylation. 
Finally! is abundant calorimet other that the liquid 
phusc transition of membrane phospholipids usually occurs well below 

for 
marmnalian mitochondria 

1974~ and 
Kenyon, I 978: und 

How Much Phospholipid There 
in Energy~Coupling Membranes? 

J 973 ). li4 uid 
temperatures, which 

memhrancs (Vaz 

Energy~coupling are among richest in protein.. the 
inner mitochondrial membrane approxirnately 80~;1 protein and 

phospholipid and 1970), 
and similar ratios arc found in John 

Whatley, 1977). rt is (e.g., 1) lovt' 
percentage of phospholipid cannot be sufficient to form a ctmtinuous bilayer. 

, many the 
bilayer, for example, baclcdorhodopsin (Henderson and Unwin, 1975; 

1979: et 1980)and 
Henderson et al., l 977; Fuller er al. 1 1979; At,zi, 1980; Brunnri and Wilson, 
1 1 while the is fairly flush \Vith of 

memhranc, the latter extends weII beyond it, as do many other 
we such as the ~ et 

ubjquinol cytochrome c rcductase (EC 1.10.2.2) (e.g., von Jagow and 
o~ 20~,~; for the of plmspholipid in an 

memh.rane providi:.~s a minimum for the su 

Supplied by the British Library 17 Jan 2020, 14:02 (GMT) 



2. 

area that bt~ in a bilayer 
arc riot thought to contain large arcaN protein~ phospholipid monolayer. 

In any eventt NMR work (e.g.t Arvidson et al., 1 Cullis et al. 1 1980; de 
ruijfT et al., 1982) very clenrly that the of phospholipids 

membrane are and wcdo 

delipidation of mitochondria causes no 
membrane (Fleischer et al., 1967), as judged by c1ectnm microscopy, our own 
present interest must be centered primarily upon that are capable of 

out transduction, 

under apprnpriatc conditions. 
Studies using differential scanning calorimetry and 

microscopy by Hackcnbrock, Hochli, and colleagues (Haokenbrock et al., 
I Hochli and Hackcnbrock 1976, 1977; 1976. l) 

the total protein mass of the 
than of 

others 
thylakoid rnembrane (e.g., Anderson, 1975; 1978), 

importantly, howcwer1 quite small changes in physical parameters have been 
to exert a marked effect upon the state of distribution of the intrinsic 
complexes of the inner mitochondrial 

),;1nd this us 
two proteins ' can as vu•v• 

plane of energy-coupling membranes. Topics this 
as phospholipid organization (e.g., Cullis and de Kruiff, 1979; lsraclachvili 

al., 1980; Blaurock, 1982; Davis, 1983) and asymmetry Etemadi, 1980), 
largely beyond tmr present 

of Inner Mitochondrial 

inherent complexity of living systems in general, and of the inner 
mitochondrial and <>tiler encrgy#coupHng membranes in particulat, has led 

workers to to isolate enzymes and/or ccm1plexes that carry out 
partial of such as oxidative phosphorylation. As is 

known 1 work in laboratories of and 
isolation and cl1aractcrization of 

ochondrial electron-transport chain (complexes I lo IV) and I.he 
(complex V) components that could catalyze defined electron transfer 

r ATPase-~ATP·P 1 cxchangcasc rcadions, rcspcdivcly. Not surprisingly, 
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68 DOUGLAS B. KHL AND HANS V. WESTHUlOH 

each complex has providt:d a rkh area study in its own right, and this 
extended hy a great many to broadly comparable 

in ahylakoid and hadcrial energy coupling membrane~. The 
by De Pierre and Ernster ( l 977), hy Hatcti (l 976), and by Capaldi 

(I 982b) Table I) amt the books by Tedeschi (I Tzagoloff ( 1982), and 
(I provide I int mitoclrnnM 

pointcd out by Sarastc ( l 983)i criteria mmally used in the 
polyptiptidc composition of a particular complex often h) 

Fortunately, we shall mu pu t.n treat 
, m(ire or as black box<.~s. and 

consemms by the authorities in 
mitochondria nrc given in Table I. 

polypeptides ascribt~d lo them as a 
field. The "complexes~' of beef heart. 

The crucial, if our is this:· 
protein can be visualized hy electron mkrok 

exisl as defined entities in energy-t~m1pling membranes and catalyze 
reactions coupled to macroscopically t>bscrvahle chemical 

transport or 
, wi:: shall wish of localization of free 

trn different cleclron~transport und A TPasc complexes, it 

TAHLF .1 
Soi.m GhNl:f{..\LLV RLT1x;N1;ric:n CnMPOl'iENTs nf rm: Hrri: I 

ME~mRANt" 

M ITOOIOND!UAI 

Cim1plcx I (NAIJH 
Complex II 
Compk1x HI (bc 1 complex.) (ubiquirml-cylm:hrnme 

IV (cyh1clm1me r 
Complex V (ATP syntlrnsc) 

ADP-ATP !1 
T rnushydrog1:mase 
UhiquinoM 
Plwspholipid 

Concentration rnng~~ 
(nmullme 

' J1,..,> 

protein) 

<106-0.13 
0.19 

0.25 053 
0,6-1.0 

11.52-0.54 
0,8· 1.0 

4.6 
0.05 
6 g 

440 590 
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200 
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160 
500 

12 
30 
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2. CATALYTIC FACILITATION AND MEMBRANE BIOENERGETICS 69 

is of interest to know the rate at which such complexes may collide with each 
other, a topic to which we now turn. 

4. Lateral Diffusion of Protein Complexes 
in Energy~Coupling Membranes 

That oligomeric protein complexes can, in many cases, diffuse laterally at 
rather rapid rates in the plane of energy~coupling and other biological 
membranes, although an important implicit corollary of the concept of the 
fluid mosaic membrane has now been demonstrated directly by a variety of 
experimental techniques (e.g., Edidin, 1974; Poo and Cone, 1973; Jaffe, 1977; 
Poo and Robinson, 1977; Webb} 1977; Evans and Hochmuth, 1978; Finean 
et al» 1978; Cherry; 1979; Barber, 1980; Sowers and Hackenbrock, 198 l; 
Anderson and Anderson, 1982; Houslay and Stanley, 1982: Vaz et al., 1982; 
Webb et al» 1982; Zimmennan, 1982; Zimmem1an and Vienken1 1982; 
Axelrod, 1983; Barber, 1983; Kell, 1983; Robertson, 1983). The different 
apparent mobilities of complexes l~IV in the inner mitochondrial membrane 
have been tabulated by Hackenbrock (1981) (Table II). Thus, even the least 
mobile complexes can move nearly 0.05 pm during the passage of a single 
electron through them. The distance diffused by ubiquinone. molecules per 
turnover is some 40-fold greater, and this phenomenon can evidently account 
for the "Q-pooJ" behavior established by Kroger and Klingenberg (1973) in 
mitochondria, and the well-established and broadly comparable function of 
plastoquinone in thylakoids as a mobile electron~transfer agent between 
the spatially separate (Anderson, 1981; Andersson and J-laehnel, 1982), 
proteinaceous light-harvesting complexes containing photosystcms I and II. It 

worth stressing that one may make these conclusions based on experimental 
such as the rates of electron transfer in mitochondria (Hackenbrock, 

1981) and the amount of spillover bet ween the two photosystems in thylakoids 
(Barber 1980, l 982b; Anderson and Andersson1 1982) that have negligible 
interpretational complexities relative to those of certain more physical, as 
Qpposed to functional, approaches. However, we should mention that the 
_,, ....... status of the "Q-pool;' concept (Heron et al., 1978; Gutman, 1980; Yu 

Yu, 1981; Hachncl, 1982; Rich, 1982; Trumpower, 1982; Hauska el al., 
represents an area of active debate and great uncertainty. 

For our discussions below it is irnportant that Hackenbrock (1981) claims 
the different protein complexes (i.e., complex I, II1 III, and IV (Tables I and 

di(fuse independently of one another. This might be extrapolated to a 
stion that also complex V (i.e., the H + -ATPase) diffuses independently. 

Wish to point at a number of uncertainties in the basis of such a claim. 
t, we arc not aware of any experimental evidence indicating diffusion of 

+ -ATPases independent from electron-transfer chain components. Secondly, 
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2. CATALYTIC FACIUTAllON MEMBRANE BIOENERGHICS 71 

et di.; 1980). 
functional 

between electron~transfor components in different or 
(sec Hauska et al., 1983), as well as to the permissibilit.y of 

these complexes as black boxes. 

Rotational, Bending, and Stretching Behavior 
the Components of Energy-Transdudng 

now well known that 
1 

€:1l al., 
Marsh, 1983) with that of the bulk lipid of the bilayer. These are far 

re rapid than the turnover of the apparatus of elcctrnn-lnmsport 
phorylation, but we will not pursue this issue here. 
modelling a biomembrane, It is connnon to draw it as a flat sheet, 1111 

there were no mobile deformations in a plane perpendicular to the 
•"he bilayer. This is certainly an unjustified erroneous oversimpli~ 

Evans and Hochmuth, I J m.;s. 1979; iller, 1981; Crilly ' ' .. 
l 1983}; however, the t 
motions arc of cou 
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72 DOUCIAS B. KELL AND HANS V. WESH'.RHOFF 

as unknown, although Haines ( 1979; a role 
lipid~mcdiated potential compaction waves in oxidative phosphorylation (sec 

I l 982). 

Fluctuational Behavior of Encrgy~Transducing Proteins 

It is now widely recognized Umt prohdns exhibit thermally m.~tivatcd 
of of on a from 

Gurd and Rothgeb, 1979; Clementi and Sarma, l 
McCammon and Karplus, 1983: Welch, 1985). There is also evidence of very 

tional l.ransitions transducing ATP synthascs, on a 
of minutes 1979). since om 

main interest lit:H in the organization of these membranes during lhc time· 
to synthesize a single molecule, we shall confine our thoughls 

to the tirne 100 ms. that 
characterized for globular are nmin pu 
is (I) to indicate the extensive nature of these tluctuations, (2) to remind readers 

I.ht· probahility that role in enzyme 
( d 1 and 

to state that a complete description of phosphorylation 
should preferably take such tluctuatkmal hchavior into account The philn~ 

problems I. 

of mo!ct~tllar arc fluctuations 
work under macroscopk·:dly isothermal condit.inns, are tilXplored elsewhere 
(Welch and Kell, 1985: Somogyi et ol., 1984). 

LOO 

!) 12 

Bound 

Somi: ti1m~ eva11s nf hiomcmhranc protdns of rekvirnc.i.! to ckctron trnnsporl 
F111 many filnhcr the for 'iUd1 motions, and 

1.'f (I and Wddt et ul. ( fl is that the fHOLcess 
phosphorylalitm occurs 1.m u very ~lnw lime relative rn that of other 

motiot1s. 
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2. CATALYTIC FAOUTATIO~·.J AND MEfl.1BKM\ll: ncs 

Disposition of Protein Conditions 

In the a 

nous particles, including the light-harvesting 
in chlnroplasl thylakoids. 

numhcr of detailed and elegant that 
appropriately oriented electrical fields can drive lhc 

protein compl\(xcs e Jaffe, 1977; Poo and 
Hackenbrock~ l 98 i: Poo, 198 l; Zimmermann, l 982; sec 
phenomenon has been termed lateral eleclmplwresis, 

shown that the clustering of certain mt:mbranc com can have 
si.gnificant upon lheir catalytic properties (Young 1983). ln 
particular, since, as we shall set~ shortly, elect ron-transpnrl and ATP hydrolasc 
reactions are accompanied by lhc generation of {initially) rical 

it does not seem unreasonable that some type of 
of electron transport and synthase com 

to the cnerg)H.:oupling process. 
We may consider the recent elegant work of Zimmermann and colleagues 

Zimmermann et al., 198.1; Zimmermann, l 982; Zinunermann and 
Vienken~ J 982, for reviews) on electrically mediated ceJl--cell fusion. In this 

cells are apposed by dicledrophorcsis in u medium of low electrical 
conductivity, and then fused hy the application of a short (microsecond) 
electrical pulse of high field strength. Molccularly1 it is thought that the area 

cell-cell contad (strictly, pro!oplast-protoplast contact) involves solely 
phospholipid bilayer art~as of the membrane, and that, ergo, part of the role of 
diek:ctrophoretic induction involves the lateral electrophoresis of membrane 

roteins (and/or charged pJHJspholipids (Zimmermann and Vicnkcn 1982; 
ell, 1983)). Most significantly, it was shown using Avena satl!it1 protoplasts 
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that while the adcnylatc energy charge of the cells was irrelevant to fusion, the 
lime taken for the fused double cell to round up was essentially inversely 
proportional to ATP/ ADP rntin (Vt.:rhoek-Kohk:r et'''" 1983). Although, 
as mention, this due to the for 
phorylatkm one or more it 

of mem be required for the normal 
disposition of proteins in these mcrnbrancs (as well ns rearrangement of 
lhc cytoskcleton). 

may also consider the 
from I 

transport phosphorylati.on, 
of the other parts of the cytoplasmic 
et al.j t 981; Kaufmann et al., 1 

of any anchorage 
in 

either that the 
as an cl1uilibrium ....... ,. ... ,,~ 

input of act. to 
phosphorylation in chromatophorcs in u reasonably spatial relationship 
to each other in situ in the intact celL This conclusion is very strongly 
reinforced by the a highly 

Lloyd et al., 1982). 
To pul this point on u quantitative font let us a fairly typical protein 

complex diffusion cocfllcicnt (D) of 10 ·~ cm 2/s (Huckcnbrock, 1981), The 
relaxation time (r) for the randomization such a cnmph.~x in a spherical shell 

of rndius R is R (H l 973; 
I I I· I: 

(Kell, 1 assmncs 
up a negligible volume Ion of the bilayer~ for a 

overestimate D (or underestimate R)1 but we will ignore 
relaxation time for randomization of the disposition of a prf>teit1 complex in a 

bacterial of 0. 1un ( = 5 10 10 1 

J 
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LITt\TION AND MEMBRANE 

coupling membrane (I> 10 11 cm 2is) is that given by Barber (l982b) in 
thylakoids; hascd on chlorophyll induction. We can 
one possible resolution of this problem which seems consistent with the avail­
ahlc data. Using the same equation as Sowers and Hackcnbrock ( 1981 ). Kell 
(1983) obtained, frrnn dielectric measurements in chromatophores, a diffusion 
coefficient of I x 10 7 cm 2/s, on ihe assumption that individual lX>mplcxcs 
could diffuse freely within the entire chrnmatophore membrane; this value is 
evidently far too and forces one the conclusion that the radius one 
should is not the actual 

rictcd [Actually~ as 

across the 
(1 1) could easily have been enough to rupture noncovalcnt, 
internclions. while that induced in the dielectric 
very substantially below kT) was not Obviously the 

in energized membranes could promote ti{berenr intercomplcx 
associations from those existing under nonenergized conditions. Dielectric 

·measurements at widely v~1rying field strengths (see Delalic ed.~ 1983) might 
light on this possibility. 

Summary 

foregt)ing may summarized as follows: 

synthase components 

lly diffuse at rates 
contrc.'lling the 

conditions there is a significant amount 
disposition of in energy-coupling 

irnportant in r·egulating the transfer of 
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5. some discrcpancll!s ween many hiophvsical 
membrane protein diffu~don cocflidcnts and those ohtaint:d 

appwachcs ( 1984). 

now well k n<nNn, P. itchdl ilchcll, l t 9681 1979, 198 l; 
Nicholls, 1982), in his chcmiosmoti1,~ coupling hypothesis, propost.:d that, intet' 

of Ct 1NllS tn 
the vectorial translocation of protons across the coupling membrane 

arc t l 

now proven. 
in relation In lht~ 

L What type of gcm~ral mechanism is 
i;;atalyzing protonmotivc aclivity?· 

by tht:se complexes in 

,, What trnmy is across the 
coupling membrnm~ by the proton pumps en 
to 

version of the chcmiosmoiic <:oupling hypot.hcsis posited direct mechanisms 
by the 
motive activity. The 
appropriate spatial 

ion of hvdrot.!.cn and ' .... 
including 1hc so~cnllcd 

( 

act are 
confonnational type of mechanism (Fig, 2b). 

are other diffcrc11ce:i between the 
sloichiomct \vith which t 
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2. CATALYflC FACILITATION AND MEfv\BRANE BIOl::NERGETICS 77 

b 

view a crucial difference between them is as follows: 
protonmotivc systc.m1s the direct mechanism, for a 

transport between redox 
trnnslocated electron through the 

+ ratio. contrast, rcdox~linked 

case of redox:~ 
pathway of 

ratio of 
i.e., a 

opera ling an indirect mechanism) are more exhibit \Vhat 
termed slip (Rottenberg, 1973; Barcarini~Melandri t~t al., 1977; Hill, 

Pietrobon t:'t.al., 1981, 1982; Kell and Morris, 1981; 1982; Wal:t., 
That is, the electron~ and proton~transport reactions 
pletely coupled at the molecular lcvd. This nt'H"\E"s~n 

fashi1Jn, a Hill (Hill, J 
we :shall 

1981) and ATP 
noted in mt 

directly in a 
l; Phelps and 

and Brand1 
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78 DOUGLAS B. KEU AND HANS V. WESTERHOh 

and um:ouplt'.d (:>lip) prnlonmo!ive cycles in 11 n·(hn .• Jinked proton pump. 
repn:sentuliou of a mk1x·linke<l proton pump m an en~qo··coupllng 

rnemhranc. The prottiin eon ta ins one (shnwnJ or 11111w pro1011-bin11ing side 
of the and can of c<mformational stale (I to 5) 

the redox kvel tlf t~nergi:tation. Thtl homh between H 1 nnd !he 
protein ln<lktite localized coupling; for dlag1nmming delncalizc<l chemio:>musis the bonds are 
relaxed and the protons are to come into i:quilihrimn in !he hulk 

(b) Hill (1977) for redo>.·li11ked proton pump. For a fully 
(an Hi of only I hi shown in diagram), the t~yde of the Hill diagram 

1
• There rue two other, uncoupled slip 1-2 .J I' i!i a 11rohm (prolon 

slip: chutges !lcpuraled during lhe or 
transfer). slif'• occurs when the occur without 

concornilanl prolonmotivc <tdi\lity. Othi!r illleh as the i11ternctlon of sud1 n device with 
111embranc-pi2rm~·ant ion~. ure not considered 

think t.hat this n;flccts the current of 
favors the universality of the indirect pump type of 
1981a; Nicholls, 1982). 

Slip is often to in 
proton pumps; we shall use the 

Given our intention lo treat 
black boxes (i.e., we a 
problem of f he 
pathway during phosphorylation. 

l P. Williams Williams, 1961 
1982) a more view on prntonic coupling in electron~ 

phosphorylation. Our purpose here, however, is nc1t to distinguish 
of Mitchell and Williams (see e.g., Mitchell, l 977b; Williams, I 978a) 

in explicit detail nor historical context. It is because Mitchell's 
a much greater number of testable predictions that most 
membrane biocnergetics have come them as 

experimental at·tivity. we will 
(or constitutes a 

(\Villiams, J 978a). 
of chemiosmolic coupling'? 1t is usually 

of the chcmiosmotic coupling model (Nicholls, 
stationary-state conditions the proton electrochemical 

Supplied by the British Library 17 Jan 2020, 14:02 (GMT) 



2. CATALYTIC FACILITATION AND MEMBRANE BIOENERGETICS 

difference tij11p or , I F.1 
appropriate to its being the highpencrgy intermediate of clectronp 

(and m 
4a. Quantitative calculations indicate 
in t time of 

potential can (in 
same aqueous compartment) at a distance corresponding to the size of a 

b 

principle nf d1emi11smotlc a 
r11ipid bilayer encrgy,coupling mcmbnml.l incorporating two re<lox·llnkeJ proton pumps 

(S) (symp), and two ATP The pmton 
se1 upaprown po!emial • !Hcro,;:;s 

1rn:mbrnne:, and thiN proton dectroc11'~micnl f'Hllcntial dHfc!'cm:i: at.:t~ to drive H.,. back 
ATP to out trnnr,porl by 

as structun:s. lhc 
is homogcm:om;, in llH~ se115e that free energy rclcu~d hy 11 panh.;ular 

, and may utili;.(ed by any nf the ATP 
if) the same memhrnne. Of the J1f("'1it'flCt' nf "'""'"''"'',.'" 

mis kads to a decrease in tlp11 ., and hence !o a dccn.·ase in I he rate uf phosphorylatiun (tir 
tnm~port), The memhnme its~1 lf is thus viewed, in the t:hemioi>.motic nmJeL 
in~ulating pmlon hackt1.1w and 1101 llsdf 

energized during dccl.rmHnmspnrl phosphorylation, (b) The rnl.ndplc of 
coupling is vlstmlizc<l us 11ccurring in /1 independently opernling, 

or is in broadly lo m 
the number of proton pumps per LHHl is conlined to two, Because the combination of 

different for each coupling unit, and l:a:cau~c them arc also kuk units (lhc 
1:nc1 gy is to mus.akin nature. 11ature of 

com1cclions he.tween tht~ diffcrct11 proton pumps, and the relative prol!m current 
~parn1c pathways, remain as yd undefined. 
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bacterium or an intrncytoplasmic organelle {Mitchell, I nd ri et 111 .. 
1983}. and 

of the two aqueous 
(Walz, 1983). 

common with Ort 
we use as a ''straw man!> 

results and the predictions of 

•AHIJH'-•'-' are 

serve to 

it is minimal model (Fig. 4a) 
assess t.he agreement between experimental 

in the following we 
whkh are 

we may make to the chcmiosmotic model 
more fully with experimental 

by considering t 
as observable in (phases in equilibrium 

with) bulk aqueous phases. 

·t. Respiratory Systems 

Following pioneering experiments wil h mitod10ndria 
Moyle, J 967)~ the 

denitrifif·ans 
Mitchell al.~ 1979; 

di and Hil.chens, t 

atoms 
in of compounds such as 

that are helicved to cross biological membranes rapidly in 
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as are from bulk 
in equilibrium with 

According t.o the conventional chcmiosmotic explanation of this behavior 
Mitchell, 1967, 1968; Scholes and Milch1.:ll, 1970~ Koll, 1979; Archbold 

1:1 ul.~ 1979; l 1; 1 I; et al., 
1 ~ l 

m 
and Hitchens, J demcmstratt_: 

the ___,, H 1 /0 ratio in the u bscnce of added "pcrmeanf' low 
concentrations is independent of the size of the 0 2 pulse. This type of 

rvaHon has been interpreted by the above authors to that there 
at two t of proton circuits in 

not coupled to phnsphorylalinn [but 
regulation (Padan et al., 1981; Booth and Kroll, l 

k aqueous phase external to I.hi; mernbrnnc vesicles. Further, the half-time 
H:+ ejection under many of thtisti circumstances greatly the half·· 

2 reduction, ohviati based on non~ohmk 
converse to the the 

in which the num 0 atoms added is 
all tha1 !he maximum membrane potential that c\mld set up if 

llliosmotic mechanisms arc op~rniive is so small as to he energetically 
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insignificant. Under conditions, the -> H /0 ratio should same 
whether or not "permeant'' ions arc present. Again, however, experiment 

of B /0 
(Gould and 1977a~b; l 

1982) consistent with the findings dt~scribcd above and with the view 
1 are seen nre not responsible for inhibiting the transfer 

the typical conditions 

electron in both thylakoid nnd mem~ 

branes is also more or less tightly coupled lo the reversihlc transmembranc 
of will in this section to 

are 
the regulation of internal ":ydic nature of chrnmatophorc 
transport has in cf, Jackson et al., l I) precluded 

which 

Supplied by the British Library 17 Jan 2020, 14:02 (GMT) 



L CATALYTIC FACILI TAllON AND MEMBRANE l110ENFKCHICS 83 

trnnsfor events the obscrvahlc 1 nmvcmcnls in ( 
with) the bulk aqueous illumina 

in this and the M<ro.~an 
careful lo distinguish bulk-phase 

in equilibrium 
chrnmatophore 

movements in discussions of energy coupling, since hoth arc to 
trnnsport. What we wish to know is which of them act in I.he entire 

process of ckctmn~transporl phosphorylation, it is, of 
a logical absurdity to ascribe a causal status as an intermediate 

to a t.hnt is merely 
it is worth reminding in this section~ that 

sufficient to inhibit phosphorylation 
upon the of nduccd H + uptake in 

(Nishimura and n, 1969; Pressman, l 

discussion in the preceding two sections may be sumnrnrized as follows: 

nm-transport ions arc coupled to H' movcrncntt'I to and from 
phases in contact with t coupling mem in which the 
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stokhio1netcrics of these H 1 

ions, and under conditions in 
phosphate present, they would have sumcient 

ure not easily consistent with the 
serve as an 

to made concerning ATP-lin 
H+ trnnsloc:ation, although all the pertinent s do 

not appear to have In it to l 
a\vare variahlc 

depending: upon whether one is 
rneasuring rcdox-linkcd rnovcmtmts in bulk or 1nore f u 

such as phosphorylation 
Kirk, l 

stud ks on elcctron-transport~linkcd H + movement 
studies which have attempted 
the proton motive 

ion, 

"fkalily" is whal we lake t1l be I.rue. What Wi~ take to bi: trut is whut we beH1.:vc. What we 
bi:iliew ts bat>t'd upon our What we upon 

lo!lk for w1: think. What we think depe.nds upon what we 
perceive. What we percdv1.~ determines what we believe. Whai we bdieve what 
we take to trnc. \Vlmt rnkt: tn lrtlt' i~ nur 

Zukav (1980) 

earlier. it is usually taken aJ<; the central 
cherniosmotic coupling model that the 

potential di 
"'at") 
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problem 
membrane potential which is up. in the chemiosmotk: 
accompaniment to proton motive activity. The only m 
principle, is measurement with microclcctrodcs. diH1cuH measure-
ments have indeed been reported for a number of Tedeschi and 
colleagues have, for a number of ycan;, in experiments of increasing 
refinement 1 reported that the metabolically induced membrane potential in 
mitochondria is energetically insignificant Tedeschi, 1980, 1981; Ling 
t 1) to account for ATP synthesis observed in the same mitochondrion 
(Maloff et ul., 1978). Thcsl: important mcasurcmcn the only direct 

used in mitochondria to date. 
Bulychcv, and cul have used 

Vrcdcnbcrg, 1976), and found 
of millivolts in the 

uncou or 01 

in giant 
potential 
transient 

of 

rnembrnne potential on the external sodium concentration was 
n (Felic ct al., 1978) (consistent with the view that it was at least 

a sin1plc diffusion potential), and (3) I.he t~oincidence between the 
with the microdcctrodcs and the pcrmcant inn uptake methods 
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\Vas obtained with in who/Iv distinct, thus non-
Tims the status of these othenvise crucial experiments, 

not is t 
basis of calibration \Vilh induced diffusion potentials, a great 

al., l 98 l I have under C<)mm<1n 
conditions, and with appropriate 1:orn:;ctions1 • ribution 

are imcccssfully measuring the trnnsmembranc elecl I potential 
Although it is possi to 

that arc independent nf a bulk-to-l:wlk phase electrical potential difference, we 
initially. that are 

measuring the hulk-to-bulk phase pH gradient and membrane potential 
the ti.;711 • ion, w1;: find major of 

anomalies hctween the data ohtui and those upon a com~ 
nmns1,~nsc ing of lhe chemiosmotic modcl 1 incorponiting appropriate 

such as a slightly 
ohmic leak of cncrgy~coupling 

a nu on 
Mclar1dri l'I al., 1983; Westerhoff ct al., 1983a, l 984b1 we confine ourselves l(J 

some surmm1ry 

H \Vas ob~crved undL~r a variety of conditions, that ra 
of electron transport or of i1m arc not uniquely Jcpendcnt 
the value of the apr)arent prntonmntive force, hut in nrnny cases depend more 
upon t numher chains or 
Padan and Rottenhcrg, l Bacctlrini-Melandri et al., 1977, 198 l; Casadio 
et al.. I and l I Kell d al,, I et al.1 

1980; de Knudmvsky and liarnux, 1981; de Kouchovsky el al., I I 
ti f'I al., 1 Wilson I Mandnlino el al.. I 9lB). Some 

ohscrvations hav1,; to that t ' k 
interactions bL~twecn rc<lox·, and A'TP synthase-linked proton pumps that arc 
not is of 
comparable anomaly which is not subject to this type of inlcrprettl!ion. 

nstlucing system is allowed to synt ATP until no net 
is the maximal for 

evuhrnted and t;omparcd with tlu.~ magnitude of the simultaneously 
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measured AJ1u,. Such are said to take placL' al 

stalk head. His lly 11ssunrnd that the of the two terms 
used 1 in the cl11;.~miosrnotic model, to a minimal measure of the 

.i) ATP ratio. It is found, however; in a variety of experiments) that this 
is heavily ck:pcndent upon lhc magnitude of the apparent pmf, and 

wholly unrealistic vulucs when the pmf ls severely decreased (c.g.1 

Wiechmann et al., 1975; Kdl ei al., I 978bi.c; el aL 1978; uffanli et al., 
1 1981: Decker and Lang, 1977, 1978: et al., 1981; Bact'iHini-

et al., 1977; Mandolino et al., J983). in some of these 
the reaction cat1.tl by the 

with the pm[ no kinetic 

1. ''Add II 

Following the pioneering experiments of Jagendorf ( l a 
of workers, in u variety of systems, have demonstrated that the 

imposition of an artificial At711 + (acid hath), sometimes partly constituted hy a 
diffusion potential, i:an drive the synthesis of ATP (see e.g., Thayer and 

1975; Schuldincr, 1977; Gdihcr, 1981; Schlodder et al.1 1982~ Mnlom~y1 
and confrast. Makmkova et al., 1982). Most workers find a sharp value of 

applied pmf, typically 150 111 V, below \Vhich the rate ofA TP 
When !he valui.! of lhc applied Afin 1 is very the 

ion indm:c:d arc as as those driven by electron flow 
llinkle, I et al., 1976), indicating that were 

as the arlificially applk:d 
intermediate in electron-transport phos~ 

of Ajl.11 " ues u the 
rml. adequately Schloddcr et al,. 

on this point It is obviously this comparison, 
ion \\'ith flew/ causi a 

applied in acid~hath experiments, which is the 

His \VOrl.h m~mtioning thal 0 10 substitution for H 
ly :::iffc(:t. acid bath-induced phosphorylation in Streptococcus 
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and was in 
increased hy imposition of a potassium diffusion potential. 

dependence of is acwally wholly 
t inner thylakoid 

acid~bath experiments, 
Sl!l up is not the same as 

that caused by the impnsitiou of an add bath. It is the presumed equality 
that has 

of the chcmiosmotic mmfol 
can only be concluded that 

than the threshold 
in to electron now. 

Blumenfeld (1983) also 
his outstanding monograph, 

. "Antacid Bath" 

were to 

IS 

when it is created 

in Section HJ in 
to consult for fuller 

decreasing it, under conditions of a constant (or, hctter, ricgligibJc) membrane 
should a 
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in the chemiosmotic model (Fig. 
of next section. 

principle underlying the general m.ethods 
be expounded with to Fig. This figure 

transport phosphorylation as four redox-linked pumps 
four H +-ATP synthases (written in the figure) that arc coupled via a 

intermediate ( ). The box indicates a model in the 
released by a particular elcctron~transport may 

ATP synthase in the membrane vesicle prcparation1 as in 

b 

(ii) 

Principle of dual inhihitor titratinns using inhihitors of electron Lranspor! nnd ATP 
enzymes. For discussion and explanation, see text. 
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11 and 12 represent tight,·binding and specific inhibitors 
the ATP "Hear' all 

by Baum and colleagues (I I; Baum, l a sim 
ualkm would that partial inhibition of the 

system (i.e .. the llf A synthesis, JP) trni ;:tn I:rtypc 
5b(i), (ii)] should t titer an l 1 inhibitor 

to inhibit phosphoryh1lion relative to that in th1.~ absen..:e of 
if coup! is lized (ii) (and IX'). 

if energy eoupling is fully localized, the liters will be unchanged 
the c:ommon finding of an of 

ratio on the n1te of electron lranspnrt over a whl1,,~ nwgc in \Veil~ 
indicate:-> that arc not t 

analysis. Such a findinµ also militates against the thoughtful 
(I 

in a number of systems, that the behavior 
for a fully 

1978: Vcnturoli and Mclandri 1 l 
1 \Vcsterhoff al., I 

Kell, 1985). lt is also worth remarking that the 
grown B. coli, on 

assumption that their cytoplasmic membranes urn les.'i energized than 
w1c strains, In the case the \vhich a 

drain on the energized state than the wild type, this obscrvalion is nnt 
easily reconciled with delocalizcd couplin but is to from 

of l ts of l 1. 2 tit rations above. The finding 
(S,:hrciber and Del Vallc~Tascon, 1982; Blumenfeld, 1983) that lh!!re is nn 
nonzero ron h> drive 
under level flow conditions has alsu taken to indicate a local 

wc~n ins P 
A variety nf experiments following, in so1ne aspects, I.his broad strategy has 

and I 
incompatible with a delocalizcd energized stale caused by electron 

(cf. et at 1983). It is also draw at ion to some 
done expositions of this type of approach in relation to the 

elcctron~transport chains (Heron et ul., 1 H 
Packham and 1983). 

dual inhibitor titrations using l~mnbinations of uncoupler and l 
found in Vlork by the l authors others 
J 982c, I 983a,h; Klill and Hitdrnns, l 983; 'Westerhoff er al., 

I et I The 
in these experiments was tlrnl inhibition of the output (seconda 
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the 

Hon couhi 
with the same 

required lo uncouple the 
ion, interpreted som1;­
uncoupli antibiotic 

<'f al, (1975) and by 

Figure 1 of Cotton 
oligomycin the apparent 

a factor of t.\VO in the same 
to their l, thl! um:ouplcr is less potent the it is '" .. '""'.:"••1 t 

The rapid initial proton cannot be due to light~imluccd 
trans1oi.:ation since it is fully sensitive to t inhihHors 

and Kell, l 982c). 
The in H uptake after 8 min illumination cannot dut~ h1 the 

buildup of a high phosphorylation potential simx: the decrease in r~1te under 
(latter) circumstances (using ADP, but not UDP) can only he 
shortly before the attainment or stat it: head (H itthcns 

unpublished). 
5. Similar trends in uncouplc:r titrntions are ulsc• obscrvt~d in st t,# 
l<>chondrial particles using Hll L'lltirdy diffenmt assay (\Vesll:1 hnff l't 11! I !JX2, 

Westerhoff, 1983; Herwcijcr et al., l 984). 
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approaches secrn tn indkat~ that clectron-
cannot be prrnx:eding via a dclocaliti:d i 

of in some kind 
integral part of these 

the 
is to have 

reconstitute the enzyrncs i:atalyzing elcctronb 

We iind that the theoriei; of physich1l.s constantly undergo nrndi l\cati(ln, ;m I hat 110 pn1<l1:nl 
rmm w11ultl In be hundred year:.; 
hcm:c. Hut when theories changt'. lhe altcrati1m usually hns nnly a smull elfocl so far ai> 

It is widely l"K~licvcd (see, that the 
ution 

plus a complex in a liposnmal system 
capnblc of catalyzing elcctrnn~transport phosphorylation at rntcs (and with 

amply 
and Stocckcnius (1974) on co~ 

reconstitution of bm.:teriorhodopsin plus an olignmycin-scnsitivc 
are I 

1) ii;olatcd membrane 
("hydrophobic protein fraction''), depleted in phospholipids 
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involving prnlt1rHnotivalcd 
a 

were not 

the hyd protein con in'! know 
properly lo characterize this muterial1 that of Capaldi et al. ( 1 

found that even a onc~dimunsional SDS-polyucrylamidc gel ~cparatcd u 
number of their I (Capaldi al., 1973) would ~ccm 

assum a Gaus1'ian shape with the width 
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least. I of I minht be e hedtothe 
V)? Th1:re seems to he a general consensus (e.g., RainJ 

1979: Galante et nl.! 1979; Kagawa, 1979: Senior, 1979: Bcnlcn 
l l; Pedersen et 11/,, 198 .I; Pt~dcrscn, 1982; Stmior and Wise, 

oncRdirm~nsional SDS ";an separate approximately 11-13 
in pur(ficd beef heart rnilm:hondrial V. [l lo 18 

I ( ett1/.,1980;('apaldi,I alt 
many of I remains unk110i,vn.] 

concluded I hat the hydrophobic protein fraction may contain 
ide components that arc not par! of thm:c of purillcd com~ 

are rccnnsl phosphorylution performed without a 
hydrophobic protein fraction nr analogous from another encrgyu 
l~oupling membrane? We can the answ\,~r once: not at alL A few quite 
typical examples serve to illustrate this. 

\Vinget et al. ( 1977) r~'"'."""' 

Their 
min 

low compan!d with that in in nivo, hut, as remarked Haw;ka 
(1980) and by Kell and Morris 0981), whnt we need to knnw is the 

turnover number of the ATP synthase, since these preparations an~ enriched 
in the sole proteins supposedly required (in the simple interpretation) 
energy trnnsduction. If we: assume a rough molecular weight for 

1 of 500,00U tfohons ( ;md R I l 
I, SO that 

ituted ts 0.5/min, about OJH/s. Since the 
turnover nmn of !he CF)'" 1 during phnlophosphorylntion hy thylakoids 
in tiivo is approximately 100/s (Hauska et al» 1980), and this figure is esscn~ 
tially accurate for cnergy·t~oupling mernbrancs ( M 
I 1), t rncmrntituted of 0.01 , 
With I 

et al. (I 980) a F 1 
from Rlwdospirillwn rulmm1~ their of' photophos~ 
(lhcir Table I) were approximatdy 8 nmol min 1 mg 1 F.,F 1 , 

to those found by Ryric et al. (1978) using bactcdorhodopsin plus a 
F .. F 1 preparation and those {'1f (I l) 

phrn 
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and now 
tm (van 111 al., I 

Finally, we may consider the detailed experiments 
st udil~d the of 

t increased this 

Hauska el al. ( 1980), 
a purified photo~ 

·were as \vc a war(\ 
published rate obtained in any systern reconstituted with "purified" compo-

H t of these 
was jmH a~ as t 

as is possibki, by 9Ha1ninoacridinc fluorescence 
t 

early et al., I 
indicated the presence of a so-called structural protein, \Vhieh could 

from rnitochondria, which might have a in oxidative 
and which distinct 

recognized protonmotive protein crnnplexes. This 
by the work of Schatz and Saltzgahcr ( 1970), 

of strudural protein contained. 
denatured F 1. protein. Since the publication of this a 

1970)1 the literature has essentially 
of son11:~ of (quasi~) structural (but 

here that the ha by may have been thrown out. with bathwater, since 
summariicd in the two previous sections~ whfoh arc wholly sc/f-

indicatc that some uncha to 
arc now routinely bdng neglected. Let us look at some further studies 
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still further and indeed may shed important light 
coupling may not be easily reconstituted in liposomes1 usi 

s 
and cytochrome-containing cmnplex1~s was 

in rough prop<>rtion to 
was to indicate 

our discussion in 
chondria) a diffusion~lirnitcd 
limitation could 

although the ATP hydrolasc activity 
was unimpaired or slightly and 

was insensitive to 

I· 
' 

\Vas lat least in lipomitn~ 
electron transfer. 

u 

lipomHochondria 
l 

et al., 1982.) that lipid enrichment did not 
carol.enoid signal induced by /valinomydn 
dark, but of 

l 

amount 
lipomitoehondria, their 

partially scnsilivc to atrnctylatc (Schneider el al., t 980b), we 
to mention an alternative explanation for the incapability of this 

Hmt t 
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that 

implicating 
protoneural proteins (Kell et al.~ 1981 b; Kell and 

mmmic 
transduction. This 

of a device that should be present among the 
above. In Section VII we shall discuss a possiblestruclurnl identity of 

\Ve shnll summarize the rnininmm and 
nt in the 

Minimum 

with the of numerous 
the dclocalized chcmiosmotic coupling hypothesis 

to retain most clements of the latter in any alternative 
tly, (see Fig. 4h) the mosaic protonic coupling hypothesis :rnimmes 

mcmbrnnes contain proton rmmps that arc d 
Important ones arc 

1~typc protmt~translncating ATP synt 
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between the delocalized and the mosaic chcmiosmotic 
hypotheses is that the former proposes that there is one single 

compartmcnl (domain) into which all individual proton pumps pump (the 
form a 

as func~om~lly 
dc)tmuns 

JLH ''in'' 
"ouC'). this rnosaic protonic coupling 

hypothesis: the coupling membrane essentially contains a muhilude of 
independently operating and possibly heterogeneous (i.e., a mosaic of) 

units. 

1. Explanation of the lncompE!tence of the PMF (~Al~i·) 

oft mosaic coupling hypothesis it is readily understood 
why observed magnitudes of the prnton electrochemical potential di!Tcrem:e 

the hulk aqueous bordering t (fl/7111 i c>r pmf) 
too low to account for 

due through Rirk in 
is a continuous dissipation of tlflw such that the latter will always he 
than the proton gradient at the "site"' of the proton pum which is 

4b). It is this Al.Hi, and not tl;1n , shtrnld 
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Some Statistical A$pects of Energy Coupling 

of 
(or rn I hi:r, 

hdow, the energetic equivalent thereof) that lly 
suflicicnt to drive ATP synthesis. The fact. thut this number is so small has 
important effects on the characteristics of coupling. First. a proton 

is either in the (i.e., prtHons), or in 
(i.e., 

rclev~mcc of this phcm>mcrmn, we shall 
description (for a more refined treatment sec Wt!sterhoff al.~ l984b) of the 

dependence of energization in a system where the 
regularly, and simultaneously) pumping protons 
number coupling is denoted by n 

the 

n*'(l) n*(O) e "' (for r r) ( I ) 

r this number \vould againjump back ton. The probability that the H ~ H 

present in an energized coupling unit would make ATP may be 
by (cf Van Dam et al., 1983; Westerhoff and Van m, 1985) the 

K p(l which indicates that 
phosphate this prohahilit.y 

amount of synthcsi~cd coupling unit can 

(<5ATP/n) (n/K}(l - e~"~)K 11 [1 f(~GP)] 

lion (2) show~ that n! low turnover rates [l:mr1parcd to the rate at which 
energized proton leaks out of the proton donrnin~ (1/r) << K]. the ATP 

per coupling unit per turnover of the clct:lronwtransfor chain tends to 
independent of turnover rate, or, in ot words, the m 

independent f)f the rate of ron transfer. In many 
this is indeed (e.g .. 

and Nordenbrand, 1974; Ferguson t!l al., 1976; Venturoli 
ri, 1982; and sec carli(~r). 

We may also consider whut would happen if a fraction a
11 

of the H + ~ATPasc 
a fral;tion of the dcctrnn~trnnsfor chains would be eliminated at random, 

through (he addition of irn;vl~rsihlc inhibitors. The ATP yield pt•r 
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(.11/k)(I --e:<r)K
1
)[1 -/(LiG

1
,fJ(I ~. et,.)(1 

Importantly, both types of inhibition would have the sumc , snn 
of ~:oupling units (n). inhibition 

ns is nol expected to lead lo a reduction in the liter of the 
~ATPa~m (nor vice versa). The deloealizcd chcmiosmotic 

hypothesis would gcm;rally predict such a reduction in ti 
results scmn to plead in favor of prnlonie 

of an uncouplcr would be to increase the: probability of 
"local proton" (i.e., increase t<)1 then inhibition of the H + would 

expected have no effect on the ti t 
synthesis. If some 

then ti ri,;d This is in contrast to the 
ions of the hypothesis of delocalizcd chemiosmotic coupling, but in 

with I.he c~xpcrimcntal rnsults (cf. I 
Thus, it seems that precisely 

entailed the 
et al., 1983a,c, I 984h) mm account for 

odds with the delocaliicd chernimimotic rhemy. 

hypothesis 
observations that were 

adjacent 
energized prnt.ons. In the 

with the hulk aqueous phase 
thus frorn forming a pool \Vith its fellow 

\Ve will discuss the indications for 
of proteinuccous kind arc from 

111~ 1Hly1me :,hotdd not all 
if it is !o be of any 

(Darwm, I 

A commonscmse (and usual) reading of the delocalizcd chemiosmotic 
coupling hypotht;sis indicates that all that is required for 

primary pump (ATP 
with the polarity in a 

n1cmbrane, as indicuted in the simple interpretation 
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reconstitution experiments (Fig. 6). ln the previcms sections, we concluded 
more localized coupling (and, to the 

of H J, mandate) the 
of additionalt presumably proleim.:1ccous1 devices that am required 

Junge I,! 
localization the 
(\Vestcrhofl~ 1983) as being irnmfficier1t 

S"' 1 ~ostram, 1978) proposed that 
of the external 
An uncertainty is how this 

and submitochondrial particles. An 
m men1 

protoneural net works (Kell et al., 1981 b). Herc we shall 
, which was explit;itly to our k 

really are these mcm 
identified all the polypeptides which they contain'! The answer again 

doubt if 

us a leap see 
by the mammalian 

genomes of a number of mammalian mitochondria1 that 
f human (A ndcrson et al., 1981; see .also Borst et al,, 198 l ), ho vine (Anderson 

1 murinc (Bibb t'I al., l 1) mitochondria, been l~ompletely 
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sequenced. importance of these beautiful st to our 
sidcrations is that, in each case, the presence of cighl u 

( U for rather hydrophobk proteins of unknown function, 
Davies er al. ( 1 put it, in our 

''the discovery of these putativ1.~ in as different 
A/speruillus] niduhms that they for functional 

a hitherto rnk; in m 
many possible indentitics t.he proteins 

or ribosomal proteius, or (Attardi 
Wl~ wish lity that. our molecular biological 

w·ho fully •nvare of the literature, might 
URFs eocle for proteins with the role of the 

(Kell and Morris, 198 l ). It should he 
rnRNA molecules. Finally, we 

autoradiogrnms (which, in contrast 
inate against very hydrophobic 

indicate that the mitochondrial transhition prnducts of HcLa cells 
include as ma as (Ching and Attnrdi~ J 

It be remarked, ln conclusion, the coincidence of the hydrnphobic 
of the proteins coded for by URFs and the impc:1rtmR:e of using 

hydrophobic protein fraction ratht~r than morn purified + 

synthase preparations in reconstituting oxidative phm;phorylation seems 
beyond fortuity. now tum to some ~;tudics of plant mitochondrial 
molecular biology which give us a mnre forthright clue as to of at 
least om~ unidentified mitochondrial protein in mitochondrial 
transduction. 

tp. P. l 7. 1981, 
1hc of !!) set; in milnchnmlrial rest~arch: quoted by 

Bemfa:h ( J 982) J, 

male is a maternally 
t.he production of functional pollen but docs not affoct fertility 

plants of (Echvardson, 1970). The 
which control CMS in maize (corn) are located on 

(see et al., l 982; Leaver and 1982}, 
lines carry nudcar fertilityAArcsloring the 

in the commercial production of Fi hybrid 
self'.,pollination of the parent. 
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Three types of CM namely Ti and CM have been 
described in the maize. Our attention is i;onctmtralcd on lhc T (Texas) 
cytoplasm, which was used in over '.}~:of hybrid corn grown in the United 
States by 1970 (Leaver and Gray, 1982). In that yeur1 an epidemic of southern 
com leaf blight disease virtually wiped out the maize crop, causing losses in 
excess of $1 billion. The disease is caused (T toxin) (for 
probable structure see Kono et al., J 980) fungus Helmi11th~ 
osporium maydis Race T, which st th the T lrait hut 

little effect on normal fertile (N) or the ( Ullstrup, 
Gregory et al., 1977}. A wealth by 

and colleagues (1977, 1980) and 
l el al.. 1982)1 

T toxin is a 

to of 
bility, in harmony with the 
this target protein the propcrt of a protoncural 

"""'",.""" previously (Kell et al., t 98 l h). 
Although the T toxin is not proteinaceous, the physiological 

\vith sensitive mitodwndria bear many striking 
elicited by the interaction or a mtmbcr of protcin~weous mcm 
bacteriocins with their sensitive bacterial cells, a topic which 
the subject of the next scdion. 
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on 

"""'""' 1s an tool with In 

with bilayets, ii. i~ important lo keep in mind lhc pos)1ihle 
t111tkrlying the oh~·lcrvcd cor1<iuCli1m:,; 

in may relkt:I !ht1 adutd physinl11gk n1le ol' a particular protein. H, on 
the other brmd, a protein is ohscn't?d tn incrc1.1:>e conductaru:c in a BL?vt, but in a marmer 

it may · l.o dt:dare ii. a 
hiolngicul uetion or function is t·arritid out via discrete drnn11d 

arc a 
by a variety of 

Esdierichitl coli. Their physiolngical 
i ' i 

l 

{Ulumcntlrnl imd Klaus111~r, 19H2) 

to 
the addition of a prntonopho~ 

LI''""'''"'"'· to inhibit all prolon~rnotivatcd 
, it was found RI, a 
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to kill an 
available data Holland, 1 · Konisky, 1978) would seem 

with oligo-hil killing, hul this particular poinl is not quantitatively 
In an influential ( J 

membrane M) could lead to the formation of a rather 
ion~permcahlc channel, These workers (Schein et al.~ 1979) 

of including t 
(I that t 

action could adequately accounted for by the 
to crcutc a poorly selective ion channel across the hadcdal cytoplasmic 

In particular, in a dclocalizcd chemiosmotic model, u model 

It is our opinion 
orthodox view is a highly premature baby, and our tusk here is to dravv 

lo some of masons that we think it is unlikely to into 
it is highly upon findings in artificial 

the even with arc 
as noted by Cramer et nl. ( t 983). In the original work of et al. 

(1979) the BLM comludunce was fc1und to increase only if the applied voltage 
that was positive in cornpartmcnt to which the 

\vas also with colicin lb ( et 
(Pattus et al., 1983). I luwever. neither th~ single-channel con­

ductances measured (\Vcaver et al.1 1981; Clcwland et al.1 1983) in planar 
nor tht: efflux of radiolahcfod substances from liposomes i by a 

c<)licins uda and K 1979; Kayalar Luria, 1979; 
C'ramcr, I I; d al., J 9!~ I), \Vas signilk:antly 
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lethal dose in 

are t: a ti 
might he IOO colicin/lng dry weight cells (or per 5 x 10~1 cells, 

approximately). The surface area of such a cell rnas:~ is well in ext:i.!ss 10 cm 
if we t t In a 

et al., 1979) amount of hactcriocin added 
for a BLM of area 0.01 mm . Thus1 it is evident that these in vitro 

arc with an 
of the BLM and liposome data, and the 

inability of these supposedly poorly channel form~rs to collapse a 
11i/Jo, one is nf mcm 

in t>irn ::1 rather nonsclcciivc hole in the lipid 
bilayer portion of the targ\~t cdl mcmhranc. This conclusion is grcutly 

by the studies of 

to bove us 
rablc memhranc~active baetcriocin 
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including a fall 
were closely 

to those induced by the n K to the wild-type strain. 
Such mutants were pleiotropically defective in th": cm1plin~ nf respiration to a 
variety of proton-linked active transport systems and ii wa~ concluded that 

lay in an inahili of mutant respimtimHJcrivcd 
and (Lieberman 

and strains no 
protons. Unfortunately, H seems that the original 

Thus, these very elegant studies show quite dcatly that for energy 
coupling to take place in electron-transport phosphorylation nnd 

active transport a distinct frmn 
and from leak 

his 

, grow poorly on 
arc impaired in the operation of a number of 

transport systems (Plate, 1976, I 979; Plate and Suit, t 981). properties of 
strains are similar to those of Hong described in the previous paragraph 

also Hcngge and 1983; Booth et al., 1984)1 with the exception that 
maps at minute 88. h was cond 

Suit, l 9~H) t eup locus 
of H to solute 

unimpaired in their ability tn maintain a 
I). Physiological and are consistent 

is related to the independently studied ssd (M und 
Newman, 1980; Newman et al., 198 l, 1982) and especially ctf B (Thorbjarnnr~ 

''l al., 1978). Finally, it was shown (,Hitchens et a/., l 982) that the ability 
mutant lo cxl1ibit respin1tionFdrivcn n i trnnslocation was 
relative to that its ot isogcnic wild parent 

t the lesion lay in an y to use 
(b) that the on ion) """F'"''' 

the external bulk aqueous phase, was no difforent from that 
Studies by C. Plate (personal communication) have added some 

complexity to the simple intcrpn,itation discussed hcrciti, and suggest tn us 
in the absence of any eup genetic locus, yet other proteins may fulfil the 

normally played by the cup gi..:nc product (Kell t'f al., 198 I b). These sl.udic~ 
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lhal there is now fairly abundant. if widclv 
'P ' ,,; 

"'"n"""'"' that "cnergy~f.ransducing mernbnrnes normally contain a 
components whose role is to 

proton pen11itt 
along the surfaces of such energy~tnmsducing mem .. 

and acting as the major energetic links between the various 
tonmotivc sources and proton~acccpting cm m 

1 I 
mentioned uncoupling several tirncs in this section. The orthodox 

view would assume, since the membrane potential and pH gradic~nts 
chcmiosnwsis act all over lhat 

uncouplcr do not m'cessurily hiivc act 
in such membranes. localized views predict the existence of 

more or less specific of uncoupicr action. It is therefbrc important 
tht~ exlcnt to 

which the 

u 

1. Introduction 

is now well known, the addition of low concentrations of any of a . 
number of certain nonphysioJogical low~mok~cular~weight to 
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2. CATAIYTIC FACIUTAllON AND MfMARANE BIOENERGETICS 109 

suspension depends upon the reaction being considered, which is consistent 
with the view that one 1..~ffccl of 1.m,:ouplers is to cause slip in primary and/or 
secondary proton pumps and also not easily reconciled with the classical 
chemiosmotic explanation of 

The classical uncoupler is 
1948)t the curious 

(1976). of 
the 

published literature), 
6847) (Murnoka and 

(e.g., Loomis and 
which is discussed by 

view) persuasive 
such as P 

on coupling use only these 
protonophorcs) we shall in general concentrate our 
compounds. For an overview of protonophores, the reader is to 

excellent and comprehensive nwicws CHatefi, 1975; Hanstein, l 976a,b; 
McLaughlin and Dilger, t 980; 'ferada, 1981 ). 

Given the wcll~known and abundant evidence that ptotonoph()rous 
the clcctrog~mic transfer of protons across 

from one bulk aqueous to 
mechanism their action was 

chemiosmotic coupling 
membranes. 
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A era I ? 

is undcrstuud, structure-activity relationship among d 
volatile narcotics (general anesthetics) is weak almost to the pninl of 
nonexistence (e.g., Bowman et al., 1969). · and other fact led to l 

that I anesthetics do nnt act by virtue of spcdfk: molecular 
interactions, but act purely by their pmrnession of one or morn biophysical 

. 1 · Miller Miller. I 1977), 
their ability. by insertion into lipid bilayers, to expand nerve 

membranes above a critical volume in such a \Vay as lo inhibit ncurotrnns· 
M ii et ol., I : Janoff and Hier, 1982). refer hl 

critical volume hypothesis and othi..:r cognate hypothesm• as phosplwlipid 
liypotluwes. in addition, it known for that 
t:an intc~racl with soluble proteins \Vhitc, 1974), some workers, notHbly 
Franks and Lieb (1978, 1979~ 1981), have adduced cvkfoncc from a variety 

one 
the site of narcotic action has both polar and apolar characteristics and may 
thus be assurned to be partly prott~inaceous in 
\verc lent . even 
conceptually simple study (Fernandez ct al., 
whi chloroform aclually 
dipkrylaminc ion across 
Section VIJI,A,3,b), it inhibited 

a elegant, 
This study showed that 

lipophHic 
uid ax.on (as expected; see 

with t 
1.;hanncl. ( 1978) 

summarized extensive work from his laboratory consistent with the view that 
the site of aclinn may at the i lipids 
integral membrane Thus, there is an interesting parallel in the 
narcosis field with a debate of rnore imrncdiatc interest to us in the uncoupler 

action of in 

brnncs is lipidic or protdnuceous in nature. In our view, it may he concluded 
Hilk:, 1980; I Trudell, 1 I f · 

t'f al., J Janoff and Miller, 1982) that. the hulk 
of evidence and opinion has swung in favor of the view that the tnm site of 

ion is nal me a J .ieb, 1 
et aL 1984). 

return us to our discussion of uncouplers, we 
art icl~ by Rot ( 1983), \Vho found 

chloroform and halo!hane, at significantly supradinico.I concentrations, 
oxidativ1:. phosphorylution in liver It 

however, that this uncoupling was not by 
diminution in the appurent liFiw (judged by ion distribution methods) 

"in 
transfer between the electron transporl components and 
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invoke an interaction 
in this 

, it was not might induce a slip 
synthases in an otherwise chernit)smotica.lly op\lr:tting system. 

topic is considered furt in part of this ion. 

(J b 

Mechanism~ of action of ;rn A prolonoplwri: such as l ( (a) 
pidurc, illu!ltrnh:d with refon~nci: 10 deloculiZL!d protonmotivc t1ctivity by a single 

prinrnry pwlon pump, The t1f !ht~ is that both 
,,,_,,"'"'·""%'! forms are !'itcs 

passage or UA or nf A uncoupliug, since 
'"''-!<'.Ul~\;u, (h) A mor~! coarse-grained analysis, illustrntt:cl with ltl the c0111x~pt (for a 

proton pump) of lm:nlir.ed coupling. Louali:tcd ehmge separation occurn due 10 !he 
the primary proton pump. A ne11rl1y A mnlt:'culf can then Ix~ driven across the 1 

the in a regiou or high pen11it1ivity at protdn 
causes the prlnmry proton pmnp lo lo'><: its t'tlcrgiza1ion, 

pumped. The prolonoplwril: cycle is lhl~n cnmpletcd w• in (a). Note that 
t:oupling model pc~rmits prefori.mtlul movement nf prolonophort~ nh1lecoles near WI.\' 
protein: localin:d coupling re1111i1·1.w the rn1e:-limi1i11g steps of m1coupli11g to llriwn 

ne;u the Within !ht· of k1c11lLted uncouplcr:~ 
ad h• cause nwkcular slip (W1.~t;h'rl11iff er al .. I I thi.., is not 

For further discu~siou, st'e text. 
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clfoctivc.ncss of uncoupling in rat liver mitochondria 
a compound to increase the of BLM (which 

of 
good (Skulachcv1 l 97 I; McLaughlin and Dilgcr1 1980). 

exception in this context, however, is picric ucid. 

by Picric lkid, ( l fou 
could not uncouple mitochondria but was a gnod uncoupler of some 

particles (SM P which arc topologically inverted). 

I 

acid uncouplers their ability 
The first is that although the corrcfaticm 

ya d t 
protonophorcs are two of more 

mitochtJndria than in BLM. The second is that u weak acid for 
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which the bilayer conduelancc depends quadraticrllly on the carrier conccn~ 
tratinn (i.e., an HA 2 ~type protonophorn) produces an uncoupling that 

linearly upon concentration ( McU1ughlin, 1979). It was 
pnlJRlSt~d (Dilger and McLaughlin, I and 1980) that 

apparent anomalies arc~ to component of the 
mcmhrane having a than I hat of an 

bilayer (p. 379)." important and 
in smnc detail. 

It ifi both rcasmmblc and usual lot 
pcnnittivity , t 

its utility in the 

known for many 
1979: Harris and 

static permittivity of biomcmbrnncs is 
of comparnblc thickness by u fac:tor of appro:i-dniatcly 

appwach (Fig. 7b). Given the 
membranes, it muy then be stah;d c1uitc clearly that~ in 

considerations alone, protonophorcs will tc:nd pref'.. 
in the regions of highest permittivity, that is, adjacent to nrnmhram: 

This docs not of itself require that sped/ii' interactions with proteins 
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uncnupli process, nor does it, for instance, indicate of itself 
intermediate is confined lo thest; pn::fcnmtiul regions. 

Wl~ must I.urn h BL 

Uncoupler 0 Binding Prott•im in Energy~(:ouplin~J Membrane!>. We 
the lc1::1t section that tfwrc tended to he a prderential partitioning of 

tmcrrnpling mokcules into of highust local pcrmiltivi 
protein u of nee tn t 

st ure- fu ionships of homologomi 
(c.g,, Terada, 1981) nol lend much support to the idea that 

other than hydrophobicity add dissociation constnnl. play a 
signilk~ant rnle in inducing uncrwnli nctivHy, so that stt:ric \Vhich 

play a rok in puta · 
rnle (but set' 

of course, well uncouplcrs can interact with a 
1mmy proteins, and it is worth pointing out that delipidation of mitodwndria 
with CHCl~1~rncthanol has a negligible upon of mitochondrial 
proteins to bind a num uf 1965, 1 

eta!.. I In 
more uncoupJer than is to uncoupling, so that the 
qucsti()n arises as to \l/hat fraction of lht~ total bound uncoupler is actually 
uncoupling. 

Hanstein 
mnily amt~ 

P \1Jith an um:oupling two tot te.r. In the 
NPA bound to mitochondr.ia both specifically and mmspccifically, the 

number of binding sites approximating one per ·fie binding 
was mmcooperativc t lon of 

and was uncou 
and PA \Vas photnlyzcd in th~~ 

of mitochondria, more than 901>;; of the label was associated with 
pnltcin 1 and predominantly with (n) F 1 ~AT and (h) one or 
hydrophobk: prnlc~ins nf I located in or uear F 

t (H I 
et al., 1982). This n is Incah.~<l in cnrefully 

F 1eATPmm preparation with llioh ATP~P1 cxcha 
Kh.)hl and Hanstein, 1981~ c[ BcrJen and 

photoaffinity label \Vas adopted hy 
hy ( 1 

cyanide plu:nylhydra?nne (N 
obtained brnadly comparnbk) rcsultN to those of 

(op.cit.). Hmwver, the polypcptidt~s labeled with 
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is more \:'.atholic 
hydrophilic 

with were 
Wilson, t 978), it secrns improbable that the·~"'''"'"'""'"'' 
as a mohile prntonophorc under these conditions. 
fair tn cmtdtllk: that the very interesting observations 
compounds do not alone yet allow us to assess the 
the uncouplcr~hindi protcin(s) in the mechanism of 
protonophores. 

to Uncouplers. Resistance 
typical prolonophorcs 

1 l 

and th1; mutation seems to 
F

11 
part of as judged hy 

hydrolase uctivity, etc. In some cases 
al., l 91\0, 1983) mutant are as much as JO 

acting 
it is probably 

with these 
importance of 
uncoupling by 

l"Ckcted protonophores than their wild~type parents. 
(unpublished observations, 1982) obtained similar data in capsuh11a. ll 

therefore, that some type of specific prolcin--um;oup!er interaction, 
albeit transient (Hitchens and Kell, 1982c, 1983a,b), must of functional 

in (fok~rmining uncoupling by protonophonms This 
conclusion would be greatly strengthened by cornparison of 
uncouptcr~binding protein in various strains with the 
possess to apprnpriulc uncouplers. lt may also worth d 

ahili of a variety of n:spirntory 
1978). 

that uncoupkrs 
slip 

\Vi th 
rohon et al., l 981, 1 Q82) were upon 

thl' apparent prntonmotive force under various com.lilhms. The 
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of ~hp has been funher strl!ngthencd (Pidrobon et 

which cmrtrnindil:at.cd a for a nun,ohmic k across 

some t 
of 

is sirnply incd hy the lateral mobility of un~ 
l.chcns and KelL J982c, 1983u,b: Kell and llitchcns, 1983). 

we ion may applied to 
type of uncoupler. reasons of spacc1 we will not a 

exposition, save to no1c thut the synergism often found in uncoupling 
by ekctrngenic and declroneurul simply a 

of the inner 
te The 

localized fields set up acrns~ 
activity (Fig. 7b), Fnr mon~ interesting 
compounds, which we shall 

with this type of compound 
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some with of 
transport-derived free energy to lhc proton motive sinks, but that 

cannot do so by affocting llfI,.1,, and they are not energy~transfcr 
sensu stricto. could function by inhibiting I conform:Hional 

the protoncural proteins which 

VI 

et al.1 l ; Westerhoff~ 
and Van Dam, 1985) in the mt~tabolic control theories of 

Burm; ( J 973) and Heinrich and Rapoport ( 1974). One irnporlant 
analysis of which control milnchondrial 

(1982b) that this 
alone, but hy of the 

the control (coemcicnt) (or Oux control) of respiration by, for 
the adenine nucleotide translocase varied with the work load 

mitochondria. 
this is that the flux control 

defined, but readily 
the pt~rccntagc of the control on a metabolic flux exercised hy a 
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(for review, sec Westerhoff et al .. 1984a). opernl 
is the perccntag~~ by which the flux is reduced upon 

Importantly. Mrn1 of flux emit 

all the enzymes exercised on a given lluxi must, in this t 
a consequence, flux control is shar,~d among enzymes, and 

flux contml. This ilhm is the !'or 
when one enzyme in a ratc$1imiting 

u flux control (cocttkicnt) close to nncJ the other 1.mzyrncs rnust 
"'''''"'"'"'!""" t of the flux ial inhibition an 

the flux c.~ontrol by that tmzymc, such inhibition 
to reduce the flux control (coeffkicnt) by the other enzy1nes in the 
thus thi! ti t It is the lat 

principle that underlies t prndictions of dual inhibitor 
titrations of free energy transduction by the hypothesis of delocaliz,ed 

l and 
we reach a point of the l volume. With 

rnspect to dual inhibitor titr·ations, the predictions of the mosaic protonic 
hypothesis are h 

coupling and, as we 
Moreover, the cxpcrimcnlal results a 

of 
Control theory models a:-: 

enzymes that are rnut ua1ly independent, except through their interactions with 
common mctab1.)li pool property of 
implies that a mctaholite molecule is not confined to with nne 
enzyme molecule, bul can react \Vith all et1zymes in the system with a given 

I P moie,~ule can \Vit.h all the 
Jn a a 1 ·increase in 

lead to mwltcrcd concentrations of all 
that is ident l to 

same l, 
the sum of all flux control l:neffidcnts in such a system is equal to one 

not conform 
system: each energized r1roton can only react with one 1~rt ~AT 

wonder whether the (sumnrntion) t 
.,.,.~·~·7 •·· must one should i 

(Groen et al.~ l 982: Kell and Hitchens~ 1983). In fad. we can 
this law is nol valid in a coupling system: from Eq. ('.'f) it 

inhibition of the or I ~';1 inhibition 
/lot h lead to a 1 ~ .. ~ inhibition of ATP synthc!sis, that is, both 
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enzymes from an E. coli 
inhibit other l!nzymcs in the rcplicasc complex. 

From the above it ;,vill b0 clcur that if localization present 
(Welch, 1977; l983a1b) in mctuholism 1 they require thoughtful appli­
cation of the metabolic contrnl theories (d. Kell and 1983; 

; Westerhoff et c1l., l 98jb): if two enzymes arc orcrating as a coupling unit, then 
their Hux control (coeflk:icnts) should be rather than when 
summing all flux contrc1l cocfticicnts in the sy~lcm, if one wishes to establish a 
total flux control of one. 

The implications of localization effects fort.he control of fluxes in biological 
rcmcly important: rather than having to t.he controL so 

enzyme can only contrnl nux to a small enzymes in a 
au have a compltitc control a flux 

their "ow11' 1 nux I 

mon.' tlum om.' botl.lcncck 
and productivity, even if 

at. a variety of t.:ontrnl points. A cxarnplc is given in a 
of strain improvements during the development of 

fermentations (Tosaka et al., 1983). 
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ill an cp1)Ch in th1:: growth of a scicnct: during which facts m::tu11rnla1,; faster than 
ct1n thctn, 

chcmiosmotic scheme 
of our survey. Those. 

Medawar (I 

we up as a straw 
are still with us 

we can next: obviously, we vot' 
provide some kind of more explicit model that accounts for the data we 

in Section VJ, we find 
delocaHzcd chemiosmotic view in the sense 

their 

mcm arc 
in these coupling membrane!:!~ proteinaccous devices whose role is 
the the 

we are yet in a explicitly upon their 
mechanism. L.et us remind ourselves of the sali(jnt structural features of I 

vfoo. 
h:.we seen that even a single turnover or the primary~ 

dependent~ inter alia, upon the dipole moment 
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certain pn.>long this for as much as 
I)" as discussed, for instance, by Carcri et al. ( t 979), 

such as H l' transfer and thermal exchange with bound ... 
take place on a time scale of nanoseconds to 

can an energized protein escape a much more 
stale via a back~reaction? Obviously, one possible 

of chemical reactions with rate constants of IOO/s u 
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indicatkm for this is the occurrl.~ncc uf a succession of different spectral forms 
( Lozh:r et al .. l ). JI should 

that visible spectroscopy probes nnly ihc environment of the 
itself, while of the cnnfonnationul 

of the cnl.irc system is required for true thcrmokinet analyses. ft 
uded that t. actual is much 

than this. 
Gi ; Bl 

1983~ and references therein) have pointed out that 
methods of such 

formation and utilization of solitary excitations, which exhibit 
a bi Ii t 

over hinlogically significant distances. The formation of such soli 
waves is absolutely the nonlinear of intcrat 

between diffc:renl parts of tho system of inlcn~st. In this regard, we 
lion a nf Fr6hlich 

FriH1lich, 1980, for a review) concerning the possibility of long~dis1m1ct! 
I (coherent 

appropriate nonlinear interactions between bimriembrnne proteins and their 
t lh. 

ln particular, the ~·cmsidcrntions of Frf>hlich (1980, and 
us an mute an 

membrane protein may not fulfil the requirements of Oouy Charman thcoty. 
co the p 

(phononsJ in a membrane protein ( lOOO m/s) and a typical membrane 
of 10-il t t 

of the order 
is of course impossi hie. Thus, in cont 
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discussion 
of membrane 

consequence of metabolic 
as follows. Imagine a pcrmcahil 
a multistep reaction such as 

in relation to the total volume is 
is allowed to become "free1" so that its effective activity 

of molecules divided the totnl volunu:: the 
of the system will enormous, and the number 

as intermediates, rather than products, might 
of the whole. However! if the enzymes are 

mol.cculcs remain bound to the multienzymc 
equal only to the number of cnzymk 

the latter situation is far mor1; satisfactory from a 
and an understanding of this type of behavior fn 
to the design synthetic and analytical 
biocatalysts. (t 983) has reviewed the com~onance 

lhe belmvior of natural and artificial systems in 
and found it cxccllcnt, and the modulation of immobilized 

1 

by microenvironmental effects is discussed by several other in1thors 
volume. The improved control structures possible in mosaic 

been discussed in Section IX. From the standpoint of the role of cdluhir 
in biotechnology, il is \Vorlh drawing attention to their rok in 

the egress of products, both of low and high molecular weight. A 
-• .... :),,.J\.• example of this occurs in the glutamic add fermentation 1..:alt:tlyzed by 

r1lt1tamicw11; grmvth of this organism under biotin~limitcd 
markedly enhances the membrane pcnncahility of this organism 

glutatnate productivity of this fermentation (sec c.g.1 Dulaney, 1967). The 
by which this organism catalyzes oxidative phosphorylntion under 

membrane,,Jeaky conditions does not, however, seem lo be n point of 
ussiou in the biotechnological literature. 
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is therefore to 
helmvior of 

explicit i.n the use of the term colwrellt excitations in the previous 
is that the rnotinns or partk;lcs in one part c1f u system are 

the motions of particles in other1 spatially parts of the 
so that is thus a functional link t\vn. 

as pointed out, for by K libanuv ( 1 
important means of 

standpoint~ an 
011 the H + synthase of 

1979). 
Nevertheless, a consideration of 

Amclunxcn and Murdock, I i 
1978; 1979) 

ll:i 

involving the forma.,, 
in principle ihe 

provided I.hat the in t 
thermal buffers. Thus, it would be predicted from 

that thermostabilily of cn;;.ymcs and ot 
in tlrnrnwphiles additionally upon the 

the milieu i11terieur of such organisms. 1night. one 
notion? H hus k no\vn for many Pauly 

t I 

thermophiles than in comparn 
"'"~""""""""their is than that 

freely diffusing in the membranes or 
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cyt:oplasm of such cells. Unfortunak:ly, the relevant experiments to test this 
do not yet a to 

One could, without ton much t~X<tggerntinn, 
to have said about 

it. 

for 
functional. multienzyme 
contributors to 

our understanding of the behavior 

what Mark Twain is 
H but rmbvdy docs 

will be obvimrn to all who this, we haw bem:litted from stimo1ating 
discussions with all our scientific colleagues, who are coJlcutivcly ton numerous to thunk 
cxplidtly. We wish, however, to acknowledge particular enlightening with 
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