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INTRODUCTION

The imporbance of ‘energilsed' protons as mobilé coupling intermediates in
many membrane energy transduchion processes i now generally luuppted' 4. Less
clear out are the nature of these energised protons and the mechanisms by which
their precise vectorial transfer is achieved. We thervefore first draw alttention
1o the special thermodynamic problems inhervent in the bioenergetic description
of protonmotive molecuwlar machines. We then review recent evidence that in vive
the energised coupling protong are caused to passg along the coupling membrane
sucliaces from thelr sources to their sinks by means of specialised H+—tr&nsfer
proteins, which act to congtitute & cooperative !'protonesural’' network for hio-
electrochenical inlormation transler. Bvidence iz presented which suggests that

bacteria this network is the prime targel of the membrane—active, but non~
protonophoric, bacteriocing. Bxperiments are veviewed which suggest that it is
the operation of this network, in addition ke the build-up of a membrane poten-
tial, that accounts for the lack of appearance of protons in the bulk agueous
phase external to the cytoplasmio membrane of vespiratory bacteria during

toxygen—pulse! experiments in the absence of valinomycin or BON . I+ is poinbed

ot that the existence of a bulk-phase protonmotive force does not of necessity

Sg
require proton current flow within the bulk agueous phases that the coupling
nembrane serves to sepsrate, and the type ol model proposed here explaing simply
why the bulk-phase protonmotive Torce observed by many workers in a variety of
gystems is poorly coupled to membrane energy-transducing processes. Attention
is drawn to the inefficiency of energy coupling exhibited by reconstituted pro—
tonmobive systems lacking the clements of the protoneursl network. Finally,
atress 1s laid upon the control possibilities inherent in mechanisms predicated
upon ligand-induced changes in conformation and vectorial H+ conductivity of the

elements of the protoneural network.

THERMODYNAMICS AND PROTONMOTIVATTED ENERGY COUPLING
Recognising that working protonmotive systems are not at thermodynamic equi-
Libriwn, many workers, including Azzone, van Dam, Perguson, Hill, Rottenberg,

Sorgato, Stuckl, Wale, Westerhofl and their colleagues, have applied linear
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irveversible thermodynamics to anslysing the ability of the bulk-phane proton-

cemeliate in electron bravsport phosphoype

mobive {orge to ol g oan
ylaltion (l-oviuw;;: ‘)“'()- One dmportant princeiple to emerge from Fhio approach g
that, in contrast to normal chemical s bomg, protommobive sysboms may exhibit

variable stolehelomelrics ;,Ltul/u')f degreen of conpling.  tt is worth peintin

ooy

parenthebically that for o given electron Lyon

coupled H y and noh the ‘divect! chemlosmoblce dovia
. 10,11 - o N N ¢ fowevor. | )
rodon loop , omay exhibit thiv type ol behaviowr . However, Lhe peneral oppe
v
s tl 1 3. 3 ) . - ey da - 4
clusion bo emerge [(rom this type of study ’ i that the bulk-phanse protonmoti
0
{force sz defined , snd thus the

a-ehemi oamotin

ton curvent flow buoouwgh the bullk agusous phases, do nel constitule the zole

(or even major) means of protommobivated mombrane energy coupling mechanigm,

With what kind of energy-coupling mod way we sesk bo wveplace thew?

han eloquently smmarised the crucial, ond frequenlly-overloos

useinl moleowlay work wuat do zo by g

point Lhat living systems
process of resonant energy branafer, and o number of other workers have intimad

that the protonic coupling mechanism used by Living "\;::‘mms muat be thouog

0,17

snical bunnellin How 2t room

non-clancinal quantum mect

erature kKT iz appeoximabely cauivalent in electrical lerms to 26 wv,
avold exposure Lo energetic Muctuations amounting Lo o significant fraction of

the 'ree eners one 'aite’ of electron Pransport phoophorylatis

o eleastron bran

(BTN

the cnm

phorylation musl not be allowed, wi noan Lrberval T, 1o exe

translational , vibrational snd rotational energies which noomally constitute

neat" . Tois defined s the Lise required for the completion of 1 cyele of o

molecular machine, which in the protonmotive molecular machines io

yhich our interent lies is usually in fthe ranpge 110 me,  However, ander normpal
buffering conditions in vivo "moxmal' H bransfer belween bhe wurloces of a

enerey eourling mewbrane and lhe adiacent bullk aguenus vhaze zhould bhe expec

a2y thic . Thas we arve fivet fovecd to core

to hoke place fay wove

clude that if the wmolecular onepey—counli aschinery does not peomil this

enarpelic exchange to take place within lhe cyele Lime T then unnided 1t never
wille A brief thowghi-experbnent 111lusbtrales the application of MoUlarve's prin

ciples Lo baoterial chromatophore

A boaclerial chromgtophore may energised by a stogle fturnover i ,

s to say by a Llagh of Light which though short ie breight evnovgh o excite all

T

the veaction aenbren in the chromatophore suspension simud taneously. ectron

avaur i oals electeon tranapert ohatos sod

S “A?” QT

+ Jv‘;ﬂlttg‘m]_‘“ij, and nrabon

srepaetinally the net resualt of this activity lg descrihable a
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the chromabophors menbiva s, smounting typically to approximetely 90 mV (vef 18

and J.3. Jackson, persoual communication). This AW ig taken to exiocl between

the bulk aqueous phages that the coupling membrane separates, and is formed
.’R

3

aoress alngle chromatophores conlaining approximately 20 zeacltion centres

L0 b

ion centresy on this basis the single turnover flash would generate a ”_A‘%'” of

Let ua repeat this thoughb-experiment for a chromatophore containing 400 »

1.8V, yet the energy in the absorbed photons ig only approximstely equal to

1.4 eVl In other words, to avoild breaking the Second Law of thermodyiwmic:s

each proton pump would have Lo 'lknow! whether the other proton pumps in a chro-
matophore were working or rot af the same time if each contribuled Lo the same
r].elooa,l';azedﬂ\%/ on the time-seale of interest, The alternalive, of course, is
that Lhe onergised protons genevated by a given proton pump do not equil ibrate
with 811 the other energised protons generated across a given chromatophore
membrane, a point ol view for which there is increasing e‘\riﬂf)nr.te‘](‘). A logileal
corollary of the sdoption of Mellare's definition of stored energy as applied to
protommotive systems, it therefove seems to us, is that there must be specialised

devicea within enerpgy coupling membranes which act specifically o conduet ener—

sed protons between thelr sowrces and thelr sinks, themselves sloring free
energy in the lomm of field-induced conformational staltes. The best corpus of

evidence bresently available to support this quite necessaxry view is to be found

amongst the bacteria, and we next outline vhat is lmown of the mechanism of

action of membrane—achive bacteriocins.

THE MODE O ACPION OF MEMBRANE-ACTIVE COLICINS

Since colicing of the la, Bl and K groups are the best-understood membrane-
setive bacteriocins we confine attention to them, although we recopnise the
atriking similaritien of their action to that of other bacteriocing, especially
to the clostridiocin butyricin 7425 presently wunder study in this laboratory.
Briefly, for we have pecently reviewed these facts 1n some detail with full

20

s the addition of colicin K to sensitive cells of Hscherichis coli

in amounts as low an 1 mol rroule/ooll results in a rapid and complete uncoupling
of all protomnmetivated membrane energy-itransducing processes, Yel these poli-~

cing, at the lowest phyesiologically lethal concentrations, are nel

ther protono-
vhoric nor (dirvectly) ionophoric. A variety of temperatnre-sensi tive, collein-
insensitive mubant stvaing exist which, on tranafler to the non-pevmiscive temp-
ervature, exhibit the physioloegical properties of colicin-treated celly of the

parent straing these mutations lie at genetic loci desipnated eel and sup.

Pty

Membrane~active colleing act to diszipate the bulk-phasge AY/ but not the hulk-

phase APH. Tinally, such colicins shimlate both the rate and extent of
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s . + . . .
respiration-drivenr 1 translocation into the bulk phase external to suspensi

Al W, goli in the absence of compounds such asg valinomyoin or SCH . For this
01,00

el

iabter observation the classionl chemiosmobic formulation suggests® that
S \ ; . . ; ;

the appearance of 11 in this phase during O ,~pulse experiments ig due to the

dissipation of a bulk-phase A\// built uvp during the () pulge, whilst the type of

A
. 3420
energy coupling model that we have sought to d.evelop here and elsowhere”*”

would maintain that these pumped H+ are normally retained on the membrane gsup-
face by elements of a cooperative proton-conducting 'protonewral ' network,
including moieties analogous Lo the ecf and eup gene products, and that inhibi:
tion of the activity of these elements by membrane—active colicins allows the
pumped, HJr to equilibrate with the bulk-phase H+. Thus a simple discrimination
beltween these views is possible; in fthe chemiosmotic view (a) in the absence op
val inomycin, 56N or membranc-active colicin, protonophore—sensitive H+ trang-
location should be complete when electron transport finishes, and (h) the shimi-
lation of the apparent —»H /() rotio by such compounds should necesmarily be

accompanied by an appropriate decrease in the bulk-phase A‘,[/ .

THE PATHWAY OF !’i"}’ TRAUSFER DURING SHORT BURSTS OF BLECTRON TRANSPORT
D4_n

There are at least 4 published studies in which the O,-pulae method iwn
&

intact hacteria hows been applied in the absence of so-aalled 'permeant' iongs.
However, in each case the t% of measured H+ ejection iz very much (=10%) greater
than the fime taken for thehrmduction of the OE in the pulge. It would seem
that the H+ measured in the bulk phase under these conditions are thus essenti-
ally irrvelevant to the energy-coupling process. Whabt is the effect of compounds
such as SCN  on the apparent —pII /D ratio and the A%’ng(iopod during the )”
pulse? Bince caleculations hnwwd that the role of 8CN in stimulating appa t
“%H+/O ratios could not mainly lie in collapsing o bulk-phas eﬁyfj. is unfortu-
nate that no critical experiments designed to test the kinetic adequacy of the
electrogenie role of SCN in stimulating H+ ejection into the bulk aqueous
phase during O.,—pulse experiments have so f{ar been reported. Indeed, we are 1ol
aware of any éVLdenCO whatsoever that at the minimum concentration of SCN
necessary to provoke maximuwn stimdation of the apparenh-f§ﬂ+/0 ratio thie
compound acts by collapsing = buik~ph3helﬁyb Thug, by implication, the view
ostenaibly obtainable from Oy~pulse expariments that the in vivo pathway of H
current flow iz within the bulk aqueous phases that the coupling membrane

serves to sepavale must also be deemed wunproven.
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WMERGY COUPLING 1N REGONSTITUTED LIPOZOMAL SYSTEMS
I% is well known that the synthesis of ATP may be dviven at apparently high
pates in reconstituted liposomal syslems whose only protein nonpon@bth of any

qunntjtativm significance are a 1light-or electron tranasport-driven H pump and

o} . . . 27-25 '
an F<W1~H -AP'Pase of appropriate polarity f ). In facl these vaten appear
annonably high only when expressed in terms of waol A“l/an/nﬂ protei Since

these reconatitubed systems are highly enriched in the supposed sole energy-—
coupling proteins, however, this Is an inappropriate means of relating the
ohserved rates of ATP synthesis to thosze in more native preparations, and it is
of interest to enguire as bto the rates of ATP synthesis observed based on the
turnover munbers of the reconstitubed ATPase enzymes. This calculation has

g
| p . - . .
recently been performed by Haunsks and colleagues ', who find that in their rvecon-

gtituted aystems of vhotophosphorylation the turnover mmbers of the ATPase

anzymes sre al best only O.44 of those observed in chlovoplast thylakoids, and
point oub that this type of discrepancy is quite comparable with that obaerved
in the pecongstituted systems of all other workers., 1t should be mentioned that
1
obseyvable in the thylakoids from which the reconstituted proteins wexe prepared.

. . X + L] .
Tven in the aimple case of the I chanmel of an F ~AP" 1) a burnover nunber of

the apparent protommotive force pgenervated in their liposomes was equal to t

only ( uI w/l( mV was obtained whilst the in vivo rvates, based on an-dH /ATP
ratio of 2.9, a very conservative ATPase turnover number of 100/3) ~52 and a A
70

Uyt of 200 W, are approximately 140 H /3/1OO mV. Thus we are forced to con-
clude that for rapid and effective protonmotivated energy coupling something else
is required in addition to the protomwmotive sources amd sinks and an intact in-
swlating coupling membrane; we believe that the availsble evidence is best viewed
as supporting the notion that wsdditional, specialised proton-conducting proteins,

-

distinel from the proton punps, are an important feature of protonmotivated
energy coupling, and it iz of interest to enguire further as to their nature and
mechanizm. In passing we may also draw attention to the recent genetic sequenc-

ing of the mitochondrial ¢

genome in which eight different proteiviaceous gene pro-—

. N :‘)
ducts remain unidentified .

THE ENERGY-COUPLING PROCESS

It was pointed out earlier thatbt protonmotive molecular machines must operate
by a procens of resonant energy lbransfer. HNow the key leatlure of this type of
guantuwn mechanival energy tranafer is that the energy levels of the donor and
acceptor states must be identical for it Lo take plape, and in the absence of
this condition being met energy coupling is impossible. 16 would seem then that
this type ol resonant enerpy bransfer must be exploited by probormotive molecular

machines (b%4;.'¥), and that rveconstituted systems, lacking a device for
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s50uUrce source
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conformationally -

: switchable field -
?J, ?A? dependent proton -
carrying
‘protoneural’ proteins

sink sink

Fig, 1. A model of membrane energy coupling by surince proton conduction

The igure shows In diagramnatic rvepresentation the type of model of proton-
motivated membrane energy coupling that 1s onilined herein. The dmportant
feature ig the inclusion of proton-—carrying proteina distinet from the prolton-
motive sources and sinka which act, in a variably-cooperative fashion, bto con-
duct energised protons along the surfaces of the coupling membrane between their
sourcen and their sinks, Such 'protonenval ' proteins s o exhibit
field-dependent changea in conformalion and proton~conducting capacity, and
certain cases may also be switched on by ligand-induced conformationsl chang
for instance by methylation during infommation transfer to bacterial flagel
motors. The conformational lexibility inherent in this type of system allc
for energetic matching between 'energised' protons and theilr source— and sin
protodos.—wﬁ%”'proton current pathway.

anvise

£

"
{

. ; . . . . . . g .
presenting the H in the required energetic form, are inevitably inefficiernt in

terms of rates of energy coupling. It may therefore be muppested that, in add-

.-
1R

ition Lo conducting the H between their sources and their ainks, the sleme
of the protonecural network play another rvole; that of matching the energy of
energised protons to that of theixr desived desbination sites, In thie »

ig possible to envigape

a very sublle type of control of membrans energy
eg — proton ainks such as active transport carrvievs and [lagellar motors may he

. . + : 5
tivated both by ligand~ (e.g. H —) induced chang

in their own conformation

but also by quite specilic and arcane 1ligand-induced chauges (e.p. nmethylabion
in the conformation of the elements of protoneural nelwork, thereby simply
effecting a change in the enorgy input o the desired process,

It has not escaped our attention that this bype of enervgy coupling diff

10,27

fundamentally from that basged on the diffusion of free ions down their

concentration gradients. In this latler type of mywlem the bulk aqueouws phuses
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distances Irom a ourface that are larvge compared with the Debye length
during the olesdy stote, are essentially electrically isoenergetics; in the
present type they ave not necessmarily. 16 is therefore ol greal inferest to
note the variety of eareful but inexpl icable obzervations conlirming the exist-
ence 0f this phenonenon of field egradients through a bullk asgueous phose in g
pumber of syotems («7:.{{?. refs. 3S~%Ei), which may perhaps be Cruitifully reanalysed

from this standpolint,

SUMMARTSING REMARKS
In the Lovegoing we have endeavoured to set out the necessary coupling pro-—
perties of protonmotive machines, both from the stendpoint of theovy and in the
way that current expovimental data suggest that they do indeed funetion,
Becsusze of the molecular nature of these systems, the introduction of time into
the second law of thermodynamics is o neceszarvy adjunct to their bicenergetic
deseription, and makes it

they operate by a process of resonant

thato quite specinli

s . . .
anevpy transfler. With the sed surface B con—

: ot . < . . . . -
duetion pathways, along which H flow iy catalysed by cooperative conformational
. . : . + - . ;
changes in proteins distinet from the H  pumps, are a leature of protonmotive

energy coupling, it iz pointed out that 'energisation'-dependent changes in the

eleckrical field in the bulk agusous phases that the coupling membrane serves to

73
sepzrate may be lnduced without any eipnificant H currvenl flowir
+

»hic matehing requirved for H  transfer by quanfum mechanical

in them.

The precise o

finnelling explaing the gross inefficiency (rate of free enenpmy conservation)
exhibited by reconstitubted systems lacking the elements of the protoneural net-
work, aad indicates that a very subtle channelling of energimed n in vivo may
he simply achievad by conformational changes in proteins distinet from the

protonmotive sources and ginks. Bvidence lg swmnarised which oug

=ats that the

notworl of thease lotter proteins may indeed be the target of the membrane-aciive

bactericoins.,
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