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!. I n t r o d u c t i o n  

The term act£ve transport is usually used to refer to the transport o f  a solute across a 
biological membrane f rom one solution to another where its electrochemical potential is 
hip, her. No spontaneous processes operate in a manner that leads to an overall increase in 

Abbreviations: P. velocity conl~mt of  a gcaction following Mi¢t~telis-Menten gincL':s (velocity at 
inllnlte subst~te concx, ntratton); KM, concentration constant for a reaction [ollo~,qg M|c~telis- 
Mqmten kinotics ( c o ~ t n t t i o n  giving half maximum velocity); K ~  t. KM fo~ in t l ,  x; K~4 ft. KM for 
©fHux; A'D, d l m o ~ t l o n  c<mstant; &, ~-aJlue of  a quantity (0.g., pH) in i n ~ r  ~ r  m ~  t ~ t  M O U ~  ~ 
pl~aum; PHo, pHi, pH of o~tcmr tnd  lnno¢ pha~,  zospoctlvely; ui, chemical pot©tidal o f  component i; 
~ ,  clectr0chcmical potential of  oompommnt i;  ~ ,  ©lecttic~ potenthtl; AP, proton~motiv¢ force: -~q~H+/F. 
p~)towmg;otiv¢ force; z, numtmmr (avd sil~) of  c k u g ~  on an ion; Z, 2 3  R T / F ;  Px, trandoc~tion ptob- 
itb4~ty O" IlUlOlldcgl ~ ;  Pc, tgllnsklcgtton p l o t m ~ t y  Qf ¢lggi~l-.~ll~triltO collrlDlOx; R, gas COltSlxnt; 
7. abJo|~;t@ tm~potatu~; F,  Ftul~ty  constant; t i n .  tbxt© fog quantity to gosh  half  its ~gu¢; pK a, 

- log t0  o fack l  d t s s o ~ d o n  ~ t .  



free energy, so thi~, u~,hill transport o." solute must be part o f  a process in which other  
particles move down their free er.ergy gradient. In the context o f  active transport  two 
types o f  free ener£y yielding process have been distinguished: (a) those in which chemical 
changes occur, and covalent bonds are broken and reformed: (b) those in which a solute is 
translocated from o~e solutio', to another down its electrochemical potential  gradient, 
breaking only non.covalent bonds. This latter is called 'secondary active transport" 
because such processes depend ultimately on a process o f  the former type ( 'pr imary 
active t ransport ' )  to establish the gradient o f  the driving solute. The distinction has 
proved useful even though at a certain level of  analysis it turns out  that there is no formal 
difference between the two [ I ,2 ] .  If the two solutes flow in the same direction we can 
speak o f  symport or ¢o-t ransport, if they flow in opposite directions we can speak of  anti- 
port or counter-transport.  The membrane component  responsible for the coupled trans. 
location can be called a symporter  or an e'~tiporter, respectively. 

What then is energy coupling? Weber [3] has made the provocative, indeed startling, 
statement that "ever)' chemical compound generated in metabolism :s the result o f  a reac- 
tion which runs towards thermodynamic equilibrium with complete independenc~ o f  any 
other reaction occurring at the same time' .  This statement may be misleading and its deri- 
vation obscure: Weber may even be wrong *, but he certainly warns us o f  the danger of  
drawing two parallel arrows to represent the fluxes o f  the two solutes A and B and then 
saying that they interact or are coupled energetically [4]. The fallacy is in thinking o f  the 
fluxes as two processes, when they are only two facets of  one process. What we are look. 
ing fer is the pazhway: the set of  intermediate states involved in binding solute A and 
solute B on one side of  the membrane and their eventual release on the other  side. We 
want to know the free energy of  those intermediate states and the rate constants  for the 
transitions between them. In other words we want to know the intrinsic binding con- 
stants between substrates and carrier, the order of  binding, the amount  o f  physical move- 
ment o f  the carrier-substrate complex, the effect o f  an electric field on the binding con- 
stants and on the: ::ansitions, both o f  the complex and the empty  carrier. 

With the experimentally observable facts known it ought to be possible to work out  
the rest theoreticaUy; to make a model which can explain how the transport  V o r K M  is 
affected by co-ion concentration, or by membrane potential,  how partial diffusion bar- 
riers can distort kinetic parameters. This is ,~ot the easiest part o f  the process and may be 
unduly neglected by some workers. This is unfortunate.  A theoretical model  is often 
necessary iR order to interpret the experimental data and to draw from them the informa- 
tion we seek. The measurement of  V and KM data is useless if  we do not  know the effects 
o f  diffusion barriers, electric fields, leak pathways, etc.,  on the measurements .  

Of  course there are several other interesting questions relating to the cnergetics o f  
secondary active tr=nsport besides the mechanistic details. There are quest ions such as: 
what substances are accumulated, in what tissues, with what  co-ions or  counterions,  
whether the ion liradients are adequate, whether there are other  types  o f  free en.- ' ly  
yielding reaction ~hat can influen:e the uptake o f  solute either by  interacting with the 
secondary active transport carrier itself or by operating a parallel pr imary active transport 
process. Then there is the questioJt o f  the physiological regulation o f  transp,3rt, either to 

° 

Conside: a liposoele, containing dilu{e H:SD4,  suspended in a dilute solution o f  tr iph~nylmcthyl- 
[.hosphonium chiot'ide. The cation is lipid-soluble and penetrates the l iposome to  equllib~um. 
On add/~g a protonophore,  H* flows out but this establishes • diffusion potential ,  and the etlttUlbri- 
um distribution of  the cation is displaced. It flows into the liposome. 
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modi fy  the extent  o f  tranzport  or  possibly to vary the efficiency o f  coupling. Somet imes  
an active t ranspor t  process is essential for subsequezlt and wider physiological processes. 
Thus,  lactose active transport  is essential for induct ion o f  the lactose ope,'ort, thougit  not  
for growth on lactose (where facilita,;ed diffusion is adequate)  [5J. Similarly, the active 
t ranspor t  o f  neurotransmitteus will have wide ranging consequences,  as will the specific 
inhibit ion o f  that  active transport  by drugs. 

The subject area o f  thi:~ review has been covered by e~veral authors  in the last two 
years, and no a t t empt  will be made to repeat their conclusions. This review should there- 
fore be read in conjunctiort  w~th the excellent papers o f  Crane [ 6 | ,  Eddy [7] ,  and Rosen 
and Kashket [8].  Crane's  review is outs tanding for historical perspective and the clarity 
with which he pnesents the fL~ndamental model  that  covers equally the microbial and the  
vertebrate systems. Eddy restricts himself  here to  microbial systems, and his review is par- 
ticularly valuable for his kuowledge o f  the eucaryot ic  microorganism. He asks penetrat ing 
questic-ns anti uncovers neglected issues. Rosen and Kashket ' s  review is l imited to bacteria 
but  not  to  secondary active t ransport .  Their review succeeds in being conmprehensive 
while retainhtg a sense o f  progress. This last review is in a book  on  Bacterial Transpo-"t, 
edi ted by  Rosen,  which provictes an excellent summary  o f  that  fieid. There is ano the r  use- 
l'ui book ,  the proceedings o f  a symposium,  edited by Oxender  and Fox  which covers a 
wide field f rom mammal ian  t,3 bacterial t ransport  [9] .  Though the papezs describe origi- 
nal research they were writ ten for a general, non.specialist,  audience.  Most o f  the  papers 
have also been published .¢eparately in the Journal  o f  Supramolecular  St ructure ,  and in 
those cases I give bo th  referen,:es. 

i I. Isolat ion,  purif icat ion an d reconst i tul ion o f  t ransport  systems 

The last two years have s ~ n  great progress in the development  o f  techniques for the 
isolat ion o f  membrane  proteins and the reconsti tut ion o f  facilitated diffusion and second- 
ary active t ranspor t  sys tem;  in functionally active form in phospholipid vesicles. (Pr imary 
active t ransport  systems have always been easier to  purify by convent ional  enz3nnolog/cal 
techniques  because they ¢~ttalyse covalent reactions that  can be followed even in a dis- 
rup ted ,  one-phase system.~. There seems to be a widespread feeling that  the isolation, 
purif icat ion and reconstit tutkm o f  carrier systems is the ul t imate goa l -of  the research 
worke r  in the  t ransport  field, that the mechanism o f  active t ransport  will be revealed in 
the  process. I am sure this ix not the case and I incline much more  to Crane's  view [6] 
tha t  the  ul t imate  descriptior, o f  the process o f  coupled-':ransport w//~ entail  a kinet ic  
descr ipt ion o f  a set o f  transi ~.ions between identifiable transitional s t a t e s  Nevertheless,  
isolat ion and the  demonstra~ 'oa  that the isolated prote.~n is still capable o f  catalysing 
t ranspor t  when re-inserted into a phospholipid membran~ is an impor tan t  achievement  
and a first s tep towards  a great many interesting experiments  concerning carrier funct ion 
[10] .  I shall therefore  refer briefly to recent advances in this area, trying only  to identify 
the  main types o f  m e t h o d  t,st~.d in these studies. 

One o f  the  first problenxs in carrier isolation is that  o f  identifying the  carrier protein.  
This can be dr)he by recon'-'tituting transport  activity in artificial phospholipid vesicles fol- 
lowing the  basic, me thods  pioneered by Racker and co-workers [9, ! 0] .  This approach has 
been succe~fu l ly  applied tc~ secondary coupled systems by  several authors  (Table i). 

Otlxeg workers  have su(ccssfully identified substrate binding proteins  in membranes .  
This is obviously a weaker criterion than the identification o f  a protein capable o f  sub- 
s trate  t r anspor t ,  and in any case it requires the availability o t ' a  radioactive substrate with 



1"ABLI( I 
('I)UPLFD TRAN~K')RT SY.~!"EMS RI:CONSTITUTED IN PttOSPHOLIPID VI-:SICi~.$ 

. . . . . . . . . . . .  

Organism (ti.~,me) Transport syst¢m R©f. 

Rat brain I.-gtutamat¢ 4 7 
Ascites cells amino acids 218. 219 
Rat t~rtal tubub~ Na* .-glucos~ 220 
~ c i l l u ,  ~b t i6 s  at aninv t? H*) 22 ! 
Thctmophilic b,xct,0tiutn a|aninc 9. 222 
~'. ¢x~i It °-p[,,line 223 
M rcot, actcr~um fh& i prolin¢ [?l|* ?Na*) 135, 136 

a low dissociation constant (Kr~. which is not  necessarily the same th i ng  as a h>w KM fol 
t=.msport -- see section V I I ) .  Thus. a radioactive substrate at ! m M  w i l l  hal f-saturate a car.. 
rier ,,,,.hen the K~> is i raM. and thus cannot reveal the presence of  a carrier unless the car- 
~ier is present at 2 mM or greater. Such concentrat ions o f  carrier p ro te in  are t~sually un- 
atta':nable at :he beg,nning of  a purification procedure.  In vitro b inding o f  tidodigalac. 
toside to the 3-g~lactoside carrier of  ~.'scherfchm c o i l  has bccn repor ted  by Kem~-'~ly et al. 
[I I ] ,  and Beaich et al. [12].  But the latter authors  say tha t  b inding  is uninhibi ted by 
Tri ton X*I00 concentrat ions of  up to I%, whereas Kennedy found  comple te  aboli t ion Qf 
binding by Triton.  and this is confirmed in a recent paper [13] .  Anraku ' s  g roup  [14] have 
been able to study the pH dependence of  prolinc binding to  a presumpt ive  ~.t-I%proline 
symporter  f rom E. c,oli membranes. 

To  mistake transport for b inding is a classic error [ 15 ] t hough  m o ther  contexts  this 
er~ ' r  is st i l l  t,eini,, made (see section VI~ i ) .  in  the present con tex t  i t  does no t  mat ter ,  for  a 

protein can be idcntifiecl in vitro as ,,veil by t ransport ing as by binding subs t ra te .  
Another ~pproach to the identification of  carrier proteins,  which  is f'mding fairly gen- 

era! application, is the classical approach of  Fox m,.d Kennedy  [16] using a t ight binding 
substrate or substrate aralogue to protect  the ac~:ive site o f  the  carr ier  wh l l t  reactive 
groups on the test of  the membrane are reacted covalently wi th ,  e.g., nonradioactive 
N-cthylmale mide. t h e  removal of  the substrate re,,'eals the now unique ly  reacti,,e groups 
of  the activ~ site which had been protected,  and which can now be reacte6 wi th  radio 
active reagent. Yet another  approach which couM find fairly wide applicatio=l is t ha  
introdu~x-d '~y Stein [17--19[ and used succcssfull:¢ by o thers  on  the lff-ga|actoside traP.~ 
pt~rt systen" o f  &: ~)/ i  [ : 0 . 2 1 | .  [n this technique,  induced bacter ia  are fed ~H4abellc 
amino acid:, and unindut-ed bacteria are fed vsC-labelled amino acid.  The  bactorial c~ 
tures are m,,xed, membranes are prepared and fract ionated.  Frac t ions  containing a rais~ 
J l | / l ' t C  ratio comain proteins specified by the induced genes. Care mus t  be taken  no'~ 
let unequal quenching of  e.g., 3H r~diation, interfere wi th  the measu remen t s  of  i=ot,.-,~ 
~atio. 

Most purification procedures u'.~ cholate or deoxychola te  =us detergent= fear t h e  
achieve complete separation of  peptides (rather  than  mel~ly the  format ion  or" real: 
mo'ecular xdcelles, as is observed with Triton X-1130), but do no t  cause ex temtve  amd p~" 
hal,S irrev,.'rsible denaturat ion (as does sodium dodecyl  su lphate) .  Deox) 'chogtte  av 
cholate arv also dill'usable, whereas the vet)" low critical miceilar concen t r a t ion  or" Trito 
"K-100 ~3 - 10 ' ' t  M [22 | )make~  it re ly  slow to dialyse away,  

.Mtendt~rf et al. [23,24 |  reporte0 the solubilization o f  the E. coUiO-galactotidt carrie 



95 

in high concentration t (90%, v/v) of  aprotic organic solvents (e.g. hexamethyl phosphoric 
triamide) [9]. Howe%eL-, the degree of molecular associatiot, ,n such a solvent has not 
been assessed and toclniques for further purification'(such as ion-exchange chromatogra- 
phy) require develop~tent. Amanuma et al. [223] used acidic n-butanol for the solubiliza- 
tion of the proline carrier of/: :  colY, but the above remarks apply here also. 

The most exciting advance in this field is the recent work from the laboratories of 
Overath and Mtlller.[~ili [21| .  An E. coil plasmid has been co ,  structed containing the 
gone for the E. coil ~a lac tos /de  carrier and scarcely any additional E. coil DNA. Bacteria 
containing multiple copies of  the plasmid, when induced for the lac operon,produce up 
to ton times the norn al amount of  membrane Ioc~tted lactose carrier. It is unambiguously 
identifiable on polyacrylamide electrophoresis gels stained with Coomassie blue, and can 
be located by the Kennedy technique and quantit:Lted by the Stein technique. This seems 
to me to be a most promising development with :z potentially very wide field of applica- 
tion. 

Three recent pape, s on the sequencing of bacteriorhodopsin will enormously open up 
the difficult field of membrane research by providing new standard techniques applicable 
to membrane proteins [25-27] .  

!11. New mllantsms ancl new tissues 

A feature of  transl~rt  research in the last two years is that coupled transport processes 
have been reported i~ a variety of novel situations. For example sucrose appears to be 
pump~:d into phloem cobs by symport with H" [28-33] ,  glucose and a-methyl glucoside 
uptake in the cyanol)acterium (blue-green alga) Plectomena borganum is depende~zt on 
the proton motive h,rce and is probab|y H÷-symport (Raboy and Pzdan [34]). K k u t u  
.~ud Hc.shi [35] discuss the role of Na ° in the transport ofp-aminohippurate by ~ew~ kid- 
ney. Joseph e t a l .  [.'-.6]. have studied sodium-am~no acid sympog~ in hepatocytes. ~nd 
L~.'~r [37] reports ~ d i u m  phosphate symport in plasma membrane vesicles fron: mouse 
fibroblasts (but see :~imonsen and Cornelius [38], for phosphate distribution in a~i tes  
cells). Bend©roff et al. [39] report electrogenic Na*-dcpendent glycine transport itl sheep 
reticulocytes, and Hc for lind colleagues [40,41 ] report electrog0nic l'l%sugar symi)ort in 
the yeast Rhodotort,la gracilis, though this finding is disputed by Kotyk [42]. Ferri- 
chrome transport in nwmbrane ves/cles of/:.; co / /was  very sensitive to uncoul~;r and 
valinomycin susEestbtg ion (?H*) symport [43]. These observaUons fit so well into our 
current picture of sc~,'ondary active transport tohat they could a/most be said to hay: been 
expected. 

I put in a slightly different category and discuss at sli~itly greater length the ,~oort$ 
indicating coupled transport in synaptosomcs, synaptic vesicles, platelets, mast cells a,:4 
chromaff'm ~lmules, because it seems to me that these studies have fascinatin 8 impli~:a- 
tions for the study ~" neural and hormonal function and the interaction of drugs with 
these functions. It seems that the termination of neural transmission involves two steps in 
the sequestration of neurotransmitter, in the first step neur:)tranzmitter is taken up from 
the area of  the  syna'~ic def t  by a high4ffinity, Na+~lep endent, transport system at the 
plasmalemma of  thenerve  cell. In the second step the intracenular transmitter is ~wqucs- 
tere~ inside sub.eelhdar vesicles in the nerve terminal, aga/n by a secondary active trans- 
port process (Maron et al. [44]). (See Fig. l .) The considerable similarities between the 
uptake of .a4minobt  tyric acid and Ld0atamic acid by synaptosomes from brain [45--48], 
of  5-hydroxylry~. ta~'.Jne by brain slices, synaptosomes from brain and nervous tissue, and 
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by platelets [49-$1 ] suggests that the step I,  mentioned above, is common to these 
exper imen ta l  systents .  IAkewi~e there  is great d m i l a r i t y  be tween  amine  up t ake  int~ chro-  
maWm g r a n g e s  o f  ~d t . na l  medul la  [ 5 2 - 5 4 ]  in to  S - h y d m x y t r y p t a m i n e  ,4¢ranr, les i~. plate-  
let~. hL~tamineR.ranuks in mast  cells and the  synapt ic  vesicles p:.~pared t r o m  nervous  th-  
sues | 4 4 . 5 S ] .  suggesting tha t  a process  like the  above inen t ioned  s tep  2 is. c o m m o n  to  
these expe r imen ta l  sys tems.  Bo th  the~e processes are discussed fu r the r  m the  nex t  sec- 

t ion .  

IV .  Which iota  a~e hwolwed as ~ l ~ t m t e ?  

An ion ~ecies nmy influence solute uptake without necessarily being a co-substrate 
f~,~r the tran$1x~Tt pn~'~, In order to establi'~ involvement in xymport or aatiport it must 
be ~hown that the .on is translocated [$6| in a manner stoicldometfic [57] with the 
ttanslocation of  sok~te. It is also important to show whether the two f'Lu~es are coupled 
by the  porter and n~t merely by forces ma in t~ ing  electtoneutrality or osmotic equilib- 
rmxt |$8|,  In order to show further that the ton couplin8 has a role in active transport it 
n l ~ t  be shown thai the free energy available from the ion tranrdocation is adequate to 
account for the z~)lul:e tt~skK~ttion [59], 

Two ye~rs ago the picture that had emerged as to which co-ions were involved in 
coupled ~ ¢  ~,'~s broad~ u follows, In uactedtl cells and "b~ctedoid mganelles 
( ~ o z o p l ~  and n d t t ~ )  the ~ active t~spozt ~ ,  (iavobr~s ~-a~em 
bond ¢h4mgcs and I~roup ~ t i o ~ )  axe protofz tzln4doc~tit~; the pgoton-ttlmldocat- 
iz~ resp i ra to ry  chabt  t n d  the  pro ton4ra l t ldoca t lng  A T P a ~ .  In these cells and  organel tes  
coup led  t r anspor t  i n w d ~ l  p ro tons ,  (Of  c o u r t ,  it involved bla + as v~ l l  in the  c u e  o f  t he  



I~'~HI ~' imtlport, etc..) in animal cotb the pmmuy pump is t ~  (Na" + K ' ~ A ~ ,  ~li~-- 
t ~  and ex~.mn~In$ 3 Na" for ,~ K*. In thcr~ c¢41s c~qpl¢~ p~ , ' cw~  m ~  N~" 
(and ~ m:¢ K ' :  but N¢ htteg~. In aleo¢, h a f t  and births, p4~mt.~ the ~ n m ~  r~ 

wilh at~ ei~.trotgcnic prot~-tran~k~it inlg AtX~se. 1"h¢ m s ~ t  f ~  inch ~ pu~p 
aro ~ t  o~agus~ but ar0 diag~aod rm~st ~ratergstin~ by ~a~c~t ~ ~ ¢ h  |.~ ~l ~.]i~ 
argu~ th4tt the ptm~ry ftmgtio4a miBht be |4|  l ~ l ~ t k w t ,  in any ¢~n t ,  ~-~pk~ t t~M~Ht 
systems i g t ~ f t ~ ,  protOnS have been dq~t|~t~,d foe a~i¢,  f ~  snd hq~het g, Laxtts. 

Already in 19T7 there weft- ¢:~cepttons to these brL~td I~cra| | tat~t .~,  but m the-list 
two years r~'~agch has hi;httg~Lted some fv~her notable excepted,s. 

By at~mlogy with the po~ter syst©m of  n~tr~chtwtdtia |51 i ,  Mitch4~H |L~21 ~ t ~ !  that 
the ap~rent ) '~*-~t~w sympott o f  ~'. ~ |(~J n~l~ht really be a .~a°-I~t~J~ sym~p~t 
c o u p ~  to ~ a t i o n  by a Na'/H" antipt~r~, That possibility was c~refutly exclu~..~ t ~  
the Ll~cto~ Cmggigr o f  F.. Ct~ ihQ] but ~ to l~r t l t l l  fog t~ilostveth.~Ll~-t~,~e u~tkg' 
by the mcl ibio~ porter in tho ¢loaely goLatcd , .~L. '~,4~ . t ~ ~ m  [63,@4|, ~ h~r 
the analogous system (me|ibiose porter ol thicmethylphictoside I~ po r te r )o f  F 
[65]. The Salm~mr~Io syst¢m has been cone tined in vesicles 1661. The natural rmlieu f ~  
these enteric bacteria is no doJbt rich in so.lium ions (120-150 mM)and, pi~wided that 
the lqa°/H ° antip~rte~ is .~ufficte-.', ;y active, :h~ chemical lgradient of  N~a ° ( ~ ¢ . - ) s h , ~ d l d  
approach the magnitude of  tht pH gradient (~pH or ,~P~H') and the total s~dium mouwe 
fot~--~'e ( ~ N a ' )  wi|~, appe~tch the total proton motive force (..A~tt-). I~lt why is Na" 
for rnelibio~e and H" best t:or ot her suprs? 

Another process wkich has Ion 8 been th,~ut~t to invo4~ l ~ "  is the uptake o f  slvta- 
mate by t,.: cob" [67--?0]. This is now faiHy well e s t a b ~  as a :ympt~gt o f  Na" with Iglu- 
tamate for t he / : :  cob" B strain, but there is co:~trove~sy as to the K-I 2 strain and qgm~- 
rance about ML and other strains. Perhaps the l~'a" requirement . i s  ev~,lved he~g as a ~,,:- 
ondary atep to ~ the po~ t i~  charge on the transioc~ted '-'omiP~x ~ ~ cau~ 
the ght t lmat t  to be moi~ s tgol~y accumulated (Fig. 2a). ! would like to d ~ l !  br~fly ~'~ 
th~ .~mmp~. TI~ nm~,~t c o . v i n c i ~  e ~  for symport with Na" c o n m  f n ~  the wodt 
o f  ~ y a  et ~, [70] wht~ demo~tratod glutanate uptake driven by ~ t , "  agtif~'ta~." 
established in the f011o~in8 way (F'~. 2b). With eqt:al lqa* concentrations on each ~ e  of  
the membrane a m~mbgtne potential O1* diffusion potential) was fotmed by a d d i ~  a 
protonphom and alkali. The proton motive force ~ t  therefore small, and ixt any c a ~  
directed outwards. Note, h~wever, that, while the proton motive fot~-e is sanall, the pll  
gradient is lagse, is opposite to and approximately eq~valent to the ek,~lr~ t'f~d. TI~ 40- 
fold ~ c ~ u ~ t l o ~  of ~lutmnate must indicate that its uptake is ¢t~,~mgen~c, bebqg ~.~, 
pied to 2 NI" atlt4J Iio H'.  M ~  less conviftctllg is art expertnu~t of  M a c ~  ¢t ad. 
i~ which glutanmto UL~tadkc into met~brane vesicles in the pre~r~e of  ~ t k 3 f t  is ~hown 
to be unaffected by ny4gertcirt (an artificial K°/H * att t lpotter)bat  abolished by m ~ .  
Now the ~ action ot" mooemin is as an trtificial 1~*/ i~ an t ipot~r  [71] and i t  has 
begn shown to r e ~  the deficiency in a mutar~t strain p ~ b t y  lacking the nounal 
Na*/I-I* antiporter [72]. ]n the abov~ expgrimcnt monensin might be expected not to 
deczea~ but to increase ~I4~Na" at the expense of ..Mix-, i.e., to expel lqa" and acidify the 
lumen (Fig. 2c). Why did it abolish ~utamate up,like? Pet~mps because of  tt-at acidif't~- 
tion. 

The relativ~'y early reports of a Ha" tequiremegtt for ~ and amino acid uptake by a 
marine Pteudomotmd [73,77 ] ~eemed intel l~ble in terms o f  the rehttiv¢ly high 1~ ° eon. 
cetttratton in an wuter (0.4"; M), A much more e . x t ~ ,  and mor~ recently inve~tilPttt-O 
~:xampte of  this typ~ ~ exhibited by , g /m~b~ to~m ~tatobkan. ~ Thh bacterium s t ~ r ~  the 
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Fi@. 2. (a) S u B l e t e d  ~ h e m e  for glutamate uptake by/~', co / /B .  (b) ¢;tutamat¢ uptake driven by an 
¢lecuic fi~ld when the p~oton motive t'ozce i~ absent and the pH gntd~ent is dir~ted outwards. (c) 
Expt~ted eff~t of money,sin on $1utamate ~ptake. 

relative anaerobiosis in drying,out salt pans by synthesising a rather specialized, light- 
driven, proton pump ~dled bacter iorhodopsin Here, the prir.)ary energy source is in the 
form of  a proton motive force as in more typical bacteria, but the ambient Na* concentra- 
t ion of  2--3 M provides special problems and oppor~.tmitie~. One of  these (discussed in 
another  section) is the question of  the H* stoichiometry of  tht: Na ° efflux pump.  Another  
is tb~ enormous capacity of  the energy s t o ~  represented by ~he cation gradients. Oester- 
heldt [78] ha~ empbaxised that  in whole cells the high internal K* level (3 M) and high K* 
permeability of  the uuter  membrane allow a large diffusion potential to  form (negative 
inside) which is capable of  sustaining ATP synthesis for the I 0 h or so of  darkness, during 
whi~-h the H + flux is not available from the light-driven protmt pump.  No doubt  there is a 
similar amount  of  energy stored in th.: inwardly directed l~a + gradient which could be 
made available by a reversal of  the Na ' /2  H* antiport .  Indee(t, a r, od ium/proton  ant ipor t  
would probably be neces~ry  in an) case to prevent acidification of  the cytoplasm. Lanyi 
[ 79 -81  | found no K + diffusion potential  in his vesicle syst(m and regards the  Na + gra- 
dient as the sole component  of  the osmotic free energy store. In fact, Lanyi and col. 
leagues found that  v~sicles loaded with KCi and placed in l~,aCi in the dark have essen- 
tiaUy no membrane potential .  They must conclude that  not only is there no K* diffusion 
potential ,  but  that  either the -lectrosenic Na+/2 H + antiporte r is irreversible or it changes 
its stoic.hioznetry. It rrmy b= ,hat there is a radical difference between whole cells and 
membrane ~ k - l e s .  

A third point about  this organism is that  the amino acid s2/mports seem to be coupled 
to the Na* gradient [79],  The complexities concerning the stotchior~letdes of  these sym. 
ports will be discussed in section VI. One additional interesting point here is the recent 
report of  a light-driven Na°-pump [82].  - ,- 



Is the lm-w~ outwardly directed K + electrochemical .ootential Sradieltt m H~b~-t~ 
uaed directly in secondary active transport? A rcquit~zr~nt for internal K* has b 0 ~  
rep, zrted, t h o u l h  only fog Ca~*/Na + amtipo~ [83].  K*, ~ reqmmd, does not  a p p e ~  to 
contr ibute to the driving fort.o. This was inferred from the lack o fe f l ee t  o f  thee ,.X~K • t~n 
the rate of  Ca 2. accumuli t ion driven by a etmstant,  outwardly directed ~ a  o. (In general 
there is only a somewhat dubious and non41near relationship between dtivir,~ fogce and 
rate o f  transport ,  as discussed in section VII, but a mote or less l ine~  . ~ t k m s h i p  
between Ca a* transport and AaNa+ was demonstrated experimentally in this case,) This 
r eq td~ment  for K* which is shown also by seventl H+-anion symport  systems may be 
because K* is necessary to prevent cellular pH front becoming too acidic, as discussed pre- 
viously [7,84,851, and in ,¢¢tion V. 

"s the outwardly directed K* potential gradient used in any coupled transport process? 
One is tempted to say probaUly not ,  as maintaining internal K* scemt to be one of  the 
main preoccupations of  nearly every type of  living cell. Eddy,  at one time, believ,.-d that  
the K + efflux accompanying Na*-gly¢ine symport in to ascites cells and tmim) acid uptake 
by yeast was mediated by the respective uptake carriers [86,87] but he now favours the 
view that  K + efflum is a passive leak via another  route [7]. Muter and Hopfer [88] have 
shown that  valinomycin t, nct-essaty in order for the ~ K +  of  brush border vesick's to  
influence lqa*dgtuco~ syr~port, showin8 that the interaction here also is indirect. On the 
other  hand,  ~ j ] [ g  + has recently been implicated in neurotransmit ter  uptake,  where a cleat 
K"/amine antiport  is indicated, as mentioned below. 

There is another  possible effect of  internal K °, that  was susgested 5y Crane (6] and 
interpretet~ by Eddy [7],  whereby internal K + enhances coupling of  solute to the Nat ° flux 
without  itself actually bein8 trattspozted out  o f  the o:ll. 

Li thium is oc~sional ly  encountered as an ion that  can replace Na +, e4g. in the Na+/H + 
ant iport  of  .6. ~ [65,89,132].  ! i t r~_ne  that  Li + has little physiolot.:cal function in con- 
tr ibutin8 to the normal thermodynamics ofact ive  transport.  The ~ of  the  lqa+/H + anti- 
port  o f  bacteria (and b~cteroid organelles) is somew~2*, different in that Li + nut3 indeed 
be a normal substrate.  The an~iport may be required to pump Li ° out  o f  the cell or 
lumen,  acting like the bilge pump o f  an incompletely waterproof  ship (st.,e MitcheP ,tQO] ). 
IA + has been reported to s t~ tu la te  proline transport in ~'. co/i  [91 ] tt~o~sh it is not clear 
why.  

Geck and colleagues [92] ha~: recently postulated a p ~ t o n  pump at the plasma mem- 
brane of  ascites cells which would function to maintain the alkaline FH of the cytoplasm 
in the face o f  the tnnall ( - 4 0  to - 6 0  mV) membrane potential  (inside negative relative to 
the medium).  This proton pump need not be a p r i r~ ry  active t ranspo:t  .~'stem but could 
be Na+/l-I * antiport  or Cl- /OH" antiport .  However, *.here is no evidence for ei ther of  these 
systems, though the CI- /OH- antiport  has been ]x)stulated before in another  context  
(Heinz et al. [9,93]).  Heinz and colleagues have at:~ postulated an elcctroneutral  K+/CA - 
symport  in ascites cells, which they describe as weakly active, but consuming no notice- 
able energy. It is not  clear e.-~actly what this moans. Does it mean that  KC! moves into the 
cells against its electrochemical potential gradient (in which case s e t ,  thing more than 
symport  must be involved), or me:-.-01y that  the moyenmnt of  KCI is blocked by metabolic 
inhibitors? One thing seems clear about  these cells which is that  they lack a K+/H + anti- 
port ,  for that  would electroneutrally lower the intenml pH and not raise it. Such an anti- 
port  has nevertheless also been postulated by ~ [9;~3]. 

Proton translocating ATPase (FI*-ATI)a.~) activity is, or course, found in animal tissues 
in specialized situations. Thus, ATPa~ of  chromaffin granules and gastric cells appears to 
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he proton tganslocating [52,94] (see below). However, there ha,,e been two recent reports 
indicating that the uptuke of amino acid across the plasmalemma of trypanosomes may 
be coupled to H* inflaw rather than Na ~ inflow, and that would represent an interesting 
comparison with the ~therwise all-pervading Na*-coupled plaslT:alemma porters of animal 
cells. Midgley [951 has found that transport of a-aminoisob~tyric acid into Oithidia 
[asciculata shows no specific Na" or K ° requirement, is ouabain.insensitive and even when 
uptake is being supl:K,rted by anaerobic metabolism it is inhibited by 2,4-dinitropheno~,, 
dicyclohexylcarbodiir~ide and azide. Similarly, Voorheis [96] has investigated the pH 
sensitivity of  threortine uptake into 7~.panosonm brucei and s~lown it to be compatible 
with H* symport, a rather tenuous extension of the argument. 

Vidaver et at. [97,98] sugge:;ted that CI- may take par, in the formation of the active 
(quinternary) complex in the case of glycine uptake into pige(,n etythrocytes (carrier + 
2 Na°+ CI-+ amino acid). They certainly demonstrate that the rate of glycine uptake 
is determined by the anion present. Specificity is broad and there is little (.bvious cor- 
relation between the stimulatory ank~ns and their chemistry; CI- is most stimulatory 
followed by NO~, SCN', I-, F- with SO]- and CH3SO~ supporting esrcntially no uptake 
on that carrier, If there were an electrogenic uniport for CI- the series would, in fact, cor- 
relate quite well with the ability of the ions to diffuse passively across the membrane elec* 
troEenically, and thus serve as counterions for an electrogenic 2 Na°/amino acid symport. 
The evidence that the anion travels on the amino acid carrier is weak. It is unlikely that 
CI- contributes to the ©nergetics of transport for such an enewetic contribution would 
require that CI- itself be pumped away from equilibrium. Because CI" concentration 
affects KM for glycine but not V, Vidaver suggested that CI- must bind to the carrie, 
before the binding of mnino acid (see section VII, Kinetic Models). 

Chloride has also been postulated to be an essential compo:lent of the translocated 
complex in the case of v4minobutyric acid and L-glutamic acid uptake into rat brain 
synaptoscmes ~Kanner [45,46]) and the uptake of 5-hydroxyt-yptamine into platelets 
(Rudnick [49,50]). 

These "biogenic anune" uptake systems show a further interes'.ing feature in common 
(not reported for the avian erythrocyte)in that an outwardly directed potassium :oncen- 
tration gradient seern.~ to contribute directly to the energetics of uptake [45,46,50]. Rud- 
nick and Nelson [50] have shown that 5-hydroxytryptamine uplake appears to be elec- 
troneutral, and thus ride out the possibility (previously favoured)that the K ° gradient 
stimulated uptake by developing a diffusion potential, negative inside. Valinomycin, 
added to the potassium-leaded platelet suspension produced a ~'nembrane p o t e n t ~  ¢,f 
- $ 0  mV (relative to the medium) but did not significantly stin~ulate 5-hydroxytrypta- 

C t -  

--- ,~Nu+ 

K + 

Fig, 3. l-luxes possibly ¢oupled to th© transport of biogenic amine across tl~e plasmalemma; step 1 of 
F~. l, 
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mine u.~take. Thus, these *brogenic amine" tran.,;port systems rep~esent the first cases 
where ti:e outwardly directed K* gradient appears to be used energetically for solute up- 
take (see Fig. 3). However, care should be taken to test the Cr;,~e and Eddy effect 
refer,ed to above. 

Subsequent to the uplake of neurotransmitter across the pla.~m~ membrane, by the 
high,affinity, Na°.dependent process described above, ~he neurotransmitter (or other 
active amine) is sequestered in granules or vesicles (as discussed more fully in section lit). 
Studies of  the energetics of that second step suggest that it involves el~:ctroneutral univort 
followed by trapping of the protonated amine in the acidic lumen o~" the vesicle (pH 5.5 
in the case of  the chroma mn t~ranule of adrenal medulla (Johnson an~l S~arpa [99]). The 
pH gradient is maintained by a Mg2+.dependent ATPase associated w~th cbromat'fln gran- 
ules (Casey et at. [52], Flatmark and lngebretsen [100]) and synapt':c ves~.:'- : (Toll .~,'d 
Howard [55]). it is not clear whether there is in each tissue a specific t'arrier, for the same 
eventual distribution of  amine can be achieved in l~hospholiposomes, across which a pH 
gradient is maintained, by simple diffu~on of  the uncharged form, f¢,lle-~ed by trapping 
in the positively charged, protonated form (Nichols and Deamer [!¢'1]). However, sen- 
~itivity of  uptake to the specif;: inhibitor, reserpine, indicates the involvement of a spe- 
cific carrier in most cases. The]~ again, it is not clea~ what transloca~it~.rt reaction the car- 
rier catalyses as H+/(amine) + sntiport, OH--(amine)  + symport and ~t~iport of the un- 
charged amine would all show t]'~e same dependence on the pH gradient. 

V. Alternative sources of free ,-~telrEy 

This review explicitly exclu6es a consideration of  the bioenergetics of primary active 
transport systems, i.e. the well known ion.transiocating ATPases (?. Ca2+-ATPase of 
sarcoplasmic reticulum, (Na++ ~+)-ATPase of  anim~d plasma membrane.s, H + - A ~  of  
plants, bacteria and bacterioid ¢,rganelles). However, there are some ac'Jve t r m u ~ r t  sys- 
tems in bacteria and mammalian tissues where it seemed natural to ex~>e.c.t the rr:ode of  
energy coupling to be by ion-symport or ion.antilx~rt, but where it ha.; turned out that 
another source of  free energy is used instead. In this section, I shall con~ider recent work 
on these alternative systems. 

There are two ion transport systems in bacteria, recently reported to be driven by 
direct hydrolysis of ATP; C~2*--*fflux in Streptococcus faecalis [102] :rod the so-called 
Kdp system for potassium uptake in E. cob" [103]. The Kdp system in E. co/:" is a high 
affinity system, presumably to allow K ° uptake at very low external K+ concenUatimts 
[1(14]. It is tempting to cot,elude that the reason that K ° uptake by ~his sytem uses ATP 
hydrolysis (releasing about (~0 kJ per mol ATP), rather than simply the r.~embmne ~oten- 
',.ial (180 mV is equivalent to 17.2 kJ per gramion K* transported)is because with extra- 
celIular K ° conce,trations below 10 -4 M, the membrane potential does not provide 
enough energy to achieve the required internal K* concentration (0.1 M). The Ca ~.-ATP. 
ase o: S. faeca//a can be urtderstood in a different way. With a membz:me potential of  
between - 1 5 0  and - 1 8 0  mV [105] calcium must be continuously ptu~ped out of the 
cell or i~ would gradually accumulate to between I0 s and 10 6 times the e× t race l l~ la r  C.~ ~ 
concentration. (Calcium extrmdo~, is characteristic of essentially all living <:ells.) But, as S. 
f aec l~  has no functional respiratory chain, its prinutry source of  energy for trm~gort is 
ATP hydrolysis and not the proton motive force as in a~  cJbic bacteria (Fig. 4). 

A very interesting and somewhat similar story is beginving to emerge concerning 
cmbohydrate and amino acid transport processes in bacteria. Berger [10~;.107] suggested 
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F~. 4. Sources of free ,.=ncr~- for transport in bacteria. 

that, while the transport of  certain amino acids into E. coil was by proton symport (e.g., 
glycine, proline, scrinc, phenylalaninc and cysteinc), the transport o f  certain other amino 
acids (e.g., glutamine, metbionine, diaminopimelate, histidine, omithine and arginine) 
depended much more directly on the presence in the cell o f  ATP or some phosphorylated 
derivative, let us c:dl it X "- P, and did not reqcire for accumulation the proton motive 
force (pmf or ~P of  Mitchell [90]).  Certain carbohydrates and ions =d=o seemed to be 
X -'-P dependent and ~P independent. (See Ros~a and Kashket [8] for a recent discus- 
sion of  this subject.) Some reports indicate that .'~oth X *-P and ~P a=~ required simul- 
taneously (Rhoads and Epstein [104,108|) or that a particular system can use either 
source of  energy (Rosen [109]) .  Other reports are contradictory:  thu~; Plate et al. [110] 
concluded,  from the inhibitory effects of  cholicin K in an ATPase-negative mutan t ,  that  
glutamine and p.,~line transport  were both dependent  on ~P.  Singh and Bragg [9,111 ] 
have investigated the uptake of  proline, glutamine, galactose and ~-methylgalactoside in a 
cytochrome-defici.~nt strain o f  Salmonella ryphimurfum, where the &In+ must  be formed 
via ATP hydrolysis and not from respiration. They found that  the accumulat ion of  all 
four substrates was inhibited by uncouplers and by dicyciohexylcarbodiimide and azide 
(inhibitors of  the H÷-ATPase). There was no differential sensitivity of  the supposedly 
proton-coupled profine uptake to uncouplers, while dicyclohexylcarbodiimide, which 
blocks the H'-A'[Pase but  does not noticeably lower cellular &TP levels, did inhibit the 
supposedly X "~ P ,~pc~,~ent systems. 

Several :,= the criteria frequently used to distinguish the two modes c f  energy coupling 
are of  doubtful  reliability and the results are seldom clear-cut. Thus,  proton inflow driven 
by substrate inflow into non-metabolizing cells, though often ob~;tved in H : s y m p o r t  sys- 
tems [$6-59 ,143 ,144]  would not be expected in the case e r a  high affinity carrier- 
substrate combinat ion because the  carrier would soon become sa':urated with substrate on 
bo{h sides of  the rnembr=uae | l  12]. Several uncouplers undoubtedly  react wi th  sulphydryl  
groups, such as the essential cysteine residue in the arabinose.binding protein (Quiocho et 
al. [9.1 13], Daru,~dla [ 114]). Uncoupler,  while undoubtedly lowering AP may also cause 
some lowering of ATP levels. Dicyclohexylcarbodiimide is no~ highly specific and could 
react with other  proteins besides the BFo component  of the H%translc~--ating ATPase. One 
might ask whether arsenate lower= the ~q~H*; i t  might be exI~cted t.~. There is thus con- 
siderable uncertainty surrounding the distinction between the proton coupled and the 
X "- P driven upt-~k.- systems. 

The identi ty of  X "- P has until  very recently [125] remained obscure. It has not  yet  
been shown, except in the case of  the Kdp pots_~sium sy; tem,  that  there is a stoichio- 
metric hydrolysis of a phosphoryl  compound with each molecule of  t ransported sub- 
strate; it ~.ould be that  ATP is req~zired for regulatory rea~;ns, not energetic ones (L/eber- 
man et al. [11 :~ ) . .Mtemat ively ,  it ,:ould be that  ATP is used stoich/ome, rically, but  the 
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membrane  potent ial  (or l he e~itire proton motive force) has a regulatory :unct ion (as sug- 
gested by Rhoads  and Epstein [104]) .  Indeed, the adenyl cyclase has recently bee.n 
shown to be influenced by ~ I H  o, both  in bacteri~ and in fungi (Petergof: 'ky et al.  [ I I C]'  
Trevillyan et al. [117] ; see  Ref. 118 for a discussion o f  regulation). 

Recent  work by Hogg [9,t  19] and by Henderson and collaborators [ !14 ,120]  has 
brought  some clarification o f  these issues, suggesting a f ramework in w h c h  they can be 
unders tood.  Arabinose is t ransported , , t o  E. col~ by two t ransport  systems called AraE 
and AraF.  The former is a proton symuor ter  and has a g M of  125/,tiM, the lat ter  is typical 
o f  the  X --- P dependent  systems, has a KM of  8.3 ~M, involves a periplasn.ic binding pro- 
tein and does not  appear to catalyse H'-arabinose sympor t .  When bacteria were grown on 
adequate ly  high arabinose cottcenttdt ions the efficiency o f  growth (gro~sth yield peg g 
carbohydra te  substra te)  ~md growth rate were both  higher in strain~ carrying only the 
AraE system than in s tndns carrying only the AraF system. So, under  O.ese condi t ions  
the  pro ton  symport  system ~.~s more rapid and more efficient. The st ory "or galactose is 
very similar. There are two systems analogous with the two arabinose syste ~ s  and indeed 
mapping very close to them,  called GalP and MglP. ( ;alp is a low affinit.~, H'-galac^ose 
sympor t  system, MglP is 5, high affinity,  X -- F-del~ndent ,  binding protein c'.ependent sys- 
tem.  I t  has been observec~. (Hunter ,  cited in Ref. I 14) that  in a carbon-limited chemosta t  
the  maintenance  energy is higher for cells possessing only the proton-synport system 
(GalP) than for cells possessing only the X "-- P o~" binding protein system (MglP). That  is 
to  say, at low carbohydra te  concentra t ions  H ' - s y m p o r t  is less efficie~t, an:! at high con- 
cent ra t ion  it is more efficient than the X -'- P system. 

There appear to be at least two transport  systems for lysine in E. co// [8].  It seems 
possible tha t  the existence of  multiple t ransport  syste,ns for many  of  the at~ino acids, as 
is already indicated for several carbohydrates ,  could explain some of  the alqbiguous and 
conflicting results obtained wizen trying to determine the nature  of  energy< oupling for a 
part icular  substrate.  

The role o f  the bindi~ig proteins is still somewhat  obscure | 121- -123] .  ['he point  of  
view o f  W'dson [122] is tha t  the b/riding protein with its high substrute a f f n i t y  success- 
fully scavenges the rare substrate molecules, b~zt would be unabI~ to releas, them again 
rapidly enough for the metabolic needs o f  the cell wi thou t  some energetic :ontr ibut ion 
from the second, membntne-bound,  element  of  the uptake  system, which m~,.st therefore 
cause a conformat ional  change in the protein-substrate complex.  S/lhavy e t a .  [ I . .3]  also 
conclude that  the  binding protein is not simply a modifier of  the  affinity t~f the  mere- 
brahe-bound componen t ,  for wi thout  the bin~ing protein there is pL-ob~bl~ no uptake ,  
even at high substrate concentra t ion  (see, however,  Robbins  et al. [ 124] ; the problem in 
this work  may  be to =onstruct bacterial strains which lack the o ther  carrier :.ystems and 
componen t s  completely.)  

The  idenUty o f  X ~ P, which appears to  be ATP for the  two  ion t ransport  ~ ~tems c/ted 
nbove, may now be known for the amino acid systems also. Hung and ccwo kers [12S] 
have recent ly shown that  acetyl phosphate  may be required for the  uptake  ol glutamine,  
histidine and methionine  by E. co i l  In m~ttants blocked in phosphotransacetyiase,  and 
thus  requiring ATP  synthesis for a~.'etyl phosphate  formation (via acetate  k/na.s~, see 
Fig. $), the blocking of  ATP formation (b~/ nwtabolic inh ib i to rs )b l0¢ked  a'.tive trans- 
por t ;  bu t  in phosphotransacetylase-posit ive strains it did not ,  Thus  ace ty lJhosphate ,  
ra ther  than ATP, t~ indi(:ated as the  energy soltrce fog glutamine t ransport .  ":'~e acetyl- 
phosphate  levels were confirmed to be as expected,  by direct assay, 

Hung and coworkers  [ 1 1 S , 1 2 6 - 1 2 8 ]  has~ postulated a somewhat  myster ious energy 
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|:ig. 5. T~'c, pathways for the fozmation of acelyl phosphate in E, co//. 

coupling factor, thought at one time to be involved in both proton-coupled active trv:~s- 
port and in the X ~- P-d~pendent active transport systems. However, it is now fot~r.d t,ot 
to be involved in the latter system [125], These energy coupling factor mutants have not 
yet been teste.4 in other laboratories and this work. is unconfirmed, 

An alternative source of free energy for coupled transpo.'t, again in bacteria, has be.~,n 
suggested by Mzchels ez at. [ 129j. They suggest that, in the absence of both respiration aazd 
H'-ATPase activ/ty, a proton motive force can still be generated by the proton-coupled 
excretion of lactate as metabo!ic end product of glucose fermentation. However, the 
products of the rcete.bo~.ism of ¢lectroneutral glucose must themselves be electroneut.,al, 
viz. lactic acid and not l~c.tate: titus: 

medium c¢ii medium 

glucose + glucose - - - ~ c t a t e ~ l a c t a t e  

" ~ H "  H" 

Protons are both gcnv.-~'..~d inside and removed from the cells. Only with an H*flactat¢ 
translocation stoichioraetcy of greater than 1.0 will a proton motive force be ©stabiished. 
The driving force is the lactate concentration g~dient and so it is very sensitive to exter- 
nal lactate concentration. To establish a large proton motive force from a small lactate 
gradient the authors postulate a variable stoichiometry of 14" per lactate which falls from 
2 towards I ~s the external lactat~ concentration rises. There is at present little evidence 
in favour of the scheme. 

Several authors have sugge.~ted that, for the ~,ptake of anions, proton coupled solute 
transport may be merely a means of preservin[, electroneutrality and not of energizing 
active transport. As the pH gradient in many bacteria seldom exceeds 1 pH unit [8] the 
accumulation of a singly charged anion by eleclroneutral H* symport could not exceed 
~0-fold. Mandel and Kzulwich [130] point out lhat in A,th~oba~ter pyrMinolis D-gluco- 
nate is transp.~rted electroneutrally with a proton but is immediately phosphorylated; it 
is 6-phosphoglucona~¢ which accumulates. 

in case..~ like tiffs the des/red elecxroneutrality of transport may produce an undesired 
acidification of the cell interior. Proton extruzion (followed or accompanied by alkali 
cation uptake) may then be necessary, and here ~gain not for energetic reazons but to 
regulate internal pH ~85,I 31 ]. Uncoupling agents may inhibit uptake but not because the 
~ H +  is required for accumulation. 



Brodie and coworkers [132,133] have de~rib~l a novel system for amino acid accu- 
mulation in membrane vesicles of Mycoboctet~um phlei. They report that .~:cuml:lation 
of glutamate, glutamine and prolino occurs on addin s Cu 2. to the suspension bu°: that, 
while the uptake of I~roline requires Na* (or Li*) also to be present, the upta,:e of ~juta- 
mate and glutamlne was Na*-independent [ 132]. Increasing Na* concentratio i increased 
V for proline uptake but did not affect KM [ 133]. 

Brodie and colleal;ucs [ 132,133] beli©vc that the driving force for amino ac:d accumu- 
lation could be a small pH gradient, detected with dimethyloxazolidine diLne, which 
forms on adding Cu a'>, but which is dlrecte~, outwards, acid inside. They sug~es that Cu 2" 
oxidizes thiol groups, shown to be present and to be oxidized stoichiometr c-,dl,: wi(h 
Cu z~ reduction, and that the ~'eleased protons are responsible for the 0.7 unit p-I gtadient 
which forms. However, I do not think thaz they have adequately tt,led out the .~osmibil/ty 
ef  Cu2+4mino acid complex.formation inside the vesicles. Brodi¢ e; at. point ot.t tl~at the 
accumulation of leucine, histidine, etc., is not driven by Cu 2. though these ar ~in(~ acids 
also form complexes. But neither are those latter amino acids ectively ttans mr~ed by 
respiring vesicles. O~dy proline, glutamate ,.,d glutamine are accumul:,t~,~ ~ ~od:~.'., 
preparations of resphing ~esiclcs [132], and only these acct,mulate with Cu :~. 

Brodie and colleagues [134,135] have succeeded in extracti,'xg and reconstituting the 
proline carriel in liposornes, formed from soya bean phospholipids. Proline ul take was 
demonstrated in two rather different ways. In one procedure they loaded th : v,.-~icles 
with K °, added pro~ne to the medium and initiated uptake with the simultane ms addle 
tion of NaCI and valinomyc/n. The success of this now cla.x~/cal experiment s u ~ s t l  elec- 
trogenic ion symporr., either with Na* or conceivably with H* [ 135]. The other p-ocedure 
was to reconstitute vesicles containing ferdcyanide, suspend thern in a medium c~-nt nn/ng 
NaCI and ascorbate and initiate uptake by adding benzoquinone. This system l encrates 
H ÷ inside the vesicle and a pH gradient outwards. The addition of  Na ° and prolin~ caused 
a surprisingly rapid discharge of the pH gradient, and uncoupler caused a slower r..'le~s¢ of 
protons [134]. I st,ppose the outwardly directed pH gradient, in this and th.: earlier 
experiment, could cruse a proton diffusion potential, negative inside, which couh; lead to 
the uptake of Na%proline. The crucial experiment would then b~ to see if uncoupler stim- 
ulated proline uptake by facilitating the outward diffusion of H °. Nevertheless, I suspect 
that a better explan~.tion of these results will be found. 

The adequacy of the Na* electrochemical potential gradient to account for am~e actd 
accumulation in ascites cells has often been ¢~ebated [93,136]. I=,...,~ allowing for ~he mis- 
estimates of intracellular Na ° concentrations, the efficiency of coupling and the electro- 
genicity of (Na* + K*)-ATPaso, some workers f~ l  there is still a need for a supplememary 
form of energy input [137]. It has been suggested that the NADH dehydrogenase activity 
found in plasma membrane fractions [138-140] might be coupled to am~no acid uptake 
[141,142]. What has been demonstrated is a stimulation by pyruvate or redl~_~l phen- 
azinemethosulphate o~" amino acid uptake into ascites cells that had been depleted of ATP 
(and ion gradients). This stimulation was sensitive to ouabain, but instead of concluding 
that the (Na°+ K*)-ATPase was involved, these authors suggested ouabain might ]xave 
wider actions than was previously suspected. 

When amino acid uptake was driven by reduced phcnazinemethosulphate it ~,,as not 
sensitive to rotenone, but when it was driven by pyruvate uptake it was sensitive to zero- 
none [141]. Christensen et al. susgz~ted that mitochondria might transmit frc¢ energy to 
the plasma membrane in a form other than ATP. However, in their latest paper [ 140] the 
redox activity they inve~tigat© is a rctenon¢-insensitiw NADH.ferricyanide oxidoreduc- 
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tase. The natural oxidant for this enzyme is unclear: it i~ not oxygen and the activity with 
cytochrome c or cytochrome bs is very slow. Ther ~. is thus considerable uncertainty and 
several contradictions concerning this proposal. Is the (Na°+ K')-A'l'Pase really not 
involved, though uptake is inhibited by ouabain? 1~ the plasma raembrane NADH dehy. 
drogenase relevant if it is rotenone-insensitive whii,, uptake is rotenone-sensitive? On the 
other hand, thi.,; plasrnalemtua NAI)H dehy,:lroge~lase require.~ further investigation; it 
lacks an oxidant and it lacks a role. Could it be involved in ,r.cl regulation'?. (See section 
iv.) 

VI. Stoichiometries 

The gradient hypothesis places no restrictions on stoichiometries other than that the 
free energy from the down-hill components should be at least equal to that required to 
drive the uphill components of the coupled trat~sport proces.~. In many cases the simplest 
possible stoichiometry, 1 co-ion/l substrate, appears to be sufficient [57]. 

There are some inte:~sting exceptiovs. There are anion sympogts where the carrier- 
substrate-co4on complex only acquires a net positive charge when two or more co-ions 
ar~. bound. Only with a 2/! stoichiometry will the effect of the membrane potential be 
obtained (see section IV). Lagarde [143] finds 2 H ' l l  2-oxo-3-deoxygluconate in E. coll. 
Mitchell et al. [144] find that glutamate transport b~.r Stap;, a:,.reus is electrogenic and the 
H'/glutamate stoichiometry is between 1.5 and ~.0. (The earlier work of Niven and 
Hamilton [145] was apparently invalid, as discussed by West [84] and Eddy [146], who 
actually predicted that a stoichiometry of 2 would be found.) Glutamate transport in E. 
coli vesicles responds to the full proton electrochemical po:¢ntial gradient indicating two 
positive charges per glutamate (perhaps 1 H* and 1 Na+'. see section IV) [ 147]. 

Eddy et at. [1481 have reported for various strains of the yeast genus Sacctutromyces 
that, while proline, me thionine, arginine, canavanine, lysine and some carbohydrates were 
taken up each with a tingle proton, other amino ac: ds such as gly¢ine were taken up by 
the "general araino a¢i¢I permease' with 2 protons. More recently they have shown that the 
glutamate ion is taken up with about 3 protons (2 ne t positive charges) while phosphate (if 
one extrapolates their data to inf'mitely small pulses) is taken up with 3.3 protons and 2.4 
net positive charges. I~ is perhaps surprising that they have not observed a glutamate con- 
centration gradient (in/out)~reater than 70 [146]. 

In the cases of glutamate and phosphate the H" s;oichiometry was found to vary with 
the amount of added substrate and with the time lap.,e between the addition of metabolic 
i,ahibitors and the addit ion ot substrate. This is a bit ¢'.isconcerting, because unexplained. I 
find the suggestion of a physiologically variable stoi.,hiometry unconvincing, and would 
look at experimental snags for an explanation. 

Ther¢ is a similar type of non-unitary stoichiometry in the case of the ~ation/cation 
antiports. It is most p~ob,~.b!e that in mesophilic bacteria these are electroneutral. Thus, in 
We-t and Mitchell [58] *.he pH excursion h,duced by adding Na+ was of essentially the 
same ~peed in the pr;sc,u.e and absence of thiocyanate (admittedly, a weak argument). 
However, in the case ,>:the he,'-~hilic bacterium, H. h~loblum, the concentration gradient 
against which Na* has to be pumped greatly excedes the pH gradient. There is evidence 
that the stoichiomet~, he-e is 2 H iNa c [81 ]. 

Kaback and coworkers, when '~hey turned their atte.ntion to the sympo~ model for the 
lactose transport ~'st~m of E. ,:oli, introduced sew.ral new teehniqu~ and concepts. 
Thus, they argued (correctly) that at equilibrium the f'ee energy requlrcd to transport the 
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substrate up its concentration gradient should be exactly balanced by I~ze free energy 
available from transporting the co.ion (here H') down its electrochemical potential gra- 
dient. They proceeded to let galactosides accumulate in respiring membrane vesicles until 
they would accumulate no more, anumed that this represented equilibration with the 
ApH* which they then measured. The measured &/IH* in these vesicle:i was eqzml to 
-~i,~-tos~, ,¢hen the external pH was 5.5 but fell with rising pH so that Ramos and 
Kaback [149] concluded that at pH 7.5 two protons must be involved in the trandoca- 
tion of each lactose. Schuldiner and Fishkes [I 50] came to a s/milar conch, s/on regarding 
the Na*/H" x ntiport o f  E. coil  Rottenberg proposed a model [ 151 ] elabolating thi.,: idea 
of pH depen lent stoichiometries. 

However. that is "~ot the case with whole ceils. Booth et al. [152] have actually mea- 
sured ini.'la| :ares of H" entry and lactose entry between pH 6.5 and 7.7 (tl'e limit of reli- 
able meast4renzent) and found a stoichiometry of 1 : ! (cf. West and Mitch dl [57]), Fur- 
thermore, they t~ave measured ~ H  +anci ~X~lt~te,e over the pH range 5.9-;L7 and f(,und 
that at no pctx, was the '-~H" less than ~Zlactme- In fact, at all pH values it was greater, 
indicating that the lactose accumulation never came into equilibrium with the pn)ton 
motive force. It should be mentioned that Booth and Hamilton made t.~,o important 
points about the measurement of ~ H +;  the cytoplasmic, not the cytopla., ~ic plus peri- 
plasmic volume must be used in calculating phi,  and methylamine may be unsuitable as 
an indicator of the pH i as it may not equilibrate (perhaps because of a meehylarrtine 
porter [153]). 

Zilberztei-, and colleagues, In a convincing paper [154]. make these sa "re points  in 
whole cells ~ H  + is adequate from pH 6 to 8 for a stoichiometry of 1, wl ich they r.lso 
measure dire:.tly over the same range. 

Booth and colleagues [152] have gone on to emphasise in a useful and timely way ::he 
difference b~tween a true equilibrium and a kinetic steady-state, in an~ system with 
appreciable leaks, equilibrium wilt be impossible and the equations of  the ~-modynamics 
will be inapplicable. 

There ha~e been r, tF~er reports of varying stoichiometry. A particularly c~mplex exam- 
pie is afforded by (he work of Lanyi on amino acid transport systems of fl. halobimn. 
Here, as in the work of Kaback and coworkers, the argument rests entirely on accm.,nula- 
tion ratios and the assump*.ion that the steady-state is a quasi.equifibriurn. When n,,;. 3- 
brane vesicles derived from this bacterium are loaded with K" and suspended in Ha ° in ti~e 
dark, Lanyi [79] argues th~:t there is no membrane potential, only a Ha" ¢oncentratit:n 
gradient. The evidence for this crucial proposition is "not shown'. !t must mean, as 
pointed out in section IV, that there is no appreciable K*-diffusion potential. It was als,~ 
pointed out that Oest~;rhelt et al. [78], working with whole cells as opposed to a vesicle 
preparation, report an appreciable K%permeability and a large K ° diffusion potential 
under these conditions which is capable of driving ATP zynthes/s. Returning to Lanyi'.', 
experiment and accepting fi3r the time being that he is er, t a b ~ - z g  a purely che.-z/c,d N~,'" 
potential gradient, the results are anomalous. At low Ha* gradients (1-3-tbld)  aspartzte 
appears to travel with 4 Na* and serine with 2 Na', though with higher Na" gradients this 
relationship is not maintaine~i and accumulation eventually plateaus. 

Amino acid accumulation in these vesicles can also be driven by the light-dependent 
proton pump under conditions where Lanyi believes there L't essentially no Na* concentra- 
tmn gradient. By monitoring the accumuktion of lipophilic cations Lanyi has correlated 
the accumulation of  t~nino aoids with the -nembrane potential an~ ~-'oncluded that aspar- 
rate must travel with 2 Na* and serine (uncharged at neutral pH) with one. Lanyi thus 
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postulates an amino acid/Na ° .~toichiometry which depends on whether  the Na + electro- 
chemical potential  gradient is electrical or chemical. 

in a later paper [80] ,  L~nyi goes on to explain these s t - ichiometr ies  in terms o f  an 
electrically operated switch, in some respects analogous with the models which I have just 
ment ioned  o f  Ramos and Kab~ck [~ 49] and Rot tenberg | 1 8 t ]  where *.he stoichiometries 
were p l t  dependent .  Thus,  for the symport  o f  aspartate,  4 Ha' were found to be necessary 
with small membrane potentials (and in chemically-driven ac,:umulation}, I)ut only 2 Na ° 
as the negative membrane  potential  increased. Similarly, for .~erine the fizures were 2 Na" 
and I Na ° at small and l a ~ e  membrane  potentials,  respectivel) .  

While such a model appears to account for the somewha~ strange daut,  I would add 
that  i fit~d these papers extremely obscure and much of  the argument  somewhat  circum- 
stantial. A systematic f3ilure to measure the electric pot tn t ia l  correctly might also 
account for the data.  

There is another  type of  v~riable s toichiowetry in the literature which I th ink  is open 
to question. Collins et .~1. [155] reported the isolation of  mutan ls  o f  E. coli from a 
,.'hemostat where alanine was the limiting substrate.  Th~se mutan ts  showed an increased 
displacement o f  H ° into the ce;|s on adding alanine, f rom which it wa ~- concluded that  the 
mutants  had a 2- or 4-fold H*/ahmine s toichiometry.  Now. there are classic papers 
(Horuichi et ai. [156 ,157] )  on the isolation o f  bacte;-ia with gene duplicat ions from 
chemostats  with limiting lactose in which there were 2- or 4.fold activity o f  ~-galacto- 
sidase, in spite o f  the original paper.~ saying the cor,tr;~ry, it is e;tsy to show that permease 
activity is also increased ~West, I.C., unpublished da r t ;  Booth,  ~.R.. unpublished data) .  If  
we bear in rrdnd the concept or" kinetic steady-states it is clear that the above me thod  o f  
adducing co-ion stoichiometry (albeit in t roduced by West [56] )  is invalid. It seems likely 
that  the greater rate of  H~-alanine h~flow results in an increased steady-state displacement 
of  the pH trace, wi thout  there being any need to invoke incr~.a~d H°/alanine stoichiom- 
etry.  

In summary,  co-ion stoichiometries greater than one are fr,~quently found;  particularly 
when such a s toichiometry is necessary to  c~nfer a net charge on the tr,~msloeated com- 
plex (or a net  charge; difference between the completely  u , l o a d e d  carrier and the com- 
pletely loaded carrie~:-substrat(:-cc-ion com~.lex) so tha t  the resudting di~trib~,tion ratio 
may be influenced by the membra~e potenti:tl. On the o ther  hand,  variable stoich~ome- 
tries are harder to  ~isualize, and however cons~nient they might be for organisms p3sses. 
sing such features, the evidence for :hem is still dubious.  

VII.  ~ t k  models  

The trouble w~th kinetic rr~}del~; is that ,  to  be gen~r~tl and valid, they have to b .  ~ com- 
plex: the subject is inherently complex.  There ;tre numerous  analyses o f  carrier t ~ansport, 
though relatively few which deal at all fully with coupled t ransport  [162 ,163 ,168] .  How- 
ever, these earli~ r t rea tments  did no t  consider lhe quest ion of  the electric field because it 
was believed t ~ t t  chemical and electrochemical acti,,tties would be interchangeable in 
kinetics, as cher.~ical and electrochez nical po ten t i ah  are ~nterchangeable in thermodynamics .  
This turns ou t  ,.,.or to be the case and it i t  now apprecd~tted tha t  ak ine t i c  model  o f w m p o r t  
or anUport  mus t  consider the c 'h~ge ,~n the v~. ' io~ t~amlocated intermediates .  There are 
sevend authors who have ¢onsider¢ct the effect of  :h,: electric field in a cursory way or for 
a simplified or specialized model [158--1601.  Vida~er [98] has elaborated his earlier 
model  for th.: 2 Na'--glycine 1.,~r~port syste~.n of  p i t o n  e w t h m c y t e s  [161] by consider- 



109 

ing the effect of an electric field on those tl~an~ocation steps perpendicular to the plane 
of the membrane, btzt it remains a zpeciali~d model. There are two groups who have 
developed a 8~:neral analysis of the e Pfects of the electric,field on the kinetics of coupled 
transport; tho~e of Stein [162,163] a,td Heinz (164-166] .  

The usual way [9~:,158,163] of introducing the electric field into kinetic equations is 
to consider the equilibrium condition described by th~ Nernst equation: 

I^'1 z~la i!~ 

2.3RT ~A;I 

At 30°C, wheJe 2.3 ttT/F= 60 mV, a potential of such a size will sustain a conc.~ntration 
gradient of 10-fold. blow, i1 is clear that flux of A + from left to fight under the influence 
purely of the chemic;d gradi¢nt wou1:1 be ten times the flux from right to left, and it is 
argued therefore that the electflc fie1:1 must produce an equal but opposite effect. There. 
fore, influenced purely by the electri: field, the flux of A ° from right to left must be ten 
tim.*s the flux from left to right. Witi~out either the field or the concentration difference 
the flux rates would be eq~;al anti be accelerated or retarded by the field by a factor of 
V ' ~ ,  respectively. This simtde argument applies to the equilibrium condition, with no net 
flux. For diffltston of char3~'d particles in a homogeneous membrane and in a constant 
field the integ~rated Goldmtn-Hodgkin.Katz equation applies, to allow for the altered 
diffusion due to the altered concentration which the electric field oroduces [167]. 
Geck and Heinz [164,165] point out that a simplification can be made in this rather 
more compli~tted equation if one postulates a considerable, but ~p]nm~trica], bar- 
tier to diffusion so that translocation is a ~are event, determined by the Boltzmann energy 
of the diffustw~ species. This assumption allows the simplification of the ~lux equation to 
a form Identical with that derived from the simple equilibrium argument. 

Another standard procedure found in all the papers considering the electri.: field is to 
assume that re tctions parallel to the surface of the membrane will be unaffected by the 
field, while reactions perpendicular to the membrane will be affected by the full extent 
of the field, i:xp(-z F Aqs/2 RT) where. ,A~, is the membrane potential as measured 
between the two aqueous pbases. In deciding which reactions are parallel and which are 
perpendicular to the membrane, authors always use the standard ferry-boat type of 
model (Fig. 6), but are alwa~t careful to u y  that the more modem gated-pore type model 
would give an identical kinetic analyds. Tht~ seems doubtful, for in a gated.pore mod, .~, 
the trantlocaticm or conformatiofud change which effectively changes the accessibility of 
binding sites from face 1 to face 2 need involve • movement through a very few Ing. 
stJr6ms, which may, in any case, be in the plane of the membrane (Fig. 6). The elecU*ic 
field effects in such a model will, of course, be confined to effects on the concentraticm 
of chaxBed sul~Jrates (see the "proton.weir concept ditcussed in the next ~¢¢tion, and 
illustrated in Fig. 6). 

In their kiJLeti¢ analysis HeLP.z and colleagues [164,16¢~,168] make the simplifying 
assumption that binding reactions ate rep:,d with [aspect to translocation reactions. Th~ 
sounds like the Uansport e:luivalent of a Michaelis-Menten equilibrium treatment of 
enzyme kineti,:s whi-~h is g~;nerally rega.-~led as of considerably narrower applicability 
than the lteady.atate treatments, but they justify the assumption by sayinlB that without 
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1 'is. 6. Types of mobile carrier. (a) Extreme form of the thvttling of ferry*bolt carrier, showing a con- 
f3rmational c'~ang~ on binding substratc (or tubsttates). (b) Ex~eme form of the larval-pore type of 
(artier again show/n8 a oonformational change on bindin41 sub,trite. See also the "ploton-weU' effect 
;hereby chtrpd l;ubstrates may be concentrated by the elet:trlc field. There need be no movement 

¢,f the carrier along the axis of the field. 

it energetically coupled transport  is i m ~ b l e  in any case. However,  only two of  the 
translocation reactions have to be slow {or absent)  in order to obtain energetic coupling, 
and those are the translocations o f  the  binary complexes, i~ . ,  the carder  wi~.h the t.~o4on 
but  not  the substrate,  o, with the substrate but  not  the co-ion. (There are several experi- 
mental reports indicating slow or  zero translocat ion of  the  binary complexes [161,169, 
170].)  It s e e ~  intuitively obvious that ,  by  analogy wi th  enzyme kinetics, If the reactions 
following th :  substrate binding step are of  comparable speed then the  measured KM 
paranu~ter~ ~=  complex functions o f  the binding equilibria and the  translocation rate con- 
stants. The assumption o f  binding equilibrium may be an unjustified oversimplification. 

Heinz and colleagues analyse two basic types o f  coupled t ransport  which they  call the  
~ffintty t3ve '  and the "velocity type ' ,  though they  adndt  tlutt most experimental  cases lie 
between these two extremes. The te rn~ 'affinity type" and "velocity type" have perhaps 
become somewhat  confusing as the analysis developed. ~Velc¢ity t y p e '  does not  mean 
that  the effects of  Ha* are confined strictly to  P', bu t  on ly  tha t  in construct ing the model  
Geck and Heinz have allowed Na ° to affect only a translocation and not  a binding step. 
The 'aWmity type" is likewise a mod(:l builder 's concept .  This problem becomes even 
w o n e  when Geck and Heinz consider ~ e  eff~ ' t  o f  the  electric field, for it turns  ou t  that  
in the ~ that  they have been callin 8 pure "affinity type '  i nodeh  the maximum velocity 
can be affected by the electflc field. S.tndlarly, in what  they  called a pure "velocity type '  
model,  the ,~lectric field can either rai~; or lower the apparent  K~/, dependinS on whether  
the loaded or the unloaded carrier resl~cdvely bears ~ero net  ~ ,  wh/le the  Y can, in 
the  lat ter  case, be ~arce ly  affected. 

The resul ts  o f  the Ge~k and Hein;: analys/s cam be rao~  clearly sunmmrized by  the 
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dia~ams in Fig. 7 (taken from Heinz and Geck | !65] ) ,  This powerful and valuable analy- 
sis seems to tell us that w~ can still inf-.r rather little aboqt the nature of the underlying 
kinetic model from sleady4tate kinetic ¢xperimelts in which we vary ~ub~trate concen- 
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t rat ion, co-ion concentrations, and membz-z~ne potential. Deduction can be made wi th  
more ,:onf~dence about  the charge on the unloaded carrier. (See the next  section.) 

Heinz has performed an interesting excercise in comparing the traditional ' law of  mass 
act ion '  approach with the more controv,;rsial and es:>teric "neff-equilibrium thermo.  
dynamic" approach [165,166I .  It is interesting to  see over how small a range the phe- 
nomenological co~ffic~'nts o f  the thermod,.mamic approach remain constant ;  in the least 
favourable case for less than one log unit o f  concentra t ion gradient. 

The approach of  Stein and colleagues is somewha,  different.  The most  lucid intro- 
ductory exposition of  their steady-state k;netic analysis o f  coupled transport  is in the 
paper by Stein arid Honig [I | ,  though much analysis is dealt with more  rigorously else. 
where [162,163] .  hi this paper they consider the essential basis o f  energy coupling in 
active transport  and show that there is nt~ fi>rmal difference between primary and second- 
ary active transport .  The simplifying assum~.tion with which these authors  start is that  the 
translocation rate constants  o f  the c~trrier loaded with substrate only,  or with co-ion only,  
are both  zero (see above for jus:ification).  They analyse the resulting models by the stan- 
dard enzymological techniques pioneered by King and Al tman[171 ], using the  approach 
of  Britten [ 172]. They have not yet consid. 'red the effects o f  an electxic field on coupled 
transport ,  but  Stein and colleagues [162,163]  have considered the effects o f  an electric 
field on a simple carrier. They have nlso con:~idered the effects o f  unstirred layers | 162].  

Several useful insights are discussed in tee  paper o f  Stein and Honig [1 ]; I shall briefly 
ment ion some o f  them. In real exp-'rimenUd systems which inevitably contain leaks, the 
rate o f  pumping is an important  considerat ion.  An active t ransport  system in which the 
co-substrate affects only the transport  velot:ities could,  in principle, achieve a high ratio 
of  intr.~cellular to extraccllular substrate but  it is likely to  be an inefficient pump  for the 
following reason. If the affinity of  the c a r t e r  is inappropriate it will either fail to  load at 
the low external concentrat ion or fail to unload at the high inte,~al concentra t ion.  Thus,  
efficient pumping is likely to show different substrate aff'mities at the  two faces. 

Stein and Honig [I ] formulate quite neetly the relationship between the  ratio o f  the 
affinities for substrate on the two sides of  the membrane  and the affinities for counter  
substrate on the two sides. (I presume there is an equivalent equat ion  for co-substrate 
aWmities.) This ratio is again related to the difference in s tandard free energy o f  the un- 
loaded carrier between the two sides, and the affinity ratio t'or al] o ther  substrates that  
can be t ransported by the carrier. That is art intriguing insight. The unloaded carrier may 
have different free energy on the two faces of  the membrane  either because o f  changes to  
the carrier on tr~mslocation, or  because of  an asymmetrical  envi ronment  provided by the  
membz'ane, Let ,he consider an extension o1" this argument  not  actually spelt out  by the 
author~. Suppose, for a symport  system, that  the unloaded carrier were negatively 
charged, so that  tt~e p lo tonated  (or Na ° complexed)  and substrate-loaded carrier is un- 
charged. S u p p o ~ ,  in addition,  that  an asymmet~y in the ztlembrane means tha t  the emp ty  
c~trrier is at low,:r free energy on the inside, in the absence of  a membrane  potent ia l  the 
measured aff'mity on the outside will be reduced because of  the  tendency o f  unloaded 

artier to  revert to the inside. With a membrzne  potent ial  (inside negative) there will be a 
considerable change in free energy of  th  ~ . tmloaded carrier; it will now prefer  the outer  
face. This, act,'ording to Steir,'s analysis, wiil generate a lower apparent  affinity for sttb. 
strate bindin~ at the inside and raise the afUtnity at the outside.  One problem here is thaz 
this result is not  in accord with the GeckJ l c inz  analysis (see Fig. 7)  where such a K~I 
effect is characteristic o f  a neutral rather tl~'m a negative carrier. 

Also discussed by Stein and Honig [1 ] i~ tlze co-tr:msport case where there is no differ- 
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once in the tree eners/el of  the unloaded carrier (E) at th,; two membrane faces (face I 
and face 2). In this = " a l l  the difference in affinity fomtd for the driw:n substntte wig 
arise from the intrinsic differenc~ between Et and E= for binding o f  the d dying =ubstrzte. 
That side at which the driving substrate binds with lower intrinsic affinity will have a 
idgher aff'mity for the d)iven sub~trate . . . .  In the case o f  osmotic-osmotic co-tra~sl~rt ,  
the product  o f  the affiniti~:s for the two substrates is constant  at the two faces o f  the 
m e r : b r a n e . . .  " . !  =hall return to  these points in rite next  =rction. 

"Illis analy:;is o f  Stein also emphas/zes what is now we'.~ known to students of" facili- 
ta ted diffusion, but  doei. not seer3 to be so ~,idel) appreciated yet among those s tudy;ng 
the more  complex systems o f  coupled transl~)rt. ] h e  t rans  <)cation rate co:astants may be 
asymmetr ic  for the inwards and omwards  transitions, and they may be, and usuatly a.,-e, 
different for loaded and unloaded carrier. It matters  cruci~fly whether  the carrier wetur3s 
from side 2 to  side I loaded or empty .  The measured aff'mi*y constant  (KM), i.e., the coa- 
centrat ion giving half  maximum flux, is different for exchange and for net flow. It :s 
wor th  =treutin8 that  in transport kinetics (unlike enzyn,e k i n e t i c s ) t h e  return o f  tit;  
empty  carrier is an impor tant  reaction in net transport  and that the kinel:ic parat.qeter:~ 
obtained in an equil ibrium exchange expe~ment  will (in g,:neral) be different from those 
obtained under  infinite-trans or zero-trans condit ions (i.(., condit ions o f  saturating or 
zero substrate concentrat ion on that  side o f  the ,;:embranc towards w ~ c h  ;~ :  m ~ v ' r e d  
flux is occurring [162]).i I topfer  [ 173] has formulated and applied z~n intertst ing ;malysi~ 
o f  Na+--81ucose symporl using an integrated rate equation The model  is l e~  gene.~d than 
those discussed above Eut raises some points o f  general btterest. Hopfer mgue~ ( though  
witl~out showing a rigorous ~la lys~)  that  if  N a + - g l u c o ~  s, .mport  is assayed under  condi- 
tions o f  flux there will ',)e a =mdcncy for the inflowing Na+ to reduce both the Na ° con- 
centrat ion gradient and the membrane  potential .  This eff, ct, Hopfer  maint;tin~, can lead 
to  a systematic underest imati ,m o f  bo th  KM and It'. Indeed, if  the re.extrusion o f  N.~ ° is 
sluggish, the experiment  may unwittingly be performed with zero ~ = * ;  V can appear 
Na*.independent because the~e is, in fact, no ~ N a +  gracient ,  and KM may appear Na+ 
dependent .  This effect should be less pronounced in whole cells (where Nz" ¢xifusion 
may be quite rapid) titan in membrane  vesicles or reconsti tuted systems, Out even in 
whole cells the effect m:~y be ;tppreciable. Geck et al. [ 174} demonstra ted  biphasic amino 
acid uptake  into ascites ~ells, presumably the result o f inf lowing  Na+ (c-! hrni ,o  ac id ! )on  
the driving force for subsequer~t uptake (Fig. 8). 

C_-~y: 
/=mole= 1~i 

. ~  . ~ : . . ~ "  ~y,.o~ 31 _ , _ - , - - - r - "  

0,9~ nnM Gray Sl,6 rnM Gty 

30 40 se~: 

Fig. 8. Glycine uptake during the fbst minute of incubation. The cells were ccntrihzg~l through a 
layer of medium conttln/n8 Z4C-labelled #ycine, the thickne~ ,)f which detexmined the .incubation 
time. Note the blphazic tlm~,course, pr.xticu~rly at the higher l~scine concentration. Taken, with pex- 
mission, from Ref. 174. 
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Ilopfer therefore evolved a different kinetic assay for measuring the effect of  At2Na" on 
KM and t,' in isolated brush-border vesicles. He establ:shed glucose and Na ° equilibrium in 
tbe absence of  a membrane potential and then meas~Jred the time-course of  the exponen- 
tial [t*C]glucose influx on adding tracer glucose to t:le medium, The tj/2 of that  influx is 
a simple function of  the glucose concentrat ion from which It and KM can be determined. 
Hopfer also considered the effect of  a hete~ogerteous population of  vesicles and how this 
could be allowed for, provided one only wanted rehtive I," values and the effects of  Na" 
on those and did not need to know the absolute value,~:. He also included the contr ibut ion 
of  a glucose leak pathway in his analysis. 

VIII.  Recent experimental investigations of  coupling mechanisms 

in this section, I shall discuss several examples of  co-transport systems where interest- 
ing information on the coupling mechanism has beer~ pt:bltshed in the last year. 

The very thorough kinetic analysis by Geck a]ld Heinz, discussed above, has been 
applied to results obtained in Heinz's laboratory on the Na%amino acid transport into 
ascites cells [165,175].  When the membrane potentia; was systematically increased by 
adding increasing amounts  of  the K" ionophore,  valinomyc .r,, to a suspension of  cells in a 
low-potassium medium, the standard kinetic paranleters of  a-aminoisobutyrate  uptake 
were modified as f(~llows. Increased membrane potential  caused a decreased apparent  KM 
and an unaltered V. A plot of  F'/IC M against membnlne potential  therefore increased with 
increasing potential.  According to their theoretical model, discussed in the previous sec- 
tion, these results indicate unequivocally that  the charge on the unloaded carrier is ~ero, 
st) that the ternary complex bears a positive charge. Heinz and Geck [165] point out  that 
it is much more di~Ticult to infer from these results whether the carrier behaves more like 
their 'velocity type '  or 'affinity type" model. However, as the absence of  any appreciable 
effect of  electric field on g," is, paradoxically, a feat~re of  their "velocity type '  model they 
tentatively conclude that  the ascites amino acid c~rrier is .)f the former type. It is perhaps 
v.,orth remarking once again that  Geck and Heinz u.,~ the terms "velocity type" and "affin- 
ity type" to describe two alternative hypothesis  u:~d in constructing their models, viz. 
that the coo;.on influences the rate of  a translocation reaction, or a binding reaction, 
respectively. It is thus paradoxical but  not  self-contradictory to find that  in the "velocity- 
type" model the effect of  co-ion is largely seen in changes of  the apparent  KM. 

The major paper from Vidaver's group [98] on ~tmino acid uptake in pigeon erythro- 
cytes approaches the same problem, that  of  the charge on the unloaded carrier ~nd again 
by investigating tile effect of  electric field on the kin eric parameters,  but  the kinetic anal- 
ysis is different and worth considering in a little detail. Earlier work from this group sug- 
gested a model [161 |  in which 2 Na + and possibly even a CI- are required to bind to the 
carrier before amino acid is bound.  Na* affects only the g M parameter.  The experimental  
system was as foll,3ws. Erythrocytes  were haemoly:~ed and resealed to contain diluted 
haemoglobin and -Lnions (and cations) of  choice and were then incubated in saline. By 
haemolysing and ~esealing in a chloride medium ~ very small Donnan ratio ([Cl-]o/ 
[Cl-]i = 1 . I)  could be obtained,  while resealing in medium containing t~,~ non-permeating 
toluenedisulphonate anion produced a Donnan potential  or chloride diffusion potential ,  
again measured as a chloride ratio, o f  3.6 ( - 2 . 3  R T t F  log 3.6 = - 3 3  mV relative to the 
medium). Unfortunately,  this potential affected the intracellular pH, and the effects of  
the pH change had to be corrected for, but when ~hat was done it appeared that  the 
Donnan potential induced an increase in the V of  glycine entry  of  70°£ and opposite 
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changes in the two components  of  KM for glyci.;e of about 50~ .  These changes in the 
kinetic constants were matched with considerable p;ecision by predictions from the 
model assuming symmetry of  the binding constants between inside and outside, and for 
the case where there was a single net negative charge on the unloaded carrier. For the net 
inflow cycle with such a model the exit of  unloaded clrrier  is the only step sens/tive to 
the electric field, bu! ofcour-'~e the rate constant for that step enters at several points into 
the overall kinetic eq,~ation. 

There are several drawbacks about this experiment. The Donnan potential achieved is 
very snaal/, and the k-netic con~:quences are even smaller. The data appear very scattered. 
The pH effects are large ~nd complex, requiring the as~.umption o f th ] ee  ionizing groups 
of  F~', 6.2, 6.3 and 7.9, the first and last sensitive to the pH of  the intraceHular milieu, 
the second responding to e×trac~ellular pH. Several other corrections w,-re necessary, such 
as for re-ex/t of  absorbed glyc~ne, differences in the efficiency of  resealing in the different 
medi~., and so on. However, accepting the data as sound, the result is that increased mere- 
brane potential increased ~'" for glycir,¢ entry,  while the XM moved co;t ;iderably less, if at 
all. According to both the Vidaver analysis [98 |  and the rather more general Geck and 
Heinz analys/s [164,165] 1:his is consistent w/th the u-)loaded carrier carrying a single 
negative charge. This Na*--glyc/ne symport  of  pigeon ery,hrocytos,  which differs in several 
respects from the Na*--amino acid symport  of  ascites cells would therefore seem to differ 
also in the charge on the unloaded carrier, negative in the pigeon erythrocytes,  neutral in 
the ascites cell, Eddy [ 159 | concluded on the basis of  a different argument that  the gly- 
cine carrier in a yeast was neutral.  Rottenberg 's  model (;ection VI) was based on the hy- 
pothesis that  the tran.,doc~ted complex is always neutrai. This appears not always to be 
the case. 

The Na*-glucose transport  in isolated bntsh-border V'esicI'~S has recently been studied 
by Hopfer [9,173] and ~eneral aspects of  his novel kineti :  analysis have been discussed in 
the previous section. Using Hopfer's integrated rate equation on the data from equilibri- 
um exchange experiments,  a KM value of  14 mM was >btained for glucose and it was 
independent  of  Na* concentration between 1 and 100 mM Over the same range of  Na ° 
concentrat ion the V value increased IS-fold. Phlorizin inh;bited with a KI o f  around 2 b~M 
independently o f  [Na*], both in equilibrium exchange ,:xperiments and during glucose 
uptake.  Hopfer comments that the several reports [ 1 7 6 - 1 8 0 ]  of  Na%independent V and 
Na÷-dependent KM in similar vesicle experiments are likeiy to be in error, as discussed in 
the prev/ous section. Similarly, Hopfer argues that the very lo~v KM values reported for 
some vesicle preparations (80/~M) are more likely to be wrong than is the much higher 
value of  10,8 mM obtained in renal rnicroperfusion exp(r iments  in vivo [181 [. A~ ins t  
this it must be ~emembered that Hopfer's measurements ~vere made under conditions of  
no net flux r.nd no membrane potential,  and that  the kinetic parameters under these con- 
ditions may not be applicable to conditions of  net flux. it is interesting to not#. ~hat this 
question is still being debated ten years after the major review of  Schultz and Curran 

[1821. 
Tannenbaum et :11. [9,1831 report that high affinity phlorizin oinding to brush-border 

membrane ves/cles is dependent on ~ N = * ,  an effect not  foJnd by Hopfer [173].  
The glucose transport  system of  Chlorella t,ulgalis has been discussed in several papers 

by Komor and coworkers [184--188].  The htducible gluc(~e carrier catalyses H°--glucose 
symporl and can accumulate non.metabolizable analogue., to more than I OO0-fold. Pro- 
ton condocting uncouplers inhibit not  only sugar accumul ttion, but  cause an unexpected 
inhibition of  the efflux of  previously accumulated sugar and, even more unexpectedly,  
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they inhibit ¢quilibriam exchange. (These effects are not  generally found in bacteria but 
are found in fungi: see Ref.,. 7 and 189 for a review.) Variatior,. o f  the external pH titrates 
the carrier from a high affinity form (KM = 0.3 raM) at acid pH to a low affinity form 
(KM = 50 raM) at alkaline I~H: the pK a for this t i t rat ion is 6.85. The V o f s u g a r  uptake is 
not affected by external ptl  in the range pH 6 . 0 - 8 . 8 .  The :;toichiometry of  H* trans- 
located to s'zgar transh)cated falls erom I to 0 with increasing pH, again showing a p/Ca at 
6.9. Sugar uptake is electrogenic. 

The pH .~ffect on K M could ex.)lain an accumulation of  lOCI.fold, provided there is an 
adequate ApH. which normally there is not .  it is clear that  both the electrical and chemi- 
cal parts ol" the proton motive f ~ must be involved in the very high accumulations 
mentioned above. Schwab ~tnd Komor [190] have recently in'Testigated the role of  the 
electric field. They found n(~ effect of  electric field on the V of  transport, measured at an 
external pH of  6.0, but they found a shifting of  the whole t i tration curve mentioned 
above (Fi~,. c~). On increasint: the membrane potential from -7~; mV (relative to the me- 
dium) to --135 mV, the apparent PKa moved from pH 7.01 to 7.54 (i.e., protonat ion was 
facilitated by the membrane potential) .  They explained the effects in terms of  a "proton 
well', a c~mcept inv,:nted by Mitchell [ ! 91 - 194]. The "proton well" is a proton conduct-  
ing invagnat ion of  ~he mem:3rane such that  protons are at tracted inwards by the electric 
field to the bo t tom of  the well. A ~  is thus converted to ApH. In these, experiments the 
manipuh.tion of  thf: membrane potential ( A ~ )  was achieved by adding potassium citrate 
to depolarize the i~.embrane, :.3resumably by forming an inwardl'y directed K* diffusion 
potential.  The possible ,~ffects of  citrate on the internal pH were not discussed, but would 
have be,,n importan~ (/ee below). This "proton well '  mechanism could explain how accu- 
mulations of  up to 100-fold could be observed even under conditions where the measured 
ApH was inadequate,  but 1 do not see how accumulations greater than 100-fold could be 
generat~-d by the system as described so far, i.e., assuming that  the internal K M for exit 
responds exactly as does the outward K M for ent ry .  

Korlor  et al. [195] have recently reinvestigated the inhibition of  efflux and equilibri- 
um ex,:hange caused by um:ouplers. Un.=ouplers cause a rapid lowering of  the membrane 
potential (A~)  from - 1 3 0  to - 9 0  mV, the remaining potential presumably being a Don- 
nan I>)tential or potassium diffusion potential .  Now, with adequate uncoupler ,  the l~ro- 

I00[ -..~.,~,,~ ~ . ~  
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[:ig. 9. The effect o f  pH on 6-clcoxygi~cos~ ~nflux into ChloreH4 vulRnris at th tee di f ferent mc,nbrane 
pot,:ntials (rclathr¢ to the medium). Taken, wi th  permission, f rom Ref. 190. e - - - - - - e ,  - 1 3 5  mV;  
o - - - - . - o ,  - lOS  mV.  X - - - - - x ,  - 7 5  mY.  
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ton motive force (AP} will fall from around - 2 0 0  mV to ze:o. 

~ P  = A~, - Z A p H  = 0  

where Z = 2.3 RT/F= 60 mV at these temperatures [194].  
Consequent ly ,  the pH gradient, originally about 1 unit alkalin~ inside, must  ~:cw form 

the other  way round (inside 1.5 pH units acid relative to the medium)  to balance the 
Donnan potential .  Kornor et al. [ 195] have confirmed that  uncoupler  causes considerable 
acidification (their  measurements at a pH0 o f  6.0 indicat¢ a fall o f  pHi f rom 7.t  to ~. I . bu t  
dimethyloxazolidine dione with a PKa of  6.32 becomes a very insensitive indicator o f  
internal pH below pH 6. It seems to me possible that pHi did in tact go considerably more 
acid, as expected from the above calculation). They showed further that,  as the internal 
pH fell from 7 to 6, sugar uptake fell to near zero, and w~ts dependent  on pHi, not  ApH. 

Remember  that  uncouvler blocks exchange as well as efflux and net uptaLe in this 
organism. If  one assumes symmetry  between carrier bchaviour on the inside and outside 
faces of  the membrane that  would not be expected because an external pH o f  6 is opt imal  
for net inflow. (The exactly symmetrical experiment,  viz. net eft lux,  has not been 
reported.)  It is instructive to refer back to the discussicm of  Stein's paper wh,.'re it was 
predicted that  asymmetry would,  in general, be found,  ~nd the.* on the inside t lee o f  the 
membrane where affinity for the sugar should be low the affinity for the proton would be 
high. Nevertheless, the problem remains: at phi  o f  6 and below, something occurs to  
block efflux in a way which has not  been observed for inflow at any pile.  Komor  et al. 
[195] suggest that  a protonat ion (or indeed several p r o l o n a t i o n s ) o f  the carrier may be 
occurring in a reaction designed by evolution to protect  the cell against excessive ,a,.,,,~- 
cation, though I do not find this totally convincing. 

Another  coupled Uansport  system which I would lit:e to consider is ~.be il"--lactose 
symport  in E. co//. Three recent papers have staled that  the carrier system is qualitatively 
symmetrical  [196--198] .  Inside-out vesicles and right-ai:le-out vesicles can be prepared 
and both  will accumulate l~-galactosides if presented with a A/~H • d / re t ted  inwards. How- 
ever, it is not  chtimed that  the kinetic paramete?s (AM eztd V) o f  the carrier are quanti,*a- 
tively symmetrical .  

The working model  which has guided much fruitful re:catch during the last decade has 
been that  o f  Winkler and Wilson [199] propounded befoJe Mitchell's suggestion [200] o f  
proton-coupled co-transport had been properly considered and evaluated |56,201 | .  Wink- 
let and Wilson de;nonstrated an "energy'-dependent raisinl: o f  ~ f  by 100-fold. There was 
essentially no effect o f  met~tbolism o n / ~ M  a or on V err (Fable 11), (V for entry was low- 
ered approx.  10-fold, but  Wilson argued that the entry V data were particularly dubious 
in poisoned cells as true initial rates covld not  be obtained (cf. Hopfer above). When 
entry was measured into poisoned cells preloaded with lactose it was found that  the entry 
V was restored to the uninhibited unloaded value.) 

These results were more or less corroborated ten yea~: later by Lancaster et al. [202] ,  
who were more careful to maintain adequate aerati~.~n but  who used an inhibitor wl~ch 
achieved only partial ~bolition o f  lactose accumulatil.~n (2000.fold gradient reduced to 
100-fold). Once again inhib;,tor lowered / ~ f  markedly but did not  significantly alter 
K~M t (Table 111). 

A recent report  from Overath's laboratory [13] exmnines the affinity parameter  o f  
, , tembrane vesicles prefutred in the manner of  Kahack f ~ m  cells containing lO-15- t imes  
as much o f  the lactose carrier protein as is present in n o r m S ,  fully induced,  membranes  
(see section ll) .  Lactose transport  into these vesicles driwm by the H*.transiocating r e ~ i -  
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TAIJLE tl 

KIN ETIC PARAMETERS O!: a4.1ALACTOSIDE TRANSPORT IN E. COLI 

Dat~ of Winkler and Wilson [ 199]. Assays involved either the uptake of t4C4abelled sugar or moni- 
toring of in vice hydrolysis. Inhibited as.~ys contained 1 mM CH21COO" plus 30 mM N~. 

Sut,strate Erttry Exit 
lanJ assay) 

- K M +:;, V i," 
. , o  

(mM) (umol/ (mM) (~mol/ 
m!n per rain per 
g wet wt.) • wet w,.) 

Lat~tost~ 
St't( ' a m y )  

Uninhit.ited 
Inhibited 

2-Nitrophenylgalactoside 
t t "C assay) 

Uninhibited 
Inhibited 

0.6 40 >16 1.8 
0.9 3.4 0.7 1.2 

0.5 15 >20 Dubious 
0.5 i .0 1.8 0.9 

2-Nitrophenylgalaet oside 
(in vivo hydrolysis assay) 

Uninhibited 0.9 70 
lnhibited 1.5 19 

ra tory  cha in  shows a K M o f  0 . 0 5 0  m M ,  one  order  o f  magn i tude  lower  than  the values 
found  in w h o l ,  cells,  and a fac tor  o f  four  lower  than  the value o f  Barnes and  Kaback  
[203]  for  vesicles. (Is th is  the  Hopfe r  e f fec t  agaifi?) Similar  concen t r a t ions  o f  lactose 
reduced the up take  o f  o the r  galactosides  to  50% (KI = 0 . 0 8 - 0 . 0 9  raM). However ,  w h e n  
the dissocia t ion cons tan t  for lactose f rom the  carrier  was measured  in non-respi r ing  vesi- 
cles in e i ther  o f  the  fo l lowing two ways  a m a r k e d l y  h igher  value was  ob t a ined .  F low dial- 
ysis was used to detec t  the  b ind ing  cons tan t  o f  one  galactoside subst ra te  to  the carrier.  

TABLE 111 

KINETIC PARAMETERS OF a-GALAC'rOSIDE TRANSPORT IN E. COLI 

Data of Lancaster ©t aL [2021 with the units transformed to those of Tabte I!, aumming 2.7 ml cell 
H20 per g dry we. [199] and 228 ms dry wt. per g wet we. [ 2 2 4 ]  Inhibited a~tayt contained 10 mM 
KeN. 

Substtate Entry Exit 
(and assay) 

K M V K M it" 
(raM) Oamol/ (mM) Oano[ /  

rnin per rain per 
wet  wt . )  g wet  wt . )  

(14C a ~ y )  
Un ~ntdbited 
Inhibited 

0.26 16.6 *, -- 
0.3 - 0 . 6  3.6 60 5.2 
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This binding was then inhibited by different levels of  lactose. Similarly, though 1¢~ quan- 
titatively, the cova)ent reaction o f  N-clhylmaleJnlide with a cysteine residue in the carrier 
could be inhibited, but only by very high ¢oncentra:Jons o f  lactose. Under these circum- 
stances, i.e., with non-respiring membrane vesicles, tile KD for lactose was in the range ~f  
lO -18  raM, far hitcher than that observcd with wh31¢ cells whether in the presence oz. 
absence o f  inhibitors c~f metabolism, and even more divergent from the very low KM f~r 
transport into respirin~ reticles, The results with another subszrate, thiodigalactoside, 
were in marked contrast ;  the dissociation cons tan t /~D measured in binding exper iments  
was identical with the transport K M (50/,~M). 

Wright et al. proposed the following model.  Unleaded carrier (X) reorientates across 
the membrane  at freouel;cv Px; at the outside it binds substrate and proton with a disso. 
ciation constant  KL-~ ( the order of" binding is not  spe:ified).  The complex XSH ° reorien- 
rates at a f requency Pc- They  suggest that  protonatio: t  o f  the carrier at the outer  face as a 

result o f  the proton motive force causes an increas.-.d affinity for su/~r. Added to this 
effect they suggest a fur ther  lowering of  the transport  KM due to the f:reater mobil i ty of  
the complex relative to unloaded carder  (Pc ~>Px). ll'Pc is considerably greater than Px, 
then at max imum inflow rate (Is) a large propor t ion (,f the carrier will be in the free form 
bu t  on the  indde  o f  the membrane ,  struggling to get back out.  As [S] is lowered towards 
the concent ra t ion  ~tchieving ha l f  V (i.e. KM), less o f  the caxrier is in this futile posit ion,  
more is on the outer  side of  the membrane  and thus ~ ctive, so [S] has to be lowered eve~ 
fur ther  to comperL-.ate. The measured/C M is therefore considerably lower than KD deter- 
mined wi thou t  net  t ransport .  Note  tha t  for the lactose carrier in whole ceils i'~ was esti- 
mated  many  years ago tha t  Pc was approx.  3.fold 8re t ter  than Px for lactose, bu t  was less 
than Px when  ~ e  substrate was tldodilgdacto,side [ 2 0 ; ] .  Kac.zorowiski and Kab~cP. [!  7(~] 
have recenlty shower tha~ exchange o f  lactose is approve, ten  times faster than  net  effl ,us in 
membrtJ~e vedcIe prepa,:ations, i .e . ,Pc may be ten t i n l e s P  x. Note ~ o  tha t  the  pH depen- 
dence o f  the binding of  thiodigalactoside to  membr~ute-bound carrier has been  meastued.  
Binding was optin~.l  at  pH ,b and fell to  43% at pH 3 (Kennedy et al. [I 1 ]). These two  
effects could account  for up to  20.fold change in K M. And how would a membrmte 
potent ia l  promote  pro tona t ion  .t the exter ior  face o f  the membrane? One must  have 
recourse again to  Mitchell 's ' p ro ton  well'.  

Another  immediately striking feature o f  Wright's paper is that  in their vesicles it is 
K~M t which is lowered by metabolism, whi~e the  two earlier papers on whole cells found 
metabol ism to affect Ke~ f and to affect it in the op[¢s i t e  direction.  Wright aL~o remarks 
tha t  V for t ransport  o f  thiodigelactoside and lactose are similar, while that  also is not  t: .-je 
in whcde celts [205 | .  One must also remark tha t  i f  the striking difference between KM 
and KD reported izi Wright's paper is fundamental  to the mechanism of  active t ransport ,  
then  it would follow tha t  lactose be accumulated an :1 thiodigalactoside not ,  whereas the 
la t ter  can be accur3ulated to very large ratios [205] .  Nevertheless, the reported very high 
KD for lactose is in accord wi th  the failure o f  lactose to block N-ethylmaleimid© react ion,  
an ob.servation made on azide-treated whole cells as well as on ve,~icles, i t  is also intere.~t- 
ing tha t  lactose does protect  against N-ethylmaleimi¢le if  azide is omi t ted ,  as pointed out  
by Kepes [2061. 

In a recent  paper  from Kaback'$ labotxtory [170] the Winkler and Wilson exper iment  
has been repeated using ve~cles instead o f  whole cells, and udnB. an artificially imposed 
pH gradient  o t  .,T,,embrane potent ia l  instead or" metal:olLsm to generate the  proton motive 
force. The results were different.  A proton motive t0rce d~rectc- ~,-twards lowered V of  
@xit (V elf)  bu t  ~¢| no t  affect KaMff; directed outward.,, the proton motive force raised V ¢rt" 
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but again did not affect ~ f .  The.*~ authors also measured the kinetics o f  lactose entry by 
facilitated diffusion in the absence or  metabolism or imposed gradients, V was the sam© 
as for lactose efflua, under  the same conditions,  but the KM was much higher (19 mM for 
entry,  2 mM for efflux). This hig~a value compares with the re~ :its of  Wright et at. [13] 
and is 100 times higher than their values for lactose uptake driven by respiration [ ! 70, 
203].  

There are several problems raired by this new work. Are vesicles significantly different 
from whole cells? Are there syste~mtic errors which affect vesicles worse than whole cells, 
as postulated by Hopfer? Is there a significant difference between the two bacterial 
strains used, bearing in mind that  the genetic material in Wright's strain was on a plasmid? 
Do unstirred layers cause artifacts in whole cells (see Ref. 204). 

it is inz,~resting tc~ look at these results in the light of  the earlier discussion of  kinetic 
models. The striking new observation is that  the KM for facilitated passive entry  of  lac- 
tose is 100.fold higher than for a~tive entry ,  is 10.fold higher than the KM for passive 
exit.  and is the same as K,~ measured with essentially no transport it: passive vesicles. This 
would fit the qualitative predictions of  Stein's model if one postulates that  in passive cells 
or vesicles the internal K M is lower than the external  KM due to aa inherent free energy 
difference for the unloaded carrier in those two locat.ions, but that  in the presence of  an 
electric field the carrier (assuming it carries a net negative charge) moves over to the out- 
side and the rela, ive affinities are. reversed. However, the different behaviour of  lactose 
and thiodigalactoside is harder to explain. The observed difference in the relative rates of  
transport  of  these two substrates, the observed differences in efficiency in exchange- 
diffusion experiments together with Wrlght's suggestion thot K M can  be influenced by the 
ratio Pc/P,, may go some way towards explaining the phenomena.  

The simplest model for symport  postulates that  the two binary complexes do not  
reorientate or do so very much more slowly than the empty  carrier and the ternary com- 
plex. The 'uncoupled" mutants  of  Wilson [207--209] could fail to accumulate galac- 
resides either because they carry the proton both inwards and outwards (in which case 
the binary complex of  carrier and proton can now reorientate)  or  they  carry substrate 
without  proton On which case the other  binary carner.substrate complex is mobile) 
(Fig. 3). A recent paper by Kaczorowski and Kaback [170] investigates the efflux of  
[~'C]lactose from *esicles into media of  varied pH. As expected,  protonat ion of  the un- 
loaded carrier at the outer  face prevented reorientat ion and thus  slowed net efflux. When 
lactose was present outside at a concentrat ion sufficient to saturate the carrier, the efflux 
of  label ~.id not  depend on the rate-limiting re.entry of  unloaded carrier; it was approx. 
ten times faster under these condit ions and was pH insensitive. This result is corroborated 
by some experiments I did in 1975, which showed that  acidic media slowed thiomethyl-  
galactoside efflux from whole cells uncoupled with a pr,) ton-conducting ionophore.  The 
inhibition was markedly less in the "uncoupled" mutan t  of  Wilson (Fig. 10), suggesting 
that  the binary complex which is mobile in this mutant  is that  of  the protonated carrier. 

In several papers [2 ! 0 - 2 1 6 ]  over the last five years Xaback has reported experiments 
using dansylated derivatives of  amino-alkylgalactosides, emphasizing that  these com- 
pounds bound to,  but were not  transported by, the lactose carrier. It is now zlear that  
these dansylated galactosides are transported [217].  This c:ru¢ially affects Kaback's  argu- 
ments  about  the number  of  carrier molecules per mg metal  rar~e protein,  and the question 
o f  whether  the unloaded carrier is charged or n e u t r a l  i t  would also v,ndermine Kaback's 
conclusion that  A~H" is required for galactoside binding though Independent  evidence on 
the difference between KM and KD now supports  tha t  conclusion to so~ne extent  [13].  
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Fig. 10. Effect of pH on |t4CIthiomethylgalactoside efflux from £'. co//. Cells were Iotded by incu- 
bating them a~ pH 6,4, at 20°C, for 30 rain in medium containing 0.16 mM |14Cithiomethylgalac* 
toside (3.12 C~/mol). The suspension was diluted 60-~'old into medium of the indicated pH contaknis~g 
uncoup le r  (S pM catbonyl cyanide p-trifluoromethoxyphenylhydrazone) and samples f't~tered st inter- 
val$ du r i ng  the  nex~ 120 s. 

IX. Conc/udlng ren,m~ 

There  are several cases in t lus review where  it  is clear  t ha t  the  behav /our  o f  m e m b r a n e  
ves/cles is d i f f e ~ m t  f rom tha t  o f  whole  ¢elis (,! t i s ~ 0 $  [ 7 9 - 8 1 ,  1 4 7 , 1 4 9 , 1 5 0 , 1 7 3 , 2 1 0 -  
216]  and  t h , t  in vcdc les  Ipecial  care m u s t  be t aken  t o  ensure  ,~did m e a s u r e m e n t s .  

Kine t ic  t h e o r y  seems to  be  lagging b e h i n d  ,~e  e x p e r i m e n t a l  co l lec t ion  o f  da ta ,  in tha t  
the  p re sen t  t en ta t ive  and  partLal ana lyses  a l r eady  ind ica te  tha t  some  o f  the  ex is t ing  da ;a  
cou ld  be logical c o n ~ q u e n c e s  o f  s imple  transl~>rt mechan i sms .  On the  o t h e r  h a n d ,  theo-  
ret ical  papers  t end  to  be t o o  abs t ruse .  

It  s~il] seems valuable for  microbio log is t s  to  keep  abreas t  o f  t he  ve r t eb ra t e  l i t e r a tu re  
and  vice versa,  wi th  the  bo tan i s t s  keep ing  an eye  on b o t h .  
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