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Chromatophorcs from Rhodobac ter  capsulatus were incubated in the dark with NADPtt  and acctylp~ridincadtminc dinuclcotidc 
( A c P d A D ' )  in the presence of different concentrations of myxothiazol. The transhydrogcnasc acti;It.~ ~:ls rronitored until an 
appropriate mass action ratio, [AcPdAD + ][NADPIt]/[AcPdADH]INADP ' ], was rcachcd. The sample was t!,cn illuminatcd and 
the initial rate of cithcr AePdAD" reduction by NADPH or AcPdADlt  oxidation by NADP" ~as rccorucd. The ratio of i 1  
translocated per H equivalent transfcrred by transhydrogenase was calculated from the value of the membrane polcntial 
( J p H  = 0) at which illumination causcd no no,' reaction in cither dircction. Thc mcan valuc for thc H ' / i t  ratio x~ls 1).5~. At 
greater valucs of [AcPdAD ~ ][NADPH]/[AcPdADH] [NADP ~] than wcrc employed in the abovc cxperimcnts and over a wider 
range of concentrations of myxothiazol, it was found that incremental incrcascs in the membrane potential always gave ri~c to a 
decrease, never an increase in the rate of AcPdAD* reduction. In contrast to the H "-ATP synthasc, there is nt~ c'~ldcncc of any 
activation/deactivation of H *-transhydrogcnasc by the protonmotivc force. 

Introduction 

H+-Tha,~e, found  in the  inner  m e m b r a n e s  of mito- 
chondr i a  and  the  cytoplasmic m e m b r a n e s  of many bac- 
teria,  catalyses the reduc t ion  of  N A D P "  by N A D H .  
T h e  react ion,  which is reversible,  is coupled  to the flux 
of  p ro tons  across the m e m b r a n e :  

NADH + N ~DP" + n H,;~t "~ NAD " + NADPH + n It ,',~ ( I ) 

where  Hou t and  H[,  indicate  tha t  in the  normal  physio- 
logical d i rec t ion  the  reac t ion  is driven by a pro ton-  
motive force ( , . lp) g e n e r a t e d  by respira tory or  photo-  
synthet ic  e lec t ron  t r anspor t  (see reviews [1-3]).  

Cen t ra l  to our  u n d e r s t a n d i n g  of  the  coupl ing  mech-  
anism is an  accura te  m e a s u r e m e n t  of the value of n 
the  rat io  of H ~ t r ans loca ted  to H -  t ransfer red .  T h e r e  
have b e e n  several  ear l ier  a t t empt s  in d i f ferent  labora-  
tor ies  to es t imate  the  H + / H -  rat io  by bo th  kinetic  and  

Abbreviations: t l  "-rhase. nicotinamide nuclcotide tt~-transhydro - 
genase. AcPdAD', 3-~cet}lpyndineadenine dinucleotide" ,.IqC mem- 
brane potential: dptt. transmembrane pit gradient. 

Correspondence: J.B. Jackson, School of Biochemisl~'. University ol 
Birmingham. P.O. Box 363. Birmingham. B15 2TT. UK. 

equi l ibr ium procedures  [ I .4 -10]  and a consenst)s has 
been  reached  that  the value may be 1.0. in this paper  
we descr ibe a n e ~  p rocedure  for measur ing  the H ' / H  
ratio. It is based  on exper iments  which de t e rmine  
precisely the  condi t ions  in which the H+-Thase  reac- 
t ion and  d p  are in equi l ibr ium. We also re-examine 
the reasons  for adopt ing  a consensus  value of 1.0 for 
the  H ~ / H  ratio. 

The  exper imen t s  were pe r fo rmed  with everted 
m e m b r a n e  vesteles, or ch roma tophores ,  from R h o d o -  

b a t t e r  c a p s u l a t u s  which have an active H "-Thase [9,11]. 
In ch roma tophores ,  J p  is convenient ly  gene ra t ed  by 
the cyclic photosynthe t ic  e lec t ron  t ranspor t  system. The  
electrical  c o m p o n e n t  (A~/') of the  p ro tonmot ive  force 
can be measu red  by record ing  e lec t rochromic  ab- 
so rbanee  changes  of  intrinsic ca ro teno id  p igments  [1"] 
unde r  co.~ditions in which the chemical  c o m p o n e n t  
( J p H )  is zero. 

Ana logue  subs t ra tes  are commonly  used to measure  
the  react ion catalysed by H+-Thas,; .  The  reduct ion  of 
the N A D  * analogue,  ,kcPdAD*.  by N A D P H .  equiva- 
lent  to the  reverse t f  Eqn.  (1) can be measu red  at 
a round  375 nm. The  me thod  that  has been  developed 
here to measure  the H ' / H -  rat io  also relics on the 
fact tha t  the  s t andard  redox potent ia l  of  A c P d A D + /  
A c P d A D H  is approx. 70 mV more  positive than  that  of 
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N A I ) I '  • NAI] I ' I I  [13i. Ihu~. ~AIIh lhc ph.xsioh)~ical 
, , , t l h s l r a l c , ,  c~,cpl ~*rll~ r ] l o d c t a i c  "~;thlCS l i t  ..~p l e a d  i() 

htrgc ' , ,dues (~1 the Ctlullihrium masx actitm rati~. 
[ N A D P H ] [ N A I ) ' ] / I N A I ) I " I [ N A I ) t t ] .  and  conse-  
quently,  error,, in the mca, ,urcmcnt  of the  d e n o m i n a t o r  
arc h i g h b  critical, tlov~c~cr. ~ h e n  A c P d A I ) /  
A c P d A D H  replaces N A I ) / N A I ) l l  thc react ion al 
high A ~  i,~ more central ly poised and  thc rch) re  lhc 
mass action rat io can bc measu red  with g rea te r  accu- 
racy. 

Thcsc  proper t ies  o f  the  rcacti im. N A D P t t - ,  
A c P d A I ) ' .  have also bccn  cxph,i lcd in the  experi-  
ments  descr ibed bch~w to tD' to dc t c rminc  ~ h c t h c r  
i l -Tha , ,e  can be "act ivated '"  by Ap. There  haxc been  
suggestions that  increases in Ap migilt shift the en- 
zyme into a more activc conlornlat i , ,nal  state and  that  
this could partly explain the effect of Ap on the rate of 
react ion in the lorx~ard direct ion [!4.15]. l h c r c  is ~cD 
good cvidcncc lha! ano the r  active consumer  of Ap. the 
I . ,Fr ;VIPa , ,e .  is c, mtr, , l lcd in this mannc r ,  a l though 
the mechanisnl  ol  the cnz~mc activation is different  in 
d i l l c rcn t  organisms [16-1~]. The  quest ion as to ~ h c t h c r  
H "-Tha,,e is ac tKatcd  b~ . l p  i~, addrc~,sed by cxamining 
thc d e p e n d e n c e  of the rate of reduct ion  of A c P d A I )  ". 
when the chemical  affinit~ of the react ion is vcD high. 
upon thc value of Ap. 

Methods  

Rh capsttlatlt~ strain 37h4 (!ronl l)r .  ( ; .  I)rcws. t 'nKcr-  
sity of Frcihurg)  ~ a s  grown and c h r o m a t o p h o r c s  ~ c r e  
p rcpa red  (in a medium conta in ing  IiF~ sucro,,c. 311 
mM Na( ' l .  2 mM MgCI: .  5(1 mM Tr i c inc -NaOH (p i t  
7.6)) and assayed fl)r bacler iochlorophyl l  concen t ra t ion  
iis descr ibed [19]. 

The cxt inct ion cofficicnt of A c P d A D H  at 363 nm is 
given its E = 9 . 1 2  mM ~ em ~ ( p i t  9.5) and  f o r  

N A D P t !  at 334 nn:.  E = 6 . 1 7 8  m M  ~ cm ~ ( p t l  7.6) 

[13.20]. F r o m  Ihe~,,e va lues  ar id f r o m  Ihc mea~,ured 

absorbancc  spectra  at def ined p i t .  we calculated the 
extinction coefficient at 375-455  nm for the reduct ion  
of  A c P d A D "  dur ing  s imu l t ancous  oxidat ion of 
N A I ) P t t  to bc 6.111 mM ~ cm ~ ( p | t  7.6). 

Stt:ck so lu t ions  of , N A I ) P I !  m l() nlM tr=- 
c thano lamine - i lCI  (p l i  7.6) v, cre as~a)ed using the 
extraction cocflicicnt given above and  o1 A c P d A D "  in 
211 mM ,,odium phospha t c  (p i t  7.5) w, ing the ext inct ion 
coefficient at 260 nm, E = 16.22 mM ~ cm ~ [13]. 

The  G °' to t  the react ion 

A c P d A I ) | !  * N A I ) P "  ~ A c P d A I )  " * N A I ) P I I  

~r;Is calculated from s tandard  rcdox potent ia ls  fl~r 
A c P d A D ' , ; . \ : P d Z D ~ ]  ::::d N A D P ' / N A I ) P t t  of 
- 2 4 8  mV and - 3 2 0  mV. respectively [13]. 

Assays of A c P d A D "  rcduct ion  b.~ N A D P H  at 375-  
455 nm were carr ied out  at 3(I ~ in a med ium conta in ing  

IW, ",uc~ ~e 311 mM X¢'I. 2 mM MgCI: .  50 m M  
7 r i c inc -K( ) i t .  ( p i t  7.61, 1.11 # g  ml : ro t cnone .  (1.2 l,tg 
nil ~ xcntur ic idin .  1.() p.g ml = nigcricin,  ch roma to -  
phorcs  m I11 g M  bactcr iochlorophyl l  a n d  myxothiazol  
and nuclcot idc  concen t r a t i ons  given in the  figure leg- 
ends  in a Sh imadzu  UV-30(10 dual  wavelength  spect ro-  
r>hotomcter fitted with a h igh-power  G a A I A s  emi t t e r  
h,  provide act inic i l luminat ion [21]. E lcc t rochromic  ab- 
sorbance  changes  of ca ro teno ids  were  m e a s u r e d  u n d e r  
the ,,ame condi t ions  but  at 528-511 nm. T h c  elee- 
t rochromic  abso rbancc  changes  were ca l ib ra ted  in a 
med ium con ta in ing  I l l ' ;  sucrose, 311 m M  NaCI, 2 m M  
MgCI: .  50 mM T r i c i n c - N a O t t  (pH 7.6) by applying 
K'-dif fu , , ion potent ia l s  [22]. 

All nucleot idcs  wcrc purchased  from Sigma. 

R e s u l t s  

7he II / ! 1  ratio of i l  "-thase in cttromatophores of  
Rh. capwthzti~s 

T h e  exper imenta l  p rocedure  is d e m o n s t r a t e d  in Fig. 
1. Traces  a and b show the t ime-course  for the  reduc-  7 1  
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Fig. I. The kinetic., of il tran'4er hctv, ccn AcPdAD(ID and 
%AI)P(II) and o[ At/• tormation in ,,uspem, ions of chromatophores 
from Rh (ap,uhm~s. Sec Mclh(~s. Traces (a) and (h) represent the 
reduction of AcPdAD" (up,~,ard direction) and traces (c) and (d), 
the forn|,tlton oi ..Iq t In experiments (a) and (c) the m$~othiazol 
ctmccnlr;d/on v, as Ill nM and in experiments (h) and (d) it was JA) 
nM. Separate e, pcrtments in Ihe absence o[ nucleotides revealed 
Ihat the small, rapid absnrbance dccrea,,cs at the onset ot illumina. 
lion in traces (a) and (b) v, cre due to background changes in the 

ch: ,.~matophorc pigments ( not shtw, n ). 



t ion of A c P d A D "  by N A D P I t  by a dark  suspens ion  of 
chr( )matoph, , res  of Rb. c a p s u l a t u s .  From an accurate  
m e a s u r e m e n t  of  the  s tar t ing concen t r a t i ons  of nu- 
c leot ides  and  from the  re levant  ext inct ion coefficient  
for A c P d A D  + reduc t ion  dur ing  N A D P H  o,, ,dation (see 
Me thods ) ,  the  mass  ac t ion  ratio, [ A c P d A D ' ] .  
[ N A D P H ] / [ A c P d A D H ]  [ N A D P  +]. can  be ca lcula ted  
t h r o u g h o u t  the course  of the  react ion.  After  an  appro-  
pr ia te  per iod of  t ime the  pho tosyn the t ic  light was 
switched on. T h e  m e t h o d  rel ies on the  assumpt ion  
tha t ,  if the  va lue  of  A p  g e n e r a t e d  by pho tosyn the t ic  
e lec t ron  flow is large then  the d i rec t ion  of the  t rans-  
hydrogenasc  reac t ion  will reverse ( t rom N A D P H - - ,  
A c P d A D '  to A c P d A D H - - ,  N A D P  + ) at the onset  of 
i l luminat ion - sec t races  a and  c. If. on the  o t h e r  
hand ,  J p  is small,  t hen  the  t r anshydrogenase  react ion 
will con t inue  in the  d i rec t ion  N A D P H  --, A c P d A D  + - 
see t races  b and  d. If the free energy, avai lable to the  
H * - T h a s e  from the  t r ans fe r  of  n H +  by the  proton-  
motive force (AGe m:Mjos) is ba lanced  by the chemical  
affinity for hydride t rans fe r  ( J G  tHAS ~ ), then  there  will 
be no  net  react ion.  

. l ( ; (  HI MU~ = - n l : J p  

.IGHI~,, a = A(; +' + RT InIAcPdAD" ][NADPIIJ 

/[AcPdADII][NADP" I 

Hence .  

A G ' +  RT InlAcPdAl)" ][NADPIII/[AcPdAD|I][NADP" I 

= - n l :Jp  

from which,  given A p ,  n can  be de te rmined .  Thus,  in a 
series  of  exper imen t s  similar to those s h o ~ n  in Fig. 1. 
c h r o m a t o p h o r e s  were  t r ea t ed  with di f ferent  concen t ra -  
t ions of  myxothi"zol  specifically to inhibit  the  cy- 
t och rome  hc~ complex to limit the value of A p  gener-  
a ted  by pho tosyn the t i c  e lec t ron  t r anspor t  (myxothiazol  
had  no direct  effect on  H +-Thase.  as ev idenced  by the 
kinetics of A c P d A D  + reduc t ion  in the  darkL For each  
concen t ra t ion  of  myxothiazol ,  the  initial ra te  of the 
t r anshydrogenase  reac t ion  and  the  value  of A~/' shortly 
a f te r  the  onse t  of  i l luminat ion  were recorded.  T h e  
results  are p lo t ted  in Fig 2. Positive values of  the  
t r anshydrogenase  ra te  r ep re sen t  the reac t ion  in the 
d i rec t ion  A c P d A D H  ---, N A D P  +and negat ive values 
r e p r e s e n t  the  reac t ion  in the  d i rec t ion  N A D P H - - ,  
A c P d A D  + T h r e e  d i f ferent  mass  act ion rat ios were 
chosen  by allowing the H "-Thase react ion to proceed  
in the dark  for 5. 8 or  10 rain before  switching on the 
light. T h e  value of n was ca lcula ted  from the  three  sets 
of  da ta  using the  null points  ( A G  = 0t es t imated  from 
F i g .  2 .  
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Fig. 2. lhe It "/11 ratu~ ol II - I  ha',.: in chromatophorc>, trom Rh. 
eap~uhttl~L Experiments ~ere pertormcd as in Fig. I, Po~,itive '+alu~ • 
ol the tran,,lDdr(;gena~,c rate repre,.cnt the rcactl~n in the direction 
AcPdADIt ~ NADP " and negati~,c ',alue,, rcprc,,cnt the reaction in 
the direcli,m NAtDPtl -, AcPdAD ", *. the dark preincubation (in 
the prc~,ence of nucleotidc,, bclote illuminating) wa,, Ior 5 mm to 
reach a ma',.,, achon ratio o~ i.14: e. the dark premcuhation pcrk~l 
v.a,, fl~r 8 mia to reach a ma,,s action ratio of 4.b;6; II. the dark 
preincuhalion lime v.a ~, lot I0 rain t~ reach a ma'~ action raho o| 
&33. The concentration ol myxolhm/ol ~xa,, ~.artcd hct'+',ccn O anti 4~ 
nM Io achic'.¢ the gi,,t,n ,.,duw, ol ,ncmhrane potential during 

illumination 

The re  are several  points  t() note in the  context  of 
the exper imen t s  shown in F:g. 1 and  the compi la t ion  of 
da ta  shown ia Fig. 2. 
(a) All exper imen t s  were pe r fo rmed  in the presence  of  
nigeriein to e l imina te  any cont r ibu t ion  from 5 p H  and  
tn ensure that Aq t was the sole cont r ibu tor  to A p .  

(b) The reference wavelength used in the measure- 
ment of A c P d A D "  was f ine-tuned to 455 nm in the 
exper iments shown in o rder  to minimise any hack° 
ground  abso rbance  changes  arising from chromato-  
phore  p igments  at the onset  of i l lumination.  The  most 
suitab!= reference ,  which ~ a s  d e t e r m i n e d  in control  
exper imen t s  in the absence  of nucleot ides,  varied 
slightly amongst  d i f ferent  prepara t ions .  
(c) The  addi t ion  of A c P d A D  + a n J  N A D P H  to the 
dark  suspens ion  at the start  of  the  exper iment  (Fig. I, 
t races  c and  d),  h:d to an increase in A~" due to the 
inward t rans loca t ion  of H + by t ranshydrogenasc ,  as 
p red ic ted  by Eqn.  1 and  see Ref. 23. The values of ,11/, 
used in Fig. 2 are  all expressed relative to a zero value 
establi : ,hed by addi t ion  of !.0 /zM carbonylcyanide-p-  
t r i f luor ,~methoxyphenylhydrazone at the end of  the ex- 
pe r imeH.  
(d} Dur lng  pro longed i l luminat ion J ~  slowly subsided 
to a Iov, er  value (Fig. !. Traces  c and  d ) ,  a conse-  
quence  vf  poor  redox poising in the  system in the 
absence  t,f added  reduc tan t .  This  pe rmi t t ed  the  H ' -  
Thase  react ion to rever t  gradually towards  increased 
ra tes  in the  direct ion of A c P d A D "  reduct ion  (Fig. 1, 
Traces  a and  bL Because of  this. and  because  it was 
necessary 1o compile  sets of da ta  at the same mass 
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;Iction r:ttit), it ',~,:1", essential  to :+,,.'ct+ltl tilt." initi:lt Iatt.+s 
;H tit,: onset ol illunlin~tti~m. :\s is c~idcrlt h~m~ the 
figure, a period ot approx. 15 s v,:t', required tot zm 
accurate  measuremen t  of tllcse rates and  dur ing  such a 
per iod J q "  declined in ,,alue. typically b.~ approx. 10el. 
The  mean  ,.alue of Jq: ~dtcr 2 s and  10 s of excitat ion 
was taken in the construct ion of Fig. 2" ~n)  e r ror  
incurred by this procedure  was less than the range of 
scat ter  on the data  points in the figure. 

11 ~-Thase does not alWear t,, unth'rgo actiration hy 1 W  
Exper iments  similar to those shown in Fig. I ~ c r e  

per formed with a shor te r  per iod of incubat ion in the 
dark in the presence of nuclcot ides  and therefore  al ~ 
larger mass actiou rat io at the point o f  i l luminat;on.  
The  objec;, was to ensure  th;tt at the om, ct o f  i l lumina- 
tion the chemical  affinit.~ of the react ion v, as grcatl.~ in 
favour of A c P d A D "  reduct ion by N A I ) P H  ~ d( ;  ranged  
from - 3 1  8(111 to - 1481)11 joule dog ~ n t o l  ~ in the 
c :pcrimcnts  of Fig. 3). Morco~.er. the  exper iments  ~ c r c  
carr ied out at higher  concentrations of myxothiazol to 
restrict more heavily the value of lq"  gene ra t ed  dur ing  
i l lumination. The  ra t ionale  was that  under  these  condi- 
t ions the the rmodynamic  tendency  - the "driving h)rcc" 
effect of l q '  on the react ion - was minimiscd and  thc  
i~kelihood of revealing conformat iona l  act ivat ion of the 
o n , ' m e  was increased.  

Fig. 3 show's the d e p e n d e n c e  of the  initial ralc t)f 
reduct ion of A c P d A i ) '  at the on,,ct of i l lunfinalion 
upon the ~,aluc of l q ' .  The same con~cnt ion as in Fig. 
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Fig. 3. The dependence . '. Ihc talc ol AcPdAi)" rcduclion ~,,ith 
NADPIt by It'-Tha~,c horn Rh. ~ap~t~h, tu~ on 2tq'. Experiment,, 
m~'rc l~rformcd a~. in Figs. I and 2 . .  Ihe dark prcincubation lime 
'~,'as l0 s: v, fl~r I min: e. lot 5 rain. The concentration ot myx~lhl~*. 
zol v,'a:, wried bctv, ccn 0 and 21)0 nM 1o achie~.c Ihc given ",,dues ol 
membrane potential during illumination. In contrast to Ftg. 2. the 
electrochromic absorbancc ¢hangc~, of this prcpztrzllion ol chronlalO- 

phorc.., ,,~,¢rc no! calibrated. 

2 i,, : ldoptcd.  that  is the rates of reduct ion  of A c P d A I ) "  
tLv N A I ) P l t  arc ass igned negative values. The  essent ia l  
obscr, ,at ion is tha t  o,,cr the en t i re  range  of J q "  values 
an increase in J~P w'as always accompan ied  by a de-  
crease,  never  an increase,  in the rate of  reduct ion  of  
A c P d A I ) "  by N A I ) P t t .  

Discussion 

T h e  p rocedure  tha t  we have used above  to es t imate  
the t t ' / H  rat io rel ics on prccisc de t e rmina t i on  of  
the equi l ibr ium posi t ion be tween  the  t t ' - T h a s c  reac- 
tion and  the p ro tonmot ivc  force. By : tpproaching the  
point at which the rate  of A c P d A D "  reduct ion  by 
NAl ) t ' l q  is equal  to the rate  of  A c P d A D H  oxidat ion by 
N A D P  from bo th  high and  low values of J p .  the  
tendency  of  the reac t ion  to p roceed  is de t e rmined .  At  
the null point ,  J ( ;  = 0 and  thc  equi l ib r ium assumpt ion  
sh(mld bc justified. The  actual  rates  of the  t ranshydro-  
gcnasc  react ion are not critical, only w h e t h e r  they are 
positive or negative.  By c lus ter ing the  expe r imen t s  close 
to the null point ,  an accura te  indicat ion of  the  equil ib-  
r ium posit ion was ob ta ined .  Since the m e m b r a n e  po- 
tential  is m e a s u r e d  directly the  value  ca lcula ted  for the  
H ~ / H  ra t io  is i n d c p c n d c n t  of the  coupled  s ta te  of  
the m e m b r a n e .  

This  me thod  is complemen ta ry  to the more  convcn-  
t ,onal equi l ibr ium procedure  in which the  nuc leot ide  
subs t ra tcs  arc incuba ted  with cncrg i sed  m e m b r a n e s  
and periodically assaycd until  the i r  concen t r a t i ons  be- 
come cons tant  [11L24]. In those expe r imen t s  the  cri te-  
rion for a t t a inmen t  of equi l ibr ium i:; tha t  s imilar  mass 
action rat ios are r eached  from bo th  high and  low 
s tar t ing values. However .  a significant  p rob lem with 
that  me thod  is tha t  it proves to be difl icult  to e l imina te  
the N A D H  oxidase activity of c h r o m a t o p h o r e  mem-  
b ranes  completely,  cvcn in the p resence  of  high con-  
ccn t ra t ions  of ro tcnone .  With the physiological sub- 
,,tratcs the p rob lem is espcciall} acute since small  er- 
rors in the value of N A D "  arc critical in the  calcula- 
tion of  n. An advan tagc  of  the presen t  m e t h o d  is tha t  
the calculat ion p rocedure  partly compensa t e s  for the 
int lucncc of residual N A I ) i l  oxidasc activit.~ on the 
m:tss action ratio, h does  still suffer  from the  o the r  
d i sadvantage  m e n t i o n e d  [ll)], that  a popula t ion  of  
c h r o m a t o p h o r c s  with uncoup led  H*- ' l 'hasc  would lead 
to an unde re s t ima te  of the value ~f  n. 

The  H ~ / t t  rat ios for the  th ree  d i f ferent  sets of  
exper iments  ( th ree  di f ferent  mass act ion ratios) shown 
in Fig. 2 arc 0.64. 11.58 and  0.44, with a m e a n  of 0.55. 
"Ibis value is c o m p a r e d  in Table  i with o thers  taken 
from the l i terature .  The  m e t h o d s  to d e t e r m i n e  H " / H  
rat ios for c h r o m a t o p h o r e s  of  Rh. cap.~tdattt.~ ha,~c all 
used e lec l rochromic  absorbancc  changes  as a measure  
of A'P. The  e lcc t rochromic  t echn ique  has  pro,,,ed reli- 
able in a wide range  of exper iments  and  it is impor t an t  
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Bioh~gical mat..rial and reflerence tl " / I t  ratio 

Mit~,chondria 
|-arle and Fisher. lt,~g(I [4] 11.84 (extral~)lating 1o I.(|) 
Wu el al.. 1981 [5] ().73.0.64 
Anderson et al.. IqNI. [6] 11.6 
Wu et al.. 19.~ [7] 11.35- 0.9 
tloek and Rydstmm. 1988 [ll 0.73-0.89 '~ 
E~lan el al.. 1987181 l(I 

('hromatophores from Rb. capsulalus 
( 'onlm el al.. 1989 [9] 11.4 
lackslln et al.. 19t~) [10] 11.72 
"~almer and Jacksam. this paper 1t.55 

.' ('alculated from the range ~lf ..lp values normally measured m 
suhmilochondrial particles. 

to note that two unrelated calibration procedures  in- 
volving fundamental ly different  measurements  have 
been employed in the methods  to est imate the H * / H  
ratios. In the present work and in Ref. 10. the elec- 
t rochromic absorbance changes were calibrated using 
K + diffusion potentials,  whereas  in Ref. 9 ionic cur- 
rents measured by electrochromism were calibrated 
from an est imate of  the amount  of  charge translocatcd 
across the chromatophore  membranes  during a single 
turnover  light flash. Even so, it should be appreciated 
that er ror  in the est imation of  ,11/" will be directly 
reflected in calculation of  the value of n. The  H - / H  
ratios for mitochondrial  H "-Thase from Fishcr 's group 
[4-7] in Table I were all de te rmined  in l iposomes by 
comparison of the rate of H + uptake with the rate of 
e i ther  A c P d A D  + reduction or  N A D "  reduction by 
N A D P H .  The measured values were less than those 
shown in the table but, because initial rates v, cre not 
measured,  an extrapolation to zero time was required 
to est imate the "true" H " / H  ratio under  conditions of 
negligable proton efflux. However.  the precise extrapo- 
lation is difficult to justify. The  value.,, ~e rc  also in- 
flated by subtraction of val inomycin-indepcndent  trans- 
hydrogenase activity, which was assumed to originate 
from non-incorporated en&'me - scc Ref. 3. Table I 
includes a value of  the H ' / H -  r a t i o -  see Ref. 1 - 
calculated on the basis of  the equilibrium mass action 
ratio for H+-Thasc in submitochondrial  particles [24] 
and the range of values of ,.lp that are normally, 
measured in this system Isee Ref. Z'~). The H ' / H  
ratio of  i.11 by Eytan et al. [8] was calculated Irom the 
ratio of  the rates of  t r anshydrogena~  and of ATP  
hydrolysis, assuming that H ' / A T P  = 3 and that there 
is no proton leak in c~-reconsti tuted vesicles. Whether  
or  not these assumptions can be justified remains to be 
established. 

Observations on the inhibitor5. etfects of  dic}¢lo- 

hexylcarb~diimidc on It Iranslcr and t 1  tnmsh~c,t- 
~ion by mitoch~mdlial It - 1  hast  ~ c l c  hiken to indicalc 
that the enzsmc ma.~ " , l ip  [2t'~.27]. but these results 
were later called into question !2bL2~}]. There is no 
~bvious trend in lhe ~alucs summariscd in l 'able  I (e.g_ 
Io~ t~ " / H  ratios at high . l p )  h, stlggcst that lhc 
spread of the d:nta rcstllts from slip. -Ihu~. it has 
generally been a~sumed that the H / ' t t  ratio should 
be an integer: 1.0 would be the most iikely stoichiom- 
etr3, on the basis of  the values shmvn in Table I. The 
errors and uncertainties involved in the methods used 
to date are such that a value ot 1.11 is nol inconceivable 
However,  the mean value of the ! t ' / ! 1  ratios sho~n 
in Table I is closer to li.5 and consideration ought to bc 
given to the possibility that this is the actual ,:alue. 
Plausible coupling mechanisms in ~hich H " transhtca- 
tion is directly i m o k c d  in the chemistD of the H 
transfer reaction ( 'direct '  coupling - see Ref. 31 de- 
mand an H / H  stoichiometr3 of l.(t or greater.  "Indi- 
rect" coupling mechanisms in ~hich conformational 
changes link the H + tran~location reaction ~'ith it  
transfer have hitherto invoked (or assumed) a s l o f  
chiometr3 of  1.0 [30-32]. An H ' / H  ratio of 11.5 
would impose major constraints on the nature ot the 
e n e r ~ '  coupling reaction but ~me way in which this 
value could bc acc~mmodated takes into account the 
fact thai the H "-Thases of both mit~x:hondria and of 
E. colt seem to function as dimers [33-35]. it may be 
envisaged that H " conduction through a single channel 
in the dimer is conformationally coupled to both cal- 
ais'tic sites in the monomers.  ' lhis  ~ie~ is consistent 
with the obse~at ions  that mitochondrial  l l ' - T h a s e  
displays 'ha l f  ot the sites reacti~it.v' ~ith respect to 
some covalent inhibilors [3f~.37]. 

The results of the experiments ~ho~n in Fig. 3 ~ho~ 
no evidence of an} conformaiional  activa;ion of t t ' -  
l 'hase  in Rh. cap~ulatus.  When conditions ~cre  chosen 
greatly to favour the reverse tt t ran,fer  reaction 
Hrom N A D P H  to A c P d A D ' )  c~en up to substantial 
~,alues o |  ..tp. there ,,,.as ne~er any increase in the rate 
of reacti~m fi~r an incremental increase in ..Ip. It un- 
likcl~ on this bash, thai H "-Tha~,e exists in a Iow-activ- 
it} furm at Io~' J p  and in a high-activhy form at high 
..Ip, i.e.. the enz.~me i,, only controlled by ..Jp in the 
sense that ,.lp provides the driving force for the reac- 
tion. To date. we have not found any significant modi- 
fying effect on the H*-Thasc activity (in the forward 
direct ionl  in chromalophore  membranes  by a number 
of metabolites.  H "-'l 'hase from Rb. capsula tus  is. how- 
ever. subject to pronounced product inhibition Ref. 38 
and ~ e  Ref. 1. it is conceivable that under physio- 
logical conditions in the cell. H ' - T h a ~  is subject to 
the thermodynamic control of the nucleotide mass ac- 
tion ratio and the value of ..Ip. and to kinetic control 
onl~ b.~ the concentrat ions of  the reactants and prod- 

ucts. 
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