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The soluble component (The) was removed from the H ~-transhydrogcnasc of mcmbrancs from Rhodospirilhmt ruhrum by 
washing. The depicted mcmbrancs (C r-particles), and The, separately, had no lranshydrogenasc activity. Re-assembly o1 active 
enzyme from Th~ and C I-particles was followed by recording the rate of the transhydrogcnasc reaction as a function ol time, 
after mixing. In the absence of nicotinamide nucleotides thc formation of active enzyme was slow (t~ ~ > h0 s). NADP'. 
NADPH, to a lesser extent, NADH, but rot NAD +, incrcased the rate of re-assembly of active tt '-transhydrogcnasc. In the 
presence of 20 ~M cach of NADP' and NADtt the formation of active enzyme proccedcd with a t~,: of approx. 5 s. The 
presence of a proton electrochemical gradient during re-assembly had no effect on the rc-asscmbly kinetics. The nuclcotidcs 
were only effective in promoting re-assembly of active enzyme if they were present after the formation of an encounter complex 
bctwecn Th~ and the C r-particles. 

Introduction 

H +-Thase is a proton pump (for reviews, see Refs. 
!,2). It couples the transfer of H-  equivalents between 
NAD(H) and NADP(H) to the translocation of H ~ 
across membranes: 

NADH + NADP++ nH~. t ~ NAD++ NADPH + n i l ; .  

In mitochondrial and bacterial membranes the en- 
zyme probably operates from left to right under most 
physiological conditions. Thus, it consumes the proton 
electrochemical gradient generated by respiratory (or 
photosynthetic) electron transport to drive the synthe- 
sis c,~" b,)~DPH from NADH. 

Mitochondrial H +-Thase is a dimer of two identical 
polypeptides [3,4]. The M~ of each polypeptide is 
109000. The enzyme from Escherichia colt is an az-[3, 
tetramer [5]. When the a (M~ 54000) and /3 (M, 
49000) polypeptides are arranged contiguously there is 
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strong homology with the mitochondrial polypeptide 
[3,6]. The amino acid sequence and the requirement 
for detergent for solubilisation of both these proteins 
clearly indicate that the polypcptides of both enzymes 
are membrane-bound. H+-Thasc from the photo- 
synthetic bacterium, Rhodobacter capsulatus, has two 
polypeptides (M,, 53 000 and 48 000) and also requires 
detergent for solubilisation [18]. However, the cnzsme 
from another photosynthetic bacterium, Rhodo.~pirit- 
htm ntbntm, is different. 

Fisher and colleagues [7-13] showcd that the tt *- 
Thase activity of membrane vesicles (chromatophores) 
from Rhs. rubrum was lost after centrifugation in thc 
absence of detergent through low ionic strcngth buffer 
but was regained after addition of an extract of the 
soluble (supernatant) fraction to the membranes. We 
have recently purified the soluble component. !1 com- 
prises a single polypeptide, M, 43[10() on SDS PAGE, 
but might be dimeric under non-denaturing conditions 
[15]. The N-terminal amino acid sequence has strong 
homology with both the mitochondriai H+-Thase and 
the a polypeptide of the enzyme from E. colt. It was 
concluded that this 43 kDa protein (called Th,) is 
equivalent to the relatively hydrophilic domain (ap- 
prox. 400 residues) at the N-terminus of mitochondrial 
H+-Thase. The The-depleted membranes probably 
contain the equivalent of the membrane-spanning do- 
main plus the relatively hydrophilic C-terminal domain 
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of  the mitochondrial cn/yme, tlowcvcr, the polypcp- 
tide composition of lhis component ~callcd Tb,,~ ) is not 
~ct known. 

There is evidence thdt the hydrophilic N-terminal 
domain of mitochondriai tt "-Thasc [16,17] has a bind- 
ing site for NAD(H) and that the hydrophilic C-termi- 
nal domain has an NADP(H) binding site [ 17] (scc also 
Rcf. 6). On the basis of the expected homologies Th, 
should possess the NAD(H) site and Th,,, the 
NADP(H) site. Observations on protection by nu- 
cleotides against chemical modification and protco./sis 
suggcstcd that Th, has binding sitcs fl)r both NAD(H) 
and NADP(H) and that Th,, has a binding sitc for 
NADPIH) [10.11.14]. 

In the study of t t  "-Thasc an advantage of  the cn- 
zyrne from Rhs. rtth/ttt/l is that it can bc separated inlo 
Th, and Th,,. both of which have nudcotidc binding 
sites but neither of which has catalytic activity The 
s e p a r a t e d  e c . n l p o n e n l s  c a n  b c  r e c o n s t i t u t e d  t m t l e r  m i l d  

conditions to regain lull H'-Thase activit}. In this 
report the kinetics of rcconff~ination of Th~ and Th,, 
are described. 

Mate~'ials and Metl ods 

Rhs. rttbrum was grown and chromatophores. C T- 
particles (chromatophorc mcmbrar, es depleted of Th,), 
crudc 'l'h, ('Type 11". scc Rcf. 8) and purified -i'h~ were 
prepared as dcscribcd [15]. 

Experimcnts were performed in 125 mM sucrose, 
2.67 mM MgCI> 4.4 mM Tris-HCl (pH 8.0) with either 
chromatophorcs or Cl-particlcs at either 6.7 or 13.3 
/.tM bacteriochlorophyll in a total volume of 3.0 ml in a 
1 cm square cross-section cuvette. Transhydrogcnasc 
activity was mcasurcd as the reduction of thio-NADP ~ 
(an analoguc of N A D P ' )  by NADH at 395-451) nm 
(E = 111.65 mM ~ cm ~ fi~r thio-NADPHL The con- 
tents of the cuvette were continuously stirred with a 
stainless-steel blade driven by an overhead motor. The 
speed of the motor was adjusted to give rapid mixing of 
the samplc while maintaining minimum optical distur- 
bance. The mixing time was mcasulcd from the kinct- 
its of the absorbancc change resulting from the addi- 
tion of a solution of NADH in the absencc of mcm- 
brancs. Routinely. the timc taken to reach 9(1¢~ of the 
final al,~orbance level was approx. 0.4 s. Photosynthetic 
illumination, saturating with respect to transhydro- 
gcnasc activity, was provided with a light-emitting diode 
[l'~]. 

Results 

The rate of light-driven transhydrogenase of chro- 
matophorcs of Rhs. rubrum was depicted, typically by 
q(Ic~, after ccntrifugation through Tris buffer [7,15]. 
The activity of the washed membranes (called-C~ par- 
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Fig. I. The  rate of  Iormal ion of  :.|clive [ |  " -Thase upon mixing T h ,  
with C ~-parlicles m lhc absence of  added nucleotides.  (a) Chromato-  
pholcs  (~.7 ,uM bacter iochlorophyll)  were  incubated at 311°(" in the 
med ium descr ibed in the Materials  and  Methods.  At  t =0 the 
photosynlhet ic  light ,~,as switched on and left on for the resl of  the 
cxperirncnt .  A mixture of  the substratcs.  N A D I I  and t h i o - N A D P  + 
(fimti concentra t ions  133 and 33 t.,-M, respectively) was added  at 
t = 42 r,. an r, hown. (b) ( ' j - pa r ! i c ! c s  (6.7 ~ M  bacter iochlorophyl l )  
'~,rerc ineubaled :it 30~'C in the medit,  m descr ibed in the Mater ia ls  
and Methods.  At t = 0 the  photosynthet ic  light was switched on and  
left on fi~r Ihe re , t  of  Ihe exper imenl .  At t = 42 s, as shown. 0.5 mg  
"t'~pe I1' T h ,  v, as added,  s imultaneously w th a mixture  o f  substratcs,  
N A D l l  and I h i o - N A D P '  (final concentra t ions  133 and 33 /LM, 
respcct i ' ,c ly)  (c) As in (b). except that T h ,  was added  at t = 42 s and 
Ihc nuclcotidc subslrales  ',','ere added  at t = 102 s, as shown. In all 
ca'.,e',, the rapid (ar t i factual)  change  due to the N A D H  was subt rac ted  

trom the traces, 

ticles) was restored hi, addition of crude Th, (which, 
itsclL had no transhydrogenase activity). For each set 
of experiments, preliminary titrations were carried out 
to determine the quantity of Th~ required to give 
50-80% recovery of the steady-state rate. 

Fig. la shows that the addition of nuclcotide sub- 
stratcs (thio-NADP' and NADH) to an illuminated 
suspension of cllr~+nmtophores of Rfis. rubrum !ed to a 
prompt start of the transhydrogenase reaction at its 
maximum rate. In contd'.is/, Fig. Ib shows that, after 
adding Th~ and a mixture of nucleotide substrates 
simultaneously to illuminated Cx-particles, there was a 
lag period of a few seconds before the onset of the 
maximum Tatc of transhydrogenase. Evidently, re-as- 
sembly of the active complex of H+-Thase from Th~ 
and Thm (in th~ CT-particles) is slow relative to the 
catalytic turnover of the complete enzyme. The kinetics 
of re-assembly are described by the dependence of the 



rate of the transhydrogenase reaction on the time after 
mixing (Fig. 2). 

When the illuminated C.~-particles were incubated 
with Th~ for 60 s beforc addition of the nucleotidc 
substrates, Fig. lc, the lag was decreased but not 
eliminated. This indicates that, in the absence of nu- 
cleotides, the rate of formation of the active complex 
of H+-Thasc is ertremely slow; only after addition of 
the nucleotide substrates does its rate of fi)rmation 
reach that described by Fig. 2. 

The conclusion that the presence of nucleotides 
leads to a more rapid rate of formation of active 
enzyme is supported by Fig. 3. Here illuminated C-r- 
particles were pre-incubated with low concentrations 
(20 ttM) of NADP + (the physiological substrate, not 
the analogue) and NADH. Then, a combination of 
thio-NADP + and NADH (at higher concentrations) 
was added: (a) simultaneously with Th~ or: (b) 10 s or, 
(c) 30 s after the The. Note that the NADP + and 
NADH will act as substratcs for the H*-Thase (Km 
values: 33/zM and 8.3 /.tM, respectively [20]) but that 
the reaction is not detected by spectroscopy. As in Fig. 
lb formation of the active transhydrogenase complex 
was not instantaneous when Th~ was added at the same 
time as the mixture of thio-NADP + and NADH - 
transhydrogenase activity only developed after a lag 
(Fig. 3a). However, in contras~ to the situation in the 
absence of nucleotides (Fig. lc,*, the lag following the 
addition of thio-NADP + and NADH was much dimin- 
ished after 10 s pre-incubation, and completely elimi- 
nated after 30 s pre-incubation of C-r-particles with 
Th~ in the presence of NADP + and NADH (Figs. 3b 
and c, respectively). 

Fig. 4 shows comnlementary experiments to mea- 
sure the rate of formation of active H*-Thase from 
C-r-particles and Th~ in the absence (closed symbols) 
and presence (open symbols) of nucleotides (20 /xM 
NADP + and NADH). As an index of the extent to 
which the active complex was formed after a certain 
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Fig. 2. The dependence  of the t ranshydrogenase rate upon time af ter  
simultaneously mixing Th ,  and nueleotide substra ' , ' s  with CT-par- 

ticles, The data  arc replotted from Fig. lb,  
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Fig. 3, The rate of l~rmation of active t t ' - T h a s e  uptm mixing "lh,  
with CT-particles in the prese!,ce at  added nuclc~tidc~ (a) As de- 
scribed in Fig. lb.  except that 21) p M  N A D P "  and 20 p,M NADIt  
were present throughout  the experiment. (hi As in ~a). except that 
the Th,  was a d , ~ d  at t = 42 ~, and the mixture of Ih io-NADP" and 
NADH was added at t = 52 s. (e) As in (b) except that the thio- 

N A D P "  a n d N A D H w e r e a d d c d a t t = 7 2 , ~  

period of incubation of Cl-particles with Th,, we used 
the rate of transhydrogenase 3 s after the addition of 
substrates ( thio-NA~? + and NADH) expressed as a 
percentage of the ultimate steady-state rate. Note that 
the steady-state rate of reduction of thio-NADP ~ was 
not affected by either the time of incubation of C ~-par- 
ticles with Th, or by the prcsence or abscnce of the 20 
tzM NADP ~ and NADH. When the iocubation (of 
C.r-partieles with Th,) was carried out in the presence 
of nucleotides thc index approached 101)~ (i.c., forma- 
tion of active H~-Thase ~,'as complete) in approx. 30 s. 
Importantly, the dependence of the extent of active 
complex formation upon the time of incubation of 
C,r-particles with Th~ in the presence of nucleotidcs, 
estimated by this procedure was similar to the kinetics 
of re-assembly shown in Fig. 2. In the absence of 
nucleotides the dependence of active complcx forma- 
tion upon the time of incubation of C.r-particlcs with 
Th, was considerably slower and was not complete 
within 60 s. The most typical data are shown in Fig. 4, 
although in the absence of added nucleotides, there 
was substantial variation between preparations, possi- 
bly a result of different levels of nucleotidc contamina- 
tion in the membranes from the original cellular mate- 
rial. 
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Fig. 4. The  zate,~ el l m m a t i o h  ~fl active I I " -Thase upon mixing T h ,  
with {" ] -parl icles in the abs¢l~ce alld p l e scnce  ol  nuclei}tides. Closed 

,,ymhols. absvllCe '.It' mlcleol ides:  expe r imen t s  were  pe r fo rmed ,  as 

descr ibed  in Fig. Ic. except  Ih:!! the t ime be tween  the addi t ion  of  
l 'h, and Ihe mixlurc  ol  I h i o - N A D P '  and  N A I ) H  was ~aricd, as 

sho~n.  Opcrl ~ymbols, presence  o i  nuc]eot ides  (20 ~ M  N A D P "  and 
20 ,aM N A D I I ) :  exper imen t s  were  pcrf i}rmed as descr ibed  in Fig. 3b. 
except 111:11 the h m c  belv, cen the addi t ion of  the mixture  o f  T h ,  and 

the  t h i o - N A I ) P '  and N A D I I  was varied,  as showrl. The  d i f feren!  
',eD, Ill opel1 "%)rlllb('ll~ represen!  expe r imen t s  wilh diffcrerlt  p repara -  

li()llS. 111 hoth huts {}t ¢xper inlenls  the ra le  01' t rar lshytlrogenasc 3 x 
a l ter  addi t ion of  l h i o - N A l ) P  and  N A D I I  as a pe rcen tage  of  tnc 

ul t imale  m a ' , m u m  rale (approx.  41) s later)  is p lot ted on the 
{wttinat¢, 

l l ls 
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Fig. k Fhc rate of formation of activ._' I[ '-Thase upt~a mixing pure 
TI L with ( ' l -par i ide~ in the p~esenc¢ of added rlucleolides. The 
exper iment  wa4 carr ied  t}ut as descr ibed  in Fig. 3 ex~,ept that .  1.5 ~ g  

pur i f ied  Fh,  was  used 

In most of the experiments describcd in this report 
crude Th, was used. Only small amounts of purified 
protein can be prepared from manag~:,,bD quantities of 
bacterial ceils [15]. Where equivalent ,:xperiments were 
carried out, similar data were obtained with both crude 
and purified material. Fig. 5 shows the results of an 
experiment with purified Th, that are analogous to 
those in Fig. 3a and c. Also, with pure protein, the lag 
!o the onset of the transhydmgenase reaction, corre- 
sponding to re-assembly of the active complex (Fig. 5a), 
was abolished after 30 s incubation of CT-particles with 
Th, in the presence of nuclcotides (Fig. 5b). 

It was of in!crest to di4covcr whcther the transmem- 
brant proton electrochemical gradient (Ap) affected 
the rate of formation of the active H+-Thase upon 

I.,\IH I I 

km h',:ttd{'~ c~.v t th, tr c!ti'ct o ,  the raw ~q lorma;,~m ,q a~ ti~" t i  ~ - l h a w  ('omph'.~ only ufi('r 1brmation o f  an encounter comph'~ between Tt k and 

!h 

A l l i n c u h a t i o n ' ' ~ e l c  at 30'{ ' .  I t lumi i la t ion~}l{ ' l  part icles  was s tar ted  at t = { ) a n d c o n t m u e d  th roughout  eacl exper imen t .  N A D P ~  and  N A D H  

!bo;h :it 2{} uN1) '~.erc atkIed *o tile Mlhi}gn~,ion .,}] { ' l -na r t i c l e s  just  heh}re illuminali{m in exne r imen t s  b. ¢ and e but not in expe r imen t s  a and d. 
T h c l l l , ~ a s p r c - i n c u b ~ d e d ~ i t h  N A ! ) P '  a n d N k D l l { o o t h ~ u  2 { } ~ M ) l o r  I S i i ~ i n c s p e r i r m e n t s d a n d e b u t . o t i n e x p e r i m e n t s a ,  b a n d c ,  l n a ! l  

ca,< '~, [h,  ~t;ts a0dgd h} lilt' {" i-Palli-£]¢', al t 42 • The  nW~lurc {}I I h i ' ~ - N A D P '  and N A [ ) ! t  was added  e i ther  at th t  s a m e  t ime a:: the T h ,  
R,M}vrlmcnl*, a, ~.. d and c} ol ~ • I:llcl (experu 'ncm b). N{}I¢. there!ore ,  thai expe r imen l s  a a¢,d b v, ere  equiva len t  to !host  shown i~l Figs. Ib and  
3& le~,pvt'ti'~cly. I h e  qag  index" is !h~: rate i}l t r anshydrogenase  3 s af ter  addi t ion of  the t h i o - N A D P *  and  N A D H  relat ive to the  u l t imate  
• tc;tt])-Malc 13It.'. l h e  f igures  give the ~]can '~alue + S.D., N u m b e r  of m¢i lsuremerl ls  in pa ren theses .  

I,',l}¢linB:nI Nuclc~}tiilen pre'~L'nl Nuclei , t ides  p r t sen l  "l'imc ,11 addi t ion Lag 

dur ing  pR  incubati{,t  dur ing  pre- incubal ion  ~1 33 p.M I h i o - N A D P  " index 

o l ( "  I par lRIcs  of  Th ,  and 133 ,uM N A D I R s }  (c~) 

,~ Ihm~ none 42 26 ± 6 {Z ) 
b N A I ) P  " and N A D I  1 n{me 72 10{) + {1 (3) 
c N \ I ) P '  a n d N A D t l  none 42 2 8 + 6 { 3 )  
,t none N A D P  a n d N A D t l  42 32_+4(3} 
e N A I ) P  and N A D l l  N A D P "  a n t I N A I ) t t  42 4 5 + 7 { 3 )  
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mixing Th, and Cr-particles. Since CT-particles are 
capable of high rates of ATP synthesi,, [7], it is assumed 
that removal of Th~ from membranes does not sub- 
stantially raise the proton conductance. The experi- 
ments described above were all performed at high Ap 
with illuminated membranes to maintain a large activ- 
ity of the enzyme. In the dark the rate of transhydro- 
genase is about 1/10th of that in the light and under 
these conditions the signal/noise ratio was not good 
enough to give reliable information on the early kinet- 
ics of reaction. In order to examine the rate of forma- 
tion of active complex at Ap = O, the following strategy 
was adopted. A control experiment was performed 
during continuous illumination, as described in Fig. 3b 
(see above). In a second experiment dark conditions 
were maintained initially but the photosynthetic light 
was ,,witched on at the same time that the nucleotide 
substrates were added. Thus, in this case Th~ was 
allowed to interact with CT-particles (in the presence 
of 20/~M NADP ÷ and NADH) for 10 s in the absence 
of a proton electrochemical gradient before driving the 
reaction at a high rate with an elevated Ap. Though 
there was some distortion of the transhydrogenase 
kinetics due to light-induced pigment absorbance 
changes, it was concluded that the lag at the onset of 
the reaction was similar to that in the control (data not 
shown). Apparently, Ap does not have a significant 
effect on the re-assembly of the complex. 

The accelerative effect that nucleotides have on the 
rate of formation of the active complex of H+-Thase 
could, in principle, arise as a consequence of their 
binding to either Th,  or Thin before mixing or it might 
be due to the facilitation of conformational changes 
following the production of an encounter complex of 
Th~ and Thm. The experiments in Table 1 distinguish 
between these possibilities. As above, low concentra- 
tions of NADP + and NADH were used to promote 
activation in the absence of detectable transhydro- 
genase reaction. Thio-NADP ~ and NADH (at higher 
concentrations) were used to monitor the lranshydro- 
genase rate and, from the initial kinetics, to provide an 
index of the active state of the enzyme. In (a), a 
control, equivalent to Fig. lb, the 'lag index' of 26% 
was characteristic of slow re-assembly. In (b), a control, 
equivalent to Fig. 3c, the lag was eliminated (tag index 
= 1(10%) when the N,aDP + and NADH were pre-in- 
cubated with the CT-particles for 60 s and were pre- 
sent during the combined incubation of CT-particles 
and Th~ (for 30 s) before the addition of thio-N A, DP + 
and NADH. However, when in (c) the NADP ~- and 
NADI-i were only present during the pre-incuLation 
period with Cr-particles, the lag (index = 28%) was 
similar 'to that in (a). In a complementary experiment 
(d), Th~ was pre-incubated for 180 s with NADP ~ and 
NADH but the lag was still pronounced (index = 32%) 
after adding this mixture simultaneously with the thio- 

T A B L E  11 

The cf/i'ctx o f  nicotmamide ntet'leottdcs on the rt'-a~.~cmh/v ~)l ~wtil c 
II ' - l h a s e  from "lit, atul ('j.-particle., 

( ' . r -par t ic les  ( 13.3 # M bacter ioehlornphyl l l  were  incubated at 31)"(" 

in the m e d i u m  descr ibed  in the Mater ia l s  aml Methods  in the 

p resence  o f  the nuelcot ide  shown in the table (all at  2ll ,aM).  At 
t = 0, the photnsynthut ic  l ight  was switched on and left on fi~r the 

rest  o f  the exper imen t .  At t = 42 s, 11.5 mg ' type I1' T h ,  was added  

and,  at t = 52 s, 133 ,u.M N A D H  and  t h i n - N A D P  " were  added .  The  
l r anshydrogenase  ra te  was m e a s u r e d  6 s la ter  and expressed  as a 

pe rcen tage  of  the ul t imate  m a x i m u m  rate (approx.  41) s later). The 
f igures  give  the m e a n  va lue  x S.D. N u m b e r  of  m e a s u r e m e n t s  in 
pa ren theses .  

Nucleo t ide  "I r anshydrogenase  ra te  6 s a f t e r  

mixing with subs;.rates, as pe rcen tage  

of  the ul t imate  m a x i m u m  rate  

N o n e  54 _+ 4 (3) 

N A D P  + 7 7 +  1 (3) 

N A D P H  78 _+ 3 (3) 
N A D H  6}4 + 5 (3) 

N A D  ~ 55 + 3 (3) 

N A D P '  + N A D | I  89 + 2 (3) 

N A D P  * + N A D P | I  73_+6(3)  

N A D P  + + N A D  + 74 +_ 8 (3) 
N A D P H  + N A D H  81 :L 2 (3) 

N A D P H  + N A D *  72 + I (3) 

N A D H +  N A D  ~ 65 + 4 (3) 

NADP + and NADH to CT-particles. Experiment (e) 
shows that even when Th~ and Cr-particles were sepa- 
rately incubated with NADP + and NADH before be- 
ing mixed simultaneously with thio-NADP' and 
NADH, there was still a considerable lag (index = 
45%). These data show that the effect of nucleotides in 
promoting the formation of active complex is exerted 
only after formation of an encounter complex between 
Tb~ and Th m. The nucleotides do not have any effect 
on the separate compcaents. 

Table II and Fig. 6 show the results of experiments 
to investigate the ability of different nuc!eotidcs, sepa- 
rately and in combination, to increase the rate of 
formation of active complexes of H +-Thase from Th, 
and Th m. In prelimiqary experiments it was shown that 
a protocol similar to that in Fig. 3b, with 1(t s incuba- 
tion of Th~ and C1--particles before addition of the 
probe substratcs, gave rise to sensitive differences in 
the lag indices for different nucleotides. Thus (Table 
ll), in the absence of added nucleotides, the index, 
representing a slow rate of re-assembly, was 54% and 
the most effective nucleotide combination yielded an 
index of 89%. Of individual nucleotides, NADP ~ and 
NADPH were equally effective, NADH was less effec- 
tive and NAD + was ineffective at increasing the rate of 
formation of active complex. The concentration depen- 
dences of NADP ~, NADPH and NADH are shown in 
Fig. 6. The binding constant in each case was approx. 3 
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Fig, 6. The  dependence  of  the rate of  formation of  active H +-Thase 
upon mixing pure Th~ with CT-part icles on the concentra t ion of  
added nucleolide.  Exper iments  were  pe r l o rmed  as in Fig. 1, except 
that naclcot ide at the concenlra l ion indicaled, was present  through-  
out and tlmt ' l 'h, was added  at t = 42 s anti the mixture of  thio- 
N A D P  ' ~tnd N A D t t  was added  al t = 52 s. For  each exper iment  the 
' lag index' v, a s  calculated f rom the rate of  l ranshydrogenase  3 s af ter  
addition of  th io -NADP + and N A D t t ,  as a pe rcen tage  of  the ulti- 
mate  maximum rate (approx, 40 :~ later). A, N A D P ~ ;  B, N A D P t l ;  

( ' ,  N A D | I .  

#IM. A combination of saturating concentrations of 
NADH and NADP + was more effective than the indi- 
vidual nucleotides (Table 1I). indicating that sepaJate 

binding sites on the encounter complex may be in- 
volved. In contrasl, a combination of saturating con- 
ccntrations of NADP ~ and NADPH was no more 
effective than the individual nucleotidcs, consistent 
with the possibility that these nucleotides bind at the 
same site. The presence of NAD ~ seemed not to affect 
the ability of other nucleotides to promote formation 
of active complex. In separate experiments (not shown) 
it was found that even 30 ~M NAI) ÷ did not affect the 
re-assembly kinetics in the presence of 10/.tM NADH. 
Thus, ,t was not possible to decide whether NAD ÷ 
failed to bind to the enzyme or whether it bound but 
had no effect on the rate of formation of active com- 
plex. Higher concentrations of NAD ÷ could not be 
used in these experiments because they gave rise to 
product inhibition of the transhydrogenase reaction. 

D i s c u s s i o n  

In this report we have described the kinetics of 
re-assembly of the H+-Thase of Rhs. rubrum from its 
resolved components, The, a water-soluble protein, and 
Th m, a membrane-bound protein, located in CT-par- 
ticles. Fig. 7 shows a minimal model to account for our 
findings. It is assumed that on addition of Th s to 
CT-particles an inactive encounter complex (Ths-Th m) 
is rapidly formed. It must undergo conformational re- 
arrangement before it becomes capable of catalysis. In 
the absence of nucleotides (top line), conversion to the 
active form, Th~-Th*, is slow (Fig. 4, closed zymbols). 
It is likely that the equilibrium does not lie far over to 
the right since, under these conditions, Ths is readily 
dissociated from the membranes by centrifugation 
[7,15]. In the presence of nucleotides (bottom line), 
conversion to the active form is more rapid (Fig. 4, 
open symbols) and the equilibrium constant for binding 
of Th~ to the membranes may be larger (although its 
value probably depends on which nucleotide is present, 
see below). 

To explain the essential observations on a quantita- 
tive basis it is assumed that rates of formation of the 
encounter complexes (reactions 1 and 3) and all nu- 
cleotide binding reactions (5-8) are rapid (tt/z < 1 s) 
and that the tt/z to  reach equilibrium between en- 
counter complex and activated complex is > 60 s in the 
absence of nucleotide (reaction 2) and approx. 5 s in 
the presence of NADP ÷ and NADH (reaction a). 
Thus, in Fig. lb, following simultaneous addition of 
The, thio-NADP ÷ and NADH to CT-particles, re-as- 
sembly proceeded through the two pathways, 1 --* 7 --* 4 
and 5 /6  --, 3 ---, 4 with an overall t~/2 of approx. 5 s for 
production of Th~-Th.~. The same pathways operated 
in Fig. 3a - prc-incubation of CT-particles with NADP + 
a'ld NADH influenced only reaction 6, without any 
effect on the kinetics of formation of active complex. 
However, when Th, was incubated with Cr-particles in 



the absence of nucleot 'des even for as long as 60 s (Fig. 
lc), formation of  The- l'h* through pathway 1 --* 2 was 
incomplete (the reaction is slow and equilibrium does 
not lie far to the right). On addition of thio-NADP ÷ 
and NADH, Th -Th* already present was immediately 
able to perform catalysis but the inactive Th~-Th,, was 
converted into the active form via 7 ~ 4: the lag was 
decreased in extent but still had a t~/e of approx. 5 s. 
In contrast, when this experiment was carried out in 
tht. presence of low concentrations of NADP ÷ and 
NADH (Fig. 3c), the formation of Th~-Th* was essen- 
tially complete within 30 s (tt/2 = 5 s, Fig. 4) and so, on 
addition of thio-NADP ÷ and NADH, the transhydro- 
genase reaction began promptly. 

NADP(H) enhanced the sensitivity of Thm in CT- 
particles to inhibition by trypsin and protected Thin in 
CT-particles from inactivation by heat, butat,edione 
and pentanedione [11,14], indicating that NADP ÷ and 
NADPH bind to Th,,  in the absence of Th,  and cause 
changes in protein conformation (hence inclusion of 
reaction 6 in Fig. 7). However, these conformational 
changes [11,14] must be distinct from those involved in 
production of active H+-Thase since it was established 
(Table I) that the latter take place only after formation 
of an encounter complex with The. There is also evi- 
dence [14] that, in the absence of Thin, Th,  can bind 
NAD ÷ and, surprisingly in view of more recent work 
[16,17], NADP ÷. Hence, reaction 5 is included in 
Fig. 7. 

Reaction 4 can proceed with different nucleotides 
bound to the er, counter complex. Thus, even when only 
single nucleotides (such as NADP ÷ or NADPH or 
NADH) are present, the formation of active complex is 
faster than in the absence of nucleotides "able II and 
Fig. 6). The approx, t~/2 of 5 s for reaction 4 (Figs. 2 

351 

and 4) only applies to the situation in the presence of 
both NADP + (or thio-NADP +) and NADH. 

The ultra-centrifuge experiments of Fisher and 
Guiliory [8] revealed that the ability ~,l C~ particles to 
~,ind Th~ was influenced b~,' the presence of nuclcot~dc. 
N A D '  had no effect on the binding equilibrium, in 
agreement with our observations on the reaction kinet- 
ics. Also, low concentrations of NADP ÷ and NADPH 
increased the extent of binding [8], consistent with the 
finding that these nucleotides both acceleratcd the rate 
of formation of active complex. However, the observa- 
tions that higher concentrations of NADPH promoted 
dissociation of Th~ from CT-particles and that NADH 
inhibited binding supported by either NADP + or 
NADPH [8] were not mirrored by a decreased rate of 
activation. Our  interpretation of the centrifugation ex- 
periments is that they reflect a complex set of reactions 
described in summary by reactions 3 and 4 of Fig. 7 but 
which, in detail, encompass sub-sets of reactions that 
depend upon the nucleotide(s) present. The interesting 
conclusion that the Th~-Th,, complex is reversibly dis- 
sociated during the process of transhydrogenation [8] 
seems very. unlikely in the context of the observations 
described in this report. Formation of active complex 
of H+-Thase from isolated Th~ and Thr. (in Cx-par- 
ticles) in the presence or absence of nucleotides is very 
slow (t~/2 from 5 s and > 60 s, respectively) compared 
with the turnover of the enzyme (t~/2 approx. 50 ms 
[19]), compare the kinetics of Fig. la and b, and, 
therefore cannot operate as a component reaction. 
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