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Abstract

Transhydrogenase couples the translocation of protons across a membrane to the transfer of reducing equivalents
Ž . Ž .between NAD H and NADP H . Using transhydrogenase from Rhodospirillum rubrum we have examined the pH

Ž Ž .dependences of the ‘forward’ and ‘reverse’ reactions, and of the ‘cyclic’ reaction NADP H -dependent reduction of the
.analogue, acetyl pyridine adenine dinucleotide, by NADH . In the case of the membrane-bound protein in chromatophores,

the imposition of a protonmotive force through the action of the light-driven electron-transport system, stimulated forward
transhydrogenation, inhibited reverse transhydrogenation, but had no effect on the cyclic reaction. The differential response
at a range of pH values provides evidence that hydride transfer per se is not coupled to proton translocation and supports the

Ž .view that energy transduction occurs at the level of NADP H binding. Chromatophore transhydrogenase and the
detergent-dispersed enzyme both have bell-shaped pH dependences for forward and reverse transhydrogenation. The cyclic
reaction, however, is rapid at low and neutral pH, and is attenuated only at high pH. A mixture of recombinant purified

Ž . Ž .NAD H -binding domain I, and NADP H -binding domain III, of R. rubrum transhydrogenase carry out the cyclic reaction
with a similar pH profile to that of the complete enzyme, but the forward and reverse reactions were much less pH
dependent. The rates of release of NADPq and of NADPH from isolated domain III were pH independent. The results are
consistent with a model for transhydrogenation, in which proton binding from one side of the membrane is consequent upon
the binding of NADPq to the enzyme, and then proton release on the other side of the membrane precedes NADPH release.
q 1997 Elsevier Science B.V.
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1. Introduction

Transhydrogenase is a proton pump found in the
inner mitochondrial membranes of animal cells and

Abbreviations: FCCP, carbonyl cyanide-p-trifluorometho-
xyphenyl hydrazone; AcPdADq, acetyl pyridine adenine dinu-

Ž .cleotide oxidized form
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the cytoplasmic membranes of bacteria. Under most
physiological conditions it probably functions in the
direction of NADPq reduction by NADH driven by
the proton electrochemical gradient generated by res-

Ž .piratory or photosynthetic electron transport. For
w xreviews, see 1–3 .

NADHqNADPqqHq°NADqqNADPHqHq
p n

1Ž .
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q q Ž q qwhere H and H corresponding to H and H inp n out in
.an alternative terminology represent hydrogen ions

Ž .in the p and n outside and inside phases, respec-
tively.

Experiments on chromatophores from photosyn-
thetic bacteria, and on bovine heart transhydrogenase
reconstituted into liposomes, indicate that one proton
is translocated across the membrane per hydride
equivalent transferred between the nucleotide sub-

w xstrates 4 .
The enzyme has separate sites, for NADqrNADH

on domain I of the protein, and for NADPqrNADPH
on domain III. These two domains protrude from the

Ž .membrane, the third domain II spans the membrane.
A consensus view is emerging that proton translo-

cation by transhydrogenase is closely linked to nu-
w xcleotide binding and release 2,5–7 ; we have devel-

oped the case that proton binding and release are
Ž .coupled specifically to events at the NADP H site on

w xdomain III 5 . The pH dependence of forward and
reverse transhydrogenation by the detergent-dispersed

w xenzyme from E. coli is bell-shaped 5,8 . It was
proposed that on the acid side of the pH optimum the
reactions are limited by deprotonation steps that ac-

Ž q.company the release of product NADPH or NADP .
On the alkaline side, failure of transhydrogenase to

q Žprotonate following the binding of NADP or
.NADPH prevents the hydride transfer reaction.

Not only will transhydrogenase catalyze the for-
Ž .ward and reverse reactions described by Eq. 1 , in

some conditions it will also perform a rapid cyclic
q Žreaction, the reduction of AcPdAD acetyl pyridine

q.adenine dinucleotide, an analogue of NAD by
NADH in the presence of either NADPq or NADPH.
Kinetic analysis of this reaction in detergent-solubi-

w xlized E. coli transhydrogenase 5,8 , and subse-
w xquently in other systems 9–11 , indicated that the

Ž .NADP H remains bound to the domain III site of the
protein, and is alternately oxidized by AcPdADq, and
then reduced by NADH in the domain I site.

AcPdADqqE.NADPH™AcPdADHqE.NADPq

2Ž .
NADHqE.NADPq™NADqqE.NADPH 3Ž .

Ž .where E.NADP H represent enzyme-bound forms.
The pH dependence of cyclic transhydrogenation in
E. coli transhydrogenase reflects the linkage between

Ž .the binding of NADP H and the binding of protons.

Rhodospirillum rubrum transhydrogenase is a par-
ticularly useful system for experimentation. Firstly,

Ž .everted membrane vesicles chromatophores from
this organism have an active transhydrogenase with
both nucleotide-binding sites exposed to the external

w xmedium 12 . The proton electrochemical gradient
Ž .D p across the chromatophore membrane can be
readily manipulated by activating the photosynthetic
electron transport chain with light energy; for exam-
ple, illumination of chromatophore membranes in-
creases the rate of forward transhydrogenation by as

w xmuch 20–50 fold 13 . Secondly, domain I of R.
rubrum transhydrogenase uniquely exists as a sepa-
rate polypeptide, which can be easily stripped from
the chromatophore membranes, and then reconsti-

w xtuted with full restoration of activity 14,15 . Finally,
recombinant forms of domain I and domain III of the
enzyme are now available; a mixture of the two
proteins catalyses high rates of hydride transfer on

w xthe enzyme 16,17 . In the domain I:III complex the
rates of forward and reverse transhydrogenation are
heavily limited by the rates of release of NADPH and
NADPq, respectively, but the cyclic reaction is ex-

w xtremely rapid 17,18 .
The conclusion that emerges from the pH depen-

dences of the ‘reverse’, ‘forward’ and ‘cyclic’ reac-
w xtions of the E. coli enzyme 5,8 , and the observa-

tions on catalysis by the mixture of R. rubrum do-
w xmain I and domain III proteins 17 , is that, in the

complete enzyme, changes in the binding energy of
NADPq and NADPH brought about by protonation
and deprotonation, are central to the coupling mecha-
nism; it was proposed that the protonation–deproto-
nation components of Hq translocation through do-
main II are linked specifically to changes in the
affinity of domain III for NADPq and NADPH. In
this report, that view is tested through an examination
of the pH dependences of transhydrogenation reac-
tions in the complete membrane-bound R. rubrum
enzyme, in the complete detergent-dispersed enzyme,
and in the domain I:III complex.

2. Experimental

Chromatophores from a transhydrogenase-
overexpressing strain of R. rubrum were isolated as

w xdescribed 4 . Bacteriochlorophyll concentration was
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measured using an in vivo extinction coefficient of
y1 y1 w x140 mM cm at 880 nm 19 . Native domain I

w xwas removed from the membranes by washing 4,14 .
Recombinant domains I and III of R. rubrum trans-
hydrogenase were separately expressed in E. coli and

w xpurified 16,17 . Their protein concentrations were
measured by the microtannin procedure using bovine

w xserum albumin as standard 20 . Reconstitution of the
Žcomplete enzyme domain I-depleted chromatophores

.plus recombinant domain I , and of the domain I:III
complex, was by simple mixing of components
w x14,17 . In experiments with unwashed chromato-
phores, the media were supplemented with recombi-
nant domain I protein to maximize transhydrogena-

w xtion rates 14 .
The membrane-bound components of R. rubrum

Ž w xtranshydrogenase originally called Th 21 and nowm

known to comprise domain II, and the associated
w x.domain III 15 were isolated from domain I-de-

pleted membranes and partially purified by a modifi-
w xcation of a published procedure 21 . Chromatophore

membranes from the over-expressing strain of R.
Ž .rubrum 100 mg protein were washed at 48C with 2

M NaCl, 3% sucrose, 30 mM Tris–HCl, pH 8.0 and
resuspended in 3% sucrose, 30 mM Tris–HCl, pH
8.0, 1 mM EDTA, 1 mM dithiothreitol, 0.5 mM
phenylmethylsulphonyl fluoride plus lysolecithin such
that the final detergent and protein concentrations
were 5 mg mly1 and 2 mg mly1, respectively. The
suspension was stirred for 10 min and then incubated
for a further 20 min on ice before centrifuging at

Ž .200 000=g for 90 min. The supernatant 48 ml was
applied to a 6 ml column of Q-Sepharose HP, which
had been pre-equilibrated in 20 mM Tris–HCl, pH
8.0, 1 mM dithiothreitol, 0.01% dodecyl maltoside
Ž .buffer A . The column was then washed, first with
50 ml of buffer A, followed by 50 ml 250 mM NaCl

Ž .in buffer A, before applying a gradient 250 ml of
Ž .250–500 mM NaCl in buffer A. One third 40 ml of

the pooled active fractions were dialysed against 500
ml of 20 mM Tris–HCl, pH 8.0, 1 mM dithiothreitol,
0.5 mM phenylmethylsulphonyl fluoride, 10% glyc-
erol, 0.2% Mega 9 and then applied to a 6 ml
Q-Sepharose HP column pre-equilibrated in 20 mM
Tris–HCl, pH 8.0, 1 mM dithiothreitol, 0.2% Mega 9
Ž .buffer B . The sample was washed in with 20 ml
buffer B and protein was eluted with a 0–0.6 M
gradient of NaCl in buffer B. Active fractions were

pooled and dialysed against 500 ml of 20 mM Tris–
HCl, pH 8.0, 1 mM dithiothreitol, 0.5 mM phenyl-
methylsulphonyl fluoride, 10% glycerol, 0.01% dode-
cyl maltoside and applied to a 1 ml Mono Q column
pre-equilibrated with 20 mM Tris–HCl, pH 8.0, 1

ŽmM dithiothreitol, 0.01% dodecyl maltoside buffer
.C . The column was developed, first with 5 ml buffer

C, followed by a 20 ml gradient of 0–0.5 M NaCl in
buffer C. Fractions from the most active of the two
peaks were pooled and used for experiments.
Throughout this procedure, activity of the domain
IIrIII complex was assayed by measuring the rate of
reduction of AcPdADq by NADPH in samples sup-
plemented with a saturating amount of purified re-

Žw x .combinant domain I 17 and see below . The protein
concentration of the domain IIrIII complex was as-
sayed using the bicinchoninic acid method using

w xbovine serum albumin as a standard 22 .
Transhydrogenase from E. coli was isolated from

an inner membrane fraction essentially as described
w x5,23 . The enzyme was incorporated into phospho-
lipid vesicles by a modification of the method of

w xPaternostre et al. 24 . Phosphatidylethanolamine,
Žphosphatidylcholine and phosphatidic acid Lipid

. Ž .Products in a ratio of 5:5:1 by weight were sub-
jected to reverse-phase evaporation and the resulting
liposomes were resuspended in 50 mM KCl, 1 mM
EDTA, 50 mM Na–phosphate, pH 7.0, and filtered
sequentially through two polycarbonate filters
Ž .Costar of pore diameter 0.4 and 0.2 mm. The lipid
concentration was adjusted to 3.6 mg mly1, and
recrystallized Na–cholate was added to 15 mM. E.
coli transhydrogenase was added under continuous
stirring to the detergent–lipid mixture, at 48C, to give
a final concentration of 24 mg mly1. The suspension
was diluted 100 fold into the above buffer immedi-
ately prior to assay.

Transhydrogenation was measured spectrophoto-
metrically, either as the reduction of AcPdADq, or as
the reduction of thio–NADPq, in media described in
the figure legends, and using absorbance coefficients

w x Žgiven 25 in either a dual beam Perkin Elmer
.Lambda 16 or a dual wavelength instrument

Ž .Shimadzu UV3000 . The latter was fitted with a
Ž .GaAlAs emitter OD100, Optodiode at right angles

to the measuring beam to provide saturating photo-
w xsynthetic illumination where needed 26 .

To determine the contributions of cyclic and of
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reverse transhydrogenation to AcPdADq reduction in
the presence of NADH and NADPH, the NADPq

production was measured fluorimetrically after dena-
Ž w x.turing the protein see 17,27 . R. rubrum chromato-

Žphores or reconstituted E. coli transhydrogenase
.liposomes were resuspended in the media described

Ž .in the figure legends and incubated at 258C or 308C
for 5 min. A 0.6 ml sample was removed and added
to 0.3 ml ice-cold 14% perchloric acid. The transhy-
drogenation reaction was initiated in the remaining

q Žsolution by addition of AcPdAD see figure leg-
.ends , and further samples were collected at 60 s

intervals and added to perchloric acid. The acidified
samples were stored on ice for at least 10 min before
neutralizing with 0.45 ml 1 M KOH–1 M KHCO .3

They were returned to ice for a further 15 min and
then frozen at y208C for 1 h. After thawing, the
samples were centrifuged at 8000=g for 5 min to
remove the precipitate and then assayed for NADPq

with isocitrate dehydrogenase using a Spex Fluoro-
w xmax, essentially as described 17 .

The rates of NADPq and NADPH release from
recombinant domain III were measured by fluores-

w xcence as described 17 in the conditions given in the
legend to Table 2.

3. Results

3.1. The pH dependences of forward, reÕerse and
cyclic transhydrogenation in chromatophore mem-
branes from R. rubrum in the presence and absence
of Dp

pH dependences of complete transhydrogenase
Žwere studied with everted membranes chromato-

.phores prepared from a strain of the bacterium which
over-expresses the enzyme. In one set of experi-
ments, the membranes were treated with the
ionophore, FCCP, to prevent any build-up of D p
during proton translocation by the enzyme. Under

Žthese conditions, forward transhydrogenation the re-
q .duction of thio–NADP by NADH proceeded

slowly; it had a bell-shaped pH dependence with an
Ž .optimum at approximately pH 6.3 Fig. 1 . Reverse

Ž qtranshydogenation the reduction of AcPdAD by
.NADPH was much faster than the forward reaction,

but it also had a bell-shaped pH dependence with an

Fig. 1. The pH dependence of forward transhydrogenation in
uncoupled chromatophores, and in illuminated, coupled chro-
matophores, from R. rubrum. Experiments were performed at
258C in 50 mM NaCl, 2 mM Na–succinate, 20 mM Mes, 20 mM

ŽMops, 20 mM Tris, 20 mM Ches at the pH values shown using
. y1KOH . Oligomycin was present at 1 mg ml , NADH at 167

mM, thio–NADPq at 162 mM, transhydrogenase-overexpressing
chromatophores at 0.73 mM bacteriochlorophyll, purified recom-
binant domain I at 21 nM. Carbonylcyanide-p-trifluorometho-

Ž .xyphenylhydrazone 1 mM was added to assay media used with
Ž .darkened chromatophores v but not those with illuminated

Ž .chromatophores ` .

Ž .optimum at pH 7.1 Fig. 2 . As previously reported,
the reduction of AcPdADq with a combination of
NADPH and NADH was faster still. In principle, the
reduction of AcPdADq under these conditions might
result from both simple reverse transhydrogenation

w xand from the cyclic reaction 10,11 . To estimate the
relative contributions, the rate of NADPq formation
was measured at the same time as the net rate of
AcPdADq reduction. Fig. 3A shows that the rate of
NADPH oxidation was insignificant relative to the
rate of AcPdADH formation, i.e., NADH was the
source of reducing equivalents for the AcPdADq

reduction, the cyclic reaction was totally dominant.
The reduction of AcPdADq by this route had a much
broader pH optimum than either of the simple, linear
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Fig. 2. The pH dependence of reverse transhydrogenation in
uncoupled chromatophores, and in illuminated, coupled chro-
matophores, from R. rubrum. Conditions as in Fig. 1, except that
the chromatophores were present at 0.83 mM bacteriochlorophyll,
and the nucleotides were 204 mM NADPH and 200 mM
AcPdADq.

Ž .reactions Fig. 4 . The rate was maximal at pH
6.0–6.5. At higher pH values, it decreased a little
over the range 7.0–8.0 and then declined further at
pH)8.5.

In Section 4, we shall put forward the proposition
that the relationship between the cyclic reaction and
the simple forward and reverse transhydrogenation
reactions is essentially similar in the R. rubrum and
E. coli enzymes, but that different values of some
rate constants dramatically change the apparent be-

Ž .havior. As an illustration of this, Fig. 3B cf. Fig. 3A
shows that in E. coli transhydrogenase the reduction
of AcPdADq by a combination of NADPH and
NADH was dominated by the cyclic reaction only at

Ž qlow pH the rate of NADP formation was low
q .relative to the rate of AcPdAD reduction . At around

pH 7, the rate of NADPq formation was equivalent
to the rate of AcPdADq reduced, i.e., the reaction

proceeds via simple reverse transhydrogenation. This
w xfigure also confirms earlier results 5 in that it shows

that, with E. coli transhydrogenase, the reduction of
AcPdADq by the combination of NADPH and NADH
is half-attenuated at about 6.5, some 2–2.5 units less

Ž .than with the R. rubrum enzyme Fig. 4 .
Note, that for the reverse and forward transhydro-

genation reactions described in Figs. 1 and 2, the
nucleotide concentrations were close to saturation.
Approximate K app values obtained at selected valuesm

of the medium pH for R. rubrum transhydrogenase
w xare given Table 1. As discussed 11 , it is difficult to

determine the true K app of substrates for the cyclicm

reaction because of substrate inhibition. However, the
profiles of the rate of the cyclic reaction versus either
NADH or AcPdADq concentration changed very

Ž .little with pH data not shown , and we can therefore
assume that the rates measured in Fig. 4 are a reliable
reflection of V values. To confirm that the reac-max

tions measured in Figs. 1–4 originated only from
transhydrogenase, some experiments at key pH val-
ues were performed using domain I-depleted chro-
matophores in the absence, and in the presence, of

Ž .recombinant domain I data not shown .
Figs. 1, 2 and 4 also include data from parallel

experiments recorded with illuminated chromato-
phore membranes in the absence of FCCP. The resul-
tant D p under these conditions had a pronounced
stimulatory effect on the rate of forward transhydro-

Ž .genation Fig. 1 . The resulting profile remained
bell-shaped, but its maximum was shifted to about
pH 7.4. The imposition of a D p led to strong inhibi-

Ž .tion of reverse transhydrogenation Fig. 2 , but the
effect was almost independent of the pH of the
medium, with the optimum remaining at about pH
7.1. Presumably, inhibition by D p of AcPdADq

reduction by NADPH is a simple reflection of the
thermodynamic reversibility of the pump. In contrast
to forward and reverse transhydrogenation, the cyclic
reaction was entirely unaffected by illumination at

Ž .any value of the medium pH Fig. 4 .

3.2. The pH dependences of detergent-dispersed
transhydrogenase from R. rubrum

To date, we have been unable to obtain a pure,
detergent-dispersed preparation of the domain IIrIII

Ž w x.protein i.e., the PntABrPntB protein 15 of trans-
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Fig. 3. Contributions from reverse and from cyclic transhydrogenation to the reduction of AcPdADq in the presence of both NADH and
Ž . Ž . Ž .NADPH by A R. rubrum and B E. coli transhydrogenase. A Conditions as in Fig. 1, except that the chromatophores were present at

0.35 mM bacteriochlorophyll, and the nucleotides were 100 mM NADH, 50 mM NADPH and 200 mM AcPdADq. The experiment was
q Ž .performed in the dark in the presence of the uncoupler. The reduction of AcPdAD ` was measured spectrophotometrically in real

q Ž .time, and the formation of NADP v was measured after perchloric acid precipitation of the enzyme followed by fluorimetric assay, as
Ž .described in the Section 2. B The experiment was performed at 308C in 20 mM Mes, 20 mM Mops at the pH values shown, and the

nucleotides were 200 mM NADPH, 50 mM NADH, 120 mM AcPdADq. Liposomes inlaid with purified E. coli transhydrogenase were
added to give a protein concentration of 2.4 mg mly1 and uncoupled with 5 mM carbonylcyanide-p-trifluoromethoxyphenylhydrazone.

q q Ž . Ž .AcPdAD reduction and NADP formation were measured as in A see Section 2 .

Table 1
The pH dependence of the Michaelis constants of transhydrogenase preparations from R. rubrum

Ž . Ž .Preparation Reaction pH K NADP H K NAD Hm m
Ž . Ž .species or analogue mM species or analogue mM

qChromatophores NADH™sNADP 6.0 5 9
qChromatophores NADH™sNADP 6.5 4 10

qChromatophores NADPH™AcPdAD 7.0 17 26
qChromatophores NADPH™AcPdAD 8.5 80 25
qI:III complex NADPH™AcPdAD 6.1 -5 7
qI:III complex NADPH™AcPdAD 7.0 -5 5
qI:III complex NADPH™AcPdAD 8.1 -5 10

The chromatophore experiments were performed as described in Figs. 1 and 2, and the I:III complex experiments as in Fig. 7. In each
experiment, the concentration of one nucleotide substrate was varied while the other was maintained at a saturating concentration at the

Ž . q qrequired pH. K values were calculated using Enzfitter Elsevier, Cambridge . sNADP s thio–NADP .m
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Fig. 4. The pH dependence of cyclic transhydrogenation in
uncoupled chromatophores, and in illuminated, coupled chro-
matophores, from R. rubrum. Conditions as in Fig. 1, except that
the chromatophores were present at 1.0 mM bacteriochlorophyll,
the oligomycin was 0.66 mg mly1 and the nucleotides were 100
mM NADH, 136 mM NADPH and 200 mM AcPdADq.

Žhydrogenase from membranes of R. rubrum see
w x.21 . As explained on the earlier occasion, solubiliza-
tion of the protein can be achieved with a surpris-

Žingly limited number of detergents and see also
w x.28 . The purification procedure described in Section
2 represents an improvement on our earlier attempts,

Ž .but the expected observation of PntAB 14.9 kDa
Ž .and PntB 47.8 kDa on SDS–PAGE was compli-

cated by the presence of contaminating polypeptides
Ž .results not shown . Even so, the partially-purified
material, when reconstituted with purified recombi-
nant domain I protein, catalyzed forward, reverse and
cyclic transhydrogenation at substantial rates. Fig. 5
shows the rates of reduction of AcPdADq with
NADPH during a titration.

The pH dependences of the forward, reverse and
cyclic transhydrogenase activities of the reconsti-

Ž .tuted, detergent-dispersed protein Fig. 6 were simi-

lar in character to those found for uncoupled chro-
Ž .matophore membranes see above . Thus, forward

and reverse transhydrogenation had bell-shaped pro-
files with maxima at pH 6.7 and 7.3, respectively,
and the rate of the cyclic reaction was greatest at low
pH and declined monotonically with increasing pH. It
is also significant that in both chromatophore mem-
branes, and in the reconstituted, detergent-dispersed
enzyme, the reverse and forward reactions were only

Ž .several-fold slower than the cyclic reaction Fig. 6 ,
Žw xwhereas in the domain I:III complex 17 and see

.below simple linear transhydrogenation was )
1000-fold slower than the cyclic reaction.

3.3. The pH dependences of the I:III complex of
transhydrogenase from R. rubrum

The pH dependences of the reverse and cyclic
reactions catalyzed by the domain I:III complex of R.
rubrum transhydrogenase are shown in Fig. 7. Exper-
iments with this complex must be carried out with
due regard to its transitory nature. Thus, during the

w xreverse reaction under standard conditions 17 the
rate of association and dissociation of the two sub-
units, and the rate of hydride transfer, are consider-
ably faster than the rate-limiting step in catalysis of

q Ž y1.NADP release 0.03 s . That is, domain I bearing

Fig. 5. The rate of AcPdADq reduction by NADPH during a
titration of partially purified domain IIrIII complex with recom-
binant domain I. Experiments were performed at 258C in a
solution containing 50 mM KCl, 2 mM MgCl , 20 mM Mops,2

pH 7.0, 200 mM NADPH, 200 mM AcPdADq. The concentra-
tion of partially purified domain IIrIII protein was 2.4 mg mly1,
and that of purified recombinant domain I protein was as shown.
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Fig. 6. The pH dependences of forward, reverse and cyclic
transhydrogenation in detergent dispersed preparations of R.
rubrum transhydrogenase. The reverse and cyclic reactions were
measured at 258C in a medium containing 50 mM NaCl, 2 mM
MgCl , 20 mM Mes, 20 mM Tris, 20 mM Mops, 20 mM Ches,2

Ž .at the pH values shown using KOH . Reverse transhydrogena-
Ž . qtion ' was measured with 200 mM AcPdAD , 200 mM

NADPH, 2.4 mg mly1 partially purified domain IIrIII protein
Ž .and 64 nM purified domain I. Cyclic transhydrogenation v was

measured with 200 mM AcPdADq, 100 mM NADH and 20 mM
NADPH, 1.2 mg mly1 partially purified domain IIrIII protein

Ž .and 32 nM purified domain I. Forward transhydrogenation `
was measured in a medium containing 4 mM MgCl , 50 mM2

Mops, 50 mM Mes, at the pH shown, and 100 mM NADH, 100
mM thio–NADPq, 12 mg mly1 partially purified domain IIrIII
protein and 160 nM purified domain I.

fresh AcPdADq can visit many domain III molecules
during the time taken for the release of NADPq from
domain III. For the reverse reaction, throughout the
pH range investigated in Fig. 7, domain I was present
in excess, and therefore rates are expressed relative to
the turnover of domain III. Furthermore, the rates
were measured following the pre-steady-state burst of

Ž .transhydrogenation -1 s , a phenomenon which
also results from the disparity between the rapid rates
of docking and of hydride transfer, and the slow rate

q w xof NADP release 17 . The bell-shaped pH depen-
dence of the reverse reaction, as catalyzed by the

Ž .preparations of complete enzyme see above , was
not evident with the domain I:III complex. Instead
the reaction was much less dependent on pH; the rate

Žwas highest at pH 6.0 below which protein aggrega-
.tion limited further measurements and declined only

by about 50% over the pH range 6.0–10.0.
In contrast to the situation with the reverse reac-

tion, the pH dependence of the cyclic reaction cat-
Ž .alyzed by the domain I:III complexes Fig. 7 bore a

resemblance to that observed for the complete en-
Ž .zyme Fig. 4 ; the rate was maximal between pH

6.0–7.5 and was suppressed at high pH as a group
with an apparent pK f9.1 was deprotonated. Thea

cyclic reaction in Fig. 7 was measured with domain
III in excess, and rates are expressed relative to the
turnover of domain I.

The domain I:III complex catalyses forward trans-
hydrogenation only at extremely low rates; it is lim-

Fig. 7. The pH dependences of the reverse and cyclic reactions in
recombinant domain I:III complexes of R. rubrum transhydro-
genase. Experiments were performed at 258C in 50 mM KCl, 2
mM MgCl , 50 mM Kq–acetate, 20 mM Mes, 20 mM Mops, 202

mM Tris, 20 mM Ches; the pH was adjusted with either HCl or
NaOH to the value shown. The reverse reaction was measured in
the presence of 100 mM AcPdADq and 100 mM NADPH. The
domain I concentration was 325 nM, and domain III, 1427 nM;
under these conditions domain III was saturated with domain I
w x17 . The cyclic reaction was measured in the presence of 200
mM AcPdADq, 100 mM NADH and 20 mM NADPq. The
domain I concentration was 7.16 nM, and domain III, 1142 nM;
under these conditions domain I was saturated with domain III at

Ž w x.all values of the medium pH see text and 17 .
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Žited by the very slow release of NADPH or thio–
. w xNADPH from domain III 17 . The large amounts of

protein required to measure the rate of the forward
reaction and the large experimental error preclude an
analysis of the pH dependence at present. However, it
was shown that at pH 7.0 and 8.0 the rates of
thio–NADPq reduction by NADH were similar, at
ca. 0.02 mmol mmoly1 domain III miny1.

Controls with the domain I:III complex again es-
tablished that the nucleotide substrates in the linear
transhydrogenation reactions in the above experi-
ments were close to saturation; K app values are givenm

in Table 1.

3.4. The pH dependences of NADP q and NADPH
release from isolated recombinant domain III of
transhydrogenase from R. rubrum

It was shown that NADPq and NADPH bind very
tightly to isolated domain III of R. rubrum trans-

w xhydrogenase 17 . Even the purified recombinant pro-
tein is associated with tightly-bound NADPq and
NADPH. The bound nucleotide is catalytically active
as shown by the fluorescence decrease at 450–460
nm following addition of domain I plus AcPdADq.
The first order rate constants for the release of the
tightly bound NADPH and NADPq at neutral pH are
ca. 6=10y4 and 0.03 sy1, respectively. The similar-
ity of these values to the k values for forward andcat

Table 2
The pH dependence of the rates of release of NADPq and
NADPH from recombinant domain III of transhydrogenase from
R. rubrum

q y1 y1Ž . Ž .pH NADP release s NADPH release s
y2 y47.0 2.7=10 7.7=10
y2 y49.0 2.2=10 5.4=10

Experiments were performed at 258C in 3 mM MgCl , 20 mM2
Ž . qMops, 20 mM Tris at the pH shown NaOH . NADP release

was measured from the fluorescence change resulting from addi-
Ž .tion of domain III protein 1 mM to the above medium, supple-

mented with 2 mM iso-citrate and 0.1 U iso-citrate dehydroge-
Ž .nase NADP-linked porcine heart, type IV, Sigma . NADPH

release was measured from the fluorescence change resulting
Ž .from addition of domain III protein 1 mM to the same medium,

but supplemented with 2 mM oxidized glutathione and 0.6 U
glutathione reductase. Control experiments showed that, in each
case, the enzyme system used for oxidizing or reducing the

Ž .NADP H did not limit the change in fluorescence.

reverse transhydrogenation by the domain I:III com-
plex, indicates that the linear transhydrogenation re-
actions are limited mainly by the rate of release of
NADPH and NADPq, respectively. Unfortunately,
the method for measuring the rate of nucleotide
release from domain III is constrained by the limita-

Ž .tions of the trapping systems used see Section 2 ,
i.e., by the pH dependences of the trapping enzymes.
However, Table 2 shows that within the measurable

Ž .range pH 7.0–9.0 the rate constants for the release
of NADPq and NADPH did not change significantly.

4. Discussion

4.1. Cyclic transhydrogenation is not coupled to pro-
ton translocation

We proposed that cyclic transhydrogenation takes
place without any accompanying proton translocation
w x5,8 . Our model is illustrated in the scheme shown in
Fig. 8, where the cyclic reaction proceeds only by
way of the E)) states. This view contrasts with an

w xalternative proposal 7 in which it was suggested
that, during the cyclic reaction, reduction of

q Ž .AcPdAD by NADPH on the enzyme is coupled to
proton translocation from the n-phase to the p-phase,

q Žand then oxidation of NADH by NADP on the
.enzyme is coupled to proton translocation in the

opposite direction, from the p-phase to the n-phase. If
the latter view were correct, then imposition of D p
during the cyclic reaction would lead to inhibition of
the steps involving the reduction of AcPdADq by
NADPH, and to stimulation of those involving the
oxidation of NADH by NADPq. Unless, fortuitously,
inhibition of the one were precisely complemented by
stimulation of the other, then there should be a net

Ž .effect of D p either inhibitory or stimulatory on the
overall rate of the cyclic reaction. In fact, upon

Ž .imposition of D p i.e., upon illumination neither
inhibition nor stimulation of the cyclic transhydro-
genation reaction was observed, whatever the pH
Ž .Fig. 4 . The possibility of fortuitous cancellation of
inhibition and stimulation in different parts of the
cyclic pathway can be eliminated. Firstly, note that
steady-state forward and steady-state reverse transhy-

Ž qdrogenation are strongly stimulated thio–NADP
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ŽFig. 8. Hypothetical mechanism of coupling between transhydrogenation and proton translocation. ‘Reverse’ transhydrogenation with the
q q q.NAD analogue, acetylpyridine adenine dinucleotide, APAD sAcPdAD is shown on the left, proceeding from top to bottom, and

‘forward’ transhydrogenation on the right, proceeding from bottom to top. Hydride transfer can take place in ternary complexes involving
)) Ž q ) ) ) ) q. ) Žthe E states e.g., AcPdAD .E )NADPH and NADH.E )NADP , but not in ternary complexes involving E states e.g.,

q ) ) q. ))AcPdAD .E .NADPH and NADH.E .NADP . The ‘cyclic reaction’ proceeds via the E states and the dotted lines across the center
Ž q .of the scheme. In the E state no bound NADP or NADPH the protein cannot bind protons at its catalytic center, either because the pKa

w x ) Žis very low 5 , or because of physical barriers to proton conduction. In the E state the protein can bind protons from the solvent from
) ) q. )) )the n-phase in E .NADPH, and from the p-phase in E .NADP . The E state is generated from E as a result of protonation and the

associated conformational rearrangement. Hq and Hq represent protons in the negative and positive aqueous phases on either side of then p
Ž .membrane in chromatophores, n is the outside, p, the inside . The domain I nucleotide-binding site is on the left of the E symbols, the

domain III binding site on the right. The P symbol signifies that a nucleotide ligand is in rapid exchange with the enzyme; the ) symbol
signifies very slow exchange. Note that the NADqrNADH and APADqrAPADH are in fast exchange with all intermediate states of the

Ž . q )enzyme only the bound states are shown , but NADP rNADPH are in fast exchange with the enzyme in its ErE configuration, and in
very slow exchange with the E)) state. This is fully consistent with experiments indicating that nucleotide addition during reverse

w x w xtranshydrogenation is random 38–40 . The scheme differs from one presented earlier 5 ; we now recognize that the protonation step is
Ž .not fast in transhydrogenase from all species see text . Thus, in the R. rubrum enzyme, especially in the isolated I:III complex, the

conformational change and accompanying protonation step, E)°E)) are relatively slow.

.reduction by NADH, Fig. 1 , or strongly inhibited
Ž q .AcPdAD reduction by NADPH, Fig. 2 , by D p.
This indicates that the proton translocating steps are
not far from equilibrium with D p. Now observe that
the pH dependence of the stimulation of forward

Ž .transhydrogenation by D p Fig. 1 differs from that
for the inhibition of reverse transhydrogenation by

Ž .D p Fig. 2 . Thus, according to the alternative model
w x7 we should expect some differential effects of D p
on cyclic transhydrogenation at different pH values.
There were none, and we conclude that the cyclic

reaction, with its two associated hydride transfer
steps, is not accompanied by proton translocation.
These observations provide the first experimental
evidence that hydride transfer in transhydrogenase is
not directly involved in the energy coupling mecha-
nism.

Note that the argument advanced above is not
affected by the fact that the value of D p achieved

Žduring illumination is pH-dependent that relationship
will be determined by the dependences on pH of the
proton leak and the light-driven electron transport
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.reactions . The crucial observation is the differential
effect of D p at some values of the suspension pH on
forward and reverse transhydrogenation, compared
with the complete lack of effect of D p on the cyclic
reaction at any pH.

4.2. pH dependences of the reactions of the complete
transhydrogenase from R. rubrum, and a comparison
with the enzymes from E. coli and mitochondria

It was suggested that the bell-shaped curves of the
pH dependences of the reverse and forward reactions
of the complete detergent-dispersed E. coli trans-
hydrogenase might reflect titration curves of the pro-
ton-bindingrproton-release components of the

w xtranslocation process 5,8 . The pH dependences of
forward and reverse transhydrogenation in the com-

Žplete R. rubrum enzyme both uncoupled, mem-
brane-bound, Figs. 1 and 2, and detergent-solubilized,

.Fig. 6 , are similar to those for the E. coli enzyme,
Ž .and can be explained in the same way see Fig. 8 . At

low pH, the reactions are attenuated as proton release
accompanying the E)) ™E) conversion is sup-
pressed, thus decreasing the rate of NADPH release
during forward transhydrogenation, and of NADPq

Žrelease during the reverse reaction. At high pH dur-
.ing either forward or reverse transhydrogenation ,

failure to protonate E) blocks formation of the E))

state.
In contrast, the pH dependences of the cyclic

reaction are quite different in the transhydrogenases
w x Ž .of E. coli 5 and R. rubrum Figs. 3 and 4 . In the

former the cyclic reaction is attenuated with an ap-
parent pK at about 6.5, which coincides with thea

apparent pK values measured during forward anda

reverse transhydrogenation, but in the latter the titra-
tion is distorted, and the reaction disappears with an

Ž .apparent pK ca. 8.3 , much greater than thosea

observed for the forward and reverse reactions. Pre-
sumably the coupling mechanism is essentially the
same in the two enzymes, and identical functional
groups with similar pK values, are responsible fora

the central proton binding–release reactions. The dif-
ference in behavior can be explained if the conforma-

Žtional rearrangement as distinct from the protonation
. ) ))reaction , which is involved in the E °E inter-

Žconversion has a different equilibrium constant this
w x.will affect the observed pK 29 , and is slowera

relative to Hy transfer in R. rubrum transhydro-
genase than in the E. coli enzyme. The different Keq

would explain why the pK associated with thea

cyclic reaction is higher in R. rubrum than in E. coli
transhydrogenase: since there is no proton

Žbindingrrelease during cyclic transhydrogenation see
.above , the rate is only dependent on the ratio of

E))rE) at equilibrium. The notion that the confor-
mational rearrangement and associated protonationr
deprotonation are relatively slow in R. rubrum trans-
hydrogenase and fast in the E. coli enzyme would
explain why, in the former, the apparent pK ’s fora

Ž )cyclic and for forwardrreverse are different E and
)) .E do not reach equilibrium during catalysis , but

Ž ) ))in the latter they are the same E and E do reach
.equilibrium . Giving support to this idea, Fig. 3

shows that with R. rubrum transhydrogenase in the
presence of NADPH and NADH, the reduction of
AcPdADq is completely cyclic, there is no signifi-
cant release of NADPq. However, with the E. coli
enzyme in similar conditions, an appreciable propor-

q Žtion of the AcPdAD reduction e.g., ca. 30% at pH
. q6.5 is accompanied by NADP release.
Available information on mitochondrial trans-

hydrogenase is also accommodated by the scheme
shown in Fig. 8, but in this enzyme the balance of the
rate constants is a little different to that for the
bacterial proteins, and for reasons that are not yet
clear, the reactions catalyzed by isolated mitochon-
drial transhydrogenase are more sensitive to specific
ion effects, and to inhibition during prolonged incu-

w xbation with NADPH 9 . A notable feature is that the
processes involved in the binding and release of
NADPq from mitochondrial transhydrogenase are
faster relative to the hydride transfer reactions, and
thus the interconversion of intermediates such as
E)).NADPq and E).NADPq is more sensitive to
the proton electrochemical potential of the p-phase,
than the equivalent process in the E. coli and R.

Ž .rubrum enzymes. This has several consequences. i
ŽThe detergent-dispersed mitochondrial enzyme when

.not subjected to prolonged incubation with NADPH
catalyses an NADPq-dependent reduction of
AcPdADq by NADH, but not an NADPH-dependent
reaction, i.e., the cyclic reaction is incomplete due to

q w x Ž .relatively fast NADP release 9 . ii The rate of
reverse transhydrogenation in liposomes inlaid with
the mitochondrial enzyme is subjected to very exten-
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Žsive control by D p )50 fold changes in rate upon
w xaddition of uncoupler 9,30 compared with about 1.5

Žfold in darkened R. rubrum chromatophores Bi-
.zouarn, unpublished results , and at most 3 fold in

proteoliposomes prepared with E. coli transhydro-
Žw x . Ž .genase 7 and Stilwell, unpublished results . iii

With NADH, NADPH and AcPdADq as substrates,
there is a pronounced shift from the cyclic reaction to
simple reverse transhydrogenation when uncoupler is

w xadded to the mitochondrial proteoliposomes 30,31 .
Ž . q qiv With NADH, NADP and AcPdAD as sub-
strates the cyclic reaction cannot proceed unless D p
Ž . w xnegative inside is dissipated by ionophore 9 . We
make a distinction between the lack of effect of D p
on the rate of the cyclic reaction in R. rubrum

Ž .transhydrogenase see above and Fig. 4 , and the
switching effect of D p in the mitochondrial enzyme
w x9 . In the case of mitochondrial transhydrogenase,
the NADPH-dependent cyclic reaction requires a high

Žproton potential inside the liposome resulting from
inward proton translocation accompanying NADPH

q. q™AcPdAD to prevent release of NADP and to
maintain the enzyme in the E)) state. Equivalently,
the NADPq-dependent cyclic reaction requires dissi-

Žpation of the negative internal proton potential re-
sulting from outward proton translocation accompa-

q.nying NADH™NADP to promote formation of
the E)) state. The rates of the hydride transfer
reactions per se also of mitochondrial transhydro-

Žgenase are still predicted to be unaffected by D p see
.above , but this remains to be established.

4.3. pH dependences of the reactions catalyzed by the
domain I:III complex of R. rubrum transhydrogenase

The fact that the rates of the cyclic reaction are
similar in the complete R. rubrum transhydrogenase,
and in the domain I:III complex, indicates that the

w xreaction proceeds by the same pathway in both 17 .
The observations on the pH dependences, described
in this communication, can be explained in two gen-
eral ways.

Firstly, the similarity between the pH dependences
Žof the cyclic reaction in the complete enzyme Figs. 4

. Ž .and 6 and in the I:III complex Fig. 7 might suggest
that the same acid–base group regulates the reaction

Ž .in both systems. In the context of the model Fig. 8 ,
this implies that the protonationrdeprotonation reac-

tions accompanying the E) °E)) transition take
place in the domain I:III complex. Domain II would
be essentially a channel or ‘wire’ to conduct protons
across the membrane to or from the energy transduc-
ing reactions located in the peripheral subunits. Note,
however, that since NADPq and NADPH are bound
much more tightly in the I:III complex than in the
deenergized complete enzyme, it would be a require-
ment that interactions with domain II change the

Ž .ground-state i.e., uncoupled affinity of domain III
w xfor these nucleotides 17 . The fact that the bell-shaped

dependence of the rates of reverse transhydrogenation
in the complete enzyme is lost in the mixture of the

Ž .recombinant domains I and III Fig. 7 , the reaction
catalyzed by the I:III complex is only weakly depen-
dent on pH, and the fact that within the accessible
range the rates of NADPq and NADPH release from

Žisolated domain III are also pH independent Table
.2 , are clearly consistent with one another, because

the rates of forward and reverse transhydrogenation
by the I:III complex are strongly limited by the rates

q w xof release of NADPH and NADP , respectively 17 .
The loss of pH dependence is explained if the re-

Ž . Žtarded NADP H release from isolated domain III
.relative to that from the complete enzyme results

from a decrease in the rate of a component step in
nucleotide release that does not involve deprotonation
Že.g., one of the conformational rearrangements at the

)).level of E .
Alternatively, the substantial loss of pH depen-

dence for simple reverse transhydrogenation in the
I:III complex, compared with that in the complete

Ž .enzyme Fig. 7 vs. Figs. 2 and 6 , might imply that
the reaction in the complex is not associated with the
input and output of protons. Either proton input and
output pathways to domains I:III are available only
through specific interactions with domain II, or free
energy released during Hq flux through domain II is
conformationally transmitted to domains IrIII to drive
the transhydrogenation reaction. In either of these
cases, the apparent pK of the cyclic reaction ob-a

Ž .served in the I:III complex Fig. 7 would not be
associated with translocated protons, but with scalar
protonation. The extremely slow release of NADPq

and NADPH from isolated domain III would not
Žoccur by the physiological pathway which is perhaps

.blocked in the absence of domain II , but rather it
would proceed directly from the E)) state without
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the enzyme first passing through the proton release
step. However, also in this view of coupling the
cyclic reaction would still occur only by way of E)).

An important goal will be to discriminate between
these two alternatives, and establish whether domain
II serves only to direct the transmembrane proton
current into or out of the I:III complex, or whether
energy coupling takes place through conformational
interactions between the membranous and extramem-
branous regions of the protein.

4.4. The energetics of proton translocation by trans-
hydrogenase

Some aspects of the scheme shown in Fig. 8 which
relate to the energy coupling efficiency of trans-
hydrogenase require comment. We have previously

Ž .proposed that NAD H and domain I play only a
w xpassive role in transhydrogenation 5,8 . The nu-

cleotide simply acts as a hydride donor or acceptor,
its redox potential does not change during catalysis.
The K of isolated domain I for NADH is about 30d

mM, independent of pH, and that for NADq is about
w x300 mM 32 . We suppose that, throughout catalytic

Žtu rnover, these values and those for
q .AcPdAD rAcPdADH do not change, in Fig. 8 the

Ž q qdomain I nucleotides NAD , NADH, AcPdAD
.and AcPdADH are shown as being in rapid ex-

change with the protein in all the reaction intermedi-
ates. A surface loop of ca. 20 amino acid residues is
thought to close down on the nucleotide in domain I
and provide the appropriate environment for hydride
transfer, but this conformational change is clearly
linked to the binding of nucleotide, rather than proton

w xtranslocation 32–35 . The available evidence sug-
gests that the energy of D p is focused at the

Ž .NADP H -binding site. In forward transhydrogena-
tion the high proton potential of the p-phase, gener-
ated under physiological conditions by the action of
the respiratory or photosynthetic electron-transport
chains, leads to increased levels of NADH.E)) )
NADPq, and equivalently, the low proton potential
of the n-phase leads to depletion of NADq.E)) )

Ž .NADPH Fig. 8 , thus providing a driving force for
the hydride transfer reaction. In addition, the standard
redox potential of the NADPqrNADPH couple could
be raised within the E)) state by the destabilization
of bound NADPq relative to bound NADPH. For

example, if the protonation site were close, its inter-
action with the positive charge of the nicotinamide
ring of NADPq would favor reduction of the nu-

w x Ž .cleotide 1 . This would a smooth out the energy
profile of the reaction by minimizing differences in

w xthe concentrations of reaction intermediates 36 , and
Ž .b might provide the necessary chemical pathway
between the protonation reactions and the process of

Ž .NADP H binding.
The mechanism summarized in Fig. 8 neatly ac-

counts for a ca. 5 ms burst of forward transhydro-
genation that occurs at the onset of energization of

w xRhodobacter capsulatus membrane vesicles 37 .
Thus, before energization, the enzyme exists pre-
dominantly in the state, NADH.E).NADPq, and fur-
ther reaction is limited by the low value of D p. As
D p is driven to an elevated value, the resulting
protonation of the enzyme promotes the hydride
transfer reaction to give NADH.E)) )NADPq, and

Žhence to the formation of NADPH on the enzyme as
q ) ) .NAD .E )NADPH , but further turnover is then

limited by the rate of release of NADPH or Hq.
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