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Nicotinamide nucleotide transhydrogenase from Rhodobacter
capsulatus; the H* /H ratio and the activation state of the
enzyme during reduction of acetyl pyridine adenine dinucleotide
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Chromatophores from Rhodobacter capsulatus were incubated in the dark with NADPH and accetylpyridincadenine dinucleotide
(AcPdAD ") in the presence of different concentrations of myxothiazol. The transhydrogenase activity was monitored until an
appropriate mass action ratio, [AcPdAD * [INADPi1]/[AcPAADHIINADP ' ], was reached. The sample was then illuminated and
the initial rate of cither ACPdAD * reduction by NADPH or AcPdADH oxidation by NADP ° was recorued. The ratio of H -
translocated per H™ cquivalent transferred by transhydrogenase was calculated from the value of the membrane potential
(4pH = 0) at which illumination caused no net reaction in cither direction. The mean value for the H' /H  ratio was (.55, At
greater values of [AcPdAD * INADPH]/[AcPdADH] [NADP * ] than were employed in the above experiments and over @ wider
range of concentrations of myxothiazol, it was found that incremental increases in the membrane potential always gave rise to a
decrease. never an increase in the rate of AcPdAD ™ reduction. In contrast to the H*-ATP synthase. there is no cvidence of any

activation / deactivation of H "-transhydrogenasc by the protonmotive force.

Introduction

H*-Thace. found in the inner membranes of mito-
chondria and the cytoplasmic membranes of many bac-
teria, catalyses the reduction of NADP™ by NADH.
The reaction, which is reversible. is coupied to the flux
of protons across the membrane:

NADH +NADP " + nH_,, = NAD " + NADPH + nH, h

where H_, and Hj, indicate that in the normal physio-
logical direction the reaction is driven by a proton-
motive force (1p) generated by respiratory or photo-
synthetic electron transport (see reviews [1-3]).
Central to our understanding of the coupling mech-
anism is an accurate measurement of the value of n
the ratio of H™ translocated to H™ transferred. There
have been several earlier attempts in different labora-
tories to estimate the H*/H™ ratio by both kinetic and

Abbreviati nucleotide H ™ -transhvdro-
genase: AcPdAD ", 3-acetyipyridineadenine dinucleotide: A¥. mem-
brane potential; dpH. transmembrane pH gradient.

Correspondence: J.B. Jackson, School of Biochemistry, University of
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equilibrium procedures [1.4-10) and a consensus has
been reached that the value may be 1.0. In this paper
we describe a new procedure for measuring the H™ /H
ratio. It is based on experiments which determine
precisely the conditions in which the H™-Thase reac-
tion and Ap are in equilibrium. We also re-examine
the reasons for adopting a consensus value of 1.0 for
the H"/H ratio.

The experiments were performed with everted
membrane vesicles, or chromatophores. from Rhodo-
bacter capsulatus which have an active H ™ -Thase [9.11].
In chromatophores. dp is conveniently generated by
the cyclic photosynthetic clectron transport system. The
electrical component (4¥) of the protonmotive force
can be measured by recording clectrochromic ab-
sorbance changes of intrinsic carotenoid pigments [17]
under co.ditions in which the chemical component
(ApH) is zero.

Analogue substrates are commonly used to measure
the reaction catalysed by H™-Thase. The reduction of
the NAD " analoguc, AcPdAD *. by NADPH. cquiva-
lent to the reverse «f Eqn. (1) can be measured at
around 375 nin. The methed that has been developed
here to measure the H* /JH ™ ratio also relies on the
fact that the standard redox potential of AcPdAD ™/
AcPdADH is approx. 70 mV more positive than that of
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NADP CNADPH 3L Thus, with the physiological
substrates even only moderate values ot Ap dead o
large values of the equilibrium mass action ratio.
[NADPHIINAD "1/ INADP JINADH]. and conse-
quently. errors in the measurement of the denominator
arc highly critical. However. when AcPdAD "/
AcPdADH replaces NAD T /NADH the reaction at
high d¥ is more centrally poised and theretore the
mass action ratio can be measured with greater accu-
racy.

These  propertics of the reaction. NADPH —
AcPdAD ", have also been exploited in the experi-
ments deseribed below to try to determine whether
H “-Thase can be “activated™ by Ap. There hinve been
suggestions that increases in dp might shift the ¢n-
zyme into a more active conformational state and that
this could partly explain the effect of Ap on the rate of
reaction in the forward direction [14.15] There is very
good evidence that another active consumer of 3p. the
F E-ATPase. is controlled in this manner. although
the mechanism of the enzyme activation is different in
ditferent organisms [16-18). The question as to whether
H -Thase is activated by 3p is addressed by examining
the dependence of the rate of reduction of AcPdAD ™.
when the chemical affinity of the reaction is veny high,
upon the value of dp.

Methods

Rb. capsulany strain 37b4 (from Dr. G. Drews, Univer-
sitv of Freiburg) was grown and chromatophores were
prepared (n a medium containing 1077 sucrose. 30
mM NaCl. 2 mM MgCl,. 50 mM Tricine-NaOH (pH
7.61) and assayed for bacteriochlorophyll concentration
as described [19].

The extinction cofficient of AcPAADH at 363 nm is
given as E=912 mM ' em ' (pH 9.5 and for
NADPH at 334 nni. E=6178 mM ' ecm ' (pH 7.6)
[13.20]. From these values and from the measured
absorbance spectra at defined pH. we caleulated the
extinction cocefficient at 375-455 nm for the reduction
of AcPdAD®  during simultancous  oxidation  of
NADPH to be 610 mM ' em ' (pH 7.6).

Stock  solutions of NADPH i 10 mM n-
cthanolamine-HCL (pH 7.6) were assayed using the
extinction coefficient given above and of AcPdAD ™ in
20 mM sodium phosphate (pH 7.5) using the extinction
coefficient at 260 nm, £ =1622mM 'cm ' [13]

The G for the reaction

ACPAADH + NADP * = AcPdAD " + NADPH

was caleulated from standard redox potentials for
ACPHAD " ACPEADH  and NADP/ NADPH of
=248 mV and - 320 mV. respectively {13}

Assays of AcPdAD " reduction by NADPH at 375-
455 nm were carried out at 3(° in a medium containing

109 suer-se 30 mM XL 2 mM Mg(l,o S0 mM
Tricine-KOH, (pH 7.6). 1.0 wg ml ' rotenone. 0.2 ug
ml ' venturicidin, 1.0 wg ml ' nigericin, chromato-
phores to 10 M bacteriochlorophyll and myxothiazol
and nucleotide concentrations given in the figure leg-
ends in a Shimadzu UV-3000 dual wavelength spectro-
photometer fitted with a high-power GaAlAs emitter
to provide actinic illumination [21]. Electrochromic ab-
sorbance changes of carotenoids were measured under
the same conditions but at 528-511 nm. The elec-
trochromic absorbance changes were calibrated in a
medium containing 10%7 sucrose, 30 mM NaCl, 2 mM
MeCl.. 50 mM Tricine-NaOH (pH 7.6) by applying
K “-diffusion potentials [22].
All nucleotides were purchased from Sigma.

Results

The H /1

Rb. capsulaties
The experimental procedure is demonstrated in Fig.

1. Traces ¢ and b show the time-course for the reduc-
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Fig. 1. The kincaes of H  transfer between AcPJAIXED and
NADP(H) and of 3¥ formation in ions of b
from Rb copsdutus. See Methods. Traces (a) and (b) represent the
reduction of AcPAAD " tupward direction) and traces (¢) and (d),
the formation of 3% In experniments (3) and (¢) the myxothiazol
concentration was H) oM and in experiments (b) and (d) it was 40
aM. Separate espeniments in the absence of nucleotides revealed
that the small. rapid absorbance decreases at the onset ot illumina-
fion in traces (@) and (b) were due 1o background changes in the

ch:omatophore pigments (not shown).




tion of AcPdAD " by NADPH by a dark suspension of
chromatophores of Rb. capsulatus. From an accurate
measurement of the starting concentrations of nu-
cleotides and from the relevant extinction coefficient
for AcPdAD ™ reduction during NADPH ovsidation (sce
Mcthods). the mass action ratio, [AcPdAD |-
[NADPH]/[AcPdADH] [NADP *]. can be calculated
throughout the course of the reaction. After an appro-
priate period of time the photosynthetic light was
switched on. The method relies on the assumption
that, if the value of Ap gencrated by photosynthetic
electron flow is large then the direction of the trans-
hydrogenase reaction will reverse (trom NADPH —
AcPdAD " to AcPdADH — NADP*) at the onsct of
illumination - sec traces a and c¢. I. on the other
hand, dp is small, then the transhydrogenase reaction
will continue in the direction NADPH — AcPdAD ™ -
see traces b and d. If the free energy available to the
H*-Thase from the transfer of nH* by the proton-
motive force (AG ¢y panos) is balanced by the chiemical
affinity for hydride transfer (1G y;4; ), then there will
be no net reaction.

3G yewon = - nFap
3G iiaw = 3G+ RT InfAcPUAD "~ [INADPH]
/IAcPdADHI][NADP " |
Hence.
AG + RT InfACPAAD * JINADPH]/[ACPAADH]INADP - |
=-nFip

from which. given 4p. n can be determined. Thus, in a
series of experiments similar to those shown in Fig. 1.
chromatophores were treated with different concentra-
tions of myxothi~zol specifically to inhibit the cy-
tochrome bhc, complex to limit the value of 3p gener-
ated by photosynthetic clectron transport (myxothiazol
had no direct effect on H ™ -Thase. as evidenced by the
kinetics of AcPdAD ~ reduction in the dark). For each
concentration of myxothiazol, the initiai rate of the
transhydrogenase reaction and the value of AY shortly
after the onset of illumination were recorded. The
results are plotted in Fig 2. Positive values of the
transhydrogenase rate represent the reaction in the
direction AcPdADH — NADP “and negative values
represent the reaction in the direction NADPH —
AcPdAD" Three different mass action ratios were
chosen by allowing the H -Thasc reaction to proceed
in the dark for 5. 8 or 10 min before switching on the
light. The value of n was calculated from the three sets
of data using the null points (AG = 0) estimated from
Fig. 2.
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Fig. 2. The H™ /H ratio of H -Thise in chromatophores from Rb
capsdunies. Experiments were performed as in Fig, 1. Positive valucs
of the transhydrogenase rate represent the reaction n the direction
AcP4ADH — NADP * and negative values represent the reaction in
the direction NADPH - AcPAAD ", a. the dark preincubation (in
the presence of nucleotides before illuminating) was for 5 min to
reach @ mass action ratio ot .14 @ the durk preincubation period
was for ¥ min 1o reach a mass action ratio of 4.86: W the dark
preincubation ime was tor 10 mun to reach @ mass action ratio of
833, The concentration of myxothiazol was vaned between 1 and 48
nM 1o achieve the given vaues of membrane potential during
illumination

There are several points to note in the context of
the experiments shown in Fig. 1 and the compilation of
data shown ia Fig. 2.

(a) All experiments were performed in the presence of
nigericin to climinate any contribution from dpH and
to ensure that A¥ was the sole contributor to Ap.

(b) The reference wavelength used in the measure-
nment of AcPdAD ™ was fine-tuned to 455 nm in the
ciperiments shown in order to minimisc any back-
ground absorbance changes arising from chromato-
phore pigments at the onset of illumination. The most
suitable reference. which was determined in control
cxperiments in the absence of nucleotides, varied
sligatly amongst different preparations.

(¢) The addition of AcPdAD™ and NADPH to the
dark suspension at the start of the experiment (Fig. 1,
traces ¢ and d). led to an increase in 3¥ duce to the
mward translocation of H™ by transhydrogenase, as
predicted by Egn. 1 and see Ref. 23, The values of A¥
used in Fig. 2 are all expressed relative to a zero value
established by addition of 1.0 uM carbonylcyanide-p-
trifluoromethoxyphenvlhydrazone at the end of the ex-
perimest.

(d) Dur.ng prolonged illumination A% slowly subsided
to a lower value (Fig. 1, Traces ¢ and d), a conse-
guence of poor redox poising in the system in the
absence of added reductant. This permitted the H™-
Thase reaction to revert gradually towards increased
rates in the direction of AcPdAD ™ reduction (Fig. 1,
Traces a and b). Because of this. and because it was
necessary to compile sets of data at the same mass
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action ratio, iwas essential to record the initial rates
at the onset of illumination. As is evident from the
figure, a period of approx. 15 < was required for an
accurate measurement of these rates and during such a
period AV declined in value. typically by approx. 107,
The mean value of AW after 2 s and 10 s of excitation
was taken in the construction of Fig. 20 any crror
incurred by this procedure was less than the range of
scatter on the data points in the figure.

H *-Thase does not appear to undergo dactivation by AW

Experiments similar to those shown in Fig. | were
performed with a shorter period of incubation in the
dark in the presence of nucleotides and therefore at a
larger mass action ratio at the point ol illumination.
The objeci was to ensure that at the onset of illumina-
tion the chemical affinity of the reaction was greatly in
favour of AcPAAD * reduction by NADPH (3¢ ranged
from —31800 to - 14800 joule deg ' mol ' in the
c.periments of Fig. 3), Morcover. the experiments were
carried out at higher concentrations of myxothiazol to
restrict more heavily the value of AY generated during
illumination. The rationale was that under these condi-
tions the thermodynamic tendency - the “driving foree’
effect of AV on the reaction — was minimised and the
hikelihood of revealing conformational activation of the
enzyme was increased.

Fig. 3 shows the dependence of the initial rate of
reduction of AcPdAD " at the onset of illumination
upon the value of 3%, The same convention as in Fig,
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Fig. 3. The dependence . ! the rate of AcPAAD " reduction with
NADPH by H -Thase fiom Rb. cuppudatus on AW, Experiments
were performed as in Figs. | and 2. - | the dark preincubation time
was 1 @ for 1 min: @, tor S min. The concentration of myxothia-
zol was varied between 0 and 200 nM to achieve the given values of
membrane potential during illumination. In contrast 1o Fig. 2. the
electrochromic absorbance changes of this preparation of chromato-
phores were not calibrated

2 is adopted. that is the rates of reduction of AcPdAD *
by NADPH are assigned negative values. The essential
obsenvation is that over the entire range of 1Y values
an increase in A% was always accompanied by a de-
crease. never an increase. in the rate of reduction of
AcPdAD " by NADPH.

Discussion

The procedure that we have used above to estimate
the H'/H ratio relies on precise determination of
the cquilibrium position between the H™-Thase reac-
tion and the protonmotive force. By approaching the
point at which the rate of AcPdAD ™ reduction by
NADPH is cqual to the rate of AcPdADH oxidation by
NADP " from both high and low values of Ap. the
tendency of the reaction to proceed is determined. At
the null point, 3G = 0 and the equilibrium assumption
should be justified. The actual rates of the transhydro-
genase reaction are not critical. only whether they are
positive or negative. By ciustering the experiments close
to the null point. an accurate indication of the equilib-
rium position was obtained. Since the membrane po-
tential is measured directly the value calculated for the
H'/H ratio is independent of the coupled state of
the membrance.

This method is complementary to the more conven-
tsonal cquilibrium procedure in which the nucleotide
substrates are incubated with cnergised membranes
and periodically assaved until their concentrations be-
come constant {10.24]. In those experiments the crite-
rion for attainment of equilibrium is that similar mass
action ratios are reached from both high and low
starting values. However. a significant problem with
that method is that it proves to be difficult to climinate
the NADH oxidase activity of chromatophore mem-
branes completely, even in the presence of high con-
centrations of rotenone. With the physiological sub-
strates the problem is especially acute since small er-
rors in the value of NAD ™ are critical in the calcula-
tion of n. An advantage of the present method is that
the caleulation procedure partly compensates for the
influcnce of residual NADH oxidase activity on the
miss action ratio. It does still suffer from the other
disadvantage mentioned [10). that a population of
chromatophores with uncoupled H*-Thase would lead
to an underestimate of the value of n.

The H™/H ratios for the three differeat sets of
experiments (three different mass action ratios) shown
in Fig. 2 are 0.64. 0.58 and 0.44, with a mean of 0.55.
This value is compared in Table 1 with others taken
from the literature. The methods to determine H* /H-
ratios for chromatophores of Rb. capsulatus have all
used clectrochromic absorbance changes as a measure
of A%¥. The ¢lectrochromic technique has proved reli-
able in a wide range of experiments and it is important
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H 21 ratios for seae hivdr genase

Biological matrial and reference H /H  ratio

Mitochondria
Earle and Fisher. 1980 [4] .84 (extrapolating to 1.0)
Wu et al.. 1981 }5] 0.73.0.64
Anderson et al.. 1981, {6] ti.o

Wu et al.. 1986 7] (.35-09

Hocek and Rydstrom. 1988 (1] (.73-0.89 *

Eytan et al.. 1987 [8} 1.0
Chromatophores from Rb. capsulatus

Cotton et al.. 1989 [9] 04

Jackson et al.. 1990 [10} 0.72

“almer and Jackson. this paper 1155

* Calculated from the range of 3p values normally measured n
submitochondrial particles.

to note that two unrelated calibration procedures in-
volving fundamentally different measurements have
been employed in the methods to estimate the H™ /H~
ratios. In the present work and in Ref. 10. the elec-
trochromic absorbance changes were calibrated using
K* diffusion potentials, whereas in Ref. 9 ionic cur-
rents measured by electrochromism were calibrated
from an estimate of the amount of charge translocated
across the chromatophore membranes during a single
turnover light flash. Even so. it should be appreciated
that error in the estimation of AY¥ will be directly
reflected in calculation of the value of n. The H™/H
ratios for mitochondrial H "-Thase from Fisher’s group
[4-7] in Table 1 were all determined in liposomes by
comparison of the rate of H™ uptake with the rate of
either AcPdAD ™ reduction or NAD " reduction by
NADPH. The measured values were less than those
shown in the table but. because initial rates were not
measured, an extrapolation to zero time was required
to estimate the “true” H™/H " ratio under conditions of
negligable proton efflux. However. the precise extrapo-
lation is difficult to justify. The values were also in-
flated by subtraction of valinomycin-independent trans-
hydrogenase activity, which was assumed to originate
from non-incorporated enzyme - sce Ref. 3. Table 1
includes a value of the H™/H ™ ratio - see Ref. 1 -
calculated on the basis of the equilibrium mass action
ratio for H*-Thase in submitochondrial particles [24]
and the range of values of dp that are normally
measured in this system (see Ref. 25). The H* /H
ratio of 1.0 by Eytan et al. [8] was calculated trom the
ratio of the rates of transhydrogenase and of ATP
hydrolysis, assuming that H™/ATP = 3 and that there
is no proton leak in co-reconstituted vesicles. Whether
or not these assumptions can be justificd remains to be
established.

Observations on the inhibitory effects of dicyclo-

e

hexylearbodiimide on H o transfer and H™ transloca-
tion by mitochondrial H '-Thase were taken to indicate
that the enzyme may slip” [26.27]0 but these results
were later called into guestion 128.29]. There is no
obvious trend in the values summarised in Table 1e.g..
low H”/H  ratios at high Ap) to suggest that the
spread of the data results from slip. Thus, it has
generally been assumed that the H'/H  ratio should
be an integer: 1.0 would be the most iikely stoichiom-
etry on the basis of the values shown in Table I The
errors and uncertaintics involved in the methods used
to date are such that a value of 1.0/is not inconceivable
However. the mean value of the H' /H  ratios shown
in Table 1is closer to 0.5 and consideration ought to be
given to the possibility that this is the actual value.
Plausible coupling mechanisms in which H™ transloca-
tion is directly involved in the chemistry of the H
transfer reaction (direct’ coupling - sec Ref. 3) de-
mand an H ™ /H " stoichiometry of 1.0 or greater. *Indi-
rect” coupling mechanisms in which conformational
changes link the H™ translocation reaction with H
transfer have hitherto invoked (or assumed) a stoi-
chiometry of L0 [30-32]. An H'/H ratio of 0.5
would impose major constraints on the naturc of the
energy coupling reaction but one way in which this
value could be accommodated takes into account the
fact that the H'-Thases of both mitochondria and of
E. coli 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 cat-
alytic sites in the monomers. This view is consistent
with the obsenations that mitochondrial H -Thase
displays “half of the sites reactivity’ with respect to
some covalent inhibitors {36.37].

The results of the experiments shown in Fig. 3 show
no evidence of any conformational activation of H -
Thase in Rb. capsudatus. When conditions were chosen
greatly to favour the reverse H o transfer reaction
(from NADPH 10 AcPdAD ") cven up to substantial
values of Ap. there was never any increase in the rate
of reaction for an incremental increase in dp. It un-
likeh on this basis that H ™ -Thase exists in a fow-activ-
ity form at low dp and in a high-activity form at high
Ap.ie. the enzyme is only controlled by Ap in the
sense that Ap provides the driving force for the reac-
tion. To date. we have not found any significant modi-
fying effect on the H™-Thase activity (in the forward
direction) in chromatophore membrances by a number
of metabolites. H "-Thase from Rb. capsulatus is. how-
ever. subject to pronounced product inhibition Ref. 38
and see Ref. 1. It is conceivable that under physio-
logical conditions in the cell. H™-Thase is subject to
the thermodynamic control of the nucleotide mass ac-
tion ratio and the value of Ap. and to kinetic control
only by the concentrations of the reactants and prod-
ucts.
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