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1. Introduction

Current schemes and models of electron transfer
in mitochondrial and photosynthetic energetics place
considerable importance on both the membrane
location of the components involved, and on whether
the reduction of the individual electron carriers
involves only an electron (and hence involves a net
charge change) or both an electron and a proton
(when the reduction is electrically neutral) (see refs.
1] and [2] for general articles). However, remark-
ably few direct experiments have been reported which
take both these factors into account. In particular, it
seems necessary to test whether redox components
which are proposed to act across membranes actually
do respond to the function (Ay or ApH) which they
are postulated to generate and maintain. The only
report in this area is by Hinkle and Mitchell [3] who
demonstrated alteration in the redox equilibrium
poise between cytochrome ¢ and a of mitochondria
as a function of membrane potential differences (Ay)
set up across the membrane by K* gradients in the
presence of valinomycin.

In this paper we report related studies on chromato-
phores from the photosynthetic bacterium Rhodo-
pseudomonas sphaeroides. In this organism the reaction
center protein occupies the membrane with some
portion of the protein in contact with the outer
aqueous phase {4—6]. Two cytochrome ¢, molecules
are functionally associated with the reaction center
[7] ; however, they are on the other side of the
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chromatophore membrane, occupying a position on
the inner membrane-aqueous interface [8]. Following
light excitation, the reaction center bacteriochloro-
phyll dimer (BChl), , forms (BChl), and leads to the
reduction of a ubiquinone-iron complex (QFe) form-
ing Q7 Fe (for more details, see ref. [9]). Since 1.0 H"
is incorporated into the chromatophore per single
turnover of each reaction center, this suggests that all
reaction centers direct electrons (via QFe) to the
ubiquinone complement functionally at the external
surface of the chromatophore [10]. The overall
reaction sequence, including the oxidation of one of
the cytochrome ¢, molecules on the inside, therefore
leads to ferricytochrome ¢,(") (BChl), Q=Fe (with
subsequent external H' binding) arranged across the
profile of the membrane. It has been proposed that
this sequence generates Ay across the chromatophore
membrane [7,10-13].

This report focuses on the influence of Ay on the
redox poise between cytochrome ¢, and (BChl), . The
redox midpoint potential (£, ) values of these redox
couples are 295 mV and 450 mV respectively and,
consistent with their proposed role in generating Ay,
it is known that electron transfer between them
involves the necessary charge transfer over at least
the pH 6—11 range [14,15].

There are several reasons why the method of
Hinkle and Mitchell is not immediately applicable
with chromatophores; for example, the E, difference
between (BChl), and cytochrome c, is rather large to
achieve good displays of redox equilibrium shifts
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induced by diffusion potentials. This is especially the
case if the cytochrome ¢, to (BChl), electron transfer
spans only part of the membrane, and if the maximum
reliable diffusion potential generatable is less than

200 mV (see fig.1B). Instead we have studied the

multiple, single-turnover flash activated redox reactions

of (BChl), and cytochrome ¢, in coupled chromato-
phores, where it is considered [11] that the first few

turnovers generate Ay values in the 400 mV region. In

order to estimate the Ay prevailing under the condi-
tions of these experiments, we have measured the
magnitude of the flash-induced carotenoid bandshift;
the bandshift was calibrated as an indicator of Ay
via K" gradient-induced diffusion potentials in the
presence of valinomyecin.
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2. Materials and methods

Cells of Rhodopseudomonas sphaeroides Ga were
grown anaerobically in the light with succinate as the
carbon source, and chromatophores were prepared
with a French pressure cell as described previously
[7], using a sodium and potassium-free medium
composed of 100 mM choline chioride buffered with
1 mM morpholinoethane sulfonate and adjusted to
pH 7.0 with tetramethyl ammonium hydroxide. Flash-
induced absorbance changes due to (BChi),, cyto-
chrome ¢, and carotenoid bandshift were measured
with the fast double beam spectrophotometer as
previously described (see ref. {7]). Redox potentio-
metry was carried out as described before (see [7,10,
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Fig.1. The multi-pulse kinetics of the carotenoid bandshift and membrane potential calibration estimated by potassium-pulsed
carotenoid bandshift in Rps. sphaeroides Ga. Part A. Flash-induced carotenoid bandshift. Chromatophores (reaction center
[BChl], concentration, 0.09 uM) were suspended in 20 mM morpholinopropane sulphonate buffer (pH 7.0), containing 100 mM
KCl and 1 mM MgCl, poised at a redox potential of 95 mV. Each flash (89% saturating, 6 us full width at half height) was fired
every 16 ms. The vertical scale is expressed in membrane potential (mV) calibrated as in B. The final concentration of FCCP,
when added, was 20 uM. Part B. Calibration of transmembrane potential by potassium-pulse. Chromatophores (reaction center
[BChl], concentration, 0.16 uM) were suspended in the sodium and potassium-free 20 mM morpholinopropane sulfonate buffer
(pH 7.0), containing 100 mM choline chloride. Experimental procedures were same as those in ref. [11]. Final concentration of
valinomycin was 1 uM. The lower abscissa indicates the calculated ratio of the final injected potassium ion concentration to that
which gave null change of carotenoid bandshift (in this case, the null change concentration was 52 uM) i.e., the final potassium
concentration of each point can be obtained by multiplying 52 uM by the value of the abscissa. The upper abscissa indicates

AV in-out calculated from the equation:

R
MVin_out = F In K* )1 /K -
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13,16]). The redox mediation dyes used were 2 uM
each of 2,3,5,6-tetramethylphenylene diamine,
N-methyl phenazonium methosulfate, NV-ethylphena-
zonium ethosulfate and approximately 100 uM of
potassium ferrocyanide. These low dye concentrations
did not have any significant effect on the reaction
time courses in millisecond-range measurements. All
measurements were made at a redox potential (£},)
value of 95 = 5 mV where maximal multiflash-induced
activity of the ubiquinone cytochrome b-c, oxido-
reductase and carotenoid bandshifts are encountered
(see ref. {15] for a review).

Calibration of the carotenoid bandshift as an indi-
cator of Ay was done by the K diffusion potential
method of Jackson and Crofts [11]. Figure 1A shows
the carotenoid bandshift induced by eight successive
flashes. The bandshift’s calibration is shown in fig.1B.
At Ay values greater than 180 mV (where reliable
diffusion potentials required in the calibration are
difficult to achieve), it is necessary to assume that the
calibration maintains linearity. Although we cannot
be certain, this assumption is not unreasonable; recent
studies [17] extended to below the abscissa of fig.1B
have shown that the linearity holds over at least a
total of 300 mV. The calibration indicates that the
first flash elicits a Ay change (inside minus outside)
of 140 mV. After the fourth or fifth flash a pulsed
steady state is established. There is small amount of
rapid decay occurring but this approaches completion
in the dark period between the flashes. The peak Ay
value indicated is as high as "400 mV, in good agree-
ment with previous findings during continuous
illumination [11,18]. The course of the collapse of
the state, consistent with its electrical nature, is
accelerated by uncouplers (see figure) or valinomycin
which, although not shown, is the same (see refs.
[11-13,15,19]).

3. Results and discussion

Figure 2 shows measurements on (BChl), and
cytochrome ¢, to determine their flash-induced
oxidation and subsequent dark reduction patterns.
The first four or five turnovers build up to a relatively
stable (and uncoupler or valinomycin sensitive) level
of oxidation with a rapid reductive phase which is
complete within approximately 10 ms of each flash.
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The actual extent of the relatively stable level of
oxidation is obtained by addition of antimycin which,
in drastically slowing cytochrome ¢, re-reduction,
provides the absorbance changes for 0—100% oxida-
tion of (BChl), and cytochrome ¢, . The data from
figs 1 and 2 are analyzed in detail in fig.3. Part A
shows simply the fractions of (BChl), and cytochrome
¢, stably oxidized after each flash, obtained from the
top and bottom traces in fig.2. In Part B, the extents
of oxidation of cytochrome ¢, and (BChl), are
presented in terms of their individual £}, values calcu-
lated from the data in Part A and the resting £
values of cytochrome ¢, (295 mV) and (BChl),
(450 mV). Viewed in this way, the individual £}, values
of the two redox couples are not the same during the
flash sequence, and by this criterion appear not to be
in equilibrium. However, if cytochrome ¢, is located
on the inside of the chromatophore vesicle [8] and
(BChl), is contained at some point X within the
membrane dielectric (X is O on the outside and 1.0 if
on the inside of the chromatophore) and if these
components are at equilibrium with the Ay, applica-
tion of the simple Nernst expressions to each compo-
nent is inadequate. Instead, an expression (see fig.3C)
is required that takes account of both the magnitude
of Ay after each turnover, and the relative positions
of the components within the membrane. A modified
presentation (after refs. [3,20]) is shown in fig.3
Part C. Here the Nernst expression is corrected for the
Ay given by the carotenoid bandshift in fig.1A and a
best fit for the relative positioning of (BChl), and
cytochrome ¢, in the membrane profile. £’} is defined
as the ‘local’ £}, relative to an external electrode.

With the exception of the first turnover [which
consistently yields a high ‘local’ E'h value for (BChl),
relative to that of cytochrome c,, (see legend of fig.3
for a comment)] there is a good agreement (< 15 mV)
in the £’} values of the two components after each
flash if X values of 0.6 and 1.0 are given to (BChl),
and cytochrome ¢, respectively. These results indi-
cate that the redox poise between (BChl), and cyto-
chrome ¢, is in equilibrium with the prevailing Ay.
As such, the results are consistent with the idea that
the 150 mV AE | between (BChl), and cytochrome ¢,
harnessed to the generation of charge separation
across the inner 40% of the low dielectric part of
the membrane profile.

The accuracy of the 40% value, taken from the
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Fig.2. The multi-pulse flash-induced kinetics of reaction center bacteriochlorophyll dimer (BChl),, and of cytochrome ¢, in
Rps. sphaeroides Ga. All conditions were the same as that in fig.1A, except that the measuring wavelengths were 605—540 nm
for (BChl), and 550—540 nm for cytochrome ¢, . In this figure and fig.3 (BChl), and cytochrome ¢, are abbreviated B,

and ¢, . Final concentration of antimycin A, when added, was 4 uM.
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Fig.3. Oxidation-reduction levels and redox potentials of (BChl), and ¢, 10 ms after flash. Part A. Percentages of oxidized form
of (BChl), (e,8) and cytochrome ¢, (c,0) 10 ms after each flash were calculated from the data in fig.2. Part B, £}, values
calculated from Part A using the equation shown. Part C. ‘Local’ E, values (£ 'h) calculated are shown using data from Part B of
this figure and fig.1 and X-values of 0.6 and 1.0 for (BChl), and cytochrome c,. X is relatively insensitive to measurement
errors; for example an error of £’y of 23 mV after the second or 37 mV after the sixth flashes would yield 0.1 difference in X.
The discrepancy after the first flash may arise from the high sensitivity of the Ey, value of (BChl), at low oxidation levels. It
could be accounted for by the small amount of absorbance decrease after the first flash which is evident even in the presence of
uncoupler; this area deserves a more detailed examination.
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Fig.4. The extents of the carotenoid bandshifts phases I and
I1 in Rps. sphaeroides. Chromatophores (reaction center
[BChl], concentration, 0.18 uM) taken from the same stock
suspension as that in fig.1,2, and 3 were suspended in the
same buffer as that in fig.1A. Antimycin A (4 uM) was
present to eliminate carotenoid bandshift phase III (see ref.
[7,13,15]). In Part A with chromatophores poised at an Eh
value of 385 mV where cytochrome ¢, is >95% chemically
oxidized and (BChl), is 90% reduced, the flash elicits only
the (BChl),* - Q- Fe reaction which generates a 90% yield
of carotenoid bandshift phase I. In Part B, at an £}, value of
200 mV, where cytochrome ¢, is also reduced before activa-
tion, the flash elicits both phases I and II resulting from the
formation of ¢yt ¢, (+) - (BChl), - Q- Fe.

X-value of (BChl),, is of course, contingent on the
accuracy of the Ay-value obtained from the carotenoid
bandshift. Although currently we do not have an
independent way of checking the Ay-values in these
experiments, there is an alternative way of estimating
the (BChl), position from the carotenoid bandshift.
This is shown in fig.4, and the experimental details
are described in the legend. The measurement is based
on the studies done by Dutton and co-workers [7,13,
15,16] who showed that the light-induced electrical
potential differences generated in the membrane
dielectric, as seen by the carotenoids, occurred in two
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successive steps. In Rps. sphaeroides, the first step
carotenoid bandshift phase I [7,13,15] is associated
with the photo-oxidation of (BChl), and the < 10~ s
halftime reduction of QFe. The second step (caro-
tenoid bandshift phase II)is associated with the
1075-107* s electron transfer from ferrocytochrome
¢, to the light generated (BChl)," . The two steps
identified are consistent with the above findings that
(BChl), is somewhere within the membrane dielectric,
since electric field alterations are registered by the
carotenoid for both steps. As such, the ratio of the
extent of phase I shown in fig.4 A to that of the sum
of phases I and II shown in fig.4B provides a value
for X; in this case the value is 0.54, which is reason-
ably close to the value obtained from the above
measurements of (BChl), and cytochrome ¢, and
estimated Ay. It is also in close agreement with data
taken from several previous studies in which caro-
tenoid bandshift phases I and II were resolved [7,13,
15] ; these also yield an X-value of 0.54 with a
standard error of 0.01 from six measurements done
on different preparations under different conditions.

From the above lines of evidence and the assump-
tion that the low dielectric part of the membrane
profile is homogeneous and is 40 A thick, we can
calculate a distance between cytochrome ¢, and
(BChl); in the profile of the membrane of 1618 A.
However, although there is general self-consistency
between the parameters we have measured, a detailed
quantitative examination will rest on the aquisition of
information on the local or average membrane
dielectric constant, and on the local concentrations
or the vectorial organization of the carotenoids.
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