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Rhodospirillum rubrum chromatophores associated with a planar phospholipid macromembrane by bivalent
cations in the presence of quinone, N,N,N’,N’-tetramethyl- p-phenylenediamine (TMPD) and ascorbate
generate a transmembrane electrical potential difference in the light. Photoelectrical activity is also observed
if chromatophores are preincubated with cytochrome c¢; the maximum values of responses are reached upon
subsequent addition of ascorbate and menadion in the absence of bivalent cations and TMPD. The
cytochrome c-dependent responses of the illuminated chromatophores are inhibited by Ca?* and prevented
by quinones. The possibility of cytochrome ¢ (c,) translocation across the chromatophore membrane and the
mechanism of charge transfer across the planar phospholipid membrane are discussed.

Introduction

The electrogenic cyclic chain in chromatophores
of the nonsulfur purple bacteria may function at
two regimes: (1) as a chain involving a complete
set of redox components and (2) as a shortened
chain involving only the P-870 bacteriochlorophyll
reaction center complex, ubiquinone and cyto-
chrome ¢, [1,2]. The data on electrochromic
changes in the carotenoid absorption spectrum
[3-5], on the dependence of millisecond (see Ref.
6) and nanosecond [7] bacteriochlorophyll afterg-
low on the membrane potential indicate that the
light-induced transmembrane electron transfer is
carried out by the ‘cytochrome ¢,-P-870 bacterio-
chlorophyll dimer — the intermediate short-lived
electron acceptor 1 — the primary (tightly bound)

* To whom reprint requests should be addressed
Abbreviation: TMPD, N,N,N’, N’-tetramethyl-p-phenylen-
ediamine.
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quinone’ system. Cytochrome c, is located on the
inner side of the chromatophore membrane [8,9],
and the primary quinone is arranged on its outer
side [3]. The secondary (loosely bound) quinone is
considered to be a transmembrane H' carrier
[10-12].

Electrical activity of chromatophores isolated
from purple and green bacteria was demonstrated
[11,12] by means of the direct electrometric method
[13]. When associated with a planar phospholipid
macromembrane separating two compartments
with electrolyte solutions, illuminated chromato-
phores generate an electrical potential difference
across the macromembrane.

The photoelectrical responses observed in the
chromatophore-planar membrane system increase
significantly after addition of quinones (1,4-naph-
thoquinone, menadion, ubiquinone) with TMPD
or phenazine methosulfate [11]. Quinones are nec-
essary because decane, a planar membrane compo-
nent, extracts loosely bound quinones from the
chromatophores. With respect to TMPD and its



functional analogues, these compounds penetrat-
ing through membranes probably shunt the cyto-
chrome segment of the photosynthetic redox chain
[11,14].

In this paper, we report that exogenous cyto-
chrome ¢ produces a stimulatory effect which is
the same as that of TMPD in the chromatophore-
planar membrane system. The data are interpreted
as indication of cytochrome ¢ translocation across
the chromatophore membrane. The mechanism of
charge transfer across the planar phospholipid
membrane is also discussed.

Methods

Cells of Rhodospirillum rubrum (wild-type strain
No. 1 MGU) were grown and the chromatophores
were isolated as described previously [15].

Photoelectrical activity of isolated chromato-
phores was monitored using a planar phospholipid
membrane [11,16]. A Teflon cuvette consisting of
two compartments separated by a membrane
(Teflon) filter (9 mm in diameter, 200 pm thick-
ness and pore diameter less than 50 pm) was used
(Fig. 1A). The membrane filter was impregnated
with a 10% solution of soybean phospholipids
(asolectin) in decane. Each compartment con-
tained 50 mM Tris-HCI buffer (pH 7.6). Chro-
matophores were added to one compartment at a
concentration corresponding to a
bacteriochlorophyll absorbance of about 2 units at
880 nm at an optical path length of 1 cm. Then,
the solutions in both compartments were supple-
mented by 20-40 mM CaCl, or MgSQO,. Bivalent
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Fig. 1. Schemes of electrical potential measurement in the
chromatophore-planar membrane system. (1) Teflon cuvette,
(2) incubation mixture, (3). Teflon filter impregnated with
asolectin solution in decane, (4) immobilized chromatophores,
(5) measuring electrodes, (6) asolectin solution in decane.
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cations neutralizing the negative surface charge of
phospholipids give rise to association of chromato-
phores with the planar membrane. Subsequent il-
lumination resulted in generation of an electrical
potential difference across the planar membrane.
It was registered using an Ag/AgCl electrodes.
Actinic light of saturating intensity (A > 660 nm)
was used. Solutions in the experimental cuvette
were mixed by means of a magnetic stirrer.

Cytochrome ¢ (type VI) from horse heart was
provided by Sigma Chemical Co.

Results

As reported previously [11], quinone in combi-
nation with TMPD and ascorbate is required for
producing maximum photoelectrical responses in
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Fig. 2. TMPD and menadion effect on the light-induced gener-
ation of an electrical potential difference by R. rubrum chro-
matophores associated with a planar phospholipid membrane.
The incubation mixture contained 5 mM Tris-ascorbate. The
chromatophores were preincubated with 40 mM CaCl, for 45
min. Additions (here and below, to both compartments of the
experimental cuvette): 0.2 mM TMPD, 0.1 mM menadion. On
and Off, switching on and off the light. Positive charging of the
chromatophore-free compartment is shown as an electrical
potential increase.
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Fig. 3. The dependence of photoelectrical activity on bivalent
cations in the R. rubrum chromatophores-planar membrane
system. The incubation mixture contained 5 mM Tris-ascor-
bate. Additions: 0.2 mM TMPD; 0.1 mM menadion; 40 mM
CaCl,. The light was switched on 10, 50 and 60 min after
CaCl, addition.

the chromatophore-planar membrane system. Sim-
ilar data are presented in this work. Fig.2 shows
that the light-dependent electrical potential dif-
ference across the planar membrane is equal to
about 4 mV in the presence of ascorbate and
increases up to 120 mV on addition of TMPD and
menadion.

Photoelectrical activity is not exhibited in the
absence of bivalent cations associating chromato-
phores with planar membrane (Fig. 3, see also Ref.
11). Photoelectrical responses emerge on addition
of Ca?* (or Mg?"), increase while the process of
chromatophore association with planar membrane
proceeds and remain constant thereafter.

Being immobilized, the chromatophores remain
associated with the planar membrane and retain
photoelectrical activity after replacement of the
solution in the chromatophore compartment of the
cuvette by a chromatophore-free solution contain-
ing bivalent cations (Fig. 4A). The thickness of the
measuring phospholipid membrane does not con-
siderably influence the values of electrical re-
sponses. Fig. 4B shows that the light-dependent
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Fig. 4. Effect of substitution of an aqueous solution in the
chromatophore-free compartment of the experimental cuvette
for the 10% asolectin solution in decane on photoelectrical
responses of immobilized R. rubrum chromatophores (see
Fig. 1). (A) After 1.5 h incubation with 20 mM MgSo,, the
solution in the chromatophore-containing compartment was
replaced by the initial chromatophore-free solution with 20
mM MgSO,. 0.2 mM TMPD, 0.1 mM menadion and 5 mM
Tris-ascorbate were added to both compartments. (B) Aqueous
solution in the chromatophore-free compartment was sub-
stituted for the 10% asolectin solution in decane. The electrical
resistance of the measuring phospholipid membrane was equal
to 2.5-10% and 1.9-10° @ in A and B, respectively.

response of immobilized chromatophores de-
creases insignificantly when the aqueous solution
in the chromatophore-free compartment is sub-
stituted for the asolectin solution in the decane
and the measuring electrode is plunged into this
solution (see the scheme of the experiment in Fig.
1B). The experiment simulates an increase in the
planar membrane thickness from 200 um (Fig. 4A)
to 4-5 mm (Fig. 4B). The electrical resistance of
the phospholipid membrane was unlikely to de-
crease under these conditions.

In further experiments, the cytochrome ¢ effect
on electrical activity of chromatophores was in-
vestigated. Illumination of chromatophores prein-
cubated with cytochrome ¢ in the absence of biva-
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Fig. 5. Cytochrome ¢ effect on the light-dependent generation
of electrical potential difference by R. rubrum chromatophores
in the system with the planar phospholipid membrane. Addi-
tions: 50 uM horse heart cytochrome ¢, 5 mM Tris-ascorbate,
0.1 mM menadion, 40 mM CaCl,, 0.2 mM TMPD. The
chromatophores were preincubated with cytochrome ¢ for 90
min. The light was switched on 30 min after addition of CaCl,.

lent cations generated an electrical potential dif-
ference across the planar membrane (Fig. 5). The
photoelectrical response of about 30 mV was en-
hanced by ascorbate and menadion, and decreased
insignificantly by Ca?*. It did not increase on
addition of TMPD. Notably, the cytochrome c-de-
pendent photoelectrical responses in the chro-
matophore-planar membrane system are stimu-
lated by quinone less effectively than those ob-
served with TMPD (cf. Figs. 2 and 5). Thus,
cytochrome ¢ associated chromatophores with the
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Fig. 6. The dependence of the light-induced generation of elec-
trical potential difference by R. rubrum chromatophores in the
system with the planar membrane on the incubation time with
cytochrome ¢ (50 uM). The incubation mixture did not contain
Ca?™, ascorbate, menadion and TMPD.
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Fig. 7. Effect of preincubation with Ca?>" on cytochrome c-de-
pendent photoelectrical responses of R. rubrum chromato-
phores in the system with the planar membrane. Additions: 40
mM CaCl,, 50 uM cytochrome ¢, 5 mM Tris-ascorbate, 0.1
mM menadion, 0.2 mM TMPD. The chromatophores were
incubated with CaCl, for 40 min. The light was switched on 80
min after addition of cytochrome c.
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Fig. 8. Effect of preincubation with menadion on cytochrome
c-dependent photoelectrical responses of R. rubrum chromato-
phores in the system with the planar membrane. Additions as
indicated in Fig. 7. The light was switched on 20, 75 and 40
min after addition of menadion, cytochrome ¢ and CaCl,,
respectively.
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planar membrane and so TMPD was not required.

Fig. 6 shows the dependence of electrical poten-
tial difference generation in illuminated chromato-
phores associated with a planar membrane on the
incubation time. Upon cytochrome ¢ addition, a
slow increase in photoelectrical responses occurs,
reaching the maximum value in about 80 min.

Preincubation of chromatophores with Ca?”*
decreased the values of photoelectrical responses
observed on subsequent addition of cytochrome c,
ascorbate and menadion (Fig.7, compare with
Fig. 5). TMPD enhanced the response.

Cytochrome c¢-dependent photoelectrical re-
sponses of chromatophores were prevented by
menadion. As Fig. 8 shows, cytochrome ¢ does not
influence the light-induced generation of an elec-
trical potential difference across the planar mem-
brane if the chromatophores have been prein-
cubated with menadion. The light responses do
not increase after Ca?* is added, but are markedly
stimulated by TMPD. The prevention of cyto-
chrome c-dependent electrical responses of chro-
matophores was demonstrated using ubiquinone-6
introduced into the planar membrane and not
merely with menadion (data not shown).

Discussion

Charge transfer across the planar membrane

The mechanism of energy-dependent generation
of a transmembrane electrical potential difference
across the planar membrane associated with
ATPase-, cytochrome oxidase-, bacteriorhodopsin-
and bacteriochlorophyll-containing liposomes and
chromatophores was discussed earlier [11,13].
Switching on of the intrachromatophore electrical
generator by illumination induces H* gradient
generation across the chromatophore membrane
(positive inside the membrane vesicle) and an elec-
trical current across the planar membrane (posi-
tive in the chromatophore-free compartment) mea-
sured by macroelectrodes. Of some interest is the
mechanism of charge translocation through the
planar (thick) membrane.

In this paper, we report that photoelectrical
responses of chromatophores are observed if the
planar membrane thickness varies significantly.
Substituting an aqueous solution for the asolectin
solution in decane used for impregnation of the

membrane filter does not cause any significant
changes in the magnitude and shape of the chro-
matophore electrical responses (Fig,. 4).

The electrical current across the planar mem-
brane and the whole width of the phospholipid
solution added may be due to formation of cylin-
drical micelles where the polar heads constitute the
micelle main body and the hydrocarbon tails — the
nonpolar envelope solvated with decane molecules.
The inner hydrophilic phase of these micelles may
function as proton and, perhaps, other ions con-
ductor.

Cytochrome c¢ effect on the chromatophore-planar
membrane system

Cytochrome ¢ 1solated from mammalian
mitochondria is similar to cytochrome ¢, from
nonsulfur purple bacteria in a number of physi-
cochemical properties [17,18]. There are several
isoelectrically different forms of cytochrome c,:
eight forms have been isolated from R. rubrum,
their isoelectric points ranging between 4.1 and 9.3
[19]. The isoelectric point of mitochondrial cyto-
chrome c¢ is 10.65 [20] and the charge of oxidized
horse heart cytochrome ¢ is +9.5 at pH 7.0 [21].

Both of the cytochromes are oxidized effectively
by isolated P-870 reaction centers from Rhodop-
seudomonas sphaeroides [20] and R. rubrum(22].
The interaction between cytochrome ¢ or ¢, and
the reaction centers is electrostatic [20,23]. Data
on the pH dependence of cytochrome oxidation by
the reaction centers incorporated into phospholi-
pid vesicles indicate that group(s) with a pK at pH
9.5 are essential for the cytochrome-reaction center
interaction [23].

As a polycation, cytochrome ¢ is known to bind
to negatively charge phospholipids [24-28]. The
electrostatic interaction apparently gives rise to
association of chromatophores with the planar
phospholipid membrane and thereby minimizes
the need for Ca’* or Mg?* (Fig. 5).

Furthermore, cytochrome ¢ produces another
action: the maximum photoelectrical response un-
affected by TMPD is generated by chromato-
phores in the presence of cytochrome ¢, ascorbate
and menadion. Such an effect of cytochrome ¢ as a
TMPD functional substitute was observed before
in experiments with proteoliposomes containing
P-870 reaction center complexes from R. rubrum



[10]. The direction of the electrical field generated
in the illuminated proteoliposomes (negative in-
side) was opposite to that generated in chromato-
phores (positive inside), thus pointing to opposite
orientations of redox chain components in natural
and artificial membranes [10,11]. Cytochrome ¢
(c,) interacts with reaction centers the outside of
the proteoliposome membrane [10] and on the
inside of the chromatophore membrane [8,9].

Cytochrome ¢ is known to penetrate in part
lipid bilayers [29,30] and monolayers {31,32], to
induce phase separation of lipids [27] and nonbi-
layer structure formation in cardiolipin liposomes
[33]. Interacting with phospholipids, cytochrome ¢
forms a complex soluble in hydrocarbon solvents
[34]. A model [33] for cytochrome ¢ translocation
across the hydrophobic membrane barrier by
means of inverted lipid structures has been ad-
vanced. The main body of these structures is the
cytochrome ¢ surrounded by negatively charged
phospholipid heads and its nonpolar envelope
consists of phospholipid hydrocarbon tails.

It is possible that a similar mechanism of cyto-
chrome ¢ translocation proposed for model mem-
branes functions in the chromatophore-planar
membrane system used. The chromatophores asso-
ciated with a planar membrane by bivalent cations
may lose in addition to quinones [11] endogenous
cytochrome ¢, due to extraction of cytochrome
¢,-phospholipid complexes by decane, a compo-
nent of the planar membrane. Cytochrome ¢ ad-
ded penetrates into the chromatophores but the
effect produced is small because the bivalent ca-
tions neutralizing the negative charge of phos-
pholipids, as shown for Ca’* [33], compete with
cytochrome ¢. Under these conditions, the photo-
electrical activity of chromatophores is higher in
the presence of TMPD (easily penetrating through
membranes) than with cytochrome ¢. In the ab-
sence of bivalent cations, when the association of
chromatophores with a planar membrane is due to
cytochrome ¢, TMPD is ineffective (Fig.S5): the
conditions are apparently favorable for cyto-
chrome ¢ translocation into the chromatophores; it
is also possible that cytochrome ¢ added prevents
endogenous cytochrome ¢, extraction from the
chromatophores.

Membrane potential generation in the il-
luminated chromatophores associated with the
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planar membrane and supplemented by cyto-
chrome ¢ seems to be due to the action of a
shortened cyclic electron-transfer chain involving
the P-870 reaction center, ubiquinone and cyto-
chrome ¢ (¢,). Such a suggestion is consistent with
the data on the light-induced membrane potential
generation in proteoliposomes containing the P-870
reaction center complexes and incubated with cy-
tochrome ¢ and ubiquinone (menadion) [10] as
well as in the isolated [1] and intracellular [2]
chromatophores treated with antimycin A . The
planar membrane inactivates the cytochrome b
region of the electron-transfer chain [11].

TMPD can act analogously to cytochrome ¢
[10]. However, exogenous quinone (menadion)
stimulates the photoelectrical activity of the chro-
matophores in the presence of TMPD to a greater
degree than with cytochrome ¢ (cf. Figs. 2 and 95).
This can be explained by a dual effect of TMPD
as an electron carrier. Along with a cytochrome
c-like action (electron transfer from the residual
loosely bound ubiquinone to the reaction center
bacteriochlorophyll dimer on the inner side of the
chromatophore membrane and H™ release into the
chromatophore interior), TMPD can be reduced
competitively to the secondary quinone by the
primary quinone and reoxidized by the
bacteriochlorophyll dimer. The contribution of this
nonelectrogenic transfer of electrons from the
primary quinone to P-870 bacteriochlorophyll
mediated by TMPD must be reinforced upon the
extraction of the loosely bound quinone pool (by
the planar membrane) and, vice versa, must be
minimized upon the regeneration of this pool (by
exogenous quinone).

Thus, the data obtained indicate the possibility
of cytochrome ¢ (c,) translocation across the
chromatophore membrane. Cytochrome ¢, synthe-
sized in the cytoplasm is revealed in the peri-
plasmic space of intact bacterial cells [8,19]; the
mechanism considered may be involved in cyto-
chrome ¢, translocation across the cytoplasmic
membrane. In this connection, the observation on
prevention of the cytochrome ¢ effect on light-in-
duced generation of membrane potential in chro-
matophores by added quinones (Fig. 8) seems to
be important. It is possible that quinones as well
as bivalent cations are involved in the regulation
of cytochrome ¢, transsmembrane movement in
bacterial cells.
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