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Abstract

It is generally considered that metabolic reactions are well described by homogeneous kinetic models in which
the reaction phase is statistically uniform. In membranes, especially in photosynthetic systems where the protein
complement is high, it has recently been recognized that effects of local heterogeneity might contribute additional
factors that perturb the kinetic behavior, and require more extensive treatment. We show in this paper that statistical
heterogeneity in vesicular systems can also contribute to quite marked discrepancies from the behavior expected
from standard kinetic and thermodynamic models, for reactions involving free diffusion in the aqueous phase. We
explain the kinetic and thermodynamic effects observed in studies of photosynthetic electron transfer in cells and
chromatophores fromRhodobacter sphaeroidespreviously attributed to supercomplexes, in terms of a model based
on heterogeneity in distribution of electron transfer components among the chromatophore population. We discuss
examples of data inconsistent with the supercomplex model, but well explained by the heterogeneity model.

Abbreviations: bc1-complex – ubihydroquinone:cytochromec2 oxidoreductase; cyt – cytochrome; cytbH – higher
potentialb-type heme of cytochromeb; cyt bL – lower potentialb-type heme of cytochromeb; Kobs – observed
values for equilibrium constant; LH1 – light harvesting complex 1; LH2 – light harvesting complex 2; isocyt –
isocytochrome, an isomeric form of cytochromec2; P+ – oxidized reaction center primary donor; RC – reaction
center

Introduction

Several recent papers (Joliot et al. 1989; Lavergne
et al. 1989; Lavergne and Joliot 1991; Sabaty et al.
1994; Vermeglio et al. 1993) have suggested that
the enzymes of photosynthetic electron transfer sys-
tems might be organized as supercomplexes. The
work with intact cells ofRhodobacter sphaeroideswas
based on measurements by kinetic spectrophotometry
of the equilibrium poise of reactants after excitation
by flashes or continuous light. On continuous illu-
mination of cells inhibited so as to prevent electron
transfer from the quinone pool, the apparent equi-
librium constant (Kobs) for electron transfer in the
high potential chain could be measured from the ra-
tio of the oxidized and reduced forms of the reaction
partners. The observed values were much lower than

those expected from measured redox mid-point poten-
tials, Em (cf. Crofts and Wraight 1983). In contrast,
when single-turnover flashes were used for illumina-
tion, the apparent equilibrium constants were close
to those expected fromEm values. To explain their
results, the authors suggested that electron transfer
occurred predominantly within supercomplexes, and
developed an elegant hypothesis to account for the
observed behavior. Two sorts of supercomplex were
propose, one with reaction center and cytochrome
(cyt) c2 in a ratio 2:1, the other with reaction cen-
ters, ubihydroquinone:cytochromec2 oxidoreductase
(bc1-complex) and cytc2 in a ratio of 2:1:1. Within
the supercomplexes, electron transfer reactions were
proposed to occur with rates in theµs to ms range,
and rapidly attained the poise expected from known
equilibrium constants, as seen on flash illumination.
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However, diffusion of cytc2 from the complex was re-
stricted so that interaction between one supercomplex
and another, or with reaction center orbc1-complex
not associated into supercomplexes, could occur only
on a seconds time scale. In this condition, it was
suggested that continuous illumination introduced a
statistical heterogeneity into the supercomplex popu-
lation, accounting for the observed departure from the
expected equilibrium poise.

Previous experiments with chromatophores from
Rb. sphaeroideshad suggested a different picture of
the organization of the electron transfer chain. We had
demonstrated that there is a diffusional pathway for
ubihydroquinone (QH2) between reaction center (RC)
and thebc1-complex (giving a lag before reduction
of cyt bH when the pool is initially oxidized); that
oxidation of QH2 involves a second-order reaction;
and that both QH2 and cytc2 can ‘visit’ at least 8–10
electron transfer chains, probably representing allbc1-
complexes in a chromatophore (Crofts 1985, 1986;
Crofts et al. 1983; Crofts and Wraight 1983; Crofts
and Wang 1989; Fernandez-Velasco and Crofts 1991).
In this paper we discuss possible models to explain this
data, and resolve the apparent paradox.

Methods

Preparation of chromatophores, kinetic measure-
ments, and molecular engineering protocols were
similar to those previously described (Crofts et al.
1983; Witthun et al. 1996). Chromatophores were sus-
pended to a concentration of∼0.1µM reaction center
in 100 mM KCl, 50 mM MOPS (pH 7.0), 2µM
each of valinomycin and nigericin, and the follow-
ing redox mediators; 1µM each of 2-OH-1,4-NQ
and pyocyanin; 2µM each of DAD, PES and PMS;
10µM each ofγ -BP, 1,2- NQ, 1,4-NQ and DQ. The
extinction coefficients used for cytbH (measured at
561–569 nm) and cytc1 plusc2 (or cyt c1 plus isocyt
c2) (measured at 551–542 nm) were 20 mM−1 cm−1,
and that for the reaction center (measured at 542 nm)
was 10 mM−1 cm−1.

Results and discussion

In order to test if the preparation of chromatophores
leads to kinetic artifacts, we have performed exper-
iments, comparable to those in the previous studies

with cells, in both cells and chromatophores. In chro-
matophores we could measure a low apparent equi-
librium constant on continuous illumination as seen
in cells and attributed to supercomplexes, yet the
inhibitor titrations showed that supercomplexes are
absent in chromatophores. In contrast to the chro-
matophore results, when inhibitor titrations were per-
formed with whole cells, the electron transfer linked
to cytc2 appeared to be restricted to a local domain of
∼2 units, and diffusion of cytc2 outside this domain
was severely restricted, supporting the supercomplex
idea. This paradoxical behavior is open to several in-
terpretations. One possibility is that supercomplexes
are present in whole cells, but lost on preparation
of chromatophores. A second possibility is that the
restricted diffusion seen in cells is not due to super-
complexes, but to some structure in the periplasm,
for example the murein sacculus, which is a common
structural feature of Gram-negative bacteria. In either
case, a paradox remains, because the apparent equi-
librium constant on continuous illumination of both
cells and chromatophores was that expected from the
supercomplex model.

In addition to these kinetic experiments, recent
crystallographic information about the reaction center
and its associated light harvesting apparatus, and about
the bc1-complex, provides a structural perspective.
This structural information makes it seem unlikely that
the supercomplex is a real functional unit.

1. Cogdell and colleagues (McDermott et al. 1995)
have recently solved the structure of LH2 from
Rhodopseudomonas acidophilaby X-ray crystal-
lography. Karrasch et al. (1995) have reported an
8.5 A resolution structure for the LH1 complex of
Rhodospirillum rubrumusing electron diffraction
and transmission, which shows a similar motif,
and modeling studies have suggested the build-
ing units for all these structures are essentially
the same. However, the LH2 structures consisted
of rings of 9 or 8α,β pairs, whereas the LH1
complex had 16 pairs, allowing room for one
reaction center in the LH1 ring. More recently,
Kuehlbrandt, in collaboration with Cogdell, has
used electron microscopic techniques to obtain
low resolution structures for LH1/reaction center
complexes fromRps. acidophila, which have con-
firmed this configuration (Dr W. Kuehlbrandt, per-
sonal communication). It seems highly likely that
the light-harvesting complex ofRb. sphaeroides
is organized in the same way. If so, this would
preclude the dimeric association of the reaction
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center required of the supercomplex, and the close
association of this dimer with abc1-complex.

2. The picture of the reaction center surrounded by
a cage of LH1 molecules is supported by obser-
vations of the kinetic behavior of cells that do
not make the PufX protein. InpufX− strains, the
reaction center is unable to react with quinone pro-
duced by thebc1-complex, and thebc1-complex
does not ‘see’ the quinol produced by the reac-
tion center (Barz and Oesterheldt 1994; Barz et al.
1995, Lilburn et al. 1995; McGlynn et al. 1994).
The PufX gene product has a stoichiometry of∼2
per reaction center, and suppressor strains occur
through mutations in LH1 which reduce the ratio
of LH1 to reaction center, or disorder the LH1.
We have suggested that a dimer of PufX might
form a hole in the LH1 cage through which the
quinone can get in and out of the local domain
enclosing the reaction center. The kinetic effects
seen inpufX− strains are difficult to reconcile with
a supercomplex model.

3. The mitochondrialbc1-complexes are structurally
dimeric (Karlsson et al. 1983; Xia et al. 1997; and
Berry, E, personal communication), and the com-
plex isolated fromRb. sphaeroidesruns as a dimer
on sizing gels (M. Guergova-Kuras, R. Salcedo-
Hernandez, R. Gennis and A. Crofts, unpublished
observations). A supercomplex incorporating such
a dimer would be large enough to be obvious in
electron micrographs, but such structures are not
detected in normal preparations of photosynthetic
membranes. In addition, althoughbc1-complex
dimers, and LH1/reaction center complexes are
readily isolated, there have been no reports of
isolation of supercomplexes.

If there are no supercomplexes, it is necessary to
find an alternative explanation for the kinetic effects
that led Joliot et al. to the elegant hypothesis that re-
quired them. In order to explore the possibilities, we
have modeled the kinetic and thermodynamic behavior
of the high-potential chain on illumination under three
conditions:

1. Free diffusion and equilibration in a statistically
homogeneous pool (classical model). In the homo-
geneous system, the components remain poised at
equilibrium throughout the time course of ‘illumi-
nation’.

2. Restricted diffusion in a population of supercom-
plexes with heterogeneous illumination (adapted

from Lavergne et al. 1989). In the supercomplex
model, heterogeneity is introduced by statistically
random photon hits, and the model reproduces the
low values for apparent equilibrium constant seen
in experiment.

3. Free diffusion and equilibration in each vesicle
of a heterogeneous population of chromatophores
(Crofts model). In distributing components at
random, the program could be set to assume
that reaction center andbc1-complex were ei-
ther monomeric, or dimeric. In all cases, chro-
matophores were assumed to be of uniform size,
and ‘illumination’ was assumed to by uniform.
The results of inhibitor titrations suggested that the
reaction domain seen by cytc2 included about 8–
10 bc1-complexes (Fernandez-Velasco and Crofts
1991), and biochemical and structural evidence
suggests that thebc1-complex is dimeric. A simu-
lation in which a mean distribution ratio of 16:8:8
for RC:cyt c2:bc1-complex per chromatophore,
and a dimericbc1-complex, were used, showed
a value forKobs of ∼15. Any additional hetero-
geneity tends to decreaseKobs; thus smaller values
would be obtained if ‘illumination’ was random, if
the size of chromatophores was non-uniform, and
if the number of components per chromatophore
was smaller.

In all models, ‘illumination’ was simulated by
introduction of oxidizing equivalents (as oxidized re-
action center, P+) in a fraction of reaction centers,
followed by calculation of the distribution of oxi-
dizing equivalents in the high potential chain. Other
electron transfer reactions were ignored (the situa-
tion simulates the chain inhibited by myxothiazol).
Flash or continuous illumination could be simulated
by varying the fraction of reaction centers hit, and by
repeating the calculation incrementally until all cen-
ters were oxidized. The presence of inhibitors that
modify the properties of the Rieske iron sulfur protein
(stigmatellin, UHDBT) could be modeled by chang-
ing the Em value for this component to reflect the
experimentally observed value.

In both ‘heterogeneity’ models, the apparent equi-
librium constant was much less than that in the ho-
mogeneous model; indeed theoretical considerations
show that this is a general effect of heterogeneity
(Lavergne and Joliot 1991). The models were pro-
grammed in Visual Basic, and the program, and a more
complete description, can be obtained from Dr Crofts
on request.
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Predictions

The Lavergne model is highly constrained, and gives
rise to three predictions: (i) The observed equilib-
rium constants should be relatively independent of
inhibitors, and (for random illumination) of fixed
value; (ii) Re-reduction of the P+ after a saturat-
ing flash should be almost complete in all connected
centers reduced before the flash, independent of in-
hibitor present, since no heterogeneity is introduced
with a saturating, single-turnover flash, and the natural
equilibrium constants are large [4, 13]; (iii) Reac-
tion kinetics in the photosynthetic chain will be rapid
only in supercomplexes, and stoichiometric ratios in
the ‘connected’ chain will be constrained to those
expected from a supercomplex.

The Crofts model makes the following predictions.
(i) The observed equilibrium constant will be variable
with preparation, and dependent on the component
count, and type of inhibitor. (ii) The extent of re-
duction of P+ following a saturating flash will be
dependent on component count, and will depend pre-
dictably on the nature of the inhibitor. Inhibitors like
stigmatellin and UHDBT, which effectively remove
the Rieske center from the reaction mix, will reduce
the number of electrons available in thebc1-complex,
and hence the probability of a full complement of
donors in each vesicle in the population. (iii) Reaction
kinetics in the photosynthetic chain will be rapid in all
connected centers, and stoichiometric ratios will not
be constrained to those expected from a supercomplex.

Our experiments with chromatophores favor the
Crofts model. They show:

i) A variable apparent equilibrium constant, depend-
ing on the stoichiometric ratio, and especially on
the amount of trapped cytc2, or depending on
the type of inhibitor (myxothiazol of stigmatellin)
(data not shown).

ii) In chromatophores with a normal complement of
components, in which>90% of reactions centers
were rapidly reduced in the absence of inhibitor, a
substantial fraction (∼20%) of P+ remained oxi-
dized after a flash in the presence of myxothiazol,
and more (∼30%) with stigmatellin. The amount
of this ‘extra’ P+ remaining oxidized after a sin-
gle flash varied with the amount of trapped cytc2
(not shown). This behavior is that predicted in the
Crofts model, but is unexpected in the Lavergne
model. The levels of ‘extra’ P+ observed were
within the range predicted by the model.

iii) The stoichiometric ratios ofbc1-complex, reaction
center and cytc2 coupled to rapid (ms) photosyn-
thetic electron transfer can be varied widely. We
have used wild-type cells grown under different
conditions, or many strains produced by molecular
engineering with native sequences, or a variety of
mutants, or variation in the preparation conditions
for chromatophores, to vary these ratios. We see no
evidence from these strains that the rapid electron
transfer is constrained to the ratio of components
required for supercomplexes (Figure 1).
In Figure 1A, the difference between the two

strains is in the relative stoichiometries of the com-
ponents of the chain. This can be seen from the
amplitudes of the traces after four flashes in the pres-
ence of antimycin. The traces show stoichiometric
ratios for RC:cytc2:bc1-complex close to the ‘nor-
mal’ 2:1:1 for BC17C, but about 2:1:3 for BH6. The
BH6 strain showed a substantial over expression of
thebc1-complex, but the rapid reduction of cytbH ob-
served in the presence of antimycin following the first
flash showed kinetics similar to those in a strain with
normal stoichiometries. In the over-expressing strain,
the amount of ‘connected’bc1-complex was∼3-times
greater than that expected from the supercomplex hy-
pothesis, and the amount undergoing rapid reduction
after the first flash corresponded to 1 cytbH / RC, or
twice that possible in a supercomplex. The behavior
is well explained by a diffusional mechanism in the
context of the modified Q-cycle (Crofts 1985).

In Figure 1B, the kinetics of turn-over of cy-
tochrome c1 and isocyt c2 are shown in strain
CYCA65R7 (pVWF1R) (Witthun et al. 1996). In
this strain, the gene for cytc2 was deleted, but
expression of the gene for isocytc2 allowed photo-
synthetic growth. The isocytc2 showed some degree
of over expression compared to the very low lev-
els normally observed. The stoichiometric ratios of
RC:isocytc2:bc1-complex were 2:<0.3:1, as assayed
from kinetic traces using this strain in experiments
similar to those in A above. It is clear from the results
that the photosynthetic chain in this strain is not or-
ganized as a supercomplex. Both in chromatophores,
and in cells (not shown), the small amplitude of the
fast phase indicates that most of the isocytc2 does
not bind to the reaction center. Such a binding can be
observed at higher concentrationsin vitro, and gives
rise to a rapid (< 2 µs) phase of oxidation (Witthun
et al. 1996). The stoichiometry is also incompatible
with that expected for a supercomplex; the amount
of bc1-complex undergoing redox change is>3-fold
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Figure 1. Kinetics of turnover of the photosynthetic chain in strains with various stoichiometric ratios of the components. (A.) The kinetics for
a control strain, BC17C, with thebc1-complex genes expressed from a plasmid (left two sections), and for strain BH6 (right two sections), in
which a similar plasmid was used to express the complex with a cytochromeb having a C-terminus His6-extension. The kinetics of cytochrome
bH were measured from the difference between kinetic traces at 561 and 569 nm; cytochrome (c1 plusc2) was measured at 551–542 nm; P+
of the reaction center was measured at 542 nm. Note that the kinetics in the two strains are similar either when the quinone pool is oxidized (at
200 mV, top) or partly reduced (∼30% reduced at 100 mV, bottom). Vertical scale, absorbance change on illumination (1A); horizontal scale,
time in ms. Traces atEh 200 mV, first flash at 40 ms; traces at Eh 100 mV, first flash at 19 ms. See ‘Methods’ for reaction medium details. (B.)
Flash-induced kinetics of reaction center andc-type cytochromes of strain CYCA65R7 (pVWF1R), in which cytc2 was replaced by isocytc2.
Averages were taken from 15 traces, with 40 s (no inhibitors) and 150 s (in the presence of myxothiazol at 10µM) between measurements. The
instrument response time was 10µs. The redox potential was 100 or 200 mV, as indicated. Chromatophores were suspended in 100 mM KCl,
50 mM MOPS (pH 7.0) to a concentration of∼0.2µM reaction center in the reaction medium indicated under ‘Methods’.

greater than the estimated concentration of isocytc2,
but the components of the complex nevertheless un-
dergo rapid electron transfer with a stoichiometry and
kinetics similar to the wild type. This clearly indicates

that rapid diffusion of isocytc2 must occur to connect
bc1-complexes to RCs. In order to give the kinetics
observed, each isocytc2 molecule must visit∼ RCs
andbc1-complexes during the rise kinetics (t1/2 ∼300

pres844.tex; 30/06/1998; 15:21; p.5



362

µs), and∼6 of each during the reduction phase of the
RC (t1/2 ∼1.5µs in the absence of inhibitor).

Conclusions

It is clear that supercomplexes do not exist in a
substantial fraction of centers in the chromatophore
preparations above. The kinetics of electron transfer
showed no indication of the biphasic behavior ex-
pected from a mixed population, with a fraction of
‘rapid’ supercomplexes, linked by slow diffusion to
disconnectedbc1-complexes. Instead, all centers be-
haved monotonically, and showed the kinetics found
in normal preparations. Examples demonstrating the
same point could have been taken from a variety of
other preparations. The kinetic behavior seen is con-
sistent with a diffusional role for cytc2. We have
offered a simple alternative model to explain the main
body of evidence leading to the supercomplex hypoth-
esis, which is based on free diffusion and the natural
distribution of components at random in a system of
separate reaction compartments, the chromatophore
vesicles.
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