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Abstract

Electron crystallography of the chloroplastic b6f complex allowed the calculation of projection maps of crystals negatively
stained or embedded in glucose. This gives insights into the overall structure of the extra- and transmembrane domains of the
complex. A comparison with the structure of the bc1 complex, the mitochondrial homologue of the b6f complex, suggests that
the transmembrane domains of the two complexes are very similar, confirming the structural homology deduced from
sequence analysis. On the other hand, the extramembrane organisation of the c-type cytochrome and of the Rieske protein
seems quite different. Nevertheless, the same type of movement of the Rieske protein is observed in the b6f as in the bc1

complex upon the binding of the quinol analogue stigmatellin. Crystallographic data also suggest movements in the
transmembrane domains of the b6f complex, which would be specific of the b6f complex. ß 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction

In the photosynthetic electron transfer chain, the
cytochrome b6f complex plays a central role: it ac-
cepts electrons from plastoquinol, a liposoluble two-
electron carrier reduced by photosystem II, and
transfers them to plastocyanin, a lumenal one-elec-
tron carrier that reduces photosystem I. This transfer
is associated with proton translocation across the
thylakoid membrane. Thus, the b6f complex contrib-
utes to the formation of the proton gradient that is
utilised by the ATP-synthase to synthesise ATP.

Three of the eight subunits of the b6f complex bear
the prosthetic groups necessary for the electron
transfer: cytochrome b6, with its two b-type haems
(Em =384 mV and 3158 mV [1]), cytochrome f that
covalently binds a c-type haem (Em = +330 mV [1]),
and the Rieske protein, bearing a [Fe2S2] cluster
(Em = +290 mV [2]). The Rieske protein and cyto-
chrome f form the so-called high-potential path,
whereas the two haems of cytochrome b6, located
on the opposite side of the membrane, form the
low-potential path. Furthermore, subunit IV, togeth-
er with the Rieske protein and cytochrome b6, par-
ticipate in the formation of the plastoquinol binding
pocket (Qo) on the lumen side of the membrane [3].
A quinone-binding site (Qi) is also predicted on the
other side of the membrane. The b6f complex also
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has another three or four small subunits, the prod-
ucts of the petG, L, M and N genes [1,4^8], and two
additional prosthetic groups, a chlorophyll a mole-
cule and a L-carotene [9,10].

A turnover of the b6f complex consists of the ox-
idation of a plastoquinol molecule at the Qo site,
leading to the expulsion of two protons in the lumen
and the injection of one electron into the high-poten-
tial path, where it ¢nally reduces plastocyanin, and
of the other one in the low-potential path. Following
a second turnover, both b haems are reduced; they
are then oxidised by a quinone molecule at the Qi

site, resulting in the uptake of two protons in the
stroma. This mechanism, the so-called `Q-cycle', pro-
posed by Mitchell [11] and later modi¢ed by Crofts
et al. [12], has been largely con¢rmed by the structure
of the bc1 complex, the respiratory analogue of the
b6f complex [13^16]. These two types of complex
share not only the same function of electron transfer
and proton translocation, but also a number of
structural homologies: the four main prosthetic
groups are the same in both types of complex, and
there is strong sequence homology between cyto-
chrome b6, subunit IV and the Rieske protein of
the b6f complex, and the N- and C-terminal parts
of cytochrome b, and the Rieske protein of the bc1

complex respectively. Cytochrome c1 and cyto-
chrome f, on the other hand, which both are c-type
cytochromes, do not share any sequence homology
although they have the same function within the
complexes. Spectroscopic, EPR and redox properties
of the haems and of the iron-sulfur cluster are similar
(reviewed e.g. in [17]), and some inhibitors a¡ect
both complexes equally, especially the inhibitors of
the Qo site, as stigmatellin or MOA-stilbene (re-
viewed in [18^21]).

2. Crystallisation and insights into the structure of the
b6f complex

2.1. Puri¢cation and stabilisation of the b6f complex

The b6f complex from higher plants or from uni-
cellular algae is isolated as an active dimer ([22,23]
and references therein), whereas the complex from
cyanobacteria puri¢es as a monomer [24,25]. With
that exception, monomerisation appears to be the

result of the destabilisation of the complex, as the
monomer is inactive and has lost at least the Rieske
protein and the chlorophyll molecule [22,23]. The b6f
complex is quite sensitive to its manipulation in de-
tergent solution, and delipidation has turned out to
be a critical step during puri¢cation: lipids need to
be added, or the complex has to be manipulated at
detergent concentrations very close to their critical
micellar concentration in order to prevent irrevers-
ible monomerisation [22,23].

Whether the dimeric state of the b6f complex is
functionally important is not yet known, but the
structure of the bc1 complex suggests that the dimer
is structurally fundamental. Indeed, to mention the
most obvious feature, the transmembrane anchor
and the extramembrane domain of the same Rieske
protein belong to the two di¡erent monomers within
the bc1 dimer [13^15].

2.2. Crystallisation of the b6f complex

To date, no good three-dimensional crystals of the
whole b6f complex could be grown despite ongoing
e¡orts, so that no atomic model of the complex is
available. However, the two extramembrane domains
of the complex have been crystallised, and atomic
models of the soluble part of cytochrome f of turnip
and of Phormidium laminosum [26^28], and of the
Rieske protein of spinach [29] have been obtained.
The structure of cytochrome f is particularly interest-
ing, as it has no homology whatsoever with its func-
tional homologue cytochrome c1 in the bc1 complex.
In particular, a water channel could be resolved with-
in cytochrome f that is proposed to trace a path for
proton release from the Qo site [30].

An alternative method to obtain structural infor-
mation on proteins is the electron crystallography of
two-dimensional (2D) crystals: crystals of the b6f
complex from Chlamydomonas reinhardtii can be
grown after addition of detergent solubilised lipids
to the puri¢ed complex, complete removal of the
detergent with Bio-Beads, and three cycles of freezing
and thawing [31]. This procedure does not produce
single layer 2D crystals, but rather stacks of 2D crys-
tals, i.e. very thin type I 3D crystals. The layers
(usually 3^5) are in perfect register, so that projec-
tion maps of the complex can be calculated and in-
terpreted [31,32]. Such crystals cannot be used for a
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3D reconstruction of the molecule, as the contribu-
tions from di¡erent layers overlap when the crystals
are tilted in the microscope (however, see [33]). Pro-
jection maps, however, can be informative, and given
the di¡erent techniques to observe the sample in the
electron microscope, di¡erent parts of the crystal
contribute to the signal: whereas negative stain
mainly outlines the extramembrane domains of the
complex, a map of unstained crystals observed at
very low temperatures by electron cryo-microscopy
will be dominated by the transmembrane helices of
the structure.

2.3. Insights into the structure of the b6f complex

The b6f complex crystallises as a dimer, in a unit
cell of a = 180 Aî , b = 74 Aî , and Q= 90³, with p22121

symmetry [31,32,34]. Fig. 1A shows the projection
maps of a dimer of the b6f complex in negative stain,
at 15 Aî resolution. Within a monomer, two densities
are resolved, the one furthest away from the dimer
axis probably corresponding to cytochrome f, where-
as the smaller one closer to the monomer-monomer
interface would correspond to the Rieske protein (see
[31,34] and below).

Fig. 1B shows the projection map of a b6f dimer
calculated from crystals embedded in glucose and
observed at liquid helium temperature at 10 Aî reso-
lution. Here, densities are resolved that have diame-
ters and spacings compatible with the presence of K-
helices. The two maps are very di¡erent (Fig. 1C)
due to the two distinct methods used to contrast
the b6f crystals. They give complementary informa-
tion.

3. Comparison with the bc1 complex

As b6f and bc1 complexes share functional and se-
quence homology, comparisons of the two structures
in projection at similar resolution (calculated from
the PBD coordinates 1BCC for the bc1 complex
from chicken) are instructive.

3.1. The transmembrane domains

The cryo-projection map of the b6f complex can be
compared to a calculated projection of the trans-

membrane region of the bc1 complex viewed form
the matrix or the intermembrane space (these two
views are the mirror images of one another). In a
¢rst study, it was not possible to distinguish between
the two orientations as the resolution of the b6f cryo-
projection map was not isotropic [32]. Thus a new
map, that included isotropic data to 10 Aî resolution,
was calculated (Fig. 1B, [34]). This map is compared
to a calculated projection map of the transmembrane
domain of the bc1 complex at the same resolution
(Fig. 1E). For the comparison, only the eight trans-
membrane helices of cytochrome b and the trans-
membrane anchors of the Rieske protein and of cy-
tochrome c1 were considered. An x shows the
position of the other transmembrane subunits of
the bc1 complex that have no counterparts in the
b6f complex. As shown in Fig. 1H, the comparison
is very satisfactory in the orientation where the bc1

projection is viewed from the matrix side of the com-
plex, con¢rming the preferred orientation discussed
in [32]: the complexes taken as dimers superim-
pose exactly, suggesting that the transmembrane or-
ganisation of the two types of bc complexes is very
similar.

Moreover, we note the very good superimposition
of an important proportion of densities (mainly in
the heart of the complex): helices A to E of cyto-
chrome b and of the anchor of cytochrome c1 with
densities of the b6f map. Whereas the superimposi-
tion for helices F and G is less satisfactory, the exact
superimposition of the density of the cytochrome b
helix H, which has no sequence homologue in the b6f
complex, with a density of the b6f map is interesting.
This suggests that the presence of a helix at this
position is structurally important, and that in the
b6f complex it would be occupied by one of the small
subunits. The same conclusion can be drawn regard-
ing one of the additional subunits of the bc1 com-
plex, which superimposes with the position of the
isolated peak in the b6f map. It is to be noted
though that this subunit is not present in all bc1

complexes.
Also interesting to note is the superimposition of

the elongated density of the tilted anchor of the bc1

Rieske protein with an elongated density in the b6f
map, suggesting that the b6f Rieske protein has a
transmembrane anchor as in the bc1 complex. This
point has been controversial given biochemical anal-
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ysis: the Rieske protein from C. reinhardtii can be
extracted from the membrane by chaotropic agents
and is not aggregated when in aqueous solution in
the absence of detergent (for a discussion, see [35,36]

and references therein). The additional densities ob-
served in the b6f map would correspond to contribu-
tions of the extramembrane domains and/or to the
remaining small subunits.

Fig. 1. Overviews and comparisons of the extra- and transmembrane domains of the b6f and bc1 complexes. Projection map of the b6f
complex in negative stain at 15 Aî resolution (A) and embedded in glucose at 10 Aî resolution (B). (C) Superimposition of the b6f neg-
ative stain and cryo maps. (D) Calculated projection map of cytochrome c1 and the Rieske protein of the bc1 complex at 15 Aî resolu-
tion. (E) Calculated projection map of the transmembrane helices of the bc1 complex at 10 Aî resolution (the coordinates of the 1BCC
entry of the PDB was used: cyt. b : 30^53; 75^103; 111^136; 172^203; 222^248; 289^308; 321^341; 347^370; cyt. c1 : 204^225;
Rieske: 34^59; the positions of the transmembrane helices of subunits 7, 10 and 11 from bovine heart mitochondria are marked with
an x). (F) Superimposition of extra- and transmembrane domains of the bc1 complex. (G) Superimposition of the negative stain map
of the b6f complex and the map of the extramembrane domains of the bc1 complex. (H) Superimposition of cryo-map of the b6f com-
plex and the map of the transmembrane domains of the bc1 complex. In all representations, the bc1 complex is seen from the matrix.
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3.2. The extramembrane domains

Fig. 1D shows the projection map of the extra-
membrane domains of cytochrome bc1 complex cal-
culated at 15 Aî resolution. Cytochrome c1 is pro-
jected as a large density, whereas the projection of
the Rieske protein is much smaller. As a comparison
to the b6f complex (Fig. 1C), the overlay of the trans-
and extramembrane domains of the bc1 is shown in
Fig. 1F.

Fig. 1G shows the comparison of the extra-
membrane domain of the bc1 complex with the neg-
ative stain map of the b6f complex. The orientation
of the two maps is identical to that which gives the
most satisfactory superimposition of the transmem-
brane region (see above), the bc1 is seen from the
matrix.

It is striking that the superimposition is far from
satisfactory. The c1-c1 distance is smaller than the f-f
distance and the c1-c1 axis is rotated with respect to
the f-f axis, and the Rieske-Rieske distance is greater
in the bc1 than in the b6f complex. Whereas the po-
sitions of the Rieske proteins are rather similar,
which is consistent with the similarity of the trans-
membrane regions and thus of the position of site
Qo, the positions of the c-type cytochrome are quite
di¡erent. This can be explained by the lack of se-
quence and structural homology between the two
proteins.

These data are consistent with the spectroscopic
analysis of Schoepp et al. [37], where linear and cir-
cular dichroism results show that the b haems in the
b6f and bc1 complexes have similar arrangement,
whereas the haems of cytochromes f and c1 have
di¡erent orientations.

Soriano et al. [30] have recently proposed that cy-
tochrome f would lie £at on the transmembrane re-
gion, so as to mimic the arrangement of cytochrome
c1 and subunit 8, the hinge protein that contributes
to the binding of cytochrome c in the bc1 complex.
However, this arrangement does not seem compati-
ble with the position of the extramembrane domains
of the b6f complex as seen in the negative stain map
nor with the position of the c-type cytochrome an-
choring.

4. Movements in the b6f complex

4.1. The extramembrane region

The crystal structures of the bc1 complex show
that the Rieske protein can assume several di¡erent
positions depending upon inhibitor binding. These
data suggest that this protein undergoes a substantial
movement during the catalytic cycle of the complex
to shuttle electrons from the quinol, located in the
membrane, to the haem of cytochrome c1 [13^15].
Whereas in the native structures the Rieske protein
can take di¡erent positions depending on the crystal
form, in the presence of the quinol analogue stigma-
tellin it is shifted to the proximal conformation,
where one of the iron-sulfur ligands of the Rieske
protein is in H-bond distance of the occupant of
the Qo site. Fig. 2I shows the calculated projection
map at 15 Aî resolution of the extramembrane do-
mains of the bc1 complex crystallised without (Fig.
2IA) or with (Fig. 2IB) stigmatellin. Whereas the den-
sity corresponding to cytochrome c1 does not change
position, the density of the Rieske protein becomes
more round and compact.

Fig. 2II shows the projection map in negative stain
(15 Aî ) of crystals of the b6f complex grown in the
absence (Fig. 2IIA) or in the presence (Fig. 2IIB) of
stigmatellin [34]. The same phenomenon as that ob-
served in the bc1 complex occurs: the density further
away from the dimer axis does not change position
whereas the density closer to it is shifted away from
the dimer axis and becomes more round and com-
pact. If anything, the movement in the b6f complex
seems to be more pronounced than in the bc1 com-
plex (Fig. 2I,IIC). These data constitute the strongest
evidence to attribute the density closer to the dimer
axis to the Rieske subunit [34]. Moreover, they indi-
cate that the mechanism of the b6f complex is very
likely to involve a movement of the Rieske protein
similar to that observed in the bc1 complex (see also
[38]). A map in negative stain of b6f crystals to which
MOA-stilbene was added is very similar to that crys-
tallised without inhibitor. If anything, the density
corresponding to the Rieske protein is a bit more
round, i.e. better de¢ned (data not shown).
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4.2. The transmembrane region

Fig. 2III shows the comparison of the projection
map at 10 Aî resolution in cryo of b6f crystals grown
in the absence (Fig. 2IIIA) or in the presence (Fig.
2IIIB) of stigmatellin [34]. The two maps look quite

di¡erent, which is unexpected, as there are absolutely
no changes in the transmembrane region of the bc1

complex upon binding of stigmatellin. Here, the
heart of the complex remains roughly unchanged,
whereas di¡erences appear further away from the
dimer axis. They suggest movements in the trans-

Fig. 2. Matrix of projection maps and superimpositions showing the e¡ects of stigmatellin binding on the bc1 and b6f complexes. Pro-
jections maps of bc1 and b6f complexes without (A) and with stigmatellin (B). (I) Calculated projection map of the extramembrane do-
mains of the bc1 complex at 15 Aî resolution. Projection maps of the b6f complex in negative stain at 15 Aî resolution (II) and of crys-
tals embedded in glucose at 10 Aî resolution (III). There were no di¡erences in the transmembrane region of the bc1 complex upon
binding of stigmatellin.

BBABIO 44940 7-8-00 Cyaan Magenta Geel Zwart

C. Breyton / Biochimica et Biophysica Acta 1459 (2000) 467^474472



membrane domains of the b6f complex upon binding
of the inhibitor, which may re£ect the functional
di¡erences that distinguish the photosynthetic and
respiratory complexes. Brie£y, one can mention a
di¡erence in the mechanism, where direct proton
pumping would occur in the b6f [39,40], or the role
of the b6f complex in the regulation of photosynthe-
sis ([41]; see discussion in [34]). One of the di¡er-
ences, however, can be explained by the ordering of
the Rieske protein following stigmatellin binding.
These results should be regarded as preliminary,
and will have to be con¢rmed by the calculation of
a 3D map of the b6f complex.

5. Conclusions and perspectives

Given the di¤culty of obtaining 3D crystals of the
b6f complex, the only crystallographic information
available concerning the entire complex is at present
provided by electron crystallography. This technique
is particularly suitable to calculate maps at inter-
mediate resolution, and the work reviewed here
shows that it yields unique and useful information:
comparing the b6f projection maps with calculated
projection maps of the bc1 complex, it is concluded
that the transmembrane domains of both complexes
are similar. This is in agreement with the functional
and sequence homology between the subunits that
are buried in the membrane and form the quinol-
binding sites (see also [30]). On the other hand, the
organisation of the extramembrane domains are dif-
ferent, although it is shown that a similar movement
of the Rieske protein occurs in the b6f as in the bc1

complex. This, together with the di¡erent structure
of the two c-type cytochromes and the results ob-
tained by Schoepp et al. [37] concerning the di¡erent
organisation of the c-type haems, suggests that the
same function (electron transfer between a quinol
molecule and a soluble electron acceptor) can be
achieved by di¡erent spatial organisations of the re-
dox centres. This represents therefore a major point
of interest in the study of the structure-function re-
lationship of the b6f complex. To con¢rm the nega-
tive stain results, ruling out possible artefacts due to
di¡erential accumulation of the stain in the crystals,
atomic force microscopy measurements will be per-
formed. This technique gives a surface representation

of the molecule (for a review, see [42]): it will not
only give an independent view of the position of the
two extramembrane domains, but also the handed-
ness of the protein, i.e. the side from which the pro-
jection is seen.

Ultimately, the 3D structure of the b6f complex
will have to be determined. To this end, conditions
allowing the growth of true 2D crystals are being
investigated using the conventional methods of
slowly removing the detergent by dialysis [45]. A
His-tagged b6f is available that will allow the inves-
tigation of crystal growth under a functionalised lip-
id monolayer at the air-water interface. New mole-
cules such as £uorinated detergents (see i.e. [43]) or
£uorinated functionalised lipids [44] will be utilised,
as the presence of classical detergent will most prob-
ably solubilise the lipid interfacial monolayer.
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