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Abstract
A native structure of the cytochrome b6f complex with improved resolution was obtained from
crystals of the complex grown in the presence of divalent cadmium. Two Cd2+ binding sites with
different occupancy were determined: (i) a higher affinity site, Cd1, which bridges His143 of
cytochrome f and the acidic residue, Glu75, of cyt b6; in addition, Cd1 is coordinated by 1-2 H2O or
1-2 Cl- ; (ii) a second site, Cd2, of lower affinity for which three identified ligands are Asp58 (subunit
IV), Glu3 (PetG subunit) and Glu4 (PetM subunit).

Binding sites of quinone analogue inhibitors were sought in order to map the pathway of transfer of
the lipophilic quinone across the b6f complex and to further define the function of the novel heme
cn. Two sites were found for the chromone ring of the tridecyl-stigmatellin (TDS) quinone analogue
inhibitor, one near the p-side [2Fe-2S] cluster. A second TDS site was unexpectedly found on the
n-side of the complex facing the quinone exchange cavity as an axial ligand of heme cn. A similar
binding site proximal to heme cn was found for the n-side quinone analogue inhibitor, NQNO.
Binding of these inhibitors required their addition to the complex before lipid that is used to facilitate
crystallization.

The similar binding of NQNO and TDS as axial ligands to heme cn implies that this heme utilizes
plastoquinone as a natural ligand, thus defining an electron transfer complex consisting of hemes
bn, cn, and PQ, and the pathway of n-side reduction of the PQ pool. The NQNO binding site provides
an explanation for several effects associated with its inhibitory action: the large negative shift in
midpoint redox potential of heme cn

, the increased amplitude of light-induced reduction of heme
bn, and an altered EPR spectrum attributed to interaction between hemes cn and bn. A decreased
extent of heme cn reduction by reduced ferredoxin in the presence of NQNO allows observation of
the heme cn Soret band in a chemical difference spectrum.
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Introduction
The hetero-oligomeric dimeric cytochrome b6f complex mediates electron transfer between
the photosystem II and photosystem I reaction center complexes in oxygenic photosynthesis
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by oxidizing the relatively low potential (Em7 ≈ + 0.1V) lipophilic plastoquinol and reducing
soluble plastocyanin or cytochrome c6, as discussed in several reviews with different
perspectives 1-7. These electron transfer events are linked to proton translocation across the
low dielectric membrane that generates a proton electrochemical potential gradient of
approximately 250 mV, positive on the p- or lumen side of the membrane. A detailed
understanding of charge transfer and movement of lipophilic quinone across the membrane in
the b6f complex requires information derived from structure analysis. Three-dimensional
structures of the b6f complex obtained from x-ray diffraction have been obtained at a resolution
of 3.0 - 3.1 Å from the thermophilic filamentous cyanobacterium, Mastigocladus laminosus
(pdb accession, 1VF5) 8, and the green alga, Chlamydomonas reinhardtii (pdb, 1Q90) 9 in the
presence of the quinone analogue inhibitor, tri-decyl-stigmatellin. Structures of the native
complex, and the complex with the inhibitor DBMIB (pdb, 2D2C) bound tightly at a site very
distal to the [2Fe-2S] cluster, have also been obtained from M. laminosus 8; 10. These structures
show that the b6f complex contains eight polypeptide subunits with 13 trans-membrane helices
in each monomer of a functional dimer5-9; 11; 12. Four of the eight subunits, petA, B, C, D,
that contain or confine the redox prosthetic groups are “large” (16 – 31 kDa: cytochrome f,
cytochrome b6, the Rieske iron-sulfur protein, and subunit IV; the four small (3.3 - 4.1 kDa)
hydrophobic subunits, petG, L, M, and N form a “fence” at the outside periphery of each
monomer, with each small subunit containing one trans-membrane helix. The b6f complex
isolated from plant (spinach) thylakoid membranes contains one additional subunit, FNR 13;
14 that is bound more weakly to the spinach complex, and is not present in the cyanobacterial
b6f complex.

Given the similarity found between the core of the cytochrome bc1 complex from the
mitochondrial respiratory chain and photosynthetic bacteria and that of the b6f complex 15,
structure information derived from the bc1 complex16-26 is relevant to an understanding of
structure-function of the b6f complex.

Unique prosthetic groups; heme cn. The b6f complex from both the cyanobacterial and green
algal sources shows the presence of three unusual or unique prosthetic groups, each present at
a unit stoichiometry, chlorophyll a 27-29 and β-carotene 29, shown previously by biochemical
analysis, whose presence would not have been expected a priori in the b6f complex that
functions in the ‘dark’ reactions of oxygenic photosynthesis. In the structure studies, a unique
covalently bound heme, heme cn, was found on the electrochemically negative side of the
complex. Heme cn has no amino acid side chain serving as an axial ligand, but only an axial
H2O that bridges the 4 Å distance between the Fe atom of heme cn and a propionate oxygen
of heme bn 8; 9. In retrospect, it was realized that heme cn was previously defined
spectrophotometrically and designated as component ‘G.’30; 31. The position of heme cn in
close proximity to the previously well-defined heme bn that has been proposed to function in
a ‘Q cycle’ 32-40 and alternatively, or as well, in a ferredoxin-linked cyclic pathway 7-9, begs
the question of the location of the plastoquinone that should provide the electron acceptor in
these pathways.

Together with atomic structures of the PSI 41 and PSII 42-45 reaction center complexes, also
obtained from a thermophilic cyanobacterium, a structure framework has been completed of
the three integral membrane protein complexes that sustain linear electron transport in oxygenic
photosynthesis. These structures have provided deeper insight into the pathways and
mechanisms that govern redox energy transduction and, as well, trans-membrane movement
of hydrophobic plastoquinone(ol) in the photosynthetic membrane.

The present study focuses on the binding site(s) of the quinone analogue inhibitors, TDS and
NQNO, in the M. laminosus b6f complex, which lead to the inference that plastoquinone is an
axial ligand of heme cn, and the question of conformational changes transmitted across the
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complex by NQNO. The question of whether trans-membrane conformational changes are
transmitted across the b6f complex is of interest not only for a detailed understanding of the
structure-function of cytochrome bc complexes, but also for the mechanism of trans-membrane
transmission of signals arising from receptor activation by various stimuli ranging from light
to hormones, which must involve conformational changes of trans-membrane α-helices 46.

Results
1. The native b6f complex with cadmium

Crystallization of the native b6f complex in the presence of divalent Cd ions, Cd2+, resulted in
an improvement of the native structure from 3.4 Å (Rcryst = 0.256; Rfree = 0.336)9 to 3.00 Å
(Rcryst = 0.222 and Rfree = 0.268; Table I). These parameters were obtained from refinement
using space group P6122 instead of P61, based on the assumption that the asymmetric unit
contains the monomeric unit of the complex, and that the resulting structure of the b6f complex
is described by a symmetric dimer.

In the native structure, obtained from crystallization in the presence of the divalent cation,
Cd2+, two Cd2+ binding sites are located in each monomer (Figs. 1A, B), a relatively high
affinity (Cd1) and low (Cd2) site. Cd1, close to the p-side of the complex and the inter-monomer
interface (Fig. 1A), is coordinated by His143 of cytochrome f and Glu75 of cytochrome b6
(Fig. 1B), and is also coordinated by 1-2 H2O or 1-2 Cl- (not shown). The second lower affinity
Cd2+ binding site, located at the p-side aqueous interface of the complex near the small subunits
of the complex and the external lipid medium, is coordinated by a carboxylate residue of subunit
IV (Asp58) and carboxylate residues Glu3 and Glu4 of the small subunits. From effects of
Cu2+ and Zn2+ on the EPR spectra of the Rieske [2Fe-2S] cluster in the spinach b6f
complex47; 48, His143 was inferred to participate in one of three binding sites for divalent
Cu2+ or Zn2+ ions.

The amplitudes of the anomalous scattering by the Cd sites and those of the other metal centers,
in order of peak height relative to the background and scattering from other metal sites, are
summarized in the legend of Fig. 1B.

The distances from the Cd1 and Cd2 sites are: Cd1 to Cd2, 23.2 Å; from Cd1 to heme bp, 24.0
Å, and to the [2Fe-2S] cluster on the same and opposite side monomer, 38.9 Å and 40.1 Å
(average distances to the 4 atoms of the cluster). From Cd2, the distances to the [2Fe-2S] cluster
on the same and opposite side monomer are 57.1 and 28.0 Å. Thus, inhibitory effects of
Cd2+ are not related to any direct effect on PQ binding to the [2Fe-2S] cluster. Furthermore,
occlusion of a p-side H+ transfer pathway seems unlikely because the shortest distances from
a Cd2+ binding site to the PEWY sequence that is implicated in p-side H+ transfer are 13, 12,
and 16 Å to Glu78, Trp79, and Tyr80. Conformation changes that are allosteric in nature caused
by Cu2+ binding to the b6f complex, which could be responsible for inhibition of electron
transport, have been reported 47; 48. The existence of the small changes in conformation, a
change in orientation (ca. 5°) of the cytochrome f heme relative to the plane of the membrane,
and a 7° rotation of the [2Fe-2S] cluster and the soluble domain of the iron-sulfur protein around
the S-S axis of the cluster, calculated from the effects of Cu2+ and Zn2+ on the EPR spectra
48, cannot be determined at the present resolution of the structure of the b6f - Cd2+ complex.

2. p-side (near the Rieske cluster), and n-side (near heme cn) difference maps in the absence
of inhibitors

Fo – Fc maps of the native structure (with Cd2+), in the absence of quinone analogue inhibitors,
show no significant density immediately adjacent to the p-side 2Fe-2S cluster (Fig. 2A) and
the n-side hemes bn or cn (Fig. 2B). On the p-side, additional electron density seen in the Fo –
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Fc map under the cd2 loop connecting the C and D TM helices (Fig. 2A) presumably arises
from lipid head group(s) or bound detergent (see Discussion). The small patches of background
electron density seen in the Fo-Fc difference map on the n-side of heme bn (Fig. 2B) and on
the n-side of β-carotene near the E helix, have not been identified and are ascribed to bound
lipid, detergent, or PEG.

3. p- side binding site of TDS
The site of inhibition by stigmatellin on the p-side of the bc1 complex, and the site of inhibition
by tri-decyl stigmatellin in the b6f complex were defined in structure studies of the bc1 17;
20; 23-25 and b6f 9complex. At his site the chromone ring of stigmatellin or TDS is seen to be
close enough to the imidazole of a histidine ligand of the [2Fe-2S] cluster to form an H-bond.
This bond would provide the pathway for H+ transfer from the bound quinol, PQH2, to the p-
side aqueous phase.

In the original study on the structure of the b6f complex in M. laminosus, it was concluded that
the TDS was oriented “ring-out” based on electron density seen outside the entrance portal that
connects the quinone exchange cavity and the p-side inhibitor binding niche 8. Now that a
better native structure is available, it can be seen that this density under the cd2 loop and outside
the entrance portal from the inter-monomer cavity to the p-side quinone binding niche is present
in both the native (Fig. 2A) and TDS (Fig. 3A) structures. The R-factors of the TDS structure
are Rcryst = 0. 201 and Rfree = 0.258 (Table I). The previous inference 8 about the ‘ring-out’
TDS structure was a consequence of the fact that addition of the lipid necessary for
crystallization 49 prior to TDS prevented binding of TDS. The presence of electron density at
this position in the absence of TDS was not detected because of a native structure of sufficient
resolution was not available. When TDS was added before augmentation with lipid, electron
density attributable to the double ring of the TDS in a “ring-in” conformation is seen to be
sufficiently close to form an H-bond between O4 of the stigmatellin chromone ring and the
imidazole of the His129 ligand to the [2Fe-2S] cluster (Fig. 3A). The additional electron density
outside the entrance portal (Figs. 2A, 3A) 8 is now attributed to unidentified lipid head-group
(s) and/or bound detergent.

4. n- side binding site of TDS
TDS is considered to be a well-defined p-side inhibitor in cytochrome bc1 and b6f complexes.
The appearance of electron density arising from TDS in the Fo – Fc difference map on the n-
side of the complex near heme cn (Fig. 3B) was not expected. No such site of inhibition by
stigmatellin in the bc1 complex has been inferred from spectroscopic/electron transfer studies,
nor seen in the bc1 crystal structures. Electron density tentatively ascribed to plastoquinone in
a figure of the environment around heme cn in C. reinhardtii 9 may arise from TDS, which
was present during the crystallization of the complex. An n-side binding site for stigmatellin
in bc1 and b6f complexes was suggested by the perturbation by stigmatellin cytochrome b
difference spectra for hemes bp and bn and in both complexes50.

5. An NQNO heme cn ligand binding site
The effect of the quinone analogue NQNO on the light-induced reduction of heme bn in the
b6f complex resembles the effect of antimycin A, a potent inhibitor of the cytochrome bc1
complex 25, on heme bn in the bc1 complex. However, antimycin does not affect the light-
induced reduction of heme bn in the b6f complex51, either because antimycin binds more
weakly to heme cn or that heme cn occludes the projected antimycin binding site in the b6f
complex (not shown). The binding site of NQNO was sought through co-crystallization with
the complex with R-factors, Rcryst = 0.224 and Rfree = 0.273 (Table I). The Fo – Fc difference
map, which shows the [2Fe-2S] cluster and the p-side portal in the “roof” of the cavity, did not
show any additional density on the p-side (Fig. 4A) in addition to that seen in the absence of
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added inhibitor (Fig. 2A). The p-side plastoquinone binding niche that includes the [2Fe-2S]
cluster and the p-side portal in the “roof” of the cavity is shown. On the n-side, the difference
map revealed a density consistent with NQNO serving as an axial ligand of heme cn, distal to
the water ligand and heme bn (Fig. 4B). No electron density was detected at this position in
the native Fo – Fc difference map (Fig. 2B). The binding of NQNO as an apparent ligand to
heme cn, together with the ability of TDS to bind similarly, reinforces the inference that the
physiological ligand of heme cn is plastoquinone.

6. Redox consequences of interaction of NQNO with heme cn; spectrophotometric detection
of cn reduction by reduced ferredoxin

Detection of heme cn in optical difference spectra of the b6f complex is difficult because its
α-band is flat with a small extinction coefficient and the Soret band is masked by the absorbance
bands of three hemes, f, bn, and bp, and also chlorophyll a. The presence of FNR in the b6f
complex prepared from spinach 14; 52 and the ability of NADPH-reduced ferredoxin to reduce
cytochrome b in the complex suggested that the complex might participate in the pathway of
cyclic electron transport linked to reduction of ferredoxin by photosystem I 14. However, at
the time of the FNR studies, the existence of heme cn was not known, and the possibility that
it might also be reduced by ferredoxin was not realized. In the presence of pre-reduced
cytochrome f, the amplitude of the Soret band of heme bn

, caused by addition of NADPH as
reductant, is seen one minute after addition to be somewhat less than half that caused by
dithionite (Fig. 5A). This reduction of heme bn requires both FNR, which is present in the
spinach but not the M. laminosus complex, and ferredoxin (Fig. 5B). Ferredoxin-dependent
reduction of cytochrome b6 53, inferred to be heme bn 54, has previously been observed.

In the presence of NQNO, the Soret spectrum is shifted by 1 nm to longer wavelengths. A
double difference spectrum, b6f complex in the absence minus the presence of NQNO, shows
a difference band for reduced heme with a peak at 428 nm (Fig. 5C), presumably belonging to
heme cn 55; 56. A similar result was obtained with butyl-isocyanide (data not shown),
previously shown to interact with heme cn 56. It is inferred that the plus/minus NQNO
difference spectrum of the Soret band, having a peak at 428 nm diagnostic for heme cn, is a
consequence of the interaction of heme cn with NQNO, which results in the large (ca. - 225
mV) decrease in the heme cn midpoint potential55. It should be noted that the ± NQNO
difference spectrum in the α-band region is featureless.

The changes caused by NQNO can be understood by assuming an electron transport pathway
from reduced ferredoxin, which is the physiological acceptor of reducing equivalents provided
by photosystem I (Fig. 5D), via FNR to hemes bn and cn ordered in terms of their midpoint
redox potentials, Em7 ≅ -50 mV 54; 57 and + 75 mV 55, respectively. The increase in the
amplitude of flash-induced reduction of heme bn in the presence of NQNO 54; 58; 59 is inferred
to be a consequence of the NQNO-induced decrease in Em7 to ~ -150 mV of heme cn, and a
resulting unfavorable equilibrium and large energy barrier for electron transfer from bn to cn
(Fig. 5D). The complex formed by hemes bn, cn, and the inferred bound PQ ligand of heme
cn, that would be a donor to the PQ pool (larger font), is shown (Fig. 5D).

Discussion
1. p-side cadmium binding sites

As previously found for the effect of Cu2+ on the electron transfer rate in the b6f complex47,
addition of Cu2+ or Cd2+ at a concentration of 10 μM also caused substantial inhibition,
although in the present experiments the extent of this inhibition was only about 50 % of the
uninhibited rate (data not shown). In the bovine mitochondrial cytochrome bc1 complex,
Zn2+ was found to bind more tightly than any other divalent cation, and was proposed to bind
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to a protonatable group, perhaps a histidine, in the proton channel associated with the p-side
quinol oxidation 60. In the Rb. sphaeroides photosynthetic bacterial bc1 complex, Zn2+

inhibited the electrochromic band shift, oxidation of heme bn
, re-reduction after an oxidizing

light flash of cytochrome c1, and proton release into the chromatophore lumen 61. In the
bacterial photosynthetic reaction center, a Cd2+ binding site bridging an Asp and two His
residues, a coordination very similar to the major Cd1 binding site of Cd2+ in the b6f complex
(Fig. 1), is associated with inhibition of the reduction and protonation of the QB quinone 62.
In the case of the two Cd2+ sites on the p-side of the b6f complex, it is not known at present
whether the comparatively small ~50 % inhibition of electron transport caused by added
Cd2+ could be a consequence of the presence of background divalent ions in the medium.
Regarding a possible effect of divalent ions on charge transfer, the smallest distance between
a Cd2+ binding site and residues known to be involved in H+ or electron transfer is 12-13 Å
between Cd2+ and glutamate-78 or tryptophan-79 of the “PEWY” segment implicated in the
transfer pathway of the second H+ to the p-side aqueous phase 63.

2. p-side “ring-in” TDS binding site
The p-side Fo – Fc difference map for the quinone analogue inhibitor TDS shows electron
density in the quinone exchange cavity outside the 11 Å × 12 Å portal entry to the iron-sulfur
cluster binding niche, similar to the density that has previously been reported and inferred to
be associated with a “ring-out” conformation of the TDS 8. The comparison with a native
structure having much better resolution (Fig. 1; Table I) indicated that this density is intrinsic
to the structure, presumably associated with lipid head-group(s) and/or detergent, in the roof
of the exchange cavity. The addition of lipid, which is necessary to stabilize the b6f complex
for crystallization 49, prior to addition of TDS, can apparently block the binding of the quinone
analogue inhibitors. In the present study, TDS was added before the addition of lipid. This
resulted in a prominent electron density that can be associated with the TDS chromone ring
close to the His129 imidazole ligand of the [2Fe-2S] cluster (Fig. 3A). A study of the properties
of the quinone passage portal indicated that residue 81 is critical for the efficiency of inhibition
of TDS or stigmatellin 64. The efficiency of inhibition of the reduction of cytochrome f after
oxidation by a light flash in the Synechococcus sp. PCC 7002 was increased by a factor of
10-100 when Leu81 at the entrance to the portal was changed by site-directed mutagenesis to
Phe. An explanation alternative to the original inference that the Leu81Phe mutation allowed
the more efficient “ring-in” conformation to replace the ‘ring-out’ orientation 64 is that the
entrance portal either has a smaller size or smaller degree of flexibility in the cyanobacterial
b6f complex, in which inhibition by TDS and stigmatellin is substantially less effective.

3. An n-side TDS binding site
It was unexpected to find that TDS also has a prominent binding site on the n-side of the
complex, where it is in a position to be an axial ligand of heme cn (Fig. 3B). The possibility of
an n-side binding site near heme bn was indicated in a previous study on both b6f and bc1
complexes 50. The existence of both n- and p-side binding sites for TDS raises the question as
whether it should be considered that many of the quinone analogue inhibitors, presently
described as n- or p-side in their action, may in fact be able to bind on both sides of the complex,
although with different affinities. With the commonly used flash spectroscopic probes of
inhibitor action via the rate and amplitude of cytochrome f /c1 turnover, it would be difficult
to discern an n-side mode of action of an inhibitor with significant p-side activity.

4. The n-side NQNO binding site
NQNO axial ligation of heme cn, and the resulting large (ca. 225 mV) negative shift in midpoint
potential of heme cn 55, as summarized in the pathway shown in Fig. 5D, provide an
explanation for the decreased rate of heme bn oxidation and resulting increased amplitude of
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light-induced reduction of heme bn 54; 59; 65, and the decreased extent of heme cn reduction
by reduced ferredoxin which allows detection of the heme cn Soret band in a chemical
difference spectrum (Fig. 5C). The low field EPR spectrum of the b6f complex, attributed to
spin interaction between the closely spaced hemes cn and bn , is altered by the presence of
NQNO 66. The interaction between hemes bn and cn suggests that the two hemes may be able
to act as a two electron donor to PQ 66 (Fig. 5D). A two electron reduction of PQ, which would
avoid formation of plasto-semiquinone that could reduce O2 to superoxide and thus form
reactive oxygen species, could be a crucial protection reaction in an oxygen-rich membrane.

5. PQ as the physiological ligand of heme cn; pathways of linear and cyclic electron transfer
The binding of the two quinone analogue inhibitors, TDS and NQNO, as axial ligands of heme
cn implies that plastoquinone positioned at the interface between heme cn and the large inter-
monomer quinone exchange cavity is the physiological ligand of heme cn (Fig. 5D). Thus, the
n-side pathway to PQ, which serves as the trans-membrane proton and electron carrier would
be the same, whether electrons are provided to heme bn by a Q cycle connected to the linear
or non-cyclic electron transport chain, or from ferredoxin-FNR as part of a cyclic pathway
connected to photosystem I (Fig. 5D).

O2 as a potential ligand of heme cn—By analogy with hemoglobin, myoglobin,
cytochrome oxidase, etc., the apparently free axial ligand position on the cavity side of heme
cn would seem to be a potential ligand binding site for molecular O2. However, such a molecular
O2 cannot be seen and at best could be only weakly bound, because a water or OH- molecule
on the other side of heme cn can be seen to connect its Fe atom with a propionate O atom of
heme bn.

6. Role of the b6f complex in the photosystem I cyclic pathway
A function of the b6f complex in the PSI cyclic pathway has been discussed extensively. The
absence of an effect of antimycin A on the flash-induced reduction of heme bn led to the
conclusion that the b6f complex is not involved in the cyclic pathway, but that there is an
alternate ferredoxin:quinone oxidoreductase (FQR) 51. However, it has not been possible to
isolate this hypothetical oxido-reductase. The overlapping of heme cn with the projection of
the antimycin site to the b6f complex from its binding site in the bc1 complex might suggest
that antimycin A would not be a good inhibitor of a cyclic pathway that passes through hemes
bn- cn. However, inhibition of a ferredoxin-mediated PSI-linked cyclic pathway by antimycin
is well documented 51; 67-69. On the basis of the data for TDS (Fig. 3B) and NQNO (Fig. 4B)
binding as a ligand to heme cn, the absence of an antimycin-induced increase in amplitude of
flash-induced cytochrome b6 reduction 51 could be explained by weaker antimycin binding
with marginal inhibitory effects.

Following the description of FNR in the b6f complex 14, and the re-discovery of the unique
heme cn in the structures of the b6f complex 8; 9, there have been further studies on the cyclic
pathway in higher plants and the role of the b6f complex in re-entry of electrons and protons
into the membrane 12; 70; 71. Recent data describe a high efficiency of photosystem I-linked
cyclic electron transport that implies a separate domain, i.e., that of the non-appressed thylakoid
membranes for the cyclic pathway 70; 71. It had been proposed that the b6f complex responsible
for cyclic electron transport is structurally separated in the membrane, and is located in the
chloroplast non-appressed membrane domain 70, where it is distinguished by the presence of
bound FNR, which would not be present in the appressed membrane fraction of the b6f complex
70. More recently, the mechanism of regulation of cyclic vs. linear flow has been inferred to
be regulated by the redox state of FNR in the stromal compartment 12, a model that bears some
resemblance to an earlier proposal 67. A role of heme cn in the pathway of PSI-linked cyclic
electron transport is an obvious general hypothesis.
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7. Side specificity of binding of Q analogue inhibitors; n- to p-side conformational changes
The finding that there is a well-defined binding site of TDS on the n-side of the b6f complex
was unexpected. The TDS binding site on the p-side close to a His ligand of the [2Fe-2S]
cluster, is documented in both bc1

20; 25 and b6f 9 complexes. Although NQNO is regarded as
an n-side inhibitor, an NQNO binding site on both sides of the bc1 complex has been defined
in crystal structures of the bovine bc1 complex22. The existence of a TDS site on both sides
of the complex documented above (Figs. 3A, 4A) raises the question of the side specificity of
binding of these inhibitors, which is relevant to the question of conformational changes
transmitted across the complex by inhibitor binding. In the Rb. capsulatus bacterial bc1
complex, it has been concluded that binding of the n-side inhibitors, HQNO and antimycin A,
influences the interactions and environment of the ubiquinol donor to the [2Fe-2S] cluster on
the p-side, implying the existence of inhibitor-induced n to p-side conformational changes that
span the complex72. n to p-side conformational changes involving antimycin A binding have
also been proposed in the yeast bc1 complex 73. The importance of such trans-complex and
trans-membrane conformational changes extends beyond the cytochrome bc complexes, as it
relates to the mechanism of trans-membrane signal transduction 46.

In the case of the b6f complex, it has been found that NQNO inhibits the rate of cytochrome
f reduction at the smallest concentrations that cause an increased amplitude of light-induced
heme bn reduction (59; S. Heimann, unpublished data). This implies: (i) NQNO exerts a
structure change on the p-side from its binding site on the n-side; or (ii) there is a second NQNO
binding site on the p-side that is not detected at the present resolution (3.55 Å) of the b6f
structure with NQNO. At the present level of resolution (Table I), the electron density data
show no p-side density attributable to NQNO, nor any p-side structure change.

Materials and Methods
Purification of the cytochrome b6f complex

The cytochrome b6f complex from spinach thylakoid membranes and the thermophilic
cyanobacterium, Mastigocladus laminosus, was purified as described previously 74.

Crystallization of the cytochrome b6f complex
Crystals of the cytochrome b6f complex were obtained by hanging drop vapor diffusion at 4°
C or 20°C. For crystallization, the b6f complex was concentrated to 20 mg/ml in a solution
containing 50 mM Tris-HCl (pH 7.5), 50 mM NaCl, 1 mM EDTA, 0.05% β-D-undecyl-
maltoside, and 0.01% (w/v) dioleolyl-phosphatidylcholine 49; 74. 2 μl of protein solution was
mixed with an equal volume of reservoir solution containing 100 mM Tris-HCl, (pH 8.5), 200
mM MgCl2, 40 mM CdCl2 and 15-18% PEG 550. Crystals were grown for 5-7 days at 4°C or
for 2-3 days at 20°C. Co-crystallization with the quinone analogue inhibitors, NQNO and TDS,
were carried out, respectively, in the presence of 125 μM NQNO diluted 80-fold from a 10
mM stock solution in ethanol, and 100 μM TDS diluted 200-fold from a 20 mM stock solution
in ethanol, with a ratio in each case of inhibitor: protein, mol: mol ≅ 5. Additions of inhibitors
were necessarily made before the augmentation with DOPC lipid, as addition of lipid before
inhibitor seemed to prevent or decrease binding of inhibitors.

X-ray data collection and structure refinement
Native, NQNO and TDS data sets were collected under cryo conditions (100° K) using
beamline SBC 19-ID at the Advanced Photon Source (APS), Argonne, IL. Data reduction and
scaling were processed using HKL2000 75. The structure of the native crystal was solved by
molecular replacement using MOLREP from the ‘CCP4’ suite 76 and the b6f monomer (pdb
accession number, 1VF5) as the starting model. The structure refinements for native, NQNO
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and TDS crystals were carried out with REFMAC5 from the CCP4 suite. Structure corrections
and model building were carried out using the program ‘O’ 77. The data collection and
refinement statistics are summarized in Table I. The programs ‘O,’ ‘Molscript’ 78, POVScript
79 and raster3D 80 were used for presentation of molecular graphics.

Reduction of cytochrome b6/cn
Chemical and enzymatic reduction of cytochrome b6 were measured on a Cary 4000 UV-VIS
spectrophotometer using a half-bandwidth for the measuring light of 1 nm, a scan rate of 150
nm/min, sampling interval, 0.5 nm, and averaging time, 0.2 sec. The measurements were
carried out in a 3 ml anaerobic cuvette containing 2.5 ml TNE buffer (30 mM Tris-HCl, pH
7.5, 50 mM NaCl, 1 mM EDTA, 0.05% UDM), and 1.5 μM spinach b6f complex containing
intrinsically bound FNR 14 or M. laminosus complex not containing FNR, together with 10
mM glucose, glucose oxidase (type X-S from A. nidulans, 160 units), 3 μM ferredoxin, 50
μM decyl-plastoquinol, and a quinol analogue inhibitor in some experiments. The mixture was
magnetically stirred and argon passed over the sample for 1 h, after which a baseline spectrum
was measured. Reduction of cytochrome b6 was initiated by addition of NADPH to a final
concentration of 0.3 mM. The difference spectrum of the cytochrome complex reduced by
NADPH, relative to that in which cytochrome f alone was reduced by decyl-plastoquinol, was
measured as a function of time after addition of NADPH.
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Abbreviations
DBMIB  

2,5-dibromo-3-methyl-6- isopropyl-p-benzoquinone

ΔμH̃+  
trans-membrane proton electrochemical potential gradient

Em7  
midpoint redox potential at pH 7

EPR  
electron paramagnetic resonance

FNR  
ferredoxin:NADP+ reductase

FQR  
ferredoxin:quinone oxido-reductase

heme cn  
heme covalently bound by one thioether bond that is adjacent to heme bn

ISP  
iron-sulfur protein

n/p  
electro-chemically negative/positive sides of the membrane

NQNO  
2n-nonyl-4-hydroxy-quinoline-N-oxide

PQ  
plastoquinone

RFeS  
Rieske [2Fe-2S] cluster
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TDS  
tridecyl-stigmatellin

TM  
trans-membrane
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Fig. 1. Two cadmium (Cd2+) binding sites on the p-side of the M. laminosus b6f complex
(A) Position of higher occupancy (Cd1) is close to the inter-monomer interface, and that of
lower occupancy (Cd2) site is near the small subunits and the exterior of the complex. View
is parallel to the plane of the membrane. Distances: (i) from Cd1 site, and (ii) from Cd2, to the
[2Fe-2S] cluster on the same and opposite side monomer, (i) 38.9 Å and 40.1 Å, and (ii) 57.1
and 28.0 Å. Color code: cytochrome b6 (cyan), subunit IV (purple), cytochrome f (red), ISP
(yellow), PetG, PetL, PetM, and PetN (green). (B, stereo) Environment of Cd1 and Cd2 sites
shown in more detail. Lower occupancy of the Cd2 site is shown by the smaller cage of electron
density. A lipid molecule (possibly galactolipid) described in the coordinates of the C.
reinhardtii b6f complex (pdb; 1Q90), but not previously discussed, is closer to Cd2. Distances:
higher (Cd1) to lower occupancy (Cd2) Cd2+ site, 23.2 Å; higher occupancy Cd1 site to heme
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bp
, 24.0 Å; Cd2 to residues Glu78, Trp79 and Y80 of the ‘PEWY’ loop on the same monomer,

13, 12, and 16 Å. The seven peaks of largest amplitude in the anomalous difference map are:
Cd1 site (18.5 σ), heme bp (18.1 σ), heme cn (17.6 σ), heme bn (17.0 σ), heme f (13.3 σ),
[2Fe-2S] site (11.1 σ), Cd2 site (6.3 σ). The anomalous scattering factors (f″) for Fe and Cd at
0.98 A are 1.50 and 2.13, respectively. The B factors of the Cd1 and Cd2 sites are 80 Å2 and
178 Å2.
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Fig. 2.
Fo-Fc difference map on [A] p- and [B] n-side of the native b6f complex in the absence of
added inhibitor (“native” structure). TM helices and surface helices within loops are labeled
in upper and lower case, respectively. [A] Fo-Fc difference map, contoured at 4σ, in the native
(with Cd2+) b6f complex. Origin of electron density under the cd2 loop, presumably lipid and/
or detergent, is not known. [B] Fo-Fc difference map of n-side background electron density in
the native (with Cd2+) b6f complex. Fo-Fc map contoured at 4σ.
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Fig. 3. Fo-Fc difference map of (A) p- and (B) n-side binding site of TDS in the b6f complex
(A) p-side. The extra density within H-bond distance of the His129 ligand of the [2Fe-2S]
cluster and between the ‘ef’ and ‘cd1’ loops is attributed to the chromone ring of TDS. As in
Fig. 2A, the origin of the electron density under the cd2 loop, presumably lipid and/or detergent,
is not known. (B) n-side. The position of TDS is shown relative to heme cn, which is exposed
to the quinone-exchange cavity. TDS is on the side of heme cn distal to heme bn. TM helices
and surface helices within loops labeled as in Fig. 2. Fo-Fc maps contoured at 4σ.
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Fig. 4. Fo-Fc difference map of (a) p-side and (b) n-side binding site of NQNO in the b6f complex
(A) As in Fig. 2A, the origin of the electron density under the cd2 loop, presumably lipid and/
or detergent, is not known. The p-side plastoquinone binding niche that includes the [2Fe-2S]
cluster and the p-side portal in the “roof” of the cavity is shown. (B) The Fo – Fc difference
map in the region of heme cn on the n-side of the b6f complex shows the n-side binding site of
NQNO. TM helices and surface helices within loops are labeled as in Fig. 2. Fo-Fc maps are
contoured at 4σ.
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Fig. 5. Reduction of hemes bn/cn by reduced ferredoxin/FNR
The reaction solution contained 1.5 μM spinach b6f complex with bound FNR and 3 μM spinach
ferredoxin. Semi-anaerobic conditions were obtained through the addition of 10 mM glucose
and 160 units of glucose oxidase. Decyl-plastoquinol (50 μM) was present to eliminate any
contribution of cytochrome f to the difference spectra. Cytochrome b6 /cn reduction was
initiated by addition of 0.3 mM NADPH. (A) Comparison of reduction of spinach b6f complex
by NADPH/ferredoxin 14 and dithionite. The NADPH/ferredoxin minus decyl-plastoquinol
difference spectrum (blue trace) was measured 1 min after addition of NADPH. The spectrum
of fully reduced cytochrome b6 (pink) was obtained by addition of dithionite. (B) Dependence
of reduction of hemes bn/cn reduction on the presence of FNR and ferredoxin. Reduction of
spinach b6f complex following addition of NADPH in the presence (blue) or absence (red) of
ferredoxin (3 μM), and of M. laminosus b6f complex, which does not have bound FNR, in the
presence (green) or absence (purple) of ferredoxin. All spectra were measured 1 min after
addition of NADPH. (C) Double difference spectrum, normalized at 563 nm, showing the Soret
band spectrum of heme cn (green), measured as the difference between the spectrum obtained
in the presence and absence of NQNO. Difference spectra obtained in the absence (blue) and
presence (pink) of NQNO (final concentration, 25 μM). (D) Proposed pathway of reduction of
hemes bn and cn by reduced ferredoxin (Fd) in a Q cycle or cyclic pathway in which ferredoxin
is reduced physiologically by the photosystem I reaction center and by NADPH in the present
experiment. The requirement of FNR and Fd for the pathway of heme bn reduction by NADPH
is defined by the data shown in Fig. 5B. The ability of NQNO to block the pathway at the site
of heme cn is ascribed to NQNO binding as a ligand of this heme (Fig. 4B) and the NQNO-
induced decrease in Em7 of heme cn 55. The inference that hemes bn and cn, together with PQ,
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are part of a complex in which PQ serves as a ligand of heme cn is based on the proximity of
the two hemes 8; 9, their interaction measured by EPR 66, and binding of the quinone analogue
inhibitors, TDS (Fig. 3B) and NQNO (Fig. 4B).
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Table 1
Intensity data and refinement statistics

Data set Native TDS NQNO

Data collection
 X-ray source APS SBC-19ID APS SBC-19ID APS SBC-19ID
 Wavelength (Å) 0.97934 0.97856 0.97934
 Resolution (Å) 3.00 (3.11-3.00) 3.40 (3.52-3.40) 3.55 (3.68-3.55)
 Measured reflections 227,206 (22,810) 262,461 (26,251) 304,131 (30,616)
 Unique reflections 54,088 (5,305) 37,057 (3,596) 33,633 (3,292)
 Redundancy 4.2 (4.3) 7.1 (7.3) 9.0 (9.3)
 I/σ(I) 21.5 (2.7) 24.5 (5.4) 24.9 (6.2)
 Completeness (%) 99.7 (100.0) 99.8 (100.0) 99.5 (100.0)
 Rmerge (%) 7.3 (42.9) 11.7 (37.4) 8.6 (37.6)
Refinement
 Rcryst 0.222 0.201 0.224
 Rfree 0.268 0.258 0.273
 rms deviation from ideal
  Bond lengths (Å) 0.014 0.013 0.013
  Bond angles (°) 1.89 1.91 2.00
 Average B factors (Å2) 66.5 55.1 75.9
 Luzzati coordinate error (Å) 0.58 0.59 0.64

Values in parentheses apply to the highest resolution shell.
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