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Abstract
Considering information in the crystal structures of the cytochrome b6f complex relevant to the
rate-limiting step in oxygenic photosynthesis (1–5), it is enigmatic that electron transport in the
complex is not limited by the large distance, approximately 26 Å, between the iron-sulfur cluster
(ISP) and its electron acceptor, cytochrome f. This enigma has been explained for the respiratory
bc1 complex by a crystal structure with a greatly shortened cluster-heme c1 distance (6), leading to
a concept of ISP dynamics in which the ISP soluble domain undergoes a translation-rotation
conformation change and oscillates between positions relatively close to the cyt c1 heme and a
membrane-proximal position close to the ubiquinol electron-proton donor. Comparison of
cytochrome b6f structures shows a variation in cytochrome f heme position that suggests the
possibility of flexibility and motion of the extended cytochrome f structure that could entail a
transient decrease in cluster-heme f distance. The dependence of cyt f turnover on lumen viscosity
(7) is consistent with a role of ISP - cyt f dynamics in determination of the rate-limiting step under
conditions of low light intensity.

Under conditions of low light intensity and proton electrochemical gradient present, for example,
under a leaf canopy, it is proposed that a rate limitation of electron transport in the b6f complex
may also arise from steric constraints in the entry/exit portal for passage of the plastoquinol and -
quinone to/from its oxidation site proximal to the iron-sulfur cluster.
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I. Background
A. Rate limitations of oxygenic photosynthesis

The rate of oxygenic photosynthesis can be limited by: (a) incident light intensity; the
productive spectral region of the incident solar energy is defined by the absorbance spectrum
of the light-harvesting pigments (8–10) modulated by photo-protection including non-
photochemical quenching (11–13). (b) Under conditions of high light intensity, the trans-
membrane proton electrochemical potential gradient, Δμ̃H+, and phosphorylation potential
limit photosynthetic electron transport (14). (c) The rate of CO2 fixation can be limiting
when the light intensity is saturating (15). The limitation is dependent on the turnover of
RuBP and optimization of productive carbon fixation versus competing photorespiration
(16). However, CO2 levels that were 315 and 390 μmol-mol−1 in the years 1960 and 2009,
have been projected to be 550 and 800 μmol-mol−1, respectively, in 2050 and 2100 (17).
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Thus, in the presence of high CO2 levels, such as those extrapolated for the near future, and
under limiting illumination such as that present in the lower layers of a leaf canopy (18), the
rate-limiting step (5–10 msec) of the oxygenic photosynthetic electron transport chain (Fig.
1) is located in the charge transfer reactions of the 240 kDa cytochrome b6f complex, which
mediates electron transfer and proton translocation between the photosystem II (water-
splitting) and photosystem I (NADP+ reducing) reaction center complexes. This is simply
shown by the effect of phosphorylation potential on the rate of reduction of cytochrome f
(19, 20). The characteristic time for the rate-limiting step is similar to a mean passage time,
approximately 8 msec, calculated for diffusion of ubiquinone through the LH1 ring that
surrounds the bacterial photosynthetic reaction center (21). The time scale of the terminal
(S4) step in the S-state transitions involved in H2O-splitting and oxygen evolution is
approximately an order of magnitude shorter (22).

B. Structure-Function of the Cytochrome b6f Complex
Crystal structures that define the structure elements in cytochrome b6f complexes which
could limit the rate of electron transfer have been obtained from cyanobacteria (1, 23, 4, 5),
Mastigocladus laminosus and Nostoc sp PCC 7120, and from the green alga,
Chlamydomonas reinhardtii (2). A summary of references to many crystal structures of the
respiratory and bacterial photosynthetic cytochrome bc1 complex, whose integral core is
very similar to that of the b6f complex, is found in (24).

The thirteen trans-membrane helices and eight subunits of the b6f complex, a hetero-
oligomeric integral membrane protein complex that functions, along with cytochrome bc1
complexes, as a symmetric dimer, are described in Fig. 2A. The molecular weights and
redox potentials of the five redox prosthetic groups, heme f, the Rieske [2Fe-2S] cluster,
hemes bp and bn on the electrochemically positive and negative sides of the complex, and
heme cn, are summarized (Tables 1A, B).

C. p-Side Electron and Proton Transfer Reactions
Oxidation of the quinol on the p-side of the complex can initiate a “Q cycle” (25, 26)
through which 2 protons are observed, under conditions of a small trans-membrane
electrochemical potential gradient, to be transferred to the p-side aqueous phase for each
electron transferred through the high potential segment of the electron transport chain, to the
photosystem I reaction center (27). The p-side reaction of the Q cycle involves either
consecutive transfer of the H+ and electron or, because of considerations of redox potential
and details of the proton-coupled electron transfer, simultaneous transfer of the electron and
proton. For the latter case, the redox reaction is:

The [2Fe-2S] protein is protonated through the histidine imidazole of the His129, which is a
ligand to the [2Fe-2S] cluster, as seen in the crystal structures of the complex (1–5). The
second proton from the reduced quinol, which is associated with the PQ semiquinone, PQH•,
is released to the p-side aqueous phase through a different pathway that involves the
oxidant-induced reduction (28) of the heme bp (29–32), one of the two bis-histidine
coordinated b-hemes in the PetB (cytochrome b) subunit of the b6f complex. A p-side
ubisemiquinone species has been detected at an abundance of 0.01–0.10 per bc1 complex
from the photosynthetic bacterium, Rb. capsulatus (33). The release of the H+ from the
imidazole of the protonated 2Fe-2S protein to the p-side aqueous phase is linked to the
reduction of cytochrome f by the iron-sulfur cluster, with an activation energy of 11 ± 1
kcal/mol (34).
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Two reactions, charge transfer and conformational change, (a) and (b) below, which are part
of the mechanism of the p-side quinol oxidation, or closely coupled to it, have been
proposed to determine the rate limitation of overall electron transport in the cytochrome bc1
complex of the purple photosynthetic bacteria or the mitochondrial respiratory chain.
Because of the conservation of the core of the cytochrome bc1 and b6f complexes (“bc
complexes”) in evolution (35–37, 24), although there are significant differences in the
biochemical composition, pathways of electron transport coupled to the complex, and
overall structure (24), basic mechanisms of energy transduction that are valid in the
cytochrome bc1 complexes should also apply to the b6f complex.

II. The Rate-Limiting Step in Electron Transfer: Structure Aspects (1–3)
1

Under conditions of high light intensity and large Δμ̃H+, there is consensus that the coupling
of the redox-coupled trans-membrane proton transfer to the p-side aqueous phase limits the
rate of electron transfer through the cytochrome bc complexes. In the purple photosynthetic
bacterium, Rb. sphaeroides, it has been proposed that the rate-limitation resides in transfer to
the iron-sulfur protein of an electron and a proton from ubiquinol, proceeding by a
mechanism of proton-coupled electron transfer (38–42). This can be observed through the
kinetics of the post-flash reduction of cytochrome f or c1, respectively, after an oxidizing
light flash administered to chloroplasts (34) or chromatophores of a photosynthetic purple
bacterium such as Rhodobacter sphaeroides. Based on studies of the latter photosynthetic
system, it has been proposed that the rate-limiting step is the proton-coupled electron
transfer (43) from ubiquinol, UQH2, associated with its oxidation and deprotonation to the
neutral semiquinone, QH•, by the [2Fe-2S] iron sulfur protein (44).

2. Conformational Changes; ISP and Cytochrome f
In the presence of low intensity illumination and/or small Δμ̃H+, from structure
considerations alone, the 26 Å distance measured between the [2Fe-2S] cluster and the heme
of cytochrome f in the b6f crystal structures (1, 2, 4, 5) (Table 2) would seem to impose a
major barrier to electron transfer (45–47), as was recognized in the context of the first
crystal structure of the bc1 complex (48). This rate-distance problem was subsequently
solved from a crystal structure of the avian mitochondrial bc1 complex that captured
crystallographic data in an additional conformational state in which the [2Fe-2S] cluster is
sufficiently close (approximately 15 Å) to the heme of cytochrome c1 (6) to allow electron
transfer at least as fast as the msec rate-limiting step. This conformational change,
apparently redox-linked, involving a 15 Å translation and 60° rotation of the soluble domain
of the ISP, provided an answer to the problem of achieving electron transfer from the
[2Fe-2S] cluster of the ISP to the cytochrome c1 heme on a physiologically competent
millisecond time scale.

Caveat—This heme-cluster proximal state has not yet been observed for the photosynthetic
bacterial bc1 complex (49), nor for the b6f complex (1–5). On the one hand, the dependence
of cyt f turnover on lumen viscosity (7) is consistent with such a dynamic function of the
iron-sulfur protein. A model for this motion and dynamic function of the ISP alone is shown
(Fig. 3). However, It has been noted (1) that the major differences in structure between the
approximately globular cytochrome c1 structure and that of the elongate cytochrome f (50)
(Fig. 3) preclude the existence in the b6f complex of the 15 Å translation−60° rotation for
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the soluble ISP domain that has been determined crystallographically for the avian bc1
complex (6). This inference is consistent with studies (51) that found the function of the b6f
complex to be insensitive to changes in the ISP “hinge” region connecting the soluble
domain and its trans-membrane helix that theoretically decreased the flexibility of the hinge
by substitutions of 4–6 Pro residues, or altered it by hinge shortening or elongation by
insertion of 4 residues. The latter change increased sensitivity to Qp inhibitors, whereas
deletion of 2 residues resulted in a loss of inhibitor sensitivity and a decrease in activity,
indicating a minimum hinge length of 7 residues required for optimum binding of ISP at the
Qp site. Thus, in contrast to the bc1 complex, the function of the b6f complex was relatively
insensitive to sequence changes in the ISP hinge that altered its length or flexibility. This
implies that either the barriers to motion are larger or the amplitude of ISP motion required
for function is smaller than in the cytochrome bc1 complex (51). These results on the
requirement for flexibility of the inter-monomer loop of the ISP imply that the amplitude of
the motion of the ISP soluble domain is smaller in the b6f complex than in bc1. On the other
hand, although deletion of one residue and extensions of up to five residues in the flexible
hinge had no significant effect on complex accumulation or electron transfer efficiency,
deletion of 3 glycine residues dramatically decreased reaction rates by a factor of
approximately ten (52).

Bridging the gap: conformational change of cytochrome f—The cytochrome f
soluble domain consists of a 75 Å long extended β sheet structure (50, 53), very different
from the approximately globular soluble domain of cyt c1 (Fig. 4A), utilizing the structure of
cyt b6f from M. laminosus (PDB 2E74) and cyt bc1 from yeast (PDB 3CX5). In this
restricted space, the b6f ISP soluble domain has less conformational freedom than does in
the cyt bc1 complex. Hence, the b6f ISP may undergo motion on a smaller scale as
demonstrated by the relative insensitivity of the ISP hinge to mutations that restrict mobility,
discussed above (51, 52). For competent electron transfer from the [2Fe-2S] cluster to the
cyt f heme, the cluster-heme f distance must be no longer than 16 Å – 18 Å (45–47). Based
on the small but resolved 4 Å difference in position of the cyt f heme between the b6f crystal
structure from M. laminosus (black, PDB 2E74) and that of C. reinhardtii (red, PDB 1Q90),
with the construct made by superimposing the trans-membrane helices, it is proposed that
this involves a conformational change of the cyt f soluble domain as seen in the comparison
of the extrinsic domains of cyt f structures (Fig. 4B, C). It is recognized that the
conformational change of the cyt f soluble domain shown here is much smaller than required
to bridge the heme-cluster distance seen in the crystal structures. Of course, the amplitude of
changes in conformation of the cyt f soluble domain that can be seen in crystal structures is
limited by the major role of this domain in crystal contacts. Other information in the
literature that is relevant to the question of conformation changes of the cyt f soluble domain
is seen in differences in the heme orientation in oriented membranes, determined by EPR to
be approximately 25° (54) – 30° (55), and by linear dichroism to be approximately 50° (56).

3. Rate-limiting step; steric considerations in quinol oxidation-reduction
A second set of molecular events for which the crystal structure of the b6f complex suggests
a kinetic limitation under conditions of low light intensity and/or small Δμ̃H+ is the
oxidation of the bulky lipophilic quinol that is proposed (24), based on structure data (ribbon
diagram, Fig. 2A). To reach its oxidation site at the [2Fe-2S] cluster, the quinol must be
transferred from the inter-monomer cavity between the two monomers through a narrow
portal to a position within H-bond distance of the His129 imidazole ligand to the [2Fe-2S]
cluster (Fe, orange, sulfur atoms yellow). Fig. 2B shows the position of the p-side quinone
analogue inhibitor, tridecyl-stigmatellin, as defined in the crystal structure of the complex
from M. laminosus (4). The portal is defined by two TMH of the b6f complex: the F trans-
membrane helix of subunit IV (subIV) and the C-TMH of the cyt b polypeptide. Fig. 2C
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shows the amino acids, almost all hydrophobic, with many valines, which line the portal.
The role of this portal in restricting the rate of entry and exit of the quinol/quinone to/from
the [2Fe-2S] cluster and thereby establishing a rate-limiting step in the electron transport
chain can be tested.

Quinol/quinone (QH2/Q) entry/exit through the p-side portal shown in Figs. 2B, C, which
would occur twice in each turnover of the Q-cycle (57, 26), is hypothesized to contribute to
rate limitation in the linear electron (H2O → NADP+) transport chain, depending upon the
intensity of illumination and CO2 concentration. This is a consequence of the steric
problems associated with passage of the large quinol (Fig. 2D) through this narrow portal
(Figs. 2B, C). T he structure of the b6f complex. e. g., from the cyanobacterium, M.
laminosus (4) (Figs. 2A–C), suggests a limitation on the rate of oxidation of plastoquinol by
the [2Fe-2S] cluster that is linked to the entry/exit of the lipophilic quinol/quinone from/to
the inter-monomer cavity through a narrow (11–12 Å) portal leading to the [2Fe-2S] cluster.
The site of plastoquinol oxidation (Qp site) lies at the end of the narrow portal formed by
trans-membrane helix C of the cyt b6 subunit and the F-helix of subunit IV. Two conserved
prolines (Figs. 5A, B) are on the p-side of the subunit IV F-helix. These two residues lie on
the same side of the helix, proximal to the C-helix (Figs. 5B, 6A). The two prolines cause a
bend in the F-helix, away from the C-helix, thereby contributing to the size of the portal that
leads into the Qp site for electron/proton donation to the Rieske iron-sulfur protein and,
ultimately, to proton donation to the p-side aqueous phase.

Testing a Putative Rate-Limiting Step; the Quinone Portal—The role of the p-side
portal in the rate limitation of the linear electron transport chain can be tested by
mutagenesis of the F-helix, measurement of the effect on quinol oxidation by flash kinetic
spectroscopy and, if a particular mutational change is implicated by kinetic measurements,
purification crystallization, and crystal structure analysis of the mutant b6f complex. It is
proposed that introduction of additional proline residues via substitution mutations of other
residues that lie on side of the F-helix facing the C-helix would bend the F-helix further
away from the C-helix and thus enlarge the Qp site portal (Fig. 6A (left)). Proline residues
105 and 112, which are conserved residues (see arrows, Fig. 5A) define positions of kinks in
this helix that result in a change in the aperture of the portal. It is proposed to use site-
directed mutagenesis to change the size of this quinol/quinone portal/ channel, in which the
quinone (marked by the quinone analog tridecyl-stigmatellin) is shown proximal to the
[2Fe-2S] cluster (Fig. 5B), by mutagenesis of residues in the F-helix of subunit IV.

Changes of portal size resulting from mutagenesis of F-helix—It is predicted
from the structure considerations that the size of the Q-portal would be (i) increased by
inserting additional Pro residues into the F-helix (Fig. 6A, left panel), and (b) decreased by
changing the Pro105 and or Pro112 to a small residue (e.g., Ala) that removes the proline
induced bending of the F-helix (Fig. 6B, left panel). The effect of these mutations can be
assayed by measurement of the rate of cytochrome f reduction after a light flash that
oxidizes the cytochrome, shown respectively, in Figs. 6A and B, right panel.

Flexibility of the F-helix—The above mutagenesis strategy assumes that the changes in
the degree of bending of the F-helix will not be disruptive to the structure. The basis for this
assumption is information on the natural flexibility of the F-helix, as displayed in the
comparison of atomic B-factors, compared with those of neighboring trans-membrane
helices of subunit IV and the cytochrome b polypeptide. B-factors, determined from crystal
structures of the cyanobacterial b6f complex (4, 5), are a measure of local flexibility in the
structure (58); the larger the B-factor, the greater the disorder. It can be seen in the
comparison of segments of the trans-membrane helices of the cytochrome b subunit (Table
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3A) and subunit IV (Table 3B) that the F- and G-helices are more flexible (B-factor, 58–63
Å2) than the more buried A-, B-, C-, and D-helical segments of the cytochrome b subunit
and the more buried E-helix of subunit IV.
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Abbreviations

bn.Qn and bp, Qp, b-
hemes

quinone/ol on electrochemically negative (n) or positive (p)
sides of the membrane, corresponding to stromal and luminal
sides of the membrane

cyt cytochrome

ET electron transport

ISP iron-sulfur protein

PDB protein data bank

PQ plastoquinone

PQ• anionic plasto-semiquinone

PQH2 plastoquinol

RuBP ribulose-1,5-bis-phosphate carboxylase-oxygenase

SubIV subunit IV

TDS tridecyl-stigmatellin

TMH trans-membrane α-helix

ΔμH̃+ trans-membrane electrochemical proton gradient
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Figure 1. The electron transport chain of oxygenic photosynthesis
Formation of the trans-membrane Δμ̃H+, by the linear electron transport chain, which
extends from the H2O oxidation site to that for reduction of NADP+, by H+ translocation in
the PSII reaction center and cytochrome b6f complex is shown, along with the utilization of
this gradient by the ATP synthase. The rate-limitation in the linear ETC is associated with
the oxidation of plastoquinol (PQH2; see PQ in lipid bilayer) by the b6f complex, which
involves the structure-based entry/exit of the quinol-quinone to/from the [2Fe-2S] cluster of
the iron-sulfur protein, and electron/proton transfer from the quinol to the cluster. Cyt b6f
(PDB ID 2E74), cytochrome b6f; Fd (PDB ID 1EWY), ferredoxin; FNR (PDB ID 1EWY),
ferredoxin-NADP+-reductase; PC (PDB ID 2Q5B), plastocyanin; PSII (PDB ID 3ARC) and
PSI (PDB ID 1JB0), photosynthetic reaction center complexes.
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Figure 2.
(A) Crystal structure of dimeric cytochrome b6f complex from the cyanobacterium, M.
laminosus [(4) (PDB ID 2E74)], drawn in ribbon format, showing the eight subunits of the
complex and five redox prosthetic groups, hemes f, bp, bn, the unique heme cn (59, 60) and
the [2Fe-2S] cluster present in each monomer. The two other prosthetic groups in each
monomer, are a single chlorophyll a molecule ligated to two H2O molecules (4) and,
separated by a distance of 14 Å in each monomer, a single β-carotene molecule (61, 1, 2).
Color code: cytochrome f TMH (orange), cytochrome b6 (pink), Iron-Sulfur protein
(yellow), subunit IV (cyan), small subunits with single TMH are PetG (wheat), PetL (red),
PetM (gray) and PetN (green). (B) p-side quinol/quinone binding site and 11 × 12 Å p-side
entry/exit portal (Qp portal) for plastoquinol/plastoquinone; [2Fe-2S] cluster is shown as
orange and yellow spheres, orange for Fe, S for sulfur; (C) Quinone/quinol binding site
inferred from the crystal structure obtained in the presence of the p-side quinone-analogue
inhibitor, tridecyl-stigmatellin (TDS, blue and red) (4) [n. b., at the high concentrations used
for crystallization, the TDS was found to also bind in an n-side quinone-binding niche]. C
and D helices belong to cyt b6 (pink) and F and G- helices to subunit IV (cyan). (D)
Plastoquinol substrate of cyt b6f; number of isoprenoid groups in extended tail of the
plastoquinol molecule, n=9.
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Fig. 3.
Motion of ISP soluble domain required for productive electron transfer in the cytochrome
b6f complex. Crystal structures of the cyt b6f complex show the [2Fe-2S] cluster of the ISP
soluble domain at a distance of 25.9 Å – 27.2 Å from heme f (Table 3) in a membrane
proximal position. Electron transfer cannot proceed at a millisecond time scale over such a
large distance. The ISP soluble domain, and possibly the luminal domain of cytochrome f as
well, must undergo a motion to position the [2Fe-2S] cluster in proximity (16–18 Å) to
heme f in a membrane distal position. Color scheme: Cyt f, light green; ISP, blue; Cyt b6,
subIV, Pet G, L, M, N, yellow; Hemes f, bp, bn, red; heme cn, gray; [2Fe-2S] cluster, brown-
yellow.
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Fig. 4.
Structures of cytochrome f with a displaced heme position. (A) The cyt f soluble domain
(left) consists of a 75 Å long extended β sheet structure which is larger than the cyt c1
soluble domain (right). In this restricted space, the cyt b6f ISP soluble domain does not have
the same conformational freedom as the cyt bc1 ISP soluble domain. Hence, the ISP of cyt
b6f may undergo motion on a smaller scale as demonstrated by the relative insensitivity of
the ISP hinge to mutations that restrict mobility (51). (B) For physiologically relevant
electron transfer from the [2Fe-2S] cluster of the ISP soluble domain to heme f in cyt b6f,
the [2Fe-2S] cluster-heme f distance must be 16 Å – 18 Å. This may involve a small scale
movement of the cyt f soluble domain as seen between the cyt b6f crystal structures obtained
from M. laminosus (PDB ID 2E74, black) and C. reinhardtii (PDB ID 1Q90, red). Structural
superposition performed in PyMol between conserved residues of the cyt f trans-membrane
helix (PDB ID 2E74, chain D, residues 258–277; PDB ID 1Q90, chain A, residues 255–274)
using a Cα pair fitting algorithm (RMSD=0.84 Å). (C) In the superposed structure of cyt f
from M. laminosus and C. reinhardtii, the heme f Fe atoms are separated by 3.8 Å. (M. l.,
Mastigocladus laminosus, C. r. Chlamydomonas reinhardtii).

Hasan and Cramer Page 13

Phys Chem Chem Phys. Author manuscript; available in PMC 2013 October 28.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 5.
The p-side quinone entry/exit portal. (A) Amino acid sequences of segment of F-helix of
subunit IV of cytochrome b6f complex showing conservation of proline residues at positions
105 and 112. (B) Schematic of trans-membrane F- and C-helices that define the p-side entry/
exit portal for plastoquinol-plastoquinone transfer proximal to [2Fe-2S] cluster in the b6f
complex. Two proline residues, 105 and 112, cause a “bent” conformation of the wild-type
trans-membrane F-helix of subunit IV relative to the trans-membrane C-helix of the cyt b
subunit.
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Figure 6.
Anticipated effects on the time course of cytochrome f reduction, measured by the
absorbance change at 556 nm, the alpha-band peak of the ‘reduced-oxidized’ difference
spectrum vs. 540 nm as a reference of the different genetic constructs that are predicted to
change the size of the PQH2/PQ portal and thereby the rate-limiting step in the linear
electron transport chain that can be assayed by the time course of cytochrome f reduction.
(A) Introduction of additional proline residues designed to increase the portal size would
increase the rate, i. e., decrease the half-time, of cyt f reduction, as seen in the trend from the
blue → red → green → yellow traces that describe the time course of reduction after
cytochrome f is oxidized by the red (μsec) light flash. (B) Change of Pro105 and Pro112 to
Ala would cause a decrease in the rate of cyt f reduction (red, green traces) relative to the
wild type (blue), with the effect predicted to be greater if both Pro→Ala changes are made
(yellow trace).
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Table 1A

Subunit Composition and Molecular Weight of the Subunit Polypeptides of the Cytochrome b6f Complex of
the Cyanobacterium, Mastigocladus laminosus

Subunit Molecular Weight (kDa)

Cytochrome f (1 heme) 32.3

Cytochrome b6 (3 hemes) 24.7

Iron Sulfur Protein [2Fe-2S] 19.3

Subunit IV 17.5

Pet G 4.1

Pet M 3.8

Pet L 3.5

Pet N 3.3
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Table 1B

Mid-point reduction-oxidation potentials of cyt b6f prosthetic groups

Prosthetic Group Mid-point Redox Potential (Em7, mV)

Heme f +350 to +380

[2Fe-2S] cluster +300 (pH 6.5) to +320

Heme bp −50 to −150

Heme bn −50

Heme cn +100
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Table 2

Distances between the [2Fe-2S] Cluster and the Cytochrome f Heme

PDB ID 2ZT9 2E74 2E76 1Q90

Source 7120 M. l. M. l. C. r

dmin (Å) 3.0 3.0 3.4 3.1

Qp ligand -- -- TDS TDS

Heme f-[2Fe-2S] cluster (Å) 25.9 25.9 27.2 27.0

[2Fe-2S] cluster- Heme bp (Å) 23.6 24.4 21.6 21.9

*
PDB accession codes for crystal structures of the b6f complex are 2ZT9 (native Nostoc sp. PCC 7120), 2E74 (native M. laminosus), 2E76 (M.

laminosus with quinone analogue inhibitor, TDS), and 1Q90 (C. reinhardtii with TDS); dmin, resolution of crystal structure;

Termini in luminal domain of cytochrome f for distance measurements: 2ZT9, heme f-methyl group (atom labeled “CMC”) and heme bp- methyl

group (atom labeled “CMD”; for2E74, heme f-methyl group (atom labeled “CMC”) and heme bp- methyl group (atom labeled “CMA”); 2E76,

heme f- vinyl group (atom labeled “CAB”; not terminal carbon) and heme bp- methyl group (atom labeled “CMA”); 1Q90, heme f- methyl group

(atom labeled “CMC”) and heme bp- methyl group (atom labeled “CMD”).
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Table 3

Backbone B-factors (in Å2, (58)) and helical spans in the crystal structure of b6f complex from the
cyanobacterium, M. laminosus (PDB 2E74).

A. Cytochrome b6 B. SubIV:

A-helix: Tyr34-Tyr58; 36 Å2 E-helix: Tyr38-Asp58; 42 Å2;

B-helix:Trp80-Tyr105; 40 Å2 F-helix: Leu95-Asn118; 58 Å2;

C-helix: Glu115-Tyr136; 38 Å2 G-helix: Pro127-Phe149; 63 Å2

D-helix: Tyr183-Ile206; 33 Å2
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