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ABSTRACT The cytochrome bc complexes b6f and bc1 catalyze proton-coupled quinol/quinone redox reactions to
generate a transmembrane proton electrochemical gradient. Quinol oxidation on the electrochemically positive (p) inter-
face of the complex occurs at the end of a narrow quinol/quinone entry/exit Qp portal, 11 Å long in bc complexes.
Superoxide, which has multiple signaling functions, is a by-product of the p-side quinol oxidation. Although the trans-
membrane core and the chemistry of quinone redox reactions are conserved in bc complexes, the rate of superoxide
generation is an order of magnitude greater in the b6f complex, implying that functionally significant differences in struc-
ture exist between the b6f and bc1 complexes on the p-side. A unique structure feature of the b6f p-side quinol oxidation
site is the presence of a single chlorophyll-a molecule whose function is unrelated to light harvesting. This study de-
scribes a cocrystal structure of the cytochrome b6f complex with the quinol analog stigmatellin, which partitions in the
Qp portal of the bc1 complex, but not effectively in b6f. It is inferred that the Qp portal is partially occluded in the b6f
complex relative to bc1. Based on a discrete molecular-dynamics analysis, occlusion of the Qp portal is attributed to
the presence of the chlorophyll phytyl tail, which increases the quinone residence time within the Qp portal and is in-
ferred to be a cause of enhanced superoxide production. This study attributes a novel (to our knowledge), structure-
linked function to the otherwise enigmatic chlorophyll-a in the b6f complex, which may also be relevant to intracellular
redox signaling.
INTRODUCTION
The integral membrane cytochrome bc lipoprotein com-
plexes (cyt bc complexes) b6f (Fig. 1, A and B) and bc1
function at an intermediate redox position in the photosyn-
thetic and respiratory electron transport chains, where they
couple transmembrane proton translocation to electron
transfer through redox reactions of lipophilic quinone/-ol,
plastoquinone/-ol, and ubiquinone/-ol, respectively (1–6).
Quinones (ubiquinone in respiratory membranes and plas-
toquinone (PQ) in photosynthetic membranes (Fig. 1 C))
contain a redox-active ring that is attached to a 45–50
carbon prenyl tail. On the electrochemically positive (p)
side of bc complexes, quinol deprotonation-oxidation reac-
tions within the p-side active (Qp) site involve quinol entry
into a portal 11 Å in depth (Qp portal; Figs. 1 B and 2,
A–D) that connects the Qp site to the quinone pool in
the lipid-filled intermonomer cavity of bc complexes, as
described recently in detail for the b6f complex (7).
Due to the large size of the substrate quinol/quinone
(Fig. 1, C and D), traffic through the Qp portal suggests
the possibility of a steric constraint in intraprotein quinone
dynamics.
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It has been shown that quinol/quinone redox reactions
within the Qp site of bc complexes serve as a significant
source of superoxide production (Fig. 3) (8–16). Although
the overall architecture and quinol redox chemistry in the
p-side active site of cytochrome bc complexes are conserved
(17), the rate of superoxide production is at least 10-fold
higher in the b6f complex (16). It has been proposed that
p-side superoxide generation in bc complexes is a conse-
quence of electron transfer to molecular oxygen from the
anionic semiquinone formed through 1), quinol oxidation
by the [2Fe-2S] cluster of the iron-sulfur subunit; and/or
2), electron transfer from the reduced heme bp to the
oxidized quinone (18). Despite the role of reactive oxygen
species (ROS), including superoxide, in stress response,
cellular signaling, and maintenance of homeostasis in
photosynthetic organisms (19–22), the differences in crystal
structure between the b6f and bc1 complexes relevant to
superoxide generation have not been defined.

A feature that is unique to the structure of the cyto-
chrome b6f complex Qp portal is the single chlorophyll-a
(Chl) molecule in each monomer of the complex, which
was first detected spectrophotometrically (23,24) and sub-
sequently in crystal structures of the isolated dimeric b6f
complex (Fig. 1, A and B) obtained from the filamentous
cyanobacteria Mastigocladus laminosus (PDB IDs 1VF5,
http://dx.doi.org/10.1016/j.bpj.2014.08.003
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FIGURE 1 Dimeric cytochrome b6f complex of

oxygenic photosynthesis from M. laminosus

(PDB ID 2E74). (A) Polypeptide composition of

the b6f complex. Color code showing the eight

known subunits of the complex: cytochrome b6,

cyan; subunit IV, pink; cytochrome f, yellow; ISP,

orange; PetL, red; PetM, green; PetG, brown;

PetN, wheat. (B) Prosthetic groups in the cyto-

chrome b6f complex are shown as sticks. The Qp

portal is highlighted as a blue cylinder. (C) The

PQ molecule, which serves as the substrate of cyto-

chrome b6f complex-catalyzed redox reactions.

Carbon atoms are shown in green, with the excep-

tion of atom C6 (white). The oxygen atoms are

shown in red. (D) Overview of the p-side quinone

portal, showing both Chl (green sticks) and PQ

(blue sticks).
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2E74-76, 4H13, and 4H0L) and Nostoc sp. PCC 7120
(PDB IDs 2ZT9, 4H44, and 4OGQ) (6,25–28), and from
the green alga Chlamydomonas reinhardtii (PDB ID
1Q90) (29). The presence of a light-harvesting pigment
molecule is not expected in the structure of the cyto-
chrome b6f electron-proton transport complex, whose re-
actions are not directly light dependent. Previous studies
have discussed several properties of the unique Chl mole-
cule related to H2O axial ligation (28), the aromatic amino
A B

C D
acid environment (30), Chl excited-state lifetimes (31),
excited-state triplet energy transfer (32), and a possible
function in the regulation of photosynthetic-state transi-
tions (33), as suggested by consideration of the evolution
of the complex (34). A possible contact of the Chl phytyl
chain with PQ, evident in the original crystal structures
of the b6f complex, has been noted (27,29,33). In this
study, we consider the consequences of protrusion of the
phytyl chain into, and partial occlusion of, the Qp portal
FIGURE 2 Qp portal in cytochrome bc com-

plexes. (A) The 11-Å-wide Qp portal in the cyto-

chrome b6f complex (PDB ID 4H13). The portal

is shown as a blue tunnel around the TDS molecule

(yellow/red sticks). For reference, the ef loop of the

cyt b6 subunit, and the C, F, and G transmembrane

helices are shown as ribbons. (B) Qp portal in the

cytochrome b6f complex. C (cytochrome b6) and

F (subunit IV) transmembrane helices are shown

as ribbons, and residues lining the portal are shown

as sticks. The phytyl chain of the Chl molecule

(green sticks) is inserted between the C and F

transmembrane helices, thereby constricting the

space available for substrate diffusion. (C) Qp

portal in the cytochrome bc1 complex (PDB ID

3CX5). The C and F transmembrane helices of

the cytochrome b subunit are shown as ribbons,

and residues lining the portal are shown as

sticks. (D) Alternate conformations of the Chl

phytyl chain in the cytochrome b6f complex. The

Chl phytyl chain (green) is wrapped around the F

helix in the cytochrome b6f crystal structure

(PDB ID 2E74) obtained from the cyanobacterium

M. laminosus (labeled M. l.), whereas it occupies a

niche distal to the F helix in the b6f structure

(PDB ID 1Q90) obtained from the green alga

C. reinhardtii (C. r.). The Qp portal is highlighted.
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FIGURE 3 Electron-proton transfer pathways in the cytochrome b6f

complex. The dashed box represents the cytochrome b6f transmembrane

core. On the p side, anionic semiquinone (PQ�-) (highlighted in red) is

produced by deprotonation-oxidation of the reduced plastoquinol

(PQH2), or back-transfer of an electron to the oxidized PQ from the

reduced heme bp. The anionic semiquinone has been implicated in the

reduction of molecular oxygen to superoxide (O2
�-). FNR, ferredoxin-

NADPþ-oxidoreductase; Fd, ferredoxin. To see this figure in color, go

online.
TABLE 1 Summary of crystallographic data

Crystal

Cyt b6f with stigmatellin

(PDB ID 4PV1)

Data collection

Beamline APS-19-ID

Wavelength (Å) 0.979

Space group P6122

Cell dimensions

a, b, c (Å) 159.1, 159.1, 361.3

a, b, g (�) 90, 90, 120

Resolution (Å) 50.00–3.00 (3.05–3.00)

CC* 0.96 (0.81)

Rpim (%) 3.5 (64.7)

Completeness (%) 91.4 (38.0)

Redundancy 9.8 (5.0)

Refinement

Resolution (Å) 49.34–3.00

Reflections 50203

Rwork (%)/Rfree (%)a 21.6/24.7

Ramachandran statistics

Favored (%) 91.8

Allowed (%) 7.8

Unfavored (%) 0.4

Rotamer outliers (%) 0.4

Number of atoms

Protein 7330

Ligand/ion 703

Water 16

Wilson B-factor (Å2) 96.6

B-factor (Å2, average)

Protein 115.4

Ligand/ion 109.0

Water 88.0

Root mean-square deviation

Bond lengths (Å) 0.004

Bond angles (�) 0.646

Coordinate error (maximum likelihood, Å) 0.4

Values in parentheses correspond to the outer shell; a5.1% of reflections

included in the Rfree test set.
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(Fig. 2, A–D), which serves as the entrance channel for the
plastoquinol electron/proton donor to the complex and the
exit for oxidized deprotonated PQ. The Chl phytyl chain
appears to provide a quinone/-ol traffic barrier that is ab-
sent in the cyt bc1 complex (Fig. 2, B and C). In this re-
gard, we note that a redox-linked conformational change
in the quinol/quinone binding position within the bc1 com-
plex Qp site has been implicated in the removal of the
semiquinone intermediate (35).

Insights into the architecture of the Qp portal for p-side
quinol/quinone entry/exit, and the interaction of the Chl
phytyl chain with this portal, have been obtained from
previous crystallographic determinations of the position
of the Chl molecule in the b6f complex of cyanobacteria
(6,25,27,28) and the green alga C. reinhardtii (29).
Here, we analyzed further the spatial relation of the
Chl phytyl chain and the p-side quinone portal. We report
a crystal structure of the cyanobacterial cytochrome b6f
complex with the quinone analog p-side inhibitor
stigmatellin, which is an effective inhibitor of the bc1,
but not the b6f complex, and thus serves as a probe for
the relative size of the Qp portal. Results from a compar-
ison with the Qp portal described in a crystal structure
of the yeast bc1 complex (38), as well as a novel (to
our knowledge) molecular-dynamics analysis of quinone
exit from the portal, indicate that the Chl phytyl chain
has a role in constraining the exit of the quinol/quinone
from its charge-transfer binding site on the p side of
the complex, with an implied consequence of increased
quinone residence time in its p-side portal and binding
site.
Biophysical Journal 107(7) 1620–1628
MATERIALS AND METHODS

Protein purification and crystallization

The purification and crystallization of the cyt b6f complex fromM. lamino-

sus were described previously (28). Cocrystallization was performed with a

stigmatellin/cyt b6f monomer molar ratio of ~5:1.
X-ray diffraction data collection and data
reduction

X-ray diffraction data collection was performed at 100 K using the

Advanced Photon Source (Argonne IL) beamline 19-ID-B. Data reduction,

including indexing, integration, and scaling, was performed in the

HKL2000 suite (39). The high-resolution limit of the data set was deter-

mined according to the correlation coefficient (CC*) method described

by Karplus and Diederichs (40) (Table 1). The <I>/<sI> value, which

is a measure of the average signal strength within a shell, was found to

be 0.6 for the outermost shell of reflections, extending from 3.05 to

3.00 Å, with 38% completeness of the shell (Table 1; Table S1, A–C, in

the Supporting Material). An analysis of the reflection intensities showed

that the outermost shell was populated mainly by relatively weak reflections

(I/<sI> < 2) for 870 reflections (86% of outer-shell reflections; Table 1;
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Fig. S1; Table S1, A–C). As a result, the average strength of the outer-shell

signal was low, even though a significant number of strong reflections were

present (146 reflections (14% of outer-shell reflections) with<I>/<sI>R
2). Based on the CC* cutoff criterion, all reflections extending up to a res-

olution of 3.00 Å were utilized for calculation of the electron density map.
Electron density map calculation and model
building

Crystallographic data reduction showed that the unit cell dimensions had

similar dimensions (space group P6122, a ¼ b ¼ 159.1 Å, c ¼ 361.3 Å,

a ¼ b ¼ 90�, g ¼ 120�) compared with the cocrystal structure of the cyt

b6f complex isolated from M. laminosus with bound quinone analog inhib-

itor tridecyl-stigmatellin (TDS; PDB ID 2E76, space group P6122, a ¼ b ¼
157.2 Å, c ¼ 363.3 Å, a ¼ b ¼ 90�, g ¼ 120�). The polypeptide model of

the cyt b6f complex (PDB ID 2E76) was used for rigid-body refinement in

REFMAC (41). The prosthetic groups heme bp, bn, cn, and f; [2Fe-2S] clus-

ter; Chl; and b-Car were then built into the model in Coot (42). Restrained

refinement was performed in PHENIX (43). After restrained refinement of

polypeptide model with the prosthetic groups listed above, electron density

was observed in the Fo-Fc and 2Fo-Fc maps at a position axial to heme cn. A

simulated annealing OMIT map was calculated around the electron density

near heme cn. A stigmatellin molecule was modeled in the electron density,

with the chromone ring located proximal to heme cn and the hydrocarbon

tail pointing into the intermonomer cavity. Several cycles of manual model

building and restrained refinement were performed to improve the fitting of

the stigmatellin ligand in the electron density map. It is significant that no

electron density was observed for stigmatellin within the Qp site of the b6f

complex. An OMIT map (44) was calculated in PHENIX around the Qp

and Qn sites using simulated annealing. Translation-libration-screw (TLS)

refinement of atomic displacement parameters (ADPs) was performed using

26 TLS groups generated in PHENIX. The figures were generated in PyMol

(http://www.pymol.org) and Coot. The model coordinates and structure fac-

tors were deposited in the PDB with ID 4PV1.
Simulation of the p-side Qp portal of the
cytochrome b6f complex using discrete molecular
dynamics

Truncated models of the structure of the b6f complex (28) were prepared by

manually removing regions distal from the Qp portal. The truncated model

of cytochrome b6f (PDB ID 2E74) contained cytochrome b6 (chain A, Ile-

32–Leu-215), subunit IV (chain B, Gly-63–Ala-147) and the Rieske iron-

sulfur protein (ISP; chain D, Pro-44–Val-92, Ala-98–Val-179). PQ-9 was

manually inserted into the Qp portal of cytochrome b6f using the known

binding configuration of TDS (PDB ID 2E76) as a guide. Simulations

were performed using parallelized discrete molecular dynamics (pDMD;

Molecules in Action) (45) with the Medusa force field (46), which utilizes

implicit solvent. Details of the DMD algorithm have been described else-

where (45,47,48). Briefly, DMD uses discretized energetic step functions

in its force field instead of continuous potentials. A discrete representation

of the force field provides advantages for the modeling of specific interac-

tions, such as hydrogen bonding (48). The time step used to advance our

simulations was 50 fs, compared with 2 fs in traditional MD. In the limit

of a shortened time step, the discretized potentials of DMD would become

identical to the continuous potentials of MD. The production simulation

temperature was 0.4 kcal/mol-kB (where kB is Boltzmann’s constant),

with a heat exchange coefficient, which describes the exchange of energy

between the system and the implicit solvent, of one. The units of time, tem-

perature, and heat exchange in DMD have been fully described elsewhere

(49). Temperature was controlled using the Berendsen thermostat (50).

Chains of the protein that were not in direct contact with the quinone

were held static with infinite square well constraints. Chains that had resi-

dues in direct contact with the quinone were harmonically constrained
(spring-like constraints) with a spring constant of 10 kcal/mol � Å2 on

each atom of the protein backbone, whereas the side chains were allowed

to move freely. Where present, carbon atoms 5–10 of the Chl were placed

under a similar harmonic constraint to keep the Chl bound to the protein,

whereas the remaining 10 carbon atoms of the phytyl tail, as well as the

quinone molecule of each system, were allowed to move freely. Each sys-

tem was equilibrated at high temperature (0.7 kcal/mol-kB) and high heat

exchange (10 exchanges per unit time) for 1,000 DMD time steps (~50

ps). Simulations were performed for 500,000 DMD time steps (~25 ns)

to observe the behavior of the quinone and Chl phytyl tail in the portal. Pro-

duction simulations were repeated in 25 replicates for each system of the

structure of the b6f complex (PDB ID 2E74) with and without the Chl mole-

cule. The effect of the alternate Chl tail conformation on PQ retention was

also investigated by utilizing the Chl conformation from the related eukary-

otic b6f structure (PDB ID 1Q90) and analyzing it in the context of the

cyanobacterial b6f structure (PDB ID 2E74).
RESULTS

Properties of the p-side quinol-binding niche

The Qp portal provides a connection between the intermono-
mer cavity (Fig. 1 B) of cytochrome bc complexes, which is
believed to be the site of quinone transfer to or from the
quinone pool in the membrane bilayer (2,27), as well as
the Qp site of quinol deprotonation-oxidation (2), and may
contribute to the heterogeneity of the dielectric constant
within the complex (51). For the portals in both complexes,
the substrate quinols ((plastoquinol in oxygenic photosyn-
thesis, and ubiquinol in anoxygenic photosynthesis and
mitochondrial respiration) have a long poly-prenyl chain
with nine and ten prenyl units, respectively, which presum-
ably creates a considerable enthalpic and entropic barrier for
the diffusion and insertion of the substrate quinol into the
narrow Qp portal. Access to the Qp site of cyt bc complexes
is defined by the p-side Qp portal that is approximately
normal to the plane of the membrane (Fig. 2, B and C).
The overall architecture of the Qp portal is conserved
between cytochrome bc complexes. The width of the portal
(defined by its bordering amino acid residues) is slightly
smaller in the cytochrome bc1 complex (10–12 Å;
Fig. 2 C), where the portal is lined by aliphatic and aromatic
amino acids, than in the b6f complex (13–14 Å; Fig. 2 B),
where it is bordered by aliphatic residues (17). The amino
acid residues that form the quinone-transfer portal belong
to the C and F transmembrane helices of the cytochrome b
subunit of bc1, and of the cytochrome b6 subunit and subunit
IV in the b6f complex. A sequence and structure comparison
shows that the portal is lined in bc1 by the residues Ile-122,
Ile-125, and Phe-129 of the C helix, and Val-292, Phe-296,
and Ile-299 of the cytochrome b F helix. In b6f, the portal
is defined mainly by small hydrophobic amino acids in the
C-helix (Val-126, Val-129, and Val-133) and the F-helix
(Val-98 and Met-101). Hence, the protein structure implies
that the width of the Qp portal should be smaller in the
bc1 complex than in the b6f complex. However, the effective
diameter of the portal in the b6f complex is significantly
reduced from the 13–14 Å defined by the amino acid
Biophysical Journal 107(7) 1620–1628
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residues lining the channel due to the presence of the phytyl
chain of Chl, as discussed below.
Occlusion of the quinol-transfer portal

The presence of the Chl phytyl chain that occludes the Qp

portal in the b6f complex is a significant difference between
the p-side quinol-transfer Qp portal in the cytochrome b6f
and bc1 complexes. The portal including the phytyl chain
(28) is shown in the context of the surrounding amino acid
environment in Fig. 2 B, and for the structures obtained
from M. laminosus (28) and C. reinhardtii (29) in Fig. 2
D. The different positions of the Chl phytyl chain in the
two structures of the b6f complex imply either flexibility
of the phytyl chain and/or more than one stable position
(Fig. 2 D). In both structures, the presence of the phytyl
chain significantly occludes the quinol-transfer portal on
the p side of the complex.
Qp-site

[2Fe-2S]

Chl-a

Stigmatellin

Heme cn
A

B

ef-loop
Stigmatellin: a probe of the p-side portal space

To probe the accessible space of the Qp portal within the
cytochrome b6f complex, we performed a cocrystallization
study of the cytochrome b6f complex (PDB ID 4PV1; for
a summary of the crystallographic data, see Table 1) with
the p-side quinone analog/inhibitor stigmatellin and com-
pared the results with the previously reported structure of
the b6f complex with the related inhibitor TDS (PDB ID
2E76). Stigmatellin and TDS have identical cyclic chromone
rings (Fig. 4, A and B) attached to a hydrocarbon tail, which
is branched in stigmatellin, leading to the expectation that
stigmatellin would occupy a larger volume than TDS. Stig-
matellin is well known to be a substantially less effective
inhibitor of electron transport in oxygenic photosynthesis
compared with TDS (53), which contrasts with its well-
A Tridecyl-stigmatellin (TDS) B Stigmatellin

* *

* *

FIGURE 4 Structure of the quinone analog/inhibitors (A) TDS and (B)

stigmatellin. Both inhibitors have identical chromone rings that interact

with the Qp site residues. Structural differences lie in the hydrocarbon tails

of stigmatellin and TDS. The tail of TDS is unbranched, whereas that of

stigmatellin is branched (branching highlighted by arrows and asterisks).

The oxygen atoms are shown as red spheres. To see this figure in color,

go online.
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known efficacy as a p-side inhibitor of electron transport in
the bc1 complex (54–56). It was observed that, unlike TDS
(6,27–29), stigmatellin was unable to bind tightly within
the Qp portal of the b6f complex (PDB ID 4PV1, this study).

As can be seen by a comparison of the OMIT maps for
stigmatellin at the Qn and Qp sites, respectively (Fig. 5, A
and B), although no significant electron density was
observed within the Qp site (Fig. 5 B), electron density
was clearly defined for stigmatellin at the Qn site (Fig. 5,
A and C). At the Qn site, the chromone ring of stigmatellin
was modeled and refined proximal to heme cn, whereas the
hydrocarbon tail was mostly disordered (Fig. 5 C).
DMD simulation of quinone exit from the Qp portal
of the cytochrome b6f complex

The effect of the presence of the Chl phytyl chain on the
dynamics of the lipophilic quinone within the Qp portal of
the cytochrome b6f complex from the cyanobacterium
Heme cn

Stigmatellin

C

FIGURE 5 Crystal structure of the cytochrome b6f complex with stigma-

tellin. (A and B) OMIT map (stereo-pair images) around stigmatellin on the

(A) n side and (B) p side. Electron density is observed (mesh, green) on the n

side in a position axial to heme cn. However, no significant electron density

feature is recorded on the p side. For clarity, only the chromone ring of stig-

matellin is shown (semitransparent). The electron density map is contoured

at 3.5 s. (C) Stigmatellin bound axially to heme cn. The 2Fo-Fc map (mesh,

blue; contoured at 1.2 s) shows electron density around the stigmatellin

chromone ring. The distal portion of the hydrocarbon tail, located away

from the chromone ring, is largely disordered. To see this figure in color,

go online.
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M. laminosus (PDB ID 2E74) was analyzed using DMD
(45,47,48). Interactions of the PQ molecule with the amino
acid residues of the Qp portal were probed in the presence
and absence of Chl. To determine whether the presence of
the Chl phytyl chain affects the retention of PQ within the
Qp portal, a DMD analysis was utilized with an initial simu-
lation on a 25 ns timescale (Table 2).

PQ was initially positioned on the p-side end of the portal
proximal (2 Å) to the His-129 ligand to the [2Fe-2S] cluster
of the Rieske ISP subunit. PQ translation through the Qp

portal was measured as the displacement of the C6 atom
of the quinone ring (Fig. 1 C) from its initial position.
Exit of the PQ molecule was defined as an 11 Å displace-
ment of the C6 atom of the quinone ring (Fig. 1 C), equal
to the length of the Qp portal, within a time interval of
25 ns. In the presence of the Chl-phytyl chain positioned
as in the cyanobacterial b6f complex, in 25 independent rep-
etitions of the DMD simulation, PQ exit was observed in
only 13 of the 25 simulations (Table 2). In the other 12 sim-
ulations, the displacement of the PQ was <11 Å (Table 2)
and was considered to be retained within the portal. The
TABLE 2 Kinetics of plastoquinone exit from the Qp portal

Run

Exit time

(with M. laminosus

Chl phytyl tail, ns)

Exit time

(with C. reinhardtii Chl

phytyl tail, ns)

Exit time

(without Chl phytyl

tail, ns)

1 no exit no exit no exit

2 no exit no exit no exit

3 no exit no exit no exit

4 no exit no exit 21.9

5 no exit no exit 16.9

6 no exit no exit 15.1

7 no exit no exit 14.3

8 no exit no exit 10.8

9 no exit 19.5 10.1

10 no exit 16.6 9.6

11 no exit 16.6 8.9

12 no exit 14.9 8.0

13 24.4 13.1 6.2

14 23.4 12.3 4.8

15 15.4 12.0 3.7

16 14.7 11.8 3.3

17 11.2 11.1 0.2

18 10.7 10.2 2.1

19 9.9 7.7 2.0

20 8.4 6.9 0.8

21 7.3 5.9 0.7

22 3.8 4.9 0.5

23 1.9 3.7 0.4

24 1.9 3.4 0.3

25 1.5 2.8 0.2

Avg. 10.4 5 2.1 (13) 10.2 5 1.2 (17) 6.4 5 1.4 (22)

The M. laminosus cytochrome b6f complex structure (PDB ID 2E74) was

utilized for DMD simulations to determine the effect of Chl phytyl tail

on plastoquinone (PQ) retention. PQ exit is defined as displacement of

the PQ ring (atom C6; Fig. 1 C) by 11 Å from its initial position defined

proximal to the His-129 ligand of the Rieske ISP. No exit: PQ was displaced

by <11 Åwithin the 25 ns time period of the simulation. Avg., average exit

time5 standard error of mean (value in parentheses denotes trials included

in calculation).
time period of PQ displacement by 11 Å was found to be
10.4 ns in the presence of the Chl phytyl tail, averaged
over 13 MD trials. The simulation trials that did not result
in PQ displacement by at least 11 Å from the initial position
within 25 ns were not included in the calculation of the
average exit time. When the alternate, extended phytyl-
tail conformation was introduced from the eukaryotic
C. reinhardtii b6f structure (PDB ID 1Q90) into the cyano-
bacterial b6f structure (PDB ID 2E74), the quinone exit
time was 10.2 ns for the same 11 Å displacement (Table
2), indicating that the Chl phytyl-tail conformations
observed in the cyanobacterial and algal b6f structures
have a very similar effect on PQ retention. For the 13 fastest
exit times from the C. reinhardtii portal that correspond to
the number measured for the cyanobacterial b6f complex,
the average exit time was 8.2 ns. In the absence of the Chl
phytyl tail, the PQ molecule underwent a displacement
by >11 Å in 22 of the 25 independent MD trials (Table 2)
with an average exit time of 6.4 ns, and an average exit
time of 1.9 ns for the 13 trials with shortest exit time. Hence,
the PQ molecule was found to undergo exit from the Qp por-
tal not only faster in the absence of the Chl phytyl tail but
also substantially more frequently (i.e., in 22 of 25 trials
compared with 13 of 25 in the presence of the phytyl chain).
It is significant to note that the Chl phytyl tail underwent
extensive motion during the course of the DMD simulation
(Fig. S2).
DISCUSSION

Longer residence time of quinone within the Qp

portal: steric function of the unique Chl

The proximity of the Chl phytyl chain to the Qp portal re-
sults in a smaller cross section for quinol/quinone entry
and exit via the portal in the b6f complex compared with
that in the bc1 complex. The smaller Qp portal in the b6f
complex (Fig. 2 B) compared with that of the yeast cyto-
chrome bc1 complex (Fig. 2 C) is consistent with the ability
of the b6f complex to bind TDS (28,53), which occupies a
smaller volume than stigmatellin (Fig. 4, A and B) (28),
within the Qp site. The crystallographic result obtained in
this study is consistent with the observation that the binding
of the stigmatellin analog TDS to the b6f complex is ~20- to
30-fold stronger than that of stigmatellin (53). The OMIT
map calculated for stigmatellin shows the presence of elec-
tron density in a position axial to heme cn (Fig. 5 A). A
similar electron density pattern was previously observed
proximal to heme cn in the crystal structure of the cyt b6f
complex from C. reinhardtii (PDB ID 1Q90), obtained
with TDS (29), and in an OMIT map calculated around
heme cn, in theM. laminosus cyt b6f-TDS cocrystal structure
(PDB ID 2E76) (28). As discussed previously (57), due to
the limited availability of a selective amino acid environ-
ment, the Qn site in the cyt b6f complex is expected to
Biophysical Journal 107(7) 1620–1628
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have a relatively lower selectivity and affinity for substrate
binding than the Qp site. These inferences about the smaller
aperture of the Qp portal caused by protrusion of the phytyl
chain are illustrated by the fact that stigmatellin does not
bind effectively at the b6f Qp site where its binding is
restricted by the narrow Qp portal, while no steric barrier
prevents binding of stigmatellin on the n-side (Fig. 5, A
and C).
MD analysis of portal blockage by the Chl
phytyl chain

Further insight into the modification of the interactions of
the substrate quinone with the cytochrome b6f complex by
the Chl molecule was derived from MD simulations that
described the effect of Chl on the residence time of the sub-
strate PQ (Table 2). A PQ exit path defined by an 11 Å
displacement from the quinol charge-transfer site at the
base of the Qp portal, as shown in Fig. 2 A, was defined.
In the presence of the phytyl chain, exit through an 11 Å
displacement from the initial position at the p-side interface
(Figs. 1 D and 2 A), defined statistically through 25 trials,
occurred in only one-half to two-thirds of the 25 trials
when the Chl phytyl tail conformation was in the position
observed in cyanobacterial (28) or C. reinhardtii (29) b6f
structures. The average exit time of ~10 ns was recorded
for PQ exit from the Qp portal when the Chl phytyl tail
was in either of the orientations observed in the cyanobacte-
rial or C. reinhardtii b6f structures (Table 2). However, in the
absence of the Chl, PQ exit through the 11 Å displacement
was favored in 22 of 25 trials, with an average exit time of
~6 ns for the whole set and only 1.9 ns for the set of 13 fast-
est trials. It is inferred that the presence of the Chl phytyl tail
within the Qp portal contributes to the retention of PQ within
the Qp site on a timescale that is short compared with the
approximately millisecond step(s) associated with proton
transfer from the quinol, which is the rate-limiting step in
p-side electron-proton transfer (58).

The quinone that exits from the p-side portal would next
encounter the intermonomer cavity domain of the dimeric
complex (Fig. 1, A and B). This cavity in known to contain
lipid-binding sites (7). This lipid presence in the cavity
could further impede the exit of the quinone from the portal.
Such an effect presumably would be common to both b6f
and bc1 complexes.
Consequences of portal blockage by the Chl
phytyl chain on the p-side reactions of the b6f
complex: enhanced superoxide production

Steric restrictions caused by Chl provide an obstruction to
plastoquinol entry into the Qp portal and thus may affect
the overall rate of electron transfer through the b6f complex.
However, the isolated b6f complex supports an electron
transfer rate of ~250 electrons monomer�1 s�1 at room tem-
Biophysical Journal 107(7) 1620–1628
perature (25,59,60), which is comparable to the activity of
the isolated bc1 complex (61). Therefore, quinol passage
through the Chl-obstructed Qp portal is not the rate-limiting
step in the photosynthetic linear electron transport chain.
Alternatively, it has been proposed that p-side deprotonation
of the quinol molecule defines the rate-limiting millisecond
step in the redox reactions of the cytochrome bc1-catalyzed
reactions (62), which would apply as well to the b6f
complex.
Superoxide generation: the alternative p-side
reaction

The specific rate of superoxide generation (normalized to
the electron transfer rate) is more than an order of magni-
tude larger in the b6f complex than in the bc1 complex (16).
It is inferred from the data described here that this is a
consequence of the increased residence time of the PQ
and hence, through equilibration, of the plasto-semiqui-
none within the Qp portal. This inference depends on
whether electron transfer to, and reduction of, molecular
oxygen in the region of the Qp site occurs on a time-
scale <10 ns, which corresponds with the time boundary
estimated for quinone exit from the quinone portal
(Table 2). A nanosecond timescale (approximately that
which is associated with electron tunneling through a elec-
tron donor-acceptor distance of 8–10 Å (63,64) and thus
electron transfer from the plasto-semiquinone to heme
bp, separated by a distance of 5–10 Å (6,27–29,35)) char-
acterizes the pathway that is responsible for energy storage
in the complex. Hence, electron transfer to dissolved mo-
lecular oxygen can occur on a subnanosecond timescale
(64), which is faster than the egress time of the quinone
from the Qp site. Enhanced quinone retention due to the
steric effects of the Chl phytyl tail could then increase
superoxide production by providing an increased lifetime
of the anionic semiquinone.
Function of the enigmatic Chl in signaling

Intricate pathways have been described for ROS-mediated
signaling in photosynthetic organisms in response to envi-
ronmental stress (19–22). ROS generated in the chloroplast
has been implicated in the regulation of nuclear genes
through the activation of nuclear response pathways that
are essential for homeostasis (65). Our study implies a struc-
ture-linked function of the Chl phytyl chain relevant to ROS
production. As described here, the Chl phytyl chain impedes
quinol/quinone dynamics within the Qp portal of the cyto-
chrome b6f complex, which leads to enhanced retention of
the intermediate semiquinone. Superoxide production as a
structural consequence of Chl insertion into the cytochrome
b6f p-side catalytic site may thus represent an evolutionary
modification crucial for stress response and a signaling sys-
tem necessary for cellular homeostasis.
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