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The Single Chlorophyll a Molecule in the Cytochrome bg f Complex:
Unusual Optical Properties Protect the Complex against
Singlet Oxygen
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ABSTRACT The cytochrome bgf complex of oxygenic photosynthesis mediates electron transfer between the reaction
centers of photosystems | and Il and facilitates coupled proton translocation across the membrane. High-resolution x-ray
crystallographic structures (Kurisu et al., 2003; Stroebel et al., 2003) of the cytochrome bg f complex unambiguously show that
a Chl a molecule is an intrinsic component of the cytochrome bg f complex. Although the functional role of this Chl a is presently
unclear (Kuhlbrandt, 2003), an excited Chl a molecule is known to produce toxic singlet oxygen as the result of energy transfer
from the excited triplet state of the Chl a to oxygen molecules. To prevent singlet oxygen formation in light-harvesting com-
plexes, a carotenoid is typically positioned within ~4 A of the Chl a molecule, effectively quenching the triplet excited state of the
Chl a. However, in the cytochrome bg f complex, the B-carotene is too far (=14 A) from the Chl a for effective quenching of the
Chl a triplet excited state. In this study, we propose that in this complex, the protection is at least partly realized through special
arrangement of the local protein structure, which shortens the singlet excited state lifetime of the Chl a by a factor of 2025 and
thus significantly reduces the formation of the Chl a triplet state. Based on optical ultrafast absorption difference experiments
and structure-based calculations, it is proposed that the Chl a singlet excited state lifetime is shortened due to electron
exchange transfer with the nearby tyrosine residue. To our knowledge, this kind of protection mechanism against singlet oxygen
has not yet been reported for any other chlorophyll-containing protein complex. It is also reported that the Chl a molecule in the

cytochrome bg f complex does not change orientation in its excited state.

INTRODUCTION

In oxygenic photosynthesis, the integral membrane cyto-
chrome bg f redox complex connects the reaction centers of
photosystems I and II electronically by oxidizing lipophilic
plastoquinol and reducing plastocyanin or cytochrome c¢ as
discussed, for example, in Cramer et al. (1996). This electron
transfer process is coupled to proton translocation across the
membrane that generates a transmembrane electrochemical
proton gradient used to synthesize adenosine triphosphate.
The cytochrome bgf complex accepts one electron from
doubly reduced dihydroplastoquinone through a high-poten-
tial electron transfer chain that consists of the Rieske iron-
sulfur protein and cytochrome f. This results in the release of
two protons to the aqueous lumenal phase of the membrane
(Fig. 1 A). The second electron from dihydroplastoquinone is
transferred across the complex through two b hemes (Berry
et al., 2000; Kramer and Crofts, 1993; Meinhardt and Crofts,
1983; Rich, 1984; Trumpower, 1990) or as anionic plasto-
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semiquinone (Girvin and Cramer, 1984; Joliot and Joliot,
1994), and the resulting proton uptake from the stromal side
generates an electrochemical proton gradient across the mem-
brane (Fig. 1 A).

According to the x-ray structure analysis (Kurisu et al.,
2003; Stroebel et al., 2003), the monomeric unit of the 217
kD dimeric cytochrome bgf complex consists of four large
subunits, cytochrome f, cytochrome bg, the Rieske iron-
sulfur protein, and subunit IV, and four small subunits, PetG,
PetL, PetM, and PetN. In addition, it contains eight natural
prosthetic groups: four hemes, one [2Fe-2S] cluster, one Chl
a, one (B-carotene, and one plastoquinone (Fig. 1 B). The
presence of the Chl a in the crystallographic structures un-
equivocally confirms the earlier findings through biochem-
ical analysis (Bald et al., 1992; Huang et al., 1994; Pierre
et al., 1995) of a chlorophyll molecule as an intrinsic com-
ponent of the cytochrome bg f complex and raises intriguing
questions about the role of the Chl a. The function of the
cytochrome bg f complex does not require light harvesting,
and the Chl a molecule is not part of the electron transfer
chain, which are the usual functions of the chlorophyll mole-
cule in photosynthetic complexes. Moreover, the function-
ally similar cytochrome bc, complex of the respiratory chain
does not contain a Chl ¢ molecule (Hunte et al., 2000; Iwata
et al., 1998; Xia et al., 1997; Zhang et al., 1998).

Regardless of the role of the Chl a in the cytochrome bgf
complex, the introduction of a chlorophyll molecule into the
protein structure may pose a serious threat to the stability of
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