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ABSTRACT. Structures of the cytochromiasf complex obtained from the thermophilic cyanobacterium
Mastigocladus laminosusnd the green algehlamydomonas reinhardtiwhose appearance in evolution

is separated by POyears, are almost identical. Two monomers with a molecular weight of 110 000,
containing eight subunits and seven natural prosthetic groups, are separated by a large lipid-containing
“quinone exchange cavity”. A unique heme, hexthat is five-coordinated and high-spin, with no strong

field ligand, occupies a position close to intramembrane hbmé&his position is filled by then-side

bound quinone, Q in the cytochroméoc; complex of the mitochondrial respiratory chain. The structure
and position of hema suggest that it could function in ferredoxin-dependent cyclic electron transport as
well as being an intermediate in a quinone cycle mechanism for electron and proton transfer. The significant
differences between the cyanobacterial and algal structures are as follows. (i) isidieea plastoquinone
molecule is present in the quinone exchange cavity in the cyanobacterial complex, and a sulfolipid is
bound in the algal complex at a position corresponding to a synthetic DOPC lipid molecule in the
cyanobacterial complex. (i) On theside, in both complexes a quinone analogue inhibitor, TDS, passes
through a portal that separates the large cavity from a niche containing 4Bedhester. However, in the
cyanobacterial complex, TDS is in an orientation that is the opposite of its position in the algal structure
andbc; complexes, so its headgroup in the laminosusstructure is 20 A from the E8; cluster.

In oxygenic photosynthesis carried out by cyanobacteria, donor, and the photosystem | reaction centers (Figure 1).
algae, and higher plants, the multisubunit cytochrdmfe Consistent with a basic paradigm of membrane energy
integral membrane protein complex mediates electron transfertransduction ), electron transfer through tHaf complex
between the photosystem II, in whichy® is the electron s coupled to proton translocation across the membrane. The
transfer of protons across thgf complex, utilizing oxidation
F The studi ed in thi _ red by NIH Grant and reduction of lipophilic quinone, establishes a proton
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Ficure 1: Pathway of the electron transfgoroton translocation chain in membranes that function in oxygenic photosynthesis. The structures
of PSI (PDB entry 1JBO) and PSII (PDB entry 11ZL) froBynechococcus elongatase shown in purple and cyan, respectively. The
cytochromebgf complex fromM. laminosusis shown in orange. Lumermp) and stromal i) side soluble electron transfer proteins are
plastocyanin (green) or cytochronwg, ferredoxin (dark brown), and ferredoxin:NADReductase (yellow). The proposed pathway of
cyclic electron transfer involving ferredoxin and FNR is shown.

NADP* Light

complex from the thermophilic cyanobacterilviastigocla- through the ISP, to cytochronid¢eqs 1 and 2); a transfer of
dus laminosug7) (PDB entry 1UMS3) and the green alga two protons from PQHito thep-side aqueous phase for each
Chlamydomonas reinhardti(8) (PDB entry 1Q90). A electron transferred to the high-potential chain (eqs 2 and
structure obtained in the presence of the quinone analoguel); a low-potential electron transfer chain in which the second
inhibitor tridecylstigmatellin (TDS)was at a similar resolu-  electron from PQHlis transferred tg-side hemeb, (eq 3)

tion (3.0-3.1 A) from both sources. Structures at a somewhat and then across the membrane bilayen-gide hemd, (eq
lower resolution (3.4 A) were obtained from. laminosus 4); and ann-side binding niche for PQ, which is reduced
of (a) the native complex and (b) the complex in the presenceand protonated to PQHn two one-electron steps (eqs 5
of the quinone analogue inhibitor DBMIB. and 6) or in one two-electron step (eq 7).

The cytochromesf complex, which carries out electron The Q cycle describing redox changes of PQ/BQH,
transfer coupled to proton translocation, is a dimer with a ~ 100 mV) is completed bw-side reduction of a PQ that
molecular weight of 220 000. It contains eight different diffuses from thep-side quinone site or from the membrane
transmembrane polypeptides; three of these polypeptidebilayer. The physical and chemical details of individual Q

subunits bind electron transfer cofactors: cytochrag{éno cycle reactions will not be discussed here. Electrons leave

b hemes and newly discovered hexje cytochromef (c- the complex via oxidation of cytochronf€E,, ~ 370 mV)

type heme), and the Rieske irenulfur protein (FeS; by plastocyanin or cytochromeg (Figure 1), which transfers

cluster). electrons through thp-side aqueous phase to photosystem
With the spectroscopic observation of oxidant-induced |I.

reduction of cytochromé in the cytochromebc complex p-side quinol oxidation:

as a basis9—11), models for electron transfer and proton

translocation involving a semiquinone intermediate have been PQH, + FeS(ox)—~ PQH + Fe,S,(redyH" (1)

proposed to describe the general aspects of the electron and

proton transfer reactiond2—22) One of these models, the FezS.z(red)-HJr + hemef(ox) —
“Q cycle”, is summarized in reactions—¥ below. The +
distinctive features of this model for the cytochrorg Fe,Sy(0x) + hemef(red)+ H" ,_gjqe (2)
complex are as follows: p-side binding niche for reduced

plastoguinol (PQH), the electron and proton donor to the FQH + hemeb,(0x) =

complex; a high-potential electron transfer chain from BQH PQ+ hemebp(red)+ HT oside (3)

1 Abbreviations: En midpoint oxidation-reduction potential; transmembrane electron transfer:
DBMIB, 2,5-dibromo-3-methyl-6-isopropyg-benzoquinone; DOPC,
dioleoylphosphatidylcholine; EPR, electron paramagnetic resonance;hemebp(red)+ hemeb, (ox) —
FNR, ferredoxin:NADP reductase; ISP, ironsulfur protein; PQ,
plastoquinone; TDS, tridecylstigmatellin; Vis, visible. hemeb,(ox) + hemeb,(red) (4)
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n-side quinol reduction:

hemeb,(red)+ PQ— hemeb (ox) + PG~  (5)

hemeb,(red)+ PQ~ + 2H", _ o—
hemeb,(ox) + PQH, (6)

Reactions 5 and 6 illustrate theside uptake of two
protons and the two-electron reduction of PQ as two one-
electron reactions. The-side quinone reduction could also
occur by cooperative transfer of two electrons from the two
b hemes 23). This would lower the energy barrier for
quinone reduction that would exist if it proceeded through a
semiquinone intermediate:

PQ-+ hemeb(red)+ hemeb,(red)+ 2H" — PQH, (7)

The Q cycle model for electron and proton transfer in the
cytochromebsf complex described by eqs—7 is, to a
significant extent, based on analogy with th@ complex.
The reactions supported by data directly obtained for
reactions of théf complex are (i) oxidant-induced reduction
(reactions 1, 3, and 424) and (ii) the stoichiometry of two
protons per electron transferred through the high-potential
chain for proton translocation across the complex (reactions
2 and 3). The details of all reactions involving semiquinone
are at least somewhat conjectural at present. It has recentl
been proposed for thec; complex that the quinol oxidation
described in reactions 1 and 3 above might occur through a
concerted two-electron oxidatio2%).

Prior to the determination of the structure of thgf
complex, crystal structures of the cytochroiyg complex
from the respiratory chain of bovin§—29), avian @7),
and yeast30) mitochondria were obtained. This review will
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protein is extracted from the lipid bilayer into detergent
solution, the hydrophobic domains are covered by detergent
micelles. However, the detergent micelle exerts much less
lateral pressure on the protein than does a lipid bilag4y. (
This may increase the lability of detergent-solubilized
membrane proteins, particularly of membraipeotein com-
plexes 84—36). The resulting heterogeneity of the protein
detergent complex may impede both biochemical study and
crystallization 87).

Instability frustrated crystallization of the cytochrorig
complex from the thermophilic cyanobacterivh lamino-
sus The detergent-solubilized complex was susceptible to
proteolysis. The earliest crystals, which diffracted poorly,
grew slowly from proteolyzed proteir88). It was subse-
qguently discovered by thin layer chromatographic analysis
of the lipid content that the purified complex contained fewer
than 0.5 molecule of lipid per monomer. Addition of pure
synthetic lipid [dioleoylphosphatidylcholine (DOPC)] to the
purified complex resulted in rapid, i.e., overnight, growth
of diffraction-quality crystals of the unproteolyzed complex
(39). The lipid stabilized the complex even though its
headgroup is not native to cyanobacte#i) @nd chloroplast
thylakoid membranes4(). Thus, the purifiedosf complex
of M. laminosuswas overpurified with respect to lipid
content. The instability of the complex, which prevented
crystallization, was apparently caused by delipidation. The
successful crystallization of the complex frdvh laminosus

Xvas mainly a consequence of the large increase in the rate

of crystallization. Delipidation was not a problem for the
bsf complex fromC. reinhardtii. Unlike M. laminosus C.
reinhardtii can be manipulated genetically, and a polyhis-
tidine tag was engineered at the C-terminus of cytochrome
f, which substantially reduced the purification time.

Structure of the CytochromefftiComplex

emphasize recent progress in describing the structure of the

cytochromebsf complex. One of the consequences of the
recently completed structure studies on the cytochrbghe

Structure Analysis of Integral Membrane Proteifihe
bacterial photosynthetic reaction center was the first integral

complex is a better understanding of some aspects of themembrane protein complex whose structure was determined

mechanism of electron-coupled proton translocation across
the complex and the membrane. Inevitably, the new structure
information has also raised new questions about some
structure-function aspects of the complex.

Purification and Crystallization of the Complex

at high resolution from three-dimensional crystdi®)( Many

of the ~60 integral membrane protein complexes that have
been determined in the ensuing two decades carry out
functions of photosynthetic or respiratory electron transport.
Protein complexes from energy-transducing membranes
dominate the set of determined membrane protein structures

The pace of membrane protein structure determination hasbecause of the relative ease of measurement of their activities

been very slow compared to that of soluble proteins. For through redox-linked absorbance changes in the visible
example, the structural database currently contains ap-SPectral region. The bound chromophores essential for
proximately 22 000 protein structures but, at this time, only electron transport and the relative abundance of these proteins
approximately 60 structures of independently determined in the energy-transducing membrane facilitate both purifica-
integral membrane protein complex&i,(32) and only 10  tion and crystallization.
hetero-oligomeric complexes at 3.0 A resolution or better.  Features of the Cytochromefil€omplexThe novel crystal
Purification to a stable, monodisperse state has been thestructures of thdsf complex from the thermophilic cyano-
bottleneck to both biochemical characterization and deter- bacteriumM. laminosus(7) and from the green alg&.
mination of structures of membrane proteins. The primary reinhardtii (8) provide a structural framework for extensive
purification problem is the hydrophobic/amphiphilic property biochemical data. Here we emphasize the major conclusions
of membrane proteins, which tend to aggregate when about structure and function, which are nearly identical for
removed from the lipid bilayer of the native biological the two bsf structures from the two sources. Although the
membrane. A solvent system must be established to stabilizeappearance of cyanobacteria and green algae in evolution is
purify, and crystallize each membrane protein. Detergents separated by approximatelylykars, the structures are very
are excellent solubilizing agents and are used to isolate andsimilar, as expected from the high level of sequence identity
manipulate membrane protein83]. Once a membrane (>60% for the four large protein subunits). Therefore, the
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Table 1: Subunits and Masses of the CytochrdgfeComplex from
M. laminosusMeasured by Electrospray lonization Mass
Spectrometry 43)

mass (Da)
subunit calculated measured

PetA (cytf) 32270 32270
PetB (cytbs) 24884 24710
PetC (Rieske irorsulfur protein) 19202 19295
PetD (subunit V) 17522 17528
PetG na 4057
PetM 3842 3841
PetL 3530 3530
PetN 3304 3304
total mass of the monomer ha 108535

aNot applicable.

Ficure 3: Molecular surface of the quinone exchange cavity. The
color code is as follows: cyan for cytochrotg violet for subunit

IV, and yellow for ISP. Molecules shown as sticks are her(teot
pink), plastoquinone (wheat), chlorophyd (lime), and TDS
(orange).

drial bc; complex, significant extension of the complex from
the membrane bilayer occurs only on fiside, through the
soluble domains of cytochronie@and the ISP. On the-side
of the complex, the aqueous phase contains only short loops
and tails of transmembrane domains. In the crystal structure
of the cyanobacteriddsf complex, several terminal residues
are disordered on the-side in most of the subunits.
Transmembrane HelicesThe eight subunits of each
monomer unit span the membrane 13 times (four spans in
cytochromebg, three in subunit IV, and one each contributed

_ . by cytochromef, the ISP, and the four small subunits). In
Ficure 2: Side view of the cytochromésf complex from the

. . . . . both the cyanobacterial and algal complexes, the long, 27-
thermophilic cyanobacteriuid. laminosusThe overall dimensions . . .
of the dimer in this profile are 100 & 120 A. The color code is ~ f€sidue transmembrane helix of the ISP has an oblique
as follows: blue for cytochrombs, red for subunit IV, purple for ~ orientation relative to the membrane normal, resulting in a
cytochromef, orange-brown for ISP, and green for PetG, -L, -M, domain swap in which the soluble domain associates with

and -N. Prosthetic groups displayed in space-filling diagrams are gne monomer and the transmembrane domain with the other

hemef, b,, andb, (gray), hemex (dark red), chlorophyll (green), P i : : :
andﬁ-caﬁotene Eorange-brown). The membrane bilayer is shown mon_qmer. Th!s IS On.e prInCIpI'e by which the dlmer IS
in yellow. stabilized, as in the mitochondribk; complex, where this

was first noted Z7).

Prosthetic Groupsin both the cyanobacterium and the
conclusions drawn from these two structures also should green alga, each monomer of the complex contains seven
apply tobsf complexes from higher plants, which share the natural prosthetic groups: four hemes (oodype, two
high level of sequence identity. Given the presently modest b-type, and one new heme), one [2Fe-2S] cluster, one
diffraction limits of the crystals, some details differ in the chlorophyll a, and oneS-carotene. In addition, the cyano-
two crystal structures and are not discussed here. bacterialbsf complex also contains one molecule of bound

The cytochromebsf complex is organized as a dimer plastoquinone near heni, and a sulfolipid was detected
containing 26 transmembrane helices. The monomer unitin the algal complex at the position of an artificial lipid on
consists of eight polypeptide subunits, the large cytochrome the p-side of the cyanobacterial complex.

f (petA gene product), cytochromies (PetB), Rieske ISP Quinone Exchange G#y. The two monomers enclose a
(PetC), and subunit IV (PetD) subunits and the small PetG, large cavity (30 A highx 25 A wide x 15 A deep) that
PetL, PetM, and PetN subunits (Table 1 and Figure 2). The appears to be a quinone exchange cavity (Figure 3). The
functions of the four small subunits are unknown. As in other walls of the cavity are formed by the C, D, and F helices of
integral membrane protein complexes, the small subunits mayone monomer and the A, E, and ISP transmembrane helices
provide structural support, here arranged as a “picket fence” of the other, and the-side floor of the cavity is formed by

at the lateral boundary of the dimer, or perhaps as a set ofthe 25 N-terminal residues of cytochroime Thep-side roof
“chaperone” peptides that guide the assembly of the complex.is formed by helices “cd1” and “cd2” (between transmem-
Except for that of the cytochrom® subunit, the measured brane helices C and D) of cytochrorog Plastoquinol, with
and calculated subunit masses of the cyanobacterial complexa lipophilic long chain (nine isoprenoids and 45 carbons),
match well @3). The profile of thebsf complex viewed from donates a hydrogen to the complex (egs3l Quinok

the side (Figure 2) shows that, unlike the dimeric mitochon- quinone exchange occurs between the bulk hydrophobic
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phase of the lipid bilayer and the proton and electron acceptororthogonal ligands such as pyridine are used (H. Zheing

sites on the- andn-sides of the membrane. Both of these al., unpublished data).

sites are accessible only through the quinone exchange cavity. If the potential of hemex is similar to that of heméd,
Structural Struts. Invivo, the cavity is almost certainly (Em ~ —50 mV), the n-side reactions of the Q cycle

filled with lipid. In the structure of theM. laminosus K described in eqs-17 might be modified to include heme

complex, two well-defined molecules of the foreign lipid in the pathway of electron transfer to PQ. The reaction

DOPC, addition of which was necessary for crystallization described by eq 5 would be replaced by

(39), appear to act as structural struts for the cavily The

great facilitation of the crystallization by added lipid is likely hemeby(red)+ hemex(ox) —

a consequence of the reduced structural heterogeneity in the hemeb, (ox) + hemex(red) (8)
purified delipidated complex, perhaps arising from collapse

of the cavity in the delipidated complex. Timeside of the hemex(red)+ PQ— hemex(ox) + PQ~ (9)
cavity of theC. reinhardtii bsf complex contains a sulfolipid

at a position similar to that of the-side DOPC molecule in The close coupling of hemes, andx also suggests that
the M. laminosuscomplex. they may function in a cooperative two-electron reduction

n-Side of the Caity. The most striking feature in thesf of PQ linked to then-side proton uptake that is required for
complex is a unique heme, which occupies a site filled by the formation of the proton electrochemical potential:
ubiquinone in thebc; complex, adjacent to henig. This N
heme is covalently linked by a single thioether bond to an hemeby(red)+ hemex(red)+ 2H" + PQ—
invariant Cys35 on the-side of helix A of cytochroméos. hemeb, (ox) + hemex(ox) + PQH, (10)
The unprecedented heme is tentatively designated heme
(hemec; by Stroebelet al.) because of the single thioether Function of Heme Xrom its position in thdésf complex,
cross-link and the absence of any orthogonal amino acid hemex is assumed to function in all redox events involving
ligand (7, 8). Hemex is inferred to be ubiquitous ifsf hemeb,. This hypothesis®, 8) is that hemex functions in
complexes because of the invariance of Cys35 and numerouscyclic electron transfer”, which is found in photosynthetic,
residues that border the heme. Mutagenesis of Cys35 to Valbut not mitochondrial, membranes. This function of heme
in C. reinhardtii (44) or to Ser in the cyanobacterium is also suggested by its five-coordinate high-spin state. It is
Synechococcusp. 7002 (J. Yan and W. A. Cramer, natural to consider the possibility that either PQ or ferredoxin
unpublished data) resulted in an unassembled complex orcould provide the ligand to heme although a conforma-
cell lethality. A cysteine seemingly homologus to Cys35 is tional change of the complex that would allow access of
present in Gram-positive bacteria suchBeillus subtilis ferredoxin to hemex is unknown. The electron transfer
which contains a nonphotosynthetic complex similar to partner could also be ferredoxin:NADPXxidoreductase in
cytochromebgf, and a cysteine residue seemingly homolo- higher plants48). Binding of negatively charged ferredoxin
gous to Cys3545). to the stromal side surface of th®gf complex would be

On the cavity side of the cyanobacterial complex, the facilitated by the positiven-side surface potential of the
closest potential hemeFe ligand is the plastoquinone ring complex {). Although hemex is somewhat closer to the
oxygen at a distance of 7 A. In both the cyanobacterial and stromal side surface of thef complex than hemé,, it is
algalbsf complexes, electron density on the helpjside of buried below a layer of protein. Although the high-spin state
hemex was ascribed to a water or hydroxyl ligand, which is of hemex seems to be “crying for a ligand”, e.g., ferredoxin,
hydrogen-bonded to a propionate oxygen of hdmeThis it is difficult to imagine how this could occur, although
ligand has been confirmed by resonance Raman spectroscopferredoxin or ferredoxin:NADP reductase could transfer an
(44). In the algalbsf complex, an additional water bridges electron through the protein. The crystal structures of the
the hemeb, propionate and its His100 ligand. Hemeand two bef complexes differ in this region, and neither structure
b, are in van der Waals contact. Thus, electron coupling must may be informative in detail. Tha-side terminal residues
exist between hemg and heme, and rapid electron transfer ~ of all subunits are the least well ordered regions of the
between them seems to be inevitable. The direction and ratecyanobacterial complex. However, in the algal complex, a
of this electron transfer are unknown at present, partly major crystal lattice contact from this region may influence
because there is no precise information aboughef heme the conformations of these short peptides, leading to a slightly
X. The spectroscopic observation of a component resemblingmore ordered structure. The observed conformational dif-

hemex indicated that it has aBn, similar to that of hemd, ferences im-side subunit termini demonstrate the possibility
(46). However, resonance Raman spectra imply that the for conformational changes.
valence of the iron is Pé&, although this may be a n-Side Binding Site of Plastoquinanthe M. laminosus

consequence of photoreductiod4). The answer to the  bsf complexincludes a bound plastoquinone molecule whose
question of why hemrwas never detected spectroscopically, headgroup is~4 A from hemex (Figure 3). PQ forms no
considering the millions of light flashes that have been hydrogen bonds and few other contacts with the protein. In
incident on thebsf complex over the past 40 years, lies in helix E of subunit IV, Phe40, Leu37, Tyr38, and Pro41l are
the broad low-amplitude visible spectrum that is associated in van der Waals contact with the first two isoprenoid units
with high-spin hemesA(7), and also perhaps by coupling of of PQ. The PQ site is simply a surface within the quinone
its redox properties, and resulting spectra and spectralexchange cavity. It is not a concave niche, as isrtfside
changes, to those of hems,. A broad low-amplitude quinone binding site in the cytochronte; complex @0,
difference spectrum of hemdn the complex can be detected 49), but rather an approximately flat surface of the cavity
in visible light difference spectra only when strong field wall.



5926 Biochemistry, Vol. 43, No. 20, 2004

FIGURE 4: p-Side (11 Ax 12 A) portal for quinone passage. The
color code is like that in Figure 3: cyan for cytochroing and
violet for subunit IV. Molecules shown as sticks are chlorophyll
(lime) and TDS (orange).

p-Side of the Caity. Electron and proton transfers on the
p-side of thebsf complex occur in a @site, or “Q, pocket”,
that contains the K8, cluster of the iroa-sulfur protein.
PQH, must access the 3ite through a small portal leading
from the quinone exchange cavity (Figure 4). The3e
cluster-binding domain of the ISP docks into thg figcket

Current Topics

residues within the @pocket are conserved, so both of the
observed pocket shapes should be accessible to labth
complexes. The tail-in, head-out binding mode for TDS
observed inM. laminosuscytochromebsf seems to be
inaccessible to theC. reinhardtii bsf complex, possibly
because Ala186 of the cytochrorbgD helix and Leu81 of
subunit IV, which contact TDS iM. laminosusare replaced
by a Leu and Phe residue @. reinhardtii (J. Yan and W.
A. Cramer, in preparation).

A binding site for the quinone analogue inhibitor DBMIB
was identified in difference electron density at 3.4 A
resolution from crystals of cyanobacterial cytochrdugfehat
had cocrystallized with DBMIB. The DBMIB site is far from
the Q site and 20 A from the F&; cluster. It is not apparent
how DBMIB inhibits electron transfer at the cluster site that
is 20 A distant. This result should be considered in the
context of studies in which more than one inhibitory DBMIB
binding site was found, and the highest-affinity site had no
effect on the EPR spectrum of the Bgcluster £0).

Distances between the £ Cluster and Cytochrome f
In the presence of the TDS quinone analogue inhibitor, the
distances of the ISP %, cluster from cytochromé are
slightly different [25 A M. laminosuy or 28 A (C.
reinhardtii) from edge to edge] in the two complexes, in a
manner that may relate to the different modes of binding of
TDS described above. F&t. laminosusfor which a native
structure was obtained, this distance is hardly changed

from thep-side aqueous phase by contacts with the cd1 and(<1—2 A in the native structure in the absence of TDS).

cd2 helices of cytochromés and the “ef’ helical loop

Irrespective of the reasons for these differences, th&Fe

(between helices E and F) of subunit IV. These loops are cluster is too far [25 A K. laminosu} or 28 A (C.

among the most conserved regions of tg complex.
Despite the conservation, the, Qocket is narrower in the
cyanobacterial than in the algbdf complex, due to an-2

A shift of the ef helix and the C-terminal region of the E
helix. The wider pocket of the algal complex allows the ISP
to penetrate~3 A deeper into the Rsite.

Differences in binding of the inhibitor to cyanobacterial
and algal cytochrombsf are consistent with the (pocket
differences. Both crystal structures include tridecylstigma-
tellin (TDS), a quinone analogue inhibitor pfside electron
transfer. In theC. reinhardtii bsf complex, the TDS head-
group passes through the portal into thep@cket, where a
TDS oxygen is hydrogen bonded to His155 of the ISP. This
binding mode, which clearly illustrates how TDS inhibits at
the Q site, is similar to that of the cytochronie; binding
of stigmatellin, another quinone analogue inhibitor. In
contrast, TDS exhibits a novel binding orientation in the
cyanobacteriabsf complex, in which its hydrocarbon tail

reinhardtii) from edge to edge] from the heme of cytochrome

f to allow electron transfer from the ISP to cytochrofreg

the classical rate observedvivo or in situ of approximately
200 st This rate constant corresponds to that of the rate-
limiting step of photosynthesis. Average rate distance coef-
ficients [Bavg= 1.2 1) or 1.4 A1 (52)] are obtained from
analyses of the rate calculated distance dependence of
intraprotein electron transfer. The rate constants for electron
transfer from the ISP to cytochronieare only 162—1076

s 1 at 25°C, taking into account the range fSfvalues and
ISP—cytochromef heme distances. The rate constants were
calculated assuming a reorganization energy of 1.0 eV, and
AG° = 70 meV (difference in theée,, values of ISP and
cytochromef). Thus, either the ISP or cytochronfienust
move to close the gap for electron transfer in the high-
potential chain. Significant movement of cytochrohseems
unlikely, considering the identical positions of cytochrome
f in the two monomers of thiesf dimer, apparently fixed by

plugs the narrow portal and its headgroup remains in the contacts between its large domain and the ef loop (between
quinone exchange cavity. Thus, crystallization trapped the helices E and F) of subunit IV. Movement of the ISP seems

two bsf complexes in slightly different states with respect to
ISP and “drug” interaction with the (Xite. The existence
of different states suggests that thg [@@cket may alter its

more likely considering (i) the apparently flexible hinge
region of the ISPJ3), (ii) the known flexibility of the ISP
hinge in thebc; complex 64—56), (iii) nonidentical positions

shape in response to binding of natural ligands such as PQof the two ISP subunits oM. laminosus(7), (iv) the

or PQH and the ISP. Shape changes may facilitate move-

significantly higher mobility of the ISP compared to cyto-

ment of PQ between a subsite for electron transfer to the chromef in both the cyanobacteria and algal complex, and

ISP and a subsite for electron transfer to hdspevhich is
~20 A farther into the @pocket than the ISP E8; cluster.

It is impossible to know whether the shape differences in
the Q, pockets of the two crystal structures are a result of
crystallization or inhibitor binding conditions. Virtually all

(v) crystal forms of thebc; complex in which the F&5,
cluster is positioned near (approximately 15 A) the cyto-
chromec; heme 27—29). Mutagenesis studies of the hinge
region of the ISP soluble domain in the cyanobacterium
Synechococcusp. PCC 7002 suggested that the required
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movement of the ISP may be substantially small&r5Q)
than in thebc, complex 64, 55).

Biochemistry, Vol. 43, No. 20, 20046927

terial structure and a green algal structure oftisiecomplex
showed both chlorophyd and-carotene in the stoichiom-

etry, one per cytochrom predicted from the biochemical

Consevpation of the Cytochrome bc Structure in
Evolution

Three of the four core polypeptides of the cytochrdufe
complex are conserved among all known cytochrdoge
complexes. Cytochromés, subunit IV, and the ISP are
homologous to components of thec; complex. Both
sequence and structural similarity are greatest around ghe Q
pocket. Beyond this, thbsf andbc; complexes diverge in

analysis. However, in both structures, {hearotene is 14

A from the chlorophyll. This distance is much too large for
guenching of the chlorophyll triplet state, but the conservation
of the geometry of these pigments implies a function for
each in the complex. Thus, questions about how the complex
is protected from chlorophyll-mediated, @amage and the
function of the bound chlorophyd and/-carotene molecules
arise.
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