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ABSTRACT. Cytochromef from the photosynthetic cytochrom&f complex is unique among-type
cytochromes in its fold and heme ligation. The 1.9-A crystal structure of the functional, extrinsic portion
of cytochromé from the thermophilic cyanobacteriuRhormidium laminosurdemonstrates that an unusual
buried chain of five water molecules is remarkably conserved throughout the biological range of cytochrome
f from cyanobacteria to plants [Martinez et al. (19%Btjucture 2 95-105]. Structure and sequence
conservation of the cytochroniextrinsic portion is concentrated at the heme, in the buried water chain,
and in the vicinity of the transmembrane helix anchor. The electrostatic surface potential is variable, so
that the surface oP. laminosum gtochromef is much more acidic than that from turnip. Cytochrofme

is unrelated to cytochrome, its functional analogue in the mitochondrial respiratory cytochrdme
complex, although other components of th€andbc; complexes are homologous. Identical function of

the two complexes is inferred for events taking place at sites of strong sequence conservation. Conserved
sites throughout the entire cytochrorgf/bc; family include the cluster-binding domain of the Rieske
protein and the hemigand quinone-binding sites on the electrochemically positive side of the membrane
within the b cytochrome, but not the putative quinone-binding site on the electrochemically negative
side.

The cytochromebsf membrane protein complex of oxy- helix (9). The Rieske F£5; proteins in these complexes also
genic photosynthesis couples the transfer of electronshave ap-side extrinsic functional domain with a single
between the photosynthetic reaction centers to proton trans-N-terminal transmembrane helix.

location and generation of the proton electrochemical e analogous functions of thif andbc; complexes are
potential utilized for ATP synthesid (recent review). These  {hoyght to be a consequence of a close evolutionary relation
functions are analogous to those carried out by the cyto- hatween all or most of their redox-active subunité{12).
chr(_)mebcl complex of the respi_ratory electron transport grom comparisons of primary sequence, distribution of
chain and of purple photosynthetic bacte@ (The b-type hydrophobic domains, absolute hydrophobic character, and
cytochromes in these complexes are polytopic integral e motif of interhelix bis-histidine heme coordination, there
membrane proteins that contain two noncovalently bound ig |ittje question that the cytochromte polypeptide of the
hemes, one located toward the electrochemically negativebCl complexes, with eight transmembrane helices, shares a
side ()* and one toward the electrochemically positi®® (- ¢ommon ancestor with the smaller cytochrossand subunit
side of the membrane3{8). The c-type cytochromes in |y of the b complexes. Cytochrombs, with four trans-

these complexes, cytochromé;anq C1, hgve_ a sing-le membrane helices, corresponds to the N-terminal half of the
covalently bound heme located impsside extrinsic domain, be: cytochromeb subunit, and subunit IV to its C-terminal

which is anchored by a single C-terminal transmembrane - (3). The Rieske proteins of thaf andbc, complexes

* Supported by USDA Grant 98-35306-6405 to J.L.S. and W.A.c. &r€ more diverged than are théype cytochromes, although
B.G.S. was supported by the Biotechnology and Biological Scences the Rieske subdomains that bind the.$ecluster are
Research Council and the Deutscher Akademischer Auslandsdienstvirtually identical (L3, 14). Thec-type cytochrome$andc;

(Program HSPIII). are unrelatedg, 15). Biochemical analogies, routinely made

¥ Coordinates have been deposited in the Protein Data Bank under -
access COIde 1ci3. . postedt ' ""%between thénsf andbc, complexes, must take into account

* To whom correspondence should be addressed. Phone: (765) 494this patchwork of conservation and variability.

926, Fax: gﬁg&éﬁ?_’lmg' E-mail: smithj@bragg bio.purdue.edu. \ 5nne4rs that the hydrophobic subunits of these integral
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suggests that the-type cytochromes may have arisen after T 0 1 Summary of Diffraction Data
the divergence of archaebacteria and other organisms:

Integral membrane proteins that are protected from the Y]nggfler::g;glgfgd reflections 126?}4%418
environment may have been more stable in the primitive no. of unique reflections 26071
extreme environments. Subunits with extensive protein mass minimumd-spacing (A) 19
and redox centers in the bulk aqueous phase may have arisen ~ average redundancy 4.8
. % completeness 97.9 (8328)
later when the aqueous environment was less harsh. On the Reye? (%) 3.2(12.8)
Oth?r hand, RleSke_type .prOt(.:"Ins’ Whlc.h have an extensive aValues in parentheses pertain to the outermost shell of data<{1.97
peripheralp-side domain in mitochondrial8) and chloro- 1.90 A).® Rym = Znillni — oSl

plasts (4, 17, are present irs. acidocaldarius (18, 19

A crystal structure of cytochrqm‘efrom turnip chloroplasts oo pink triangular prisms approximately 0.45 mm on a
revealed several features unique among dhgpe Cylo-  gige and 0.1 mm thick. A crystal was harvested into a
chromes 15, 20. The extrinsic portion of cytochronfehas solution of 100 mM MES (pH 6.5), 200 mM zinc acetate,
two 3-sheet domains arranged to form an elongated structure.;nq 10% PEG-8000. Cryoprotection was achieved by
The heme is bound in the larger domain with the N-terminal yansferring a crystal through harvesting solutions with
o-amino group as an Fe ligand. A chain of five water gyccessively higher concentrations of glycerol in increments
molecules is buried within the large domain, in contact with 4t 405 The final glycerol concentration of 20% was reached
the His Fe ligand. The structure of the soluble portion of i 5 total cryoprotection time of about 20 min. The crystal
cytochromef from the bef complex of the green alga \yas removed immediately with a loop and flash-frozen in
Chlamydomonas reinhardtiias also been determinegily, an Oxford Cryosystems cryostream.
and a preliminary 3.5-A structure has been presented for this Diffraction data were measured using a rotating anode

domain from the cyanobacteriuBpirulina maxima(22). ~ goyrce (Rigaku RU-200) and a Molecular Structures Corp.
Properties of cytochromférom the moderately thermophilic  r_axis |v image plate system. Diffraction extended to a
cyanobacteriunPhormidium laminosurhave been described  inimum d spacing of 1.9 A in the space gro@®82with

(23). Here we report the crystal structure of the 250-residue ypjt cell parametera = b = 109.6 A,c = 145.1 A,a. =
soluble portion of cyanobacterial cytochroringom the bef = 90°, y = 120 in the hexagonal setting. The asymmetric
complex ofP. laminosumCyanobacteria and plants represent njt includes one cytochromé molecule and a solvent
the extent of biological divergence of cytochronfeShe  ¢ontent of approximately 60% (v/v). The diffraction images
high degree of similarity of cytochromédrom the cyano-  ere processed and scaled using the HKL program 26je (
bacterium and higher plant chloroplasts implies that structural The data quality is summarized in Table 1.

details have been preserved over approximately 3 billion  girycture Determination and RefinemeTite structure of
years, from the early origins of energy-transducing mem- p_ jaminosumcytochromef was solved by the molecular
branes. replacement method with AMORRG), using the complete
model of turnip cytochrom&(PDB code 1hcz20) as a probe
structure. The orientation and position of the molecule in
the R32unit cell were found readily, despite & difference

in interdomain hinge between the unknown and probe
structures. The startinB-factor was 43.0% for data in the
transformed with the plasmid pUC19CF, and purified from L%Tgsef)gdiflfhéﬁ R(l)gldtht;odtzv(r)eﬁdnoenrqn aeigts,of;: g (;i?glrl);etsf

per|plasr_n_|c extracts). Hoyyevgr, as the .yleld was low, individual secondary structure elements was carried out using
two additional steps of purification were inserted. Pooled X-PLOR (27). The model was modified to reflect the

cytochromef fractions from the first column (Whatman sequence of th@. laminosumeytochromef, yielding an
DE52) were fractionated with ammonium sulfate. The g toior of 44% for data to 3.0 A ’

supernatant was brought to 60% saturation and applied to a
Sepharose CL4B hydrophobic interaction column (2.5 cm
diameterx 20 cm; Sigma) preequilibrated with 65% am-
monium sulfate, pH 7, at 4C. The protein was eluted with

a gradient (400 mL) of 6630% ammonium sulfate, pH 7,
and subjected to further chromatograp®¥)( The final yield
from 40 L of culture was about 7 mg of cytochrorherith

MATERIALS AND METHODS

Expression and Purification of P. laminosum Cytochrome
f. P. laminosuntytochromef, truncated after Arg250, was
expressed under semi-anaerobic condidtiorts icoliW3110

The model was refined with one round of simulated
annealing followed by alternating cycles of atomic refinement
in X-PLOR and model-building in the program @8). The
CCP4 program suite2Q) was used for the calculation of
the |2|Fo] — |F¢|| and ||Fo] — |Fc|| maps used in model
building. A large electron density peak at a crystal lattice
. contact near the His55 side chain was interpreted as a zinc
an absorbance ratioAfsdAss) of 1.0 for the reduced o, from the crystallization solution. The zinc atom was
cytochrome. coordinated by His55, Glu125, Asp54 from a symmetry-
Crystallization and Data CollectioriThe purified protein  related molecule, and one water molecule. Coordination
was crystallized by the sitting drop vapor diffusion method stereochemistry could not be restrained across crystal lattice
using a 1:1 ratio of cytochromieto reservoir solution. The  contacts in X-PLOR, so two cytochronfienolecules were
protein solution was 10 mg/mL cytochrorfign 50 mM Tris refined in space grouR3 Diffraction data for space group
buffer, pH 7.5, 50 mM NaCl, and trace ascorbic acid. The R3were obtained by rescaling the original unmerged data.
reservoir solution was 100 mM N{morpholino)ethane-  The refinement test set of reflections was obtained by
sulfonic acid (MES, pH 6.5), 200 mM zinc acetate, and expansion of theR32test set. The model, including water
8—12% poly(ethylene glycol) (PEG) 8000 (Fluka). Crystals molecules, was restrained to ob&B382 symmetry during
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Table 2: Refinement Statistics fé. LaminosunCytochromef

residue range 1249
no. of non-H protein atoms 2182
no. of waters 250
data range (A) 361.9
R-factor? (%) 20.3
no. of selected reflections 23596
freeR factor (%) 23.5
no. of selected reflections 1993
data cutoff |[F| > 0.0
averageB (A?)
main chain 26.9
side chain 28.9
water 38.4
heme and Zn 13.9
all atoms 28.7
RMS deviations from target values
bond lengths (A) 0.010
bond angles (deg) 1.703
bondedB (A? 1.53
Ramachandran outliers none
cis peptides Gly11#Prol118

2R = Zh|Fobsh — Featcnl/ZnFobsh.

refinement in space grolR3d After completion of refinement
in space groufR3 the model was converted back R82
symmetry for final refinement, during which the zinc ligands

did not move appreciably. A second zinc ion was coordinated
to the His150 side chain at a site of half-occupancy, which
was not at a crystal lattice contact. The final model

refinement was done with the program CN&®)(using all

data between 30.0 and 1.9 A. Statistics for the final mode

are summarized in Table 2.
To determine appropriate restraints for metajand

coordination distances for the zinc sites and for the axial
iron ligands, tetrahedral complexes of zinc with imidazole

Carrell et al.

terminal portion of cytochroméb, and the subunit IV
sequences with the C-terminal portion. A total of 30 invariant
residues were found in the 45-sequence, 215-residue cyto-
chromebs—cytochromeb alignment (Pro25, Gly35, Gly49,
Tyr56, Ala63, Ser66, Gly77, His84, Ala88, Ser89, His98,
Argl101, Trp114, Gly117, Gly131, Tyrl32, Leul34, Pro135,
GIn138, Trpl142, Alal53, Prol55, Gly158, Thrl75, Leul76,
Arg178, His183, Pro187, His197, Pro209), and 14 in the 46-
sequence, 160-residue subunitH®ytochromeb alignment
(Pro248, Pro262, Thr265, Pro266, 1le269, Pro271, Glu272,
Trp273, Tyr274, Leu282, Arg283, Lys288, Gly291, Pro306).
Residue numbering is according to the chicken cytochrome
b sequence.

RESULTS AND DISCUSSION

Structure. The crystal structure oP. laminosumcyto-
chromef in the reduced form was solved by molecular
replacement using the 62% identical turnip cytochrdrae
a probe 20). The 1.9-A model, wittRyok = 20.3% andRyee
= 23.5%, includes 249 amino acids, 1 heme, 250 water
molecules, and 2 Zn ions. The polypeptide of the expressed
extrinsic domain of cytochromis well ordered throughout
its length (Figure 1) with the exception of residue 250, for
which there is no electron density. In the intact cytochrome,
residue 250 connects the extrinsic domain to the membrane-
anchor helix. All residues but one are in the most favorable
regions of the Ramachandran plot. Asp199, which is in a
loop and has poor electron density, kg angles in the

| generously allowed region. The model fits stereochemical

quality criteria well. The mean error in atomic positions is
0.11 A, estimated by the SIGMAA metho84), and 0.21
A by the Luzatti method35), using data from 5 to 1.9 A.

The extrinsic portion of cyanobacterial cytochrores

or carboxylate functional groups, and octahedral complexesan €longate structure dominated fysecondary structure

of iron with primary amine or imidazole ligands, were

(Figure 2), as for the turnip cytochrom&5, 20. Both the

extracted from the Cambridge Structural Database. Theheme and the C-terminal membrane anchor are linked to the

metal-ligand coordination distances were restrained to the larger of two structural domains (residues 1169 and 23+
median bond distance for each chemical type. These distanceg49). The small domain (residues 17230) and the mem-

are as follows: ZrN, 2.05 A; Zn-0, 2.10 A; Fe-
imidazole, 2.11 A; FeNH,, 2.15 A.
Structure and Sequence Analysfructure comparisons

brane anchor are at opposite ends of the large domain. The
heme is bound by the N-terminal 25 residues, which include
the signature heme-binding peptide, Cys-X-Y-Cys-His, (resi-

were done using the superposition routines in the programdues 2125) ofc-type cytochromes. The heme iron is ligated
O. Most of the structure comparisons were based on aby His25 and by thex-amino group of Tyr1.

superposition of 188 € atoms in the large domain (residues
1-169 and 231249). The difference in interdomain hinge

Comparison of Structures of P. laminosum and Turnip
Cytochrome f.The two structural domains of the plant

angle was determined by superposition of small domains cytochromef were superimposed separately on the corre-

(residues 176230) in molecules with large domains previ-

sponding domains of cyanobacterial cytochrof{&igure

ously superimposed. Common water sites were also defined3a). Root-mean-square deviations (RMSDs) are equal in the

based on the large-domairuGuperposition, using a cutoff
distance of 1.5 A, approximately half the interatomic

two domains, 0.82 A for 188 €atoms in the large domain
and 0.82 A for 61 @ atoms in the small domain. Sequence

separation of hydrogen-bonded waters. Similarity searchesidentity is significantly higher in the large domain (69%)
of the structure database were done with the program DALI compared to the small domain (40%). The correlation

(31), and of the sequence database with BLASE)(
For sequence comparisons of cytochram@nd subunit
IV with cytochromeb, all 21 deposited cytochrombg

between overall 62% sequence identity and RMSD of C
positions is within the expected rang86]. The angle
between the two domains is 4.Smaller inP. laminosum

sequences and 22 subunit IV sequences were used. Amongytochrome than in the turnip cytochrome. This difference

the several hundred deposited cytochrdmsequences, 24

may reflect a flexible hinge between the domains, or it may

were selected that represent the biological range of cyto- be a small difference between tRe laminosumand turnip

chromeb, including bacteria, fungi, algae, protists, insects,

vertebrates, and plants. The program CLUSTALYS)(was
used to align the cytochrombs sequences with the N-

proteins. These possibilities cannot be distinguished because
crystals of theP. laminosumand turnip cytochromes each
provide only one view of the protein molecule. However, a
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FiGURE 1: Electron density at 1.9-A resolution and the refined model for the soluble fragméntlaminosuncytochromef. A portion

of the buried water chain and some of the surrounding amino acids are shown in the stereo diagram. Carbon atoms are yellow, nitrogen
blue, and oxygen red. Contours in tf&F,| — |F¢||, ocarc Map are drawn in blue at the root-mean-square density level. The map was drawn

in the program SETOR5).

FIGURE 2: Stereo ribbon diagram &f. laminosuntytochromef. The heme cofactor and buried water chain are drawn in red. Conserved
side chains among 22 cytochrorhsequences are shown in blue. Invariant residues cluster around the water chain, the heme, and near the
C-terminal connection to the transmembrane helix at the bottom of this figure. The figure was prepared with MOLSERI&Td(
RASTER3D 68).

small amount of flexibility is clear in the algal cytochrome Buried Water ChainA rare hydrogen-bonded chain of

f from C. reinhardtii demonstrated by three different hinge five water molecules buried within turnip cytochroif@0)
angles for the three copies of the cytochrome in the crystalis conserved to a remarkable degree in the cyanobacterial
structure 21). Based on this result, we expect that the cytochrome. The ordered water structure was determined
connection between large and small domains has this smallindependently for the cyanobacterial cytochromerystal
degree of flexibility in most or all cytochromds structure. Peaks for the buried waters were among the
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PRO231 PRO231

ASN232
GLN159 / GLN159
WAT1
LA27 LA27
ASN154 ASN154
HIS25 HIS25

Ficure 3: Comparison of cyanobacterial and plant cytochromBsth figures are based on superposition of the 18&€@ms of the large
domain (RMSD= 0.85 A), with P. laminosuntytochromef in thick lines and turnip cytochrontdn thin lines. (a) Stereo €trace of the
polypeptide. Residue numbers pertairPtolaminosuncytochromef. (b) Close-up stereoview of the buried water chains and surrounding
amino acids in cytochromeof P. laminosum(waters as black spheres) and turnip (gray spheres). Hydrogen bonds are shown as dashed
lines. Labels pertain t®. laminosuncytochromef. The diagram was drawn with MOLSCRIP%7).

strongest water peaks in electron density maps (Figure 1).have an RMSD of 0.81 A. Thus, the buried water chains are
The buried water chains in the cyanobacterial and plant more similar than either thedCatoms or the other common
cytochromes are identical to the limit of detection in the high- water sites.

resolution crystal structures. Based on the superposition of The buried five-water chain occurs throughout the biologi-
Co atoms in the large domain, the five water molecules in cal range of cytochromé from cyanobacteria to higher
the buried chain have an RMSD of 0.28 A (Figure 3b). This plants and algae, as it is also found in the algal cytochrome
structural deviation is similar to the estimated error of atomic f from C. reinhardtii (21). Conservation of the water chain
positions in the crystal structure (6:0.2 A). We also also includes its protein-binding site. A group of invariant
compared the water chain equivalence with the agreementside chains surrounds the water chain, much like the group
of common water sites on the surfaces of the cyanobacterialsurrounding the heme. Of the 10 residues that form hydrogen
and plant cytochromes. A total of 92 common water sites bonds with the water chain, 7 are invariant among the 22
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reported cytochromd sequences. Of the three variable that such interactions are not necessary in Midotant forms
residues, two are hydrogen-bonded to the water chain throughof algal cytochromé, in which the prominent basic surface
backbone NH groups and not side chains (Ala27 and Val60). was eliminated by up to five amino acid substitutions, lost
The other variable side chain is Asn153, which is invariant the in vitro ionic strength dependence, as anticipated, but
in 21 of 22 cytochromef sequences. In th&icia faba retained wild-type rates of cytochroniexidation in vivo
sequence, this residue is reported to be Thr from a codon(43, 44. The nature of the selection pressure that leads to

(ACC) that differs from Asn (AAC) at a single position. conservation of the charge patterns of the plant proteins
A cluster of 5 hydrogen-bonded water molecules buried therefore remains uncertain. -
inside a 188-residue protein domain is indeed very 137 ( Cyanobacterial and plant cytochronfiehave strikingly

The buried water chain is unlikely to be conserved throughout different electrostatic surface potentials (Figure 4A,B). The

the biological range of cytochronfidor reasons of “structural ~ Surface ofP. laminosuntytochromef is highly acidic with
stability”. In general, stability for the folded structure of M° basic patch, and the same is true for the surfaces predicted

soluble proteins comes from the hydrophobic effect through frﬁm slequencei of three fothe_r cy;mob;cterial_ C)/Itochro%gas.
desolvation of hydrophobic side chains. However, hydro- The plant cytochrome surface Is about 2 pH units less acidic,

phobic interactions have little specificity, which is provided and includes a basic patch surrounding Lys187, the site of

by hydrogen bonds of backbone atoms in secondary structurqﬁhem'gﬁfl crronsts—:mlilrng.t'l;re retdcr)]?i p;artr;fer plﬁ]stoqr/]argn ?Isr?
and of polar side chains. Buried water is seen only occasion- as a difierent electrostalic potential surface in cyanobacteria

; : : than in plants (Figure 4C,D). The difference is roughly
ag[é??ﬁ);reecr:}:g due to the high entropic cost of ordering a complementary to the difference in cytochrofsurfaces.

) ) . . Plant plastocyanins have a highly acidic surfaég, (45-

The conservation and rarity of the buried water chain 47) \whereas the surface of cyanobacterial plastocyanin is
provide strong circumstantial evidence that it has a role in gpoyt 2 pH units less acidi@i8—50). The surfaces of the
cytochromef function. Experimental evidence comes from  cyanobacterial and plant proteins are consistent with an
recent mutagenesis studies of cytochrdrfrem the algeC. electrostatic interaction between cytochromand plasto-
reinhardtii. Mutation of side chains interacting with the water cyanin, when considered outside the context of the cyto-
chain results in altered function in vivo and altered spectra chromehf complex in a photosynthetic membrane. Another
for the soluble form expressed 8. coli (38). We have  ossipility is that the strongly acidic surfaces of cyanobac-
suggested that the water chain may be a wire for protonsierig| cytochromé and of plant plastocyanin make significant
exiting the cytochromdssf complex @0), although an exit  contributions to buffering the lumen phases of cyanobacteria
port through a protein domain in the aqueous lumen is not 5nq chloroplasts, respectively.

required. Alternatively, the water chain may bind & proton  The charge on plastocyanin should also be compatible with
for electrostatic stabilization upon reduction of the heme, pa charge on its electron acceptor. In chloroplasts, as in

thus acting as a dielectric well. In either case, electron tranSfercyanobacteria, the major acceptor is the P700 reaction center
from the Rieske protein to cytochrorienay be thought of ot photosystem I. In chloroplasts, binding is thought to be
as “proton-coupled”. Thus, while the exact function of the gongly influenced by interaction between the acidic patch
buried water chain in proton and electron transfer 0 f pjasiocyanin and basic residues present in an amphipathic
cytochromef remains uncertain, both mutagenesis and pejix near the N-terminus of the small subunit PS8E)(
structural data point to an important function. Sequences of cyanobacterial PsaF, on the other hand, suggest
Berry and co-workers have proposed that two surface that such chargecharge interactions are unimportant in
water molecules (W6 and W7) are also part of the water cyanobacteria. We have previously suggested that the more
chain @1). However, W6 and W7 are on the cytochrome basic character of cyanobacterial plastocyanin, and a cor-
surface whereas the water chain (WW/5) is completely  respondingly more acidic cytochromiemay be determined
buried. Neither W6 nor W7 is in contact with any water py the need to interact with acidic receptor groups in
molecule in the buried water chain of either cyanobacterial cytochrome oxidase5@), but this suggestion may need to
or plant cytochromd. In cyanobacterial cytochronfe W6 be modified if the immediate donor to cytochrome oxidase
is 3.8 A from W5, and bridged to it through the backbone is ac-type cytochrome known as cytochrome 58( 54. In
carbonyl of Pro231. W7 is 4.7 A from W1, and connected any event, such a restraint is inadequate to explain the
through the side chain of Asn232. W6 and W7 are typical strongly acidic character of cyanobacterial cytochrdme
of surface water molecules hydrogen-bonded to conserved The electrostatic potential for one surface of the cyto-
regions of the protein. For these reasons, we do not considethromef large domain is similar in cyanobacteria and plants
W6 and W7 to be part of the buried water chain. (Figure 4B). Given the strong conservation of cytochrome
Electrostatic Surface PotentiallThe importance of an  bg and subunit IV throughout all oxygenic photosynthetic
electrostatic interaction between plant cytochrdnaad its organisms %5), this surface may pack against other protein
oxidant, plastocyanin, has been widely discussed. Electron-subunits of the cytochromiesf complex.

transfer rates are dependent on ionic strength in va8). Consevation of Structure and Function in Cytochrome f
Chemical cross-linking has been achievetD)(between and Cytochromedd. Three critical regions of the cytochrome
Lys187, part of a basic surface patch on cytochrdrfib), f structure were highlighted by mapping invariant amino

and Asp44, which is in a highly acidic patch on plastocyanin acids onto the three-dimensional structure (Figure 2). Among
(47). Electrostatic interactions between spinach plastocyaninall of the 22 reported cytochromesequences, including
and the soluble fragment of turnip cytochrofeave been cyanobacteria, algae, and higher plants, 63 residues in the
confirmed in studies of the complex structure in solution by 249-residue extrinsic portion are strictly invariant. Virtually
paramagnetic NMR and restrained rigid-body molecular all of these invariant residues are confined to the heme-
dynamics 42). However, recent mutagenesis studies imply binding large domain. The first cluster of invariant residues
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Ficure 4: Electrostatic potential surfaces of cyanobacterial (top row) and plant (bottom row) cytochaochelastocyanirP. laminosum
cytochromef (A,B) and plastocyanin (C,D; PDB code 1ba®@) are shown in the top row. Equivalent views of turnip cytochrdrieDB

code 1hcz20) and poplar plastocyanin (PDB code 1pdd) are shown in the bottom row. (A) Analogous surfaces include a strongly
acidic region inP. laminosuncytochromef (top) and a basic patch in turnip cytochrom@ottom). (B) The most similar surfaces Bf
laminosum(top) and turnip (bottom) cytochronfeshow the greatest similarity in their large domains. (C) The strongly acidic patch on the
plant plastocyanin surface (bottom) does not exist on the analogous surface of the cyanobacterial protein (top). (D) Other surfaces of
cyanobacterial (top) and plant (bottom) plastocyanins do not have highly acidic or basic patches. The views in (A) are from the right with
respect to Figure 2 and differ from the views in (B) by 136tation about the vertical axis; views in (C) are perpendicular to those in (D).

For all images, the color ramp for positive (blue) or negative (red) surface potential saturates at 10 kT. The potentials were calculated and
the surfaces rendered with GRASEY). Formal charges only were assigned.

surrounds the heme and may be responsible for the unusually Several important conclusions about cytochroiig
positive midpoint potential of cytochroni€290—-360 mV). structure and function can be drawn from available structural
The second cluster of invariant residues is near the trans-data and from the sequence database. The structural data
membrane helix and was unexpected. This region of cyto- include crystal structures of intact cytochrobe (5—8) and
chromef may interact with other proteins of the cytochrome of extrinsic domains for cytochromfe(15) and the Rieske

bsf complex in a manner that is conserved throughout protein (4) from the bsf complex. The sequences of
cyanobacteria, plants, and algae. The third cluster of invariantcytochromebsf andbc, complexes are a patchwork of highly
residues binds the water chain and provides strong evidenceconserved, highly diverged, and unrelated domains. Cyto-
in support of a critical function for the buried waters, as chromebs and subunit IV of the cytochromiesf complex
discussed above. In contrast to these invariant residues, thare homologous to the N- and C-terminal halves, respec-
core of the large domain is conserved in hydrophobic tively, of cytochrome® in thebc, complex @). The Rieske
character but is not invariant. The small domain has only F&S, proteins of cytochromebsf andbc, are homologous
three invariant glycine residues in reverse turns of the (13, 19, although sequence invariance is confined to their
polypeptide, suggesting that all cytochronfiggave a small cluster-binding subdomains. The dissimilar structures of
domain with a conserved fold, but with variable interior and cytochrome and cytochrome; demonstrate unequivocally
surface. that thec-type cytochromes of thesf and b, complexes
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Rieske protein cytochrome ¢;

cytochrome b cytochrome b
C-terminus N-terminus *
(subunit IV (cytochrome bs

homolog) homolog)

Ficure 5: Structural conservation in the cytochromg/bc; family. Relevant portions of the chicken cytochromg structure 6) are
shown (PDB code 3bcc for the stigmatellin complex). In this view,tséde of the membrane is at the top of the figure andrtis@le at
the bottom. In the transmembrane core, the N-terminal segment of the cytochidimer that is homologous with cytochrorbgis shown

in medium blue, and the C-terminal segment homologous with subunit IV in light blue. The cytochrGaterminal helix, which has no
homologue in cytochromissf, is omitted. Thep-side Rieske protein (yellow) and cytochromgpurple) are shown for only one monomer
of the dimeric complex. Hemig, at the top of cytochromb, hemeb, at the bottom of cytochromle, and heme in cytochromec; are in
gold. The inhibitors stigmatellin in the {Eite and antimycin in the (site are in green. Invariant residues throughoutli¢iéoc, family
are drawn in red for cytochronteand in magenta for the Rieske protelfl). The invariant residues in cytochrorbere identified under
Materials and Methods.

are unrelated. Three small, hydrophobic, transmembraneb,, Q,, and Rieske FE&, binding sites in thé cytochrome,
subunits are also present in each complex. None of the smallas well as the cluster-binding domain of the Rieske protein
subunits nor the transmembrane domains of the Rieskeitself. In contrast, no residues in the; Q, site are conserved
protein and cytochromgin cytochromebsf have detectable  between cytochromdsf andbc,. The cluster of conserved
sequence similarity with any of their counterparts in cyto- residues around the proximatside binding sites in the
chromebg,. Five additional subunits of the cytochrorbe b-cytochrome is consistent with the current understanding
complex (subunits 1, 2, 6, 8, and 9) are not present in of p-side function. The F&,-binding region of the Rieske
cytochromebgf. We infer a common structure and function protein docks into cytochromle at the Q site during part
for those parts of the complexes that are conserved acros®f the electron-transfer turnover cycl8, (7), with bsf/bc;-
the entire cytochromégf/bc; family. conserved residues in contact (Figure 5). The structures and
Regions of common structure and function emerge from the trend ofp-side conservation, which was detected in earlier
this patchwork of conservation and variability. A common sequence comparisorsy), imply common mechanisms for
architecture for théssf/bc; transmembrane core is apparent p-side electron-transfer events near thes@e, and differ-
in the sequence identity of cytochromhef thebc; complex ences in mechanism elsewhere. Details of electron transfer
with cytochromebs and subunit 1V of thebsf complex. at the n-side may be quite different in thbsf and bc,
Important binding sites are remarkably conserved betweencomplexes, and events in theside aqueous phase may also
cytochromedf andbc, on thep-side, but not the-side, of differ, based on the different structures of tletype
the transmembrane core (Figure 5). This includes the hemecytochromed andc; and of their oxidant proteins.
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