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ABSTRACT. The three-dimensional structure of the cytochrobge complex disclosed the unexpected
presence of a new heneg [Stroebel, D., Choquet, Y., Popot, J.-L., and Picot, D. (2088jure 426
413-418; Kurisu, G., Zhang, H., Smith, J. L., and Cramer, W. A. (2088j)ence 3021009-1014].

Here we present a biochemical, spectroscopic, and mutagenesis study of this unusual heme binding in
Chlamydomonas reinhardtids predicted by the structure data, we identify a y®ntaining proteolytic
fragment (Ty?>—Lys!Y) from cytochromebs as a peptide that covalently binds a heme. Resonance Raman
spectra of cytsf complexes show particular frequenciesvin v, v4, andvg regions that identify this

extra heme as a ferrowslike heme under a five-coordinated high-spin state. The set of frequencies is
consistent with a coordination by either a water molecule or a hydroxide ion. Other changes in resonance
Raman bands, observed in the mid- and low-frequency regions, point to a modification in conformation
and/or environment of at least obeneme methyl and/or propionate group. Site-directed mutagenesis of
apocytochromés, leading to a Cy®¥Val substitution, generateéShlamydomonastrains that are unable

to assemble cytochronief complexes. On the basis of the mutant phenotype, we discuss the participation,
in the covalent binding of hemg, of the nuclear CCB factors that we identified previously as controlling

the apo to holo conversion of cytochrorbg[Kuras, R., de Vitry, C., Choquet, Y., Girard-Bascou, J.,
Culler, D., Bischlen, S., Merchant, S., and Wollman, F.-A. (1997Biol. Chem. 27232427-32435].

Cytochrome (cy®)bc complexes are ubiquitous in electron  bef catalyzes electron transfer from plastoquinol to plasto-
transfer chains. They catalyze electron transfer from a cyanin or cytcs and contains eight subunits: ciytcyt b,
liposoluble carrier to a water soluble protein and contribute subunit IV, Rieske protein, and four small subunits (PetG,
to the formation of a transmembrane proton gradient. In PetL, PetM, and PetN) comprising a single transmembrane
higher plants and algae, chloroplasts, and cyanobacteria, cyt-helix (reviewed in refsl—4). Four redox cofactors have
been identified for a long time in the chtf complex: one
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1 Abbreviations: chl, chlorophyll; Cm, meso carbon; Cter, C- iti ity i i
terminal: cyt. cytochrome. HG, Hecameg GB{N-heptylcarbamoyi- conditions. Whereas no such activity is detected withithe

methyl-D-glycopyranoside]; MALDI-TOF, matrix-assisted laser de- cytochromes from mitochor\drielll and most bacteiis}
sorption ionization time-of-flight;m/z, mass-to-charge ratio; Nter, =~ complexes after they are boiled in the presence of SDS, cyt
N-terminal; PAGE, polyacrylamide gel electrophoresis; Pr, propionate; ; ihi i ivi i i

SDS, sodium dodecyl sulfate; TMBZ, 3,8,5-tetramethylbenzidine; bs still eXh!bltS peromdgse aCtIV.It.y (rev.lewed. in ). We .
RR, resonance Raman; Tricié[2-hydroxy-1,1-bis(hydroxymethyl).  tested various denaturing conditions, including acetone acid

ethyl]glycine N-tris(hydroxymethyl)methylglycine]. treatment, i.e., conditions expected to destroy interactions
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between thé hemes and their apoproteins, and concluded were monomerized as follows, after 10 to 30% (w/w) sucrose
with an unusual tight binding of one heme to dyt(14). gradient centrifugation. HG was added up to 70 mM to the
Mass spectrometry applied to purified dyf complexes of original buffer [20 mM Tricine-NaOH (pH 8.0), 3 mM
Chlamydomonas reinhardtiithis work) as well as to cyt ~ MgCl,, 3 mM KCI, 20 mM HG, and 0.1 g/L egg phosphati-
complexes of spinach and cyanobacterivastigocladus dylcholine], and the protein complex was incubated on ice
laminosug(15) confirmed a tight binding of heme to cig. for 30 min. The monomer preparation was then adsorbed

Three-dimensional crystals of ciggf complexes fronC. onto a hydroxylapatite column eq_ui_librated with 20 mM
reinhardtii (16) and M. laminosus(17) have recently been  1icine-NaOH buffer (pH 8.0) containing 30 mM HG; many
analyzed at 3.03.1 A resolution. TheChlamydomonas  Proteins, including the Rieske protein and some small
structure, disclosed a new type of heme, and Stroebeal subunits, eluted with 150 mM ammonium phosphate (pH
(16) namedc;, bound to Cy® of cyt bs and was liganded ~ 8-0) containing 30 mM HG. The monomerized dyif
via a water molecule or a hydroxide ion to a propionate group COMPlex was eluted with 400 mM ammonium phosphate (pH
of hemeby,. The presence of an extra heme in bytwas 8.0) containing 30 mM HG. To separate the monomer from

confirmed upon refinement of the analysis of fastigo-  the dimer and from free pigments, the monomerizedogly/t
claduscrystal (7). complex was layered onto a 10 to 30% (w/w) sucrose

L . . gradient in 20 mM Tricine-NaOH (pH 8.0), 20 mM HG,
Surpnsmgly, th|_s heme had not been spe_ctroscqp_mally 0.1 g/L egg phosphatidylcholine buffer and centrifuged at
detected in purifiedbsf complexes except in pyridine 3¢ 6gg rpm (200008) for 15 h in the SWA41 Ti rotor of an
hemochrome spectra. Pyridine hemochrome difference spec, g ultracentrifuge (Beckman). The brown band of the cyt
tra of the purified cythsf complex reveal an extra heme ¢ 1onomer was collected with a syring@3[. The cytbef
whose spectrum is red-shifted compared to_tha_t of ¢¥6, monomer was concentrated by adsorption onto a hydroxyl-
17), as in the case of trypanosome he_cmevh|ch is bound apatite column equilibrated with 20 mM Tricine-NaOH
to the apoprotein through only one thioether bog)(In buffer (pH 8.0) containing 30 mM HG and eluted with 400

vivo, a cytochrome named "cy&” has been identified by 1\ ammonium phosphate (pH 8.0) containing 30 mM HG.
optical spectroscopy as a high-spin (HS) cythat interacts o ¢rynsin digestion, the cyisf monomer was dialyzed in

with hemeby, (19, 20). However, 'Fhe possible cor.respondence 20 mM Tricine (pH 8.0) and 20 mM HG. Absorption spectra
between cyG and hemee remains to be established. Apart \qre recorded on a Hewlett-Packard HP 8453 spectropho-
from the crystal structure, little is known about heme tometer. Extinction coefficients for c§t{esss = 26 000 M.
Therefore, studies of the biochemical, spectroscopic, andcm_l) and for chla (ess7 = 75 000 M cm™2) were used
biogenesis properties of this atypical heme are timely. (5). The cytbef complex concentration was expressed in
In this work, we characterized the heme covalently bound terms of hemd concentration.
to cytbs in C. reinhardtii, using proteolysis treatments, mass  Protein Analysis and Peroxidase Adty Staining.Polypep-
spectrometry, resonance Raman (RR) spectroscopy of theides were separated on 12 to 18% SB®lyacrylamide gels
purified bsf complex, and site-directed mutagenesis of the containirg 8 M urea and stained using either Coomassie
chloroplasipetBgene encoding cyls. We identified covalent  Brilliant Blue or silver nitrate 21). Proteins were elec-
heme binding within the TyP—Lys!!! peptide of cyts. RR trotransferred onto Immobilon NC membranes in a semidry
data detect free vinyls for thehemes of cybs, but suggest  blotting system at 0.8 mA cnd for ~30 min. Antisera raised
an interaction of one of their propionate and/or methyl group- against peptides of the N-terminugKS'YDWFEERLEIQS)
(s) with hemeci. We also provide an RR spectroscopic and the C-terminus @*MIRKQGISGPL219 of cyt bs or
characterization of heme as a ferrous'-type heme in a  against cyf were used at a 1/200 dilution and detected using
five-coordinate (5c) HS state. Substitution of €ysvhich 129-labeled protein A. Heme staining was detected by
is involved in the unique thioether binding of hemeshows peroxidase activity of the heme binding subunits either on
an immunodetected cylbs doublet characteristic otcb gels using 3,35,5-tetramethylbenzidine (TMBZ)Y{4) or on
mutants, which probably define the biogenesis pathway for blots using the very sensitive chemiluminescence peroxidase

hemec.. method Super Signal West Femto Maximum Sensitivity
Substrate (Pierce). Detection of heme staining on blots is
EXPERIMENTAL PROCEDURES derived from Western blotting but uses neither primary

- ] o ) antibody nor secondary antibodperoxidase enzyme con-

Growth Conditions. C. reinhardtstrains were grown in  jygate. The blot was washed just after transfer in phosphate-
Tris-acetate-phosphate (TAP, pH 7.2) at"Zunder uE  pffered saline for 1 min, pressed in filter paper to remove
m~2 s™! continuous illumination and collected during the he excess buffer, incubated in Super Signal Substrate
exponential phase of growth at a density ok210° cells/ luminol and enhancers for 5 min, and briefly pressed in filter
mL. paper. Light emission resulting from peroxidase activity on

Purification of Thylakoid ProteinsThylakoid membranes  the luminol substrate was detected using high-performance
were purified and resuspended in 10 mM Tricine-NaOH (pH chemiluminescence films (Hyperfilm ECL, Amersham Phar-
8.0) containing protease inhibitors (20M phenylmethane-  macia).
sulfonyl fluoride, 1 mM benzamidine, and 5 mktami- Lys-C Proteolysis for Peroxidase Agty Staining One
nocaproic acid) as described in refl. Cyt bgf dimer hundred microliters of a 28M cyt bsf complex preparation
complexes were extracted with a 25 mM Hecameg (HG) deprived of Rieske protein was separated in its constitutive
solubilization of thylakoid membranes as previously de- subunits on a low-acrylamide concentration gel (12% SDS
scribed R2). To separate the Rieske protein and some small PAGE) to favor subsequent access to proteases and peptide
subunits from the rest of the complex, dyf complexes release. Side lanes from the gels were TMBZ-stained to
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localize cytbs. The band containing cyds was cut out and
crushed m a 1 mL syringe through a very fine grid. One
hundred milligrams of crushed gel was mixed with &0
of water in the presence or absence affof endoproteinase

de Vitry et al.

After enzymatic cleavage, the proteolytic peptide solution
was diluted to~1—3 pmol/L in a trifluoroacetic acid solution
to reach a final trifluoroacetic acid concentration of 1%. After
cocrystallization with a matrix of 2,5-dihydroxybenzoic acid

Lys-C for 15 min (sequencing-grade, Roche); the gel was (saturated solution in 0.1% aqueous trifluoroacetic acid) and

then incubated at 37C for 6 h under vigorous shaking with
200 uL of 25 mM Tris buffer (pH 8.5) containing 1 mM

sinapinic acid (saturated solution in 30% acetonitrile and
0.1% aqueous trifluoroacetic acid), samples were analyzed

EDTA and 0.1% SDS. Crushed gel samples were incubatedby MALDI-TOF MS using a Voyager-STR system (Persep-
in loading buffer for 30 min before polypeptides were tive Biosystems, Framingham, MA) in the positive and both
separated on a second 12 to 18% Sip8lyacrylamide gel linear (accelerating voltage of 20 kV, grid voltage of 95%,
containirg 8 M urea, blotted, and either stained with heme and 400 ns delayed extraction) and reflectron mode (ac-
with the very sensitive chemiluminescence peroxidase methodcelerating voltage of 20 kV, grid voltage of 73%, and 210
Super Signal West Femto Maximum Sensitivity Substrate ns delayed extraction). Peptides released from the different

(Pierce) or reacted with specific antibodies.

Mutagenesis and Plasmid®lasmid pdWB 25) which
encompasses the whofgetB-coding region was used to

protein subunits upon Lys-C digestion were identified by
comparing experimental masses with theoretical masses of
the nonmodified peptides.

perform site-directed mutagenesis according to the method LYs-C Digestion for Mass Spectrometry Analy3ise bef

of Kunkel (26). The PdWB single strand was used for
annealing with the following mutagenic oligonucleotide
(B35V, AAAGTAATACCACCAATTACGTAGAAAA-
TATTTACG). Bold letters indicate the mutated nucleotides,
while the new restriction siteSmal) generated by a silent

complex used for Lys-C cleavage was @@ solution in
400 mM ammonium phosphate (pH 8.0) containing 30 mM
HG diluted twice in HO for the digestion. Extensive Lys-C
(sequencing-grade, Roche) proteolysis of bdgecomplex
was performed overnight at 3 in 200 mM ammonium

mutation is underlined. This leads to plasmid pb35V. Plasmid Phosphate (pH 8.0) containing 15 mM HG and Lys-C [1/50

pbK35V was constructed by introducing the 1.9 &imd—
EcadRV fragment of plasmid pUC-atpX-AAD containing the
aadAcassetteZ7), in the same orientation as tpetBgene
in the Nsil site of plasmid pb35V. Wild-type andpetB
strains 25) were transformed by tungsten particle bombard-
ment @8) using a device, operating under vacuum, built in
the laboratoryZ9). Phototrophic transformants were selected
on a minimum medium at 6@E m2 s~ Transformants
containing theaadA cassette were selected for growth on
TAP—spectinomycin medium as previously described
(25).

Mass SpectrometryMolecular masses of the different
subunits obsf complexes were determined by matrix-assisted

(w/w), enzyme/substrate ratio]. After digestion, samples were
directly analyzed by MALDI-TOF mass spectrometry.
Raman Spectroscopyhe Raman spectra were recorded
at 20+ 1 °C using a Jobin-Yvon spectrometer (Ramanor
HG2S-UV) with the 406.7 and 413.1 nm excitations of a
Kr* laser (Coherent Innova) and the 441.6 nm excitation of
a He/Cd laser (Liconix). Using laser radiant powers of-15
40 mW, the RR spectra {610 scans) were collected, im-
ported, checked, and analyzed with Grams/32 (Galactic
Industries). Under these conditions, the frequency precision
is 0.5-1 cn'?%, depending on the signal-to-noise ratikl(
13).

RESULTS

laser desorption ionization time-of-flight mass spectrometry

(MALDI-TOF MS) using a MALDI-TOF mass spectrometer The bs hemes are noncovalently bound by a pair of

Voyager-Elite biospectrometry workstation (Perseptive Bio- histidine residues which serve as axial ligands to the iron
systems, Framingham, MA) equipped with a nitrogen laser atoms. The surprising persistence of a peroxidase activity

(237 nm). When we used g#M solution of thebsf complex

in 400 mM ammonium phosphate (pH 8.0) containing 30
mM HG and protease inhibitors (2Q(M phenylmethane-
sulfonyl fluoride, 1 mM benzamidine, and 5 mMami-

for cyt bs under highly denaturing condition44) led us to

investigate further the characteristics of this tight heme
binding. Meanwhile, the resolution of the three-dimensional
(3D) structure of cybsf complexes showed the presence of

nocaproic acid), the sample was diluted 5-fold in a solution an additionalc-type heme that should account for this
of 5% aqueous trifluoroacetic acid and then mixed volume property. Since cyie stains with TMBZ after SDSPAGE,

to volume with a matrix of sinapinic acid (saturated solution we tested whether we could localize further the protein
in 30% acetonitrile and 0.1% aqueous trifluoroacetic acid). domain implicated in this peroxidase activity. To this end,
When we used a M solution of thebsf complex without we prepared a pure chtf complex monomer and separated
Rieske in solution in 400 mM ammonium phosphate (pH cyt bs on a first SDS-PAGE dimension. We then treated
8.0), 30 mM HG, and protease inhibitors (20 phenyl- cyt be with an SDS-tolerant protease and separated its
methanesulfonyl fluoride, 1 mM benzamidine, and 5 mM fragments on a second gel dimension. Using a sensitive
e-aminocaproic acid), the sample was first diluted 2-fold in chemiluminescent peroxidase activity test, we detected heme
a solution of 1% aqueous trifluoroacetic acid and then mixed binding peptides and identified them with antibodies specific
with 1 volume of a matrix of sinapinic acid. Spectra were for the Sef—GIn®® peptide at thebs N-terminus be-Nter)
acquired in the positive and linear mode (accelerating voltageand for the Le&?*—Lel?** peptide at théss C-terminus Be-

of 25 kV, grid voltage of 90%, guide wire of 0.3%, and 275 Cter).

ns delayed extraction). The calibration was performed using Peroxidase Actiity of Proteolytic Fragments after SBDS

apomyoglobin doubly charged monomev{ 8476.78), the
singly charged monomen(z 16 952.56), and the dimem(z
33904).

PAGE Two types of cythsf complexes were purified. The
dimer contains one chd and one carotene molecule (see
the dotted line in Figure 1); the monomer has been treated



Heme Covalently Bound to Cytochronie Biochemistry, Vol. 43, No. 13, 2008959

016 e 5 C-terminal (Cter) domains. The major fragment displaying
(A) chlorophyll a (B) E g peroxidase activity is recognized by theNter antibody (in
.14 o7 = 75 MM.cm S % Figure 2, see the black arrowheads in the left and middle
- 1 [ bef dimer i panels). A large Cter fragment displaying peroxidase activity
3012 |— p fmonomer cyt fﬁ and a small Cter fragment not displaying peroxidase activity
° it are recognized by thies-Cter antibody (in Figure 2, see the
§ 0.1}, cytochrome f white arrowheads in the left and right panels). The smaller
£ [iswtZmllemt o fragment displaying peroxidase activity is detected by
gﬂ-of" Pioeyt bsw peroxidation of luminol on blots (see the lower gray
© A i arrowhead in the left panel of Figure 2) but is recognized
neither by thebs-Nter nor by thebs-Cter antibody. This
fragment is therefore considered an internal one.

A schematic transmembrane structure oflgydf Chlamy-
domonass presented in Figure 3. There are four transmem-
branes helices, one henfieon the lumenal side and one
hemeb;, on the stromal side of the membrane, and the two

0 "
500 525 550 575 600 625 650 675 700 725 750

wavelength (nm) pairs of histidine axial ligands to the hemes being in helix
Ficure 1: Characterization of purifiebsf preparations. (A) Visible B and Eel'x D. The. additional .hem IS represehted with
absorption spectra of purified, ascorbate-redubgidyreparations. its Cys” covalent ligand and its axial ligand via a water

(B) SDS—-PAGE analysis of théssf monomer without the Rieske  molecule or a hydroxide ion to a propionate from helpe

protein psf mono) and thebsf dimer with the Rieske protein  (16). The protein sequence shows the potential sites of

gdn%ngitl?/gr\lwtrgtaeri‘nassttgirrlm?rl? after TMBZ peroxidase activity staining cleayvage by protease Lys-C used for the experiment depicted
P 9 in Figure 2, and the peptides used to raiseNter andbs-

L L L L F Cter antibodies are indicated. The three peptides detected
ESE B F S G% by peroxidation of luminol on blots are attributed for the
Lys€ - - + - + - + larger to the Ty#—Lew?!® peptide, for the medium to the
arte, Met'—Lys!'! peptide, and for the smaller to the S Lys!'**

peptide. The Ty#®—Lys!! protein domain shaded dark gray
cytf in Figure 3, which comprises the first two transmembrane
o-helices of cythg, is the smaller internal Lys-C proteolytic

cyt b —-“ fragment detected with luminol but not with the Nter and

> 2 Cter antibodies. Its identification as a peroxidase activity-
cytc (wms bearing fragment is therefore consistent with the binding of
- :H - — hemec; to Cys® in this polypeptide domain.

Identification of Heme Binding by Mass Spectromeftiye

FiGURE 2 SDS-PAGE analvsis of cvbe proteolviic pentides biochemical identification of the cybs protein domain
Membrane proteins (mb), pu)r/ified cbg)gloat teeatedye) oFr)tPeated implicated in covalent heme binding was performed by
(+) with protease Lys-C after luminol peroxidase activity staining MALDI-TOF mass spectrometry that should allow us to
(luminol) or immunodetection with antibodies against the N- Observe some proteolytic peptides released fronbgythat
terminus Ps-Nter) or the C-terminushg-Cter) of cytbs. would keep a bound heme.
First, we investigated by mass spectrometry a possible

with 70 mM HG and purified on a hydroxylapatite column  mass increment for apocis that would be indicative of a
using buffers containing 30 mM HG and no lipid phosphati- tight heme binding. The mass spectra of th complex
dylcholine. This treatment detaches most of&lthe Rieske  jsolated fromChlamydomonasvith or without the Rieske
protein, and several small subunits (see the absence af chl protein reveal a molecular mass for dtmuch higher than
in the solid line in Figure 1A). the theoretical molecular mass deduced from its polypeptide

The polypeptide profile after SO AGE of purified cyt sequence (Figure 4). We compared masses of the largest
bsf monomer and dimer complexes is shown in Figure 1B. subunits of cythsf complexes as measured by mass spec-
Note the absence of the Rieske protein in the monomertrometry with those calculated from their polypeptide
preparation (the Rieske protein migrates just abovebgyt sequences (Table 1). The mass increment obgy801 +
and is denoted with by an asterisk in the byt dimer lane 24 Da) was consistent with the presence of a heme derivative
in Figure 1B). In membrane preparations (Figure 2, left panel, or a regulaib heme (616 Da) covalently bound to the protein,
lane 1), two mitochondrial cytochromes and two chloroplast provided some unknown additional post-translational modi-
cytochromes are heavily detected on blots by peroxidation fications occur.
of luminol. In order of decreasing apparent molecular mass, We proteolyzed thebsf monomer complexes with the
they correspond to chloroplast cftmitochondrial cytc,, endoprotease Lys-C. The corresponding peptide pattern
chloroplast cytbs, and mitochondrial cyt. The cytbg gel released by MALDI-TOF spectrometry is shown in Figure
region was crushed and treated without (Figure 2, left panel, 5. We could attribute most of the peaks to tyt peptides
lane 2) or with (Figure 2, left panel, lane 3) protease Lys-C (Table 2). For instance, 86% of the cytpolypeptide
that has an endopeptidase activity on the carboxy-terminalsequence could be unambiguously assigned to a specific set
end of Lys residues. Antibodies were then used to identify of peptides. Fifty percent of the cys sequence could be
whether the fragments comprised the N-terminal (Nter) or unambiguously assigned to specific peptides?hays?* and

luminol bg-Nter  bg-Cter
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Ficure 3: Schematic transmembrane structure oftgydf C. reinhardtii Lys-C cleavage sites are indicated (small dashed lines). Peptides
used to raise antibodies specific for theN-terminus (Ser-GIn'®, a be-Nter) and of thebs C-terminus (Le&’*—Lew?!®, a be-Cter) are
depicted in light gray. The smallest Lys-C proteolytic fragment $FyLys!1) detected with bound heme on a luminol blot and in mass
spectrometry is colored dark gray. Heilmeandby, are depicted with their histidine axial ligands boxed. Hesyis depicted with its Cy®
covalent ligand circled in bold and numbered and its axial ligand via a water molecule or a hydroxide ion to b, lpeap@onate.

Table 1: Average Protonated Masses Calculated from the Sequence (M calcd) and Measured by Mass Spectrometry (M measd) of the Large
Subunits ofbef Complexes fronC. reinhardtii

protein Ng AAP M calcd (Day M measd (Da) Am (Day! covalent modifications
mature cytf d 286 31249 31854 36 605+ 36 addition of heme 616
cyt bs nd 215 24165 24964 24 801+ 24 Nter blocked, addition of heme
mature Rieske d 177 18404 1843422 10+ 22
subunit IV nd 160 17442 1733t 17 1114+ 17 Nter blocked, removal of MeéL31

2 N-Termini (Nt) are determined (d) or blocked (nd); tytand subunit IV have a blocked N-terminl). » The number of amino acid residues
of the mature protein is given, including the Nter methionine in the case dfs@itd subunit IV.* Masses of cybs and subunit IV are calculated
with their first methionined Differences between calculated and measured maasasqonfirm covalent binding of a heme to cffand suggest
post-translational modification(s) of cps.

Tyr?5—Lys!! (fifth and 35th entries in Table 2). The peptide monomeric cytbhsf from Chlamydomonasexhibited an
map displayed a heme-bound ¢yftyr'—Lys?® peptide (15th improved signal-to-noise ratio due to the removal of the chl
entry in Table 2) and a heme-bound tytpeptide carrying a molecule and the Rieske irersulfur protein. The better

an oxidized methionine, T¥i—Lys!! (35th entry in Table  quality of theChlamydomonaspectra allowed us to observe
2). This Tyr®—Lys'*! cyt bs peptide corresponds to the Lys-C  additional, although weak, contributions that we attribute to
proteolytic fragment capable of peroxidation of luminol on hemec; (see Discussion). In the RR spectra of the native
blotting after SDS-PAGE. and dithionite-reduced forms, additional bands were detected

Resonance Raman Specitameric bsf complexes contain ~ at 1354+ 1 (v4), 1576+ 1 (v2), 340+ 1 (vs), and 1471+
one chla and one carotenoid per monomer. To remove the 1 cnT* (v3) (Figure 6A-C and spectra not shown). The
chl a contribution in the RR spectra, we succeeded in observation of RR contributions of reduced hemé the
preparing a monomeribsf complex depleted of cha (see  spectra of native cybef (Figure 6B, spectrum b) suggests
Experimental Procedures). Unfortunately, this preparation an autoreduction and/or a photoreduction under laser irradia-
still retained the carotenoid molecule. tion, a phenomenon very similar to that observed for oxidized

Because of different Soret band positions of theand Yt (13).
c-type hemes obc,—hef complexes, their respective con- RR contributions of the peripheral methyl and propionate
tributions can be elucidated using different laser excita- heme groups have been determined in the mid- and low-
tions: a 441.6 nm excitation enhances contribution flom  frequency regions of the spectra of heme prote8® 81).
hemes, whereas 406.7 and 413.1 nm excitations are betteThe 906-1300 cm region of the RR spectrum @hlamy-
suited forc hemes 1, 13). The RR spectra of dimeric cyt domonascyt bsf excited at 441.6 nm, with the aim of
bef from spinach {3) and monomeric cyisf from Chlamy- enhancingb heme contributions, contains very intense
domonagFigure 6) exhibited similar individual contributions  carotenoid bands that hide the RR signals of the hemes (ref
of hemed, by, andf for the skeletab, (15804 1, 1585+ 13 and this work). Shifting the laser excitation to 413.1 nm
1, and 159Gt 1 cmY), vy (13614 1 cmrY), andvg (347 + allows one to detect more specifically heme modes in this
1, 350+ 1, and 358+ 1 cm') modes. The spectra of region. However, the RR contribution of cytbecomes
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n < _q . .
s N cmtin the spectrum of cybsf was found at 970 cnt in
cyt bg, where it was attributed to an elongation mode of
the propionate (Pr) heme groupg€,—Pr)]. Also, thev,s
400y mode pa{C,—CHj3)] is seen at a lower frequency in the cyt
bef spectrum (990 crit for bef vs 994 cmt for bg;). Opposite

shifts are also observed, with a band at 1243 for the
cyt bef complex s, 0(C—H)] when it was detected at 1230
cmtin the spectrum of the cyibc; complex. In the low-
frequency regions (166600 cnt?), the RR spectrum of the

FIGURE 4: Mass spectrum of isolatdasf complexes ofChlamy- . o .
domonas(A) Complex with Rieske protein (purification with 20 cytbef complex shows three bands with modified frequencies

mM HG and lipids). (B) Complex deficient in Rieske protein [elative to the spectrum of the clgt; complex, i.e., at 286,
(purification with 30 mM HG without lipids). 312, and 382 cmt (spectra not shown). These bands were
assigned to a deformation of the, @Gtoms with their
significant with this excitation. To overcome this problem, substituents, a pyrrole tilt, and a deformation of thg-C
we recorded spectra from both the native complex, which propionate groupings, respectivelys[ ys, and 6(C,—Pr),
displays reduced cytand oxidized cybs (Figure 7, spectrum  respectively] 80, 31). Therefore, in addition to a nearly
a), and the dithionite-reduced complex containing fully constant number of RR bands detected in the spectra of the
reduced cytf and cyt bs (Figure 7, spectrum b). The bg—bsf complexes, which indicates a conserved symmetry
carotenoid bands are denoted on spectrum a. Since thesef the b-type hemes between the two types of complexes,
bands should not be modified by the redox state oflgjt all the differences seen in the mid- and low-frequency regions
complexes (refl3 and this work), the difference spectrum are indicative of a change in the structure and/or the
(dithionite-reduced minus native) mainly represents contribu- environment of at least one of the four methyl groups (1-,
tions of the reducetls hemes (Figure 7, spectrum c). Bands 3-, 5-, and 8-heme substituents) and/or at least one of the
observed at 999, 1082, 1170, 1213, and 1225cane in two propionate groups (6- and 7-heme substituents) of a
close correspondence with bands observed in the spectra ob-type heme. It is difficult to precisely delineate the origin
dithionite-reduced cybc, from Rhodospirillum rubrun{11). of the observed frequency shifts, a major reason likely relying
These are found at 100&(Cy-vinyl)], 1081, 1172 {30), 1216 on a significant coupling of the peripheral heme mods (
(va2), and 1226 cm! (v43), respectively. Nevertheless, we 31). It is worth noting that we detected no significant
detected several bands that show significant shifts to lower contribution of hemez; in the midfrequency regions. This
frequencies. A doublet is now observed at 1114 and 1129 observation is not unexpected taking into account the weak
cmtin the cythsf spectrum when it was found at 1120 and intensities of its high-frequency.—v4 and vg modes.
1133 cmtin the cytbc, spectrum. These bands assignedto  The vibrational modes of the 2,4-vinyls have been
vs andvy4 correspond to symmetric stretching modes of the characterized previoush81). Comparing the spectra of cyt
Cp-methyl bonds }s(C,—CH3)]. A band observed at 963 bg from R. rubrumand of cytbef from Chlamydomonas

35

1 1 ) ) 1 1 ) ) 1
16000 18000 20000 22000 24000 26000 28000 30000 32000
mass (m/z)
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Table 2: Peptides Observed in MALDI-TOF Analysis of the
Lys-C-Digested Monomeribsf Complex

measured calculated
mass (D& subunit, residues, modificatiohs mass (Da) At

1 1947.20 biprotonated c§(1—29) + 1947.10 0.10
1 heme

2 2166.96 Rieske (6382) 2168.47 1.49

3 2272.90 cyf(146-165) 2273.57 0.67

4 2345.13 Rieske (99120) 2345.76 0.63

5 2542.69 cybs (4—24) 2542.82 0.87

6 2597.92 IV (95-119)+ 1 Mox 2597.23 0.69

7 2839.07 ni

8 2886.17 cyf (30-55) 2886.33 0.16

9 2908.55 cyf(30-55)+ 1 Na 2908.33 0.22

10 2930.58 cyf(30-55)+ 2 Na 2930.33 0.25

11 3092.13 cyf(111-139) 3091.95 0.18

12 3119.65 cyf(66—94) 3119.72 0.07

13 3141.01 cyf(66-94)+ 1 Na 3141.72 0.72

14  3377.22 cyt(66—96) 3377.01 0.21

15 3894.25 cyf(1-29)+ 1 heme 3894.22 0.03

16 391548 cyf(1-29)+ 1hemet 1Na  3916.22 0.74

17 3938.70 cyf(1-29)+ 1hemet2Na  3938.22 0.48

18  4101.32 cyf(59-96)+ 1 Mox 4103.85 2.53

19 411858 ni

20  4535.20 cyf(97-137)+ 1 Mox, 4533.32(), 1.88,
IV (120—160) 4536.48 (IV) 1.28

21  5001.60 ni

22 5018.31 cyf(95-139) 5016.89 1.42

23 5388.97 ni

24  5419.89 ni

25 552586 ni

26  5578.55 ni

27  5842.00 ni

28  6757.34 cyf(218-278) 6756.87 0.47

29  6778.30 cyf(218-278)+ 1 Na 6778.87 0.57

30 7009.53 ni

31 7270.33 ni

32  7787.23 dimer[cyt(1—-29)+ 1 heme] 7788.44 1.21

33  7993.01 cyf(95-165)+ 1 Mox 7992.37 0.64

34 8009.16 cyf(199-273) 8012.36 3.20

35 10669.14 cybs (25—111)+ 1 Mox + 10665.53 3.61
1 heme

36 11680.77 trimer [cyt(1—29)+ 1 heme] 11682.66 1.89

37 14559.88 ni

38 15571.83 tetramer [cy{(1—29)+ 15576.88 5.05
1 heme]

39 15918.74 ni

2The indicated masses correspond to protonated average masses.
b eyt f peptide with heme (entry 15), c peptides (entry 5), and cyt
bs peptide with heme (entry 35). Nonidentified measured masses are
indicated (ni).c The mass differences observed between calculated and
measured massealf) are in accordance with the mass accuracy in

the linear mode (0.010.1%).

the RR bands assigned #¢C=C) andv(C,—Vvinyl) modes

proved to be very similar in frequency as well as in relative

intensity (spectra not shown).

The RR spectrum of the Soret-excitetype hemes (406.7
nm excitation) exhibits intense stretching modes of the

thioether bonds1f(C,—S)] in the 682-692 cn1?! region

(Figure 8A,B) B0, 32, 33). This is consistent with the

spectrum of isolated ferrous cytthat exhibits a single-

(Ch—S) mode peaking at 686 crh(33). The RR spectrum
of persulfate-oxidized cyisf displays a very broad band in
the 660-720 cm! region (Figure 8A, spectrum a). Part of

the band should originate from ferrous dysince thev,

region (1356-1380 cn1?) indicates a partial photoreduction

of oxidized cytf even under oxidizing conditions (rdf3

and this work). Most of the bands observed in the RR spectra
of the native or ascorbate-reduced byt complex, excited

at 406.7 nm, originate from reduced cit(Figure 8A,
spectrum b). Therefore, using the relative intensities of the Removal of this contribution in the 65800 cnT? region

Intensity (a.u.)

Intensity (a.u.)

Intensity (a.u.)

de Vitry et al
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FIGURE 6: (A) v4 region of the RR spectrum of dithionite-reduced
cyt bef excited at 441.6 nm. (B), regions of RR spectra of cykf
excited at 413.1 nm: (a) dithionite-reduced form and (b) native
form. (C) vg regions of RR spectra of dithionite-reduced tyt
excited at 441.6 (a) and 413.1 nm (b).
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FIGURE 7: RR spectra (9081300 cnt? regions) of theChlamy-
domonas ¥f complex excited at 413 nm: (@) native, (b) dithionite-
reduced, and (c) difference spectrum (native minus dithionite-
reduced). Spectra a and b were normalized using the intensity of
the carotenoid bands (Car).

vy modes, it is possible to evaluate the contribution of
photoreduced cyf in the spectrum of oxidized cybsf.
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Ficure 8: (A) RR spectra (656800 cnt! regions) of the

Chlamydomonasgbcomplex excited at 406.7 nm: (a) persulfate-
oxidized complex, (b) native complex, and (c) difference spectrum
(spectrum a 0.45 x spectrum b). (B) The 406.7 nm-excited RR
spectra (656800 cn! regions) of the dithionite-reducechlamy-
domonas kf complex (a) and of dithionite-reducdl rubrum bg

(b). (C) The 441.6 nm-excited RR spectra (6800 cnT! regions)

of dithionite-reducedChlamydomonas ¢b complex (a) and of
dithionite-reducedR. rubrum bg (b).

produces spectrum c in Figure 8A. In the 670L0 cn?
region of this spectrum, we can now clearly identify three
bands at 682, 690, and 700 cinTo understand the origin
of each of these bands, we investigated the-6810 cnm!
region of the RR spectrum from dithionite-reduced loyft
still excited at 406.7 nm (Figure 8B, spectrum a). As

Biochemistry, Vol. 43, No. 13, 2008963

The 441.6 nm excitation enhances the RR contributions
of the ferrous low-spirb-type hemes obc,—bsf complexes
(11, 13). Using this excitation, the spectra of reduced
Chlamydomonasgband of reducedR. rubrum bg are very
similar (Figure 8C). The 656700 cni! regions of thebsf
spectrum exhibit av; band at 676 cmt, but no strong
additional line at 686690 cn1?, which would be attributable
to a thioether bridge betweenbetype heme and apocysk
(Figure 8C). Therefore, the RR data clearly show that neither
bn nor by is covalently linked to the apoprotein through a
cysteine residue.

Site-Directed Mutagenesis of the Congmd Cysteine
Involved in a Thioether BondCovalent binding ofc-type
hemes occurs through a thioether linkage to cysteine residues.
A cysteine is conserved specifically in dand in the few
cyt b molecules that strongly bind a heme (see Table 3). It
corresponds to Cy3in C. reinhardtii that has indeed been
identified as the ligand of henwin the 3D structure of the
protein complex.

Substitution of Cy® with Val (C35V) in Chlamydomonas
had a dramatic effect. The C35V mutant was unable to grow
phototrophically. Biochemical analysis of its thylakoid
membrane proteins showed that the C35V substitution
prevented the accumulation of most of thgf complex
subunits (Figure 9A). Probing cy; in the C35V mutant
with specific antibodies revealed (Figure 9A) the typical
immunoreactive doublet bandl4) that is observed in mutants
that are unable to bind henig, the b heme proximal to
hemec;, and in the nucleaccb mutant strains (Figure 9B).
These nuclear mutants are impaired in tight binding of heme
to cyt bs (14).

DISCUSSION

The unusual tight binding of a heme to dy, which is
responsible for its peroxidase activity under denaturing
conditions (4), has been confirmed by mass spectrometry,
both in C. reinhardtii (this work) and in spinach anil.
laminosus(15). This observation raised a number of ques-
tions concerning the nature and the role of this heme. The
3D structure of the cybsf complex recently determined at
3.1 A resolution inC. reinhardtiifirst revealed an additional
hemec;, bound to Cy® and liganded via a water molecule
or a hydroxide ion to a propionate from heimgthat should
belong to thee' group (L6). This finding was confirmed upon
refinement at 3.0 A of the analysis of the structure of cyt
bef from M. laminosug17). No characterization of hene
has yet been provided, and the study presented here is a first
contribution to the biochemical, spectroscopic, and biogenesis
characterization of this atypical new heme.

One Heme Caalently Bound to Cyt b The peroxidase

expected, this spectrum again contains major contributionsactivity associated with cyls proved to be SDS-resistant

from reduced cyt (compare with spectrum b of Figure 8A).

and acetone acid-resistant, which strongly suggested a

The general features are also very close to those of reducedtovalent binding. An extra mass associated withlgywas

cyt bg from R. rubrum(Figure 8B, spectrum b). However,
we observe a significant broadening toward the low-
frequency side of the(C,—S) mode of cytf (687 cn?)
when compared to the corresponding mode ofgytrom

cyt be; (689 cnm?t) (Figure 8B). We take this broadening as
an indication of the contribution of thgC,—S) mode from
cyt i that is also responsible for the 682 chiband resolved

in spectrum c of Figure 8A (see Discussion).

found using MALDI-TOF, a technique that should dissociate

noncovalently bound ligands from their apoproteid4, 35).

In the few cases where noncovalent interactions with a
protein were preserved by MALDI-TOF, there was always

a mixture of bound and free forms. This was the case with
ferredoxin-NADP reductase, where both the apoprotein and
holoprotein still containing flavin were detecte86f, with

the monomeric and heptameric pore-forming complex of
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Table 3: Alignment of Partial Sequences of ®gtandb Subunits

Species? helix AP by helix B b, N9
Cleaved and tight binding

C. reinhartii bs FYCIGGITFTCFLVQVATGFAMTFYY. . . STHRWSASMMVLMMVLHEVF 14
Spinach bg FYCLGGITLTCFLVQVATGFAMTFYY. . . SVHRWSASMMVLMMILHVF 14
Synechocystis b6FYELGGLTLTCFLIQFATGFAMTFYY...SIHRWSASMMVLMMILHVF 14
B. subtilis b VYCFGGLTFFVTVIQVLSGMFLTMYY. . . GMHHWGASLVIVMMFLHTL 14
Not cleaved and loose binding

C. limicola b WYYFGGLGLFFFVIQILTGLLLLQYY. . .QTHAWSANLMIMMLFIHMF 14
R. sphaeroides bMWIWGVVLAFCLVLQIVTGIVLAMHY. . .YLHANGASLFFIAVYLHIF 13
S. cerevisiae b WWNMGSLLGLCLVIQIVTGIFMAMHY. ..YLHANGASFFFMVMFMHMA 13
B. taurus b WWNFGSLLGICLILQILTGLFLAMHY. . .YMHANGASMFFICLYMHVG 13

@ Species presenting a split dgg or b and binding of heme to cyis or b are given in the top part, and those with no split byand no tight
binding of heme to cyb are given in the bottom part.In helix A, a cysteine residue conserved only in species presenting a tight binding of a heme
is in bold and underlined:.In helix B, histidine residues serving as axial ligands to hémandb, are in bold.? The number of amino acidNj

between the two histidines residue ligands in helix D.

Q5
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cytf — e
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Ficure 9: Immunodetection of mutants affecting dg (A) Site-
directed mutant of the chloroplagetBgene encoding cys with

a substitution of Cy® preventing thioether bonding of hermoeto
Val (C35V mutant). (B) Nuclear mutant affecting specifically
binding of heme to cybs (mutantcch) and site-directed mutants
of the chloroplaspetBgene encoding cyis with a substitution of
histidines involved as the axial ligand of herbg preventingby,
binding (H202Q mutant) or of hemb, preventingb, binding
(H187G mutant). The wild-type (WT) and petB deletion strain
(ApetB are shown as a reference.

Aeromonagoxin aerolysin 87), and with peptides associated
or not associated with DNA3g). Here we identified by
MALDI-TOF only one form of cyths, the heme binding
form, and no apoprotein, which indicates that the ligand is
covalently bound to the protein. The smallest Lys-C pro-
teolytic fragment detected by heme peroxidation of luminol
is an internal fragment, T¥r—Lys', that we attributed to
the first two transmembrane-helices of cytbs. MALDI-
TOF analysis of Lys-C fragments confirmed this attribution

in Euglena gracilis(39) and others in trypanosomatids
(reviewed in refl8).

Putative Additional Post-Translational Modification€yt
be from Chlamydomonaandergoes a covalent modification
that increases its molecular mass by 824 or 932+ 24
Da depending on whether the initiation methionine is cleaved.
This is still not known because cys has a blocked
N-terminus inChlamydomonag22), and we did not find
any fragment containing the first three residues in our mass
spectrometry spectra of clgg peptides. In addition, the first
three N-terminal residues are not resolved at present in the
Chlamydomonastructure 16).

When the heme contribution of 636 Da that corresponds
to the extra mass observed with the &ysontaining Lys-C
fragment is taken into account, clgg should still undergo
some additional covalent modifications that raises its mo-
lecular mass by at least an additional 165 Da. Some chemical
modifications may occur during sample preparation and
analysis, like methionine oxidation, but the mass contribution
of these changes is very limited. Phosphorylation oftgyt
in spinach has been previously reportd@)( Electrospray
ionization mass spectrometry detects an additional extra mass
of 104.84+ 1.2 Da in the heme-bound state of spinach cyt
bs (15), for which one phosphate group of 80 Da could
account. Phosphorylation occurs mainly at threonine and
serine residues near the N-terminus of thylakoid membrane
proteins (reviewed in re#tl). A potential candidate for

since the corresponding peptide was detected with an extraPhosphorylation is a conserved serine at the N-terminus of

mass of 636 Da. This heme binding domain contains*Cys
the covalent link of heme identified from the 3D structure.

cyt be. However, we have previously used phosphatase
alkalin, under conditions that dephosphorylate photosystem

Thus, the biochemical data presented here are fully consistent! subunits and modify their band patter42j. We did not
with the structural data that demonstrate covalent binding observe any modification of the band pattern oflmyeither

of an extra heme to cyite. It is of note that there are less
than a handful of examples of a hemattached by only

in the wild-type strain which has a diffuse dy band or in
ccbor hemeb, ligand mutants which have a clgg doublet

one instead of two thioether bonds to their apoproteins, oneband (data not shown).
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The b-Type Hemes Show No f@tent Binding to the  for the axially coordinated water or hydroxide of heme
ApocytochromeWe compared the RR spectra of bacterial A carboxyl group of one of the propionates of hemmes
cyt bc; and monomeri€€hlamydomonasyt bsf to determine indeed at a distance and orientation necessary to form a
which new groups were specifically involved in protein  strong H-bond with the axial ligand. Along this line, we
heme interactions in cyis. We detected vinyl groups with  observed perturbations of several peripheral heme modes.

intact double bonds for thb-type hemes of cybs. From With respect to cybci;, a change in the environment and/or
this result, any formation of a-type thioether linkage  conformation of one methyl and/or one propionate peripheral
between a cysteine residue and a vinyl group oftitigpe group(s) is observed for oretype heme of thésf complex.

hemes cannot be envisaged. We thus exclude the possibilityThis effect is likely related to the close interaction between
that there would be a thioether linkage between hbgraand a propionate group of hemby, and the axial water or
a cysteine residue in cy, as previously proposed on the hydroxide ligand of heme; (16).
basis of a cysteine mutation Bacillus subtilis(43). Thioether linkage can be studied by RR through the
Resonance Raman Vibrational Modes Identifying Heme (C,—S) modes. In the 679710 cn1? regions of RR spectra
¢i. Monomerization of the cyibef complex with an increase  of oxidized cytbsf, there are three bands at 682, 690, and
in the concentration of the nonionic detergent HG above the 700 cm®. The v(C,—S) frequency of reduced cytwas
critical micellar concentration released the chlorophyll assigned to 686687 cm! (13, 33). Previous RR studies
molecule located between helices F and G of subunit IV in on various six-coordinated complexes of microperoxidase-8
the cyt bef structures 16, 17). We then separated the showed that the frequency of i$C,—S) mode is increased
monomer from the dimer and from free pigments. The RR by 4-6 cn* when the heme iron is oxidized (refd and
spectra ofChlamydomonagyt bsf were not significantly 52 and unpublished spectra). The 690 ¢nband is thus
modified by monomerization: they exhibit features very assigned to &(C,—S) mode of oxidized cyt Its homologue

similar to those of the dimeric form of spinach dyf (13), in the spectra of oxidized cytwas previously characterized
in particular for the individual contributions of hemias b, at 693 cm?! (30). With reference to the RR spectra of
and f to the skeletal,, vs, and vg modes, respectively. oxidized cytc (30), the 700 cm?* band is assigned to the
However, the higher signal-to-noise ratio of tidlamy- mode of oxidized cyf. The 682 cm* band is av(C,—S)

domonaspectra allowed us to observe new RR contributions mode originating from either oxidized cfor ferrihemec;.
of a fourth heme component. The new bands observed atAlthough reduced cyt exhibits a singlev(C,—S) mode at
1576 @), 1471 (), 1354 @4), and 340 cm?® (vg) are 686—687 cn1, the spectrum of oxidized cyicould contain
tentatively assigned to heme. These frequencies are two v(Cp,—S) modes. However, the opposite occurs for cyt
characteristic of a ferroug'-type heme under a five- ¢ with two identifiedv(C,—S) modes for the reduced state
coordinated high-spin staté4, 45). The crystal structure (682 and 692 cm') and only onev(C,—S) mode for the
identifies hemec; devoid of protein ligand in the axial oxidized state (693 cr) (30). Alternatively, the additional
position. On the face close to herbg an oxygen atom of 682 cn1! band could correspond to a thioether mode of heme
a water molecule or of a hydroxide ion is at a distance that ¢;. The RR spectrum of reduced clgif, excited at 406.7
is suitable for coordination of the iron atom. Ferrohneme nm, also shows a broadening toward the low-frequency side
model compounds with one or two water, hydroxide, or of the 687 cm?! band that supports a henegassignment
alcohol ligands have been characterizé649). Besidesa  for the 682 cm! band. We note that the RR spectrum of
bis(aqua) complex that low-spin or intermediate-spi8),( isolated cytf in its reduced state does not exhibit such a
all other characterized ferrous compounds are high-spin. Inband broadening3@) andb-type ferrous cytochromes do not
particular, mono(hydroxide) and mono(aqua) complexes of have a band at this frequency.
ferroporphyrins exhibit spectral properties (absorption and Is Heme ceither Photoreduced or Permanently Reduced?
RR) very similar to those of the corresponding five- Peroxidase activity resisting protein denaturation has been
coordinated high-spin mono(imidazole) complexes, modeling yet demonstrated only ib cytochromes that were split in
the axial coordination of ferrocyt' (44, 45, 47, 49). two subunits. This is the case in ¢y complexes that exhibit
Therefore, the set of frequencies observed fonther, and cyt bs and subunit 1V, being homologous to the N- and
vg modes of hemec is fully consistent with an axial ~ C-terminal moieties of cyb from bc, complexes, respec-
coordination of water or hydroxide. tively; it is also the case iB. subtiliswhere two proteins
Water and hydroxide have a low affinity for ferrous are found, cyb and QcrC, a fusion of subunit IV and cgt
porphyrins. However, a stabilizing environment can strengthen (Table 3). This might suggest a structural role of a tightly
the binding of these weak oxygenated ligands by a factor bound heme when the subunit is cleaved in two parts. The
ranging from 10 to 19(50). Absorption and RR investiga- location of this additional covalent heme next to the
tions showed the formation of a five-coordinated high-spin plastoquinone binding site, Q blocking access to heme
mono(hydroxide) complex of Fe(ll)-bound protoheme in an by, strongly suggests its participation in electron transfer from
aqueous detergent solution. In this complex, the bound b, to plastoquinone. The distinction between a participation
hydroxide group appears to be stabilized by the positively as a wire or through actual redox changes of its iron atom
charged headgroups of the detergent micel®).(As far as should be made on the basis of spectroscopic studies.
the water coordination is concerned, a mono(aqua) Fe(ll) Surprisingly, hemes; had not been observed spectroscopi-
“picket-fence” porphyrin was characterized by RR spectro- cally in purified bsf complexes. This may be due in part to
scopy as a five-coordinated high-spin compléX)(In such the fact that in the optical absorption spectra, the electronic
a complex, the coordinated water molecule is stabilized by bands expected for@type heme in a five-coordinated high-
H-bonding with one or two carbonyl groups of the porphyrin spin state are broad and relatively weaker than those of the
superstructure. A similar stabilizing condition seems to exist other cofactors of the cydsf complex. This heme should be
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able to be detected by EPR, but the high-spin componentsband (4) typical of theccbnuclear mutants impaired in the
in EPR spectra of purifietsf complexes%1) were (rather) binding of heme to cybs. These results suggest that the
attributed to heme denaturation and not to the presence of aCCB factors define the biogenesis pathway required for
c'-type heme However, the EPR spectra would also be binding of hemec; to cyt bs. Since this doublet band has
devoid ofc’ heme contributions if heme were permanently  also been observed in chloroplgsetB mutants carrying
reduced under the experimental conditions that have beensubstitutions of the histidines coordinating theheme (L4),
employed. it is very likely that the covalent binding of heneeand the
Indeed, our high-frequency RR spectra identify hezne  noncovalent binding of hemila, are coordinated processes.
as a ferrous heme. This ferrous heme may be either Thus, the CCS pathway would be required for binding a
permanently reduced or sensitive to laser illumination. On hexacoordinated heme with two thioether bonds on the
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