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ABSTRACT. We have modified the cytochrontesubunit of the cytochrombe; complex from the purple
bacteriumRhodobacter sphaeroidés introduce two distinctive features of cytochroimef complexes.

In the first one, we have split cytinto two polypeptides thus mimicking the organization of bytand

subunit IV in thebs f complexes. In the second, an extra residue was added between His198 and Phe199,
thus extending the span between the histidine ligands for thétlames in helix D. The properties of

the mutant strains were determined using thermodynamic and kinetic analysis. The two mutant enzymes
were assembled and functioned so as to allow the photosynthetic growth of the mutant strains. For the
split enzyme, we show that two independently translated fragments bfargtinserted in the membrane.

Our results indicate a decrease in the stability of the semiquinone formed at the quinone redugtion (Q
site in this mutant. This property, characteristic bgif complexes, indicates the functional importance

of the connecting span between helices D and E. The presence of the inserted threonine in helix D
modified the spectrum and redox potential of theheme, shifting the potential difference between the

two b-hemes from 140 mV in the wild-type to 55 mV in the mutant strain. This change in the driving
force of electron transfer through the membrane was reflected in an inability of the mutant strain to
accumulate a large transmembrane electrical potential on successive flashes.

Cytochromebc complexes are membrane protein com- sites, or the functional behavior in some of the catalytic steps
plexes found in almost every energy transducing membrane.(2, 3). However, it has been difficult to explain these features
The two major subgroups best characterized are ubiquinol/by this difference in the structural organization of the cyt
cytochromec oxidoreductase (also called complex Ill or the b-part. In addition of the organization of tiepart of these
bc; complex) and plastoquinol/plastocyanin oxidoreductase complexes, another characteristic that has often been invoked
(or thebs f complex) (). The complexes share a number to explain some of these differences is that the two histidines
of structural and functional similarities, but there are on helix D, ligands to the twb-hemes, are separated by 14
conspicuous differences in the organization of cytochrome residues in cybs and 13 in cytb (4, 5). The additional
b. Whereas cybc, complexes contain a long citwhich residue is a highly conserved threonine found in every
consists of a single polypeptide with 8 transmembrane helicessequence of chloroplast or cyanobacterialleyt Analysis
associated with twb-hemes, cybs f complexes contain two  of protein databases revealed that shetype cytochromes
polypeptides, a short cytproviding the ligands for the twWo 3y 4150 contain valine instead of threonine at this position,
cofactors (cytbg) and a small subunit called subunit IV. ¢ s the case in firmicutes such Bacillus stearothermo-

These wo dsububmts ?re horlnologt0us fr(tar?;ectwelylto the philusandBacillus subtilis The recently reported sequences
amltng- "’fph catrwoxy- errlnma parts (t)d' i 1 (_:orr]npélex h of a long cyt b fromChlorobiumandAquifexalso contain a
protein. ese wo complexes present distinguishable chars 4 ine 4t this position (see Figure 1). Interestingly, neither

acteristics in terms of the spectral and redox properties of | b - dditional th .
theb-hemes, the inhibitor sensitivity of the quinone binding along cytb sequence conFammg ana |t_|ona threonine nor
' a short cytb sequence with only 13 residues between the
J— two heme ligands in helix D has been reported so far. To
. g;';’ a"r‘{‘;:';r‘]’;’%? ;ﬂg&%ﬁg gt;y NIH Grant GM35438. determine how these features would affect the properties of
S Center for Biophysics and Computational Biology. the enzyme, we introgluced eQCh into the bysf Rhodo-
1 Abbreviations: bc; complex, ubiquinol/cytochromes oxidoreduc- bacter sphaeroidesThis bacterium containslac; complex

tase; bsf complex, plastoquinol/plastocyanin oxidoreductase; cyt, ; _ i
cytochrome; DMSO, dimethyl sulfoxide; DTT, dithiothreitd; coli, composed of four subunits. The three redox containing

Escherichia coli EDTA, ethylenediaminetetraacetic acifl;, redox proteins, cyb, cytc,, and Rieske ISP, are highly homologous

midpoint potential; MOPS, 3N-Morpholino)propanesulfonic acid;  to their mitochondrial counterparts, whereas the fourth one,
PCR, polymerase chain reaction; Q, ubiquinone or quinonez QH  gypunit |V, is specific to this bacteriun), Surprisingly,
ubihydroquinone or quinol; (3ite, quinone reducing site;,Qite, quinol dditi | idue in helix D did not tth bl
oxidizing site; RC, reaction center; SB®AGE, sodium dodecyl an aqadruonal resiaue in nefix Id not prevent the assemboly

sulfate-polyacrylamide gel electrophoresis; WT, wild type. of the bc; complex, and although it changed the properties
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*
S.c YLH-ANGASFFFMVMFMHMA FFALH-YLVPFIIAAMVIMHLMAL
B.t. YMH-ANGASMFFICLYMHVG FFAFH-FILPFIIMAIAMVHLLFL
chicken NLH-ANGASFFFICIFLHIG FFALH-FLLPFAIAGITIIHLTFL
R.s. YLH-ANGASLFFIAVYLHIF FFSLH-YLLPFVIAALVAIHIWAF Long cyt b
S. a SLH-SWGAYVMIFAMLVHIT FFVFH-WIVGGLLVAVVGLHLYIF
A. a. QAHTRTGANFFMAIVYLHMF VFGSHVLIYPLILLALVGIHLYLV
c. 1. QIH-AWSANLMIMMLFIHMF MFSLHVVLLPGLVMLVLAAHLTLV
B. s GMH-HWGASLVIVMMFLHTL FFAIHVFFLPAALLGLMAAHFLMI
Synechococcus SIH-RWSASMMVLMMILHIF FYSLHTFVLPWLIAVFMLAHFLMI
C.r SIH-RWSASMMVLMMVLHVFE FYSLHTFVLPLLTAVFMLMHFLMI Short cyt b
liverwort SVH-RWSASMMVLMMILHIF FYSLHTFVLPLLTAIFMLMHFLMI
Spinach SVH-RWSASMMVLMMILHVF FYSLHTFVLPLLTAVFMLMHEFLMI

Helix B

Helix D

Ficure 1: Multiple sequence alignment of the two heme binding helices obcyhe histidines, heme axial ligands, are shown in bold.
The asterisk denotes the position of the additional residue in helix D. Longreféers to the organization of the dytpart of the complex
as a single polypeptide. Long citproteins are from mitochondrig§accharomyces cerisae (S. c.) @7), Bos taurus(B. t.), (48), and
Galus galugchicken) @9), or bacteriaRhodobacter sphaeroid€R. s.) (7), Sulfolobus acidocaldariuéS. a.) 60), Aquifex aeolicugA. a.)
(51); andChlorobium limicola(C. 1.) (52). Short cytb refers to the organization of the dytpart of the complex as two polypeptides from
which the first contains 4 transmembrane helices. Shortbgytoteins are from bacteri®acillus stearothermophiluéB. s.) 63) and
Synechococcus PCC70@2/nechococcuspé), or chloroplastChlamydomonas reinhard(C. r.) (56), Marchantia polymorphdliverwort)
(57), andSpinacia oleracedspinach) §8).

of one of theb-hemes, the function of the complex was CAGCTACAAGGCGCCTCGAGAGGTE; and end primer
largely unaffected. In the strain with a split clgt some

features specific fobs f complexes were introduced, sug-

(p2),GGAATTCAGGTACGTA TGCAGCGAGAAGAA-
CCGE. The insert 199TDOWN was made with the following
gesting a role for the continuity in the span between helices primers: start primer (p3f,CGGGATCCGCAACGTA C-
D and E in determining the properties of the sgte. Our

CTGCTGCCCTTCGTG; and end primer (p4f,GGAAT-

results are discussed in terms of the structural plasticity of TCGATGGCGAAGAACACTAGTAGGAC. Primers p2
and p3 contain an overlapping sequence which encompasses
the inserted threonine codon (underlined) linked ®naBl

cyt b.

MATERIALS AND METHODS

restriction site (shown in bold). The two PCR products were

digested byEcoRl andBanHI and cloned into thé&coRI—
BanHlI sites of pUC19. Standard recombinant DNA tech-
nigues were used first to fuse the two fragments using the
Snal site and then to replace théhd —Spé fragment of
pGBM with the Xhd—Spé fusion product leading to
pBM199T.

The same strategy was used to construcBg mutant.

Bacteria Strains and Growth. Escherichia cdirains
were grown in LB medium at 37C. Plasmids and their
derivatives were maintained . coli strain JM109 in the
presence of ampicillin (10@g/mL) or tetracycline (1Qug/
mL). Rb. sphaeroidesvere grown photosynthetically or
aerobically in Sistrom medium at 3@™. This media was
supplemented with tetracycline (&g/mL) and kanamycin
(20 ug/mL) for strains containing pRK415 derivative®)(  Insert BsgUP was made using as start primer (pS},

Molecular Biology TechniquesAll restriction endonu- ~ CGGGATCCATCGGCCATTCGATCCAGACCTGE and
cleases and polymerases were obtained from New England®s end primer (p6§,GGAATTCTTACGTAGGGTTGTTG-
Biolabs. Synthetic primers for DNA mutagenesis were TTGCCCGTCGA. InsertBsgDOWN was made using as
synthesized at the Biotechnology Center of the University start primer (p7),’CGGGATCCTACG TAAGGAACAC-
of lllinois. GCCATGGGCGTCGAAGTGCGCCGYE and as end pri-

Site-directed mutagenesis was performed using PCRMer (p8)°GGAATTCCTGTACAACCCAGACGTCGGCG-
methods. The amplification was achieved with Deep W¥ent GT°. Primers p5 and p6 contain the overlapping restriction
DNA polymerase. The conditions described by the manu- Site Snal (shown in bold). The sequence inserted to split
facturer were modified to include 10% (v/v) DMSO. PCR Cytbis underlined and is identical to the noncoding sequence
reactions were carried out using plasmid pGBM as a found between thébck andfbcB ORFs. This sequence
template. This plasmid was derived from pBCB by contains a stop codon (shown in italic), elements necessary
introducing thirteen neutral and unique restriction sites t0 reinitiate the translation and the ATG codon. The inserts
throughout the wholefbc operon, thus making it more BsgUP andBsgDOWN were fused using th&naBI site.
suitable for in vitro manipulation. The modified operon was TheAgd—BsiGl fragment of pGBM was replaced with the
able to restore the WT properties of BC17, a strairRbf ~ Agd —BsiGl digestion product of the fused fragment, leading
sphaeroidesdearing a deletion of the whofbc operon 7), to pFBCSPL.
to the same extent as its pBC9 counterpart. Details of the The two mutantbc operons were subcloned into pRK415-1
molecular engineering will be described elsewhere. and introduced int&kb. sphaeroideby conjugation withE.

Construction of the MutantsTo construct the mutant  coli strain S17-17).
199T, two inserts 199TUP and 199TDOWN were generated Biochemical MethodsChromatophores were isolated as
by PCR amplification. The insert 199TUP was made with described in Bowyer et al8]. Protein determinations were
the following primers: start primer (p1FCGGGATC- made according to the method of Lowry modified by
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Peterson §) (Sigma, protein assay kit). SD$AGE A B
analysis was carried out in a SB%2.5% polyacrylamide

gel (SDS-polyacrylamide gel system, Gibco BRL Life N R
Technologies, Gaithersburg, MD) with a running buffer E a
containing 49 mM Tris, 384 mM glycine, and 0.1% (w/v)  cytb - == -4
SDS, pH 8.5. Coomassie blue staining was used for cytcl-—-"" =3

432.5nm

-38

detection of the polypeptides. For immunodetection, chro- -:: :Z e
matophores were solubilized in 1% SDS in the presence of ISP- == ‘

0.5 M DTT/NaCQs Proteins were separated on 15% g yv.- | - 420 440 460 480 500 520 540 560 580
precast gels for polyacrylamide electrophoresis (Bio-Rad Wavelength, nm

LaboratorieS, Hercu'es’ CA) with the same running buffer FIGURE_ZE .PUrlfledbcl Complex fromBsp Straln._Atag consisting
as above and electroblotted onto nitrocellulose sheets.f 8 histidines, attached at the carboxy-terminal part of eyl
Immunodetection was carried out using an enhanced chemi.gither the WT or thés strain was used to purify thec, complex

; ) y on a Ni-NTA affinity column. (A) Comparison of the polypeptide
luminescence (ECL) method (Amersham Life Sciences Inc., composition ofbc, complexes isolated from the WT (lane 1) and
Arlington Heights, IL) according to the specifications of the theBsg strain (lane 3). Proteins were separated in a SD&5%
manufacturer. Thébc; complex antiserum was prepared Polyacrylamide gel and stained using Coomassie blue. Lane 2 shows

: e : the molecular weight ladder (Prestained Protein Laddef(®kDa),
against a purifiedc, complex fromRb. sphaeroideby the Gibco BRL); the molecular weights of the standards are indicated

Biotechnology Center of the University of lllinois at Urbana-  op, the right. The positions of the two bands corresponding to the
Champaign. split cytb are shown with asterisks. (B) Dithionite reduced minus

Biophysical Methods.The kinetics of flash-induced ab- air-oxidized spectrum of the complex purified from tBed strain.

sorbance changes of the, complex and the reaction center  encoding the loop connecting D and E transmembrane helices
were monitored on a single-beam spectrophotometer aspf cytb. Thus the first polypeptide of the split cgtmimics
described in Crofts and Wan@§)( Optical redox titrations ¢yt bs and terminates at the sequencedSNNPT.zs While
were performed as follows. Absorbance spectra of chro- the second polypeptide would correspond to kbgé-type
matophore preparations were recorded approximately everysybunit [V and starts with the sequence MSEVRz

10 mV, over a range of 400 mV, betweerll50 and 250  \When a histidine tag was added to the end of the second
mV. The potential was modified by addition of either polypeptide of the split cyb, a bc; subcomplex could be
dithionite or ferricyanide, followed by a-36 min equilibra-  readily isolated and purified. The mutant complex no longer
tion time. Titration curves were obtained from these data showed the 41 kDa band of the wild-type ¢ybut instead

by abstracting values at appropriate wavelength pairs for thehad two new bands with apparent molecular weights of 23
b-type cytochromes of each strain. The curves were fitted and 20 kDa (Figure 2A, lane 3). From the spectrum of the
with either 2 or 3 Nernst components using the built-in preparation (see Figure 2B), showing that the purified
nonlinear square fitting algorithm of the data analysis complex retained the full complement of cytochromes, we
program Origin 4.0 (Microcal Software, Inc., Northampton, can assume that one of the two bands corresponds to the

MA). first polypeptide of the split cytb containing the two
b-hemes, whereas the second one corresponds to the second,
RESULTS his-tagged polypeptide, equivalent to subunit IV of tid

complex. The apparent molecular weights of these bands
are slightly lower than the values calculated from their
predicted polypeptide sequences (25.2 and 25.9 kDa, re-
spectively, for the first and second polypeptides). However,
the abnormal electrophoretic migration of highly hydrophobic
proteins often gives an underestimated molecular weight
using SDS-PAGE. This has already been reported for cyt

Modifications of Cytochrome b to Introduces fblike
Features Yielded Complexes that Still Allowed Photosynthetic
Growth of the Site-Directed MutantsTwo separate modi-
fications have been introduced in the dytof the purple
bacteriumRb. sphaeroides The first one was to insert in
the helix D an additional threonine at position 199 (number-

ing according to th&b. Sphaeroidesequence), nextto the iy Rp. sphaeroidemhich shows an electrophoretic mobility
histidine 198 that provides a ligand to herbe. This of 40 kDa, whereas the molecular weight estimated from
introduces a residue which is present in all sequences forpolypeptide sequence is 51 kD&)( Taking this into
plant-type cyts sequences, but is missing from mitochon- 5ccount, we cannot assign the two bands specifically to the
drial and purple bacterial cyt sequences (Figure 1). This first or second polypeptide. It should be noted thathbe
residue appears to be especially important because of its;omplex from this strain presented different solubilization
location in th_ea-hellcal span separating the two histidines properties as compared to the WT. The purification proce-
that provide ligands to hemds andby. Under photosyn-  qyre leading to an activiec; complex with all four subunits
thetic growth conditions, wheiRRb. sphaeroidegrows using in the WT (Figure 2A, lane 1) (Guergova-Kuras, M. et al.
cyclic electron transfer between the reaction center and the(submitted for publication) gave a subcomplex which had
bc; complex, the mutant strain (strain 199T) had a generation |ost the ISP and part of the native subunit IV when used
time of 8 h, identical to the WT strain grown in the same jth the modifiedbc, complex (Figure 2A, lane 3). Further
conditions. work to optimize the purification procedure of the modified
The second modification, characteristichgff complexes bc, complex is under way and will be reported elsewhere.
andbc complexes from firmicutes, consisted of splitting the Although this mutantBs) is able to grow photosyntheti-
cytbinto two polypeptides. To mimic this effect, a sequence cally (with a generation time of 10 h, as compared to 8 h
incorporating a stop codon, followed by signals allowing for the WT), the culture after inoculation had to be
reinitiation of translation, was introduced in the region preincubated in the absence of light for 24 h prior to being
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A BCD kDa B band o band Bband o band
cyth - sk z 28 S61 nm 557.8 nm
cyte, = - T - 30 \ 565.7 nm
i - - 25
isp - R N - 20 a)
e
sulv - - 15
- 10 520 540 560 580 520 540 560 580
Ficure 3: Immunoblot of chromatophore proteins. Polypeptides 561 nm 559.4 nm 565.3 nm
from WT (lane A), BC17 (lane B)Bsd (lane C), and 199T (lane 4
D) chromatophores. Proteins were separated by -SPXSGE, b)

electroblotted onto nitrocellulose, and reacted with an antiserum
against thébc; complex. A molecular weight scale is given at the
right side of the figure. -

520 540 560 580 520 540 560 580
placed under photosynthetic conditions. This behavior 563,qm 561 nm
suggests a possible sensitivity toward oxygen in the presence
of light, but this issue was not further investigated. c)

Accumulation of the hagComplex Subunits in the Mutant
Strains. Using an antiserum directed against tiogcomplex
subunits ofRb. sphaoeroidesve investigated the accumula- P elengtonm 0 aetengiom

tion of the subunits in membranes of the mutant strains. As _ _
FIGURE 4: Absorption spectra of thie cytochromes in the mutant

shown on Flgurg 3 the immunoserum detects specifically and WT strains. The left and right parts correspond, respectively,
the four polypeptides of thiec, complex (compare lanes A o the cythy and cytb, spectra obc; complex from (a) WT, (b)
and B). Itis interesting to note that in the strain BC17 (lane 199T, and (c)Bsy strains. The difference spectra of the separate
B), containing a deletion of thébc operon (encoding the  components from the redox titrations were determined as differences
Rieske ISP, cyb and cytcy), the native subunit IV encoded ~ Petween spectra obtained at potentials separating a range where
. . only one redox species was titrating. The positions of the peaks
elsewhere in the genome1) also failed to accumulate. Such  ere determined using a Lorentzian deconvolution ofdHeand
an effect, where the absence of at least one subunit of aregion with either one (for cyby of all strains and cyb, of the
multimeric protein complex prevents the accumulation of Bsy strain) or two components (for cit of WT and 199T strains).
other subunits of the same complex but from different The approximate region of theand/; bands are indicated on the
transcriptional units, has been observed for various membran ﬁg ?r;tr:'semfégnf?ﬁ ?hﬁhggn?”es show the deconvoluted spectra for
protein complexesl@—15). In strain 199T (lane D) all four '
subunits of thebc; complex were accumulated at levels of cyt b, whereas the chloroplast cts are characterized
similar to that of the WT. The relative accumulation of cyt with a midpoint potential of-140 to—150 mV (for a review,
c1, Rieske ISP, and subunit IV iBsg mutant (lane C) see ref2). An additional component which titrates around
followed the same pattern as that of the WT. As expected, 150 mV and peaks at 561 nm was also observed in the
the full-length cytb was not detected in this strain but a titrations of both the WT and 199T strains. Its antimycin
new band with an apparent molecular weight~et4 kDa sensitivity allowed us to identify it as the previously
(shown with an arrow on Figure 3) appeared with an intensity described cybsso(10). Interestingly, this component, which
similar to that of the WT cytb band, indicating that the results from the interaction of thiey-heme with a quinol
antigenic epitope(s) recognized by the immunoserum is (are)molecule at the (Xite of thebc; complex (6—18), was not
located on one of the two parts of the split &yt We can found in theBsd mutant. As this interaction was proposed
therefore conclude that the neither the additional residue into occur through the formation of a ferrodyt/semiquinone
cyt b of 199T strain nor the split in cyt b &sgd impairs the complex at the Qsite (19), we may conclude that the
accumulation of the other subunits of the, complex. equilibrium between the quinol and thg-heme at this site
Redox Properties of Cytochrome b in the Mutant Strains. as observed in the WT is modified in tigsd mutant.
Redox titrations aimed at a determination of the midpoint Some Spectral Characteristics of foComplexes Are
potentials of thé-hemes in the mutant and wild-type (WT) Found in the Mutant bcComplexes.The optical spectra of
strains were performed at pH 7.0, as described in Materialsthe b-cytochromes have been determined from the redox
and Methods. In both mutant strains, the midpoint potential titration technique (20) and are shown on Figure 4. Our
of cyt by was almost unchanged, with a value of £05 results show that the introduction of the additional threonine
mV in both the WT and 199T, and a slightly increased value (199T mutant) modifies specifically the spectrum of byt
of 59+ 10 mV in theBsg strain. In contrast, in both mutant  without affecting the optical properties of city, which
strains, the redox properties of dytappeared to be altered. showed both the same peak (561 nm) and full width at half-
Whereas the cyib, potential is—90 mV in the WT strain, height for itsa-band (8 nm). A more detailed analysis of
our results show that the split in cit(strainBsd) induced the cyt b, spectra in the WT and 199T was made to
an increase of 50 mV in its potential, shifting it te42 + deconvolute the components in the and S-bands. Four
12 mV. The change was even more dramatic with the Lorentzian components were used, two for thband and
additional threonine in the close vicinity of the heme. Cyt two for the g-band. Since neither the potential nor the
b, of the 199T strain shows a midpoint potential-o6 4+ 5 position of the bands was altered in the bytof 199T as
mV, representing a shift of 80 mV from the WT. Interest- compared to the WT, we assumed that the extinction
ingly, both modifications increased the midpoint potential coefficient for this heme was not modified by the mutation.
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Table 1: Spectral Components of theand s Bands of cyth, in ;f
Chromatophores of WT and 199T Strains ot
[}

Cyt b, a band Cytb, o band H ’ e §

peak 1 peak 2 peak 1 peak 2 3 A (‘w T ¢

(nm) areal (nm) area2 (nm) areal (nm) area?2

WT 557.8 0.176 565.7 0.241 530.9 0.073 538.1 0.026 @
199T 559.4 0.194 565.3 0.157 532.2 0.043 538.2 0.008 p [ _ b
aConditions are as on Figure 4.

I |
This allowed us to use the peak area of lsyto normalize C f“/‘ ¢
and compare the peak area for the deconvoluted components
of cytb.. The results are summarized in Table 1. ltis clear p A A 0
that the relative amplitudes of the low- and high-energy T time, ms

transitions in thex-band were changed in the 199T mutant. o .
Whereas both the amplitude and the area of the lower-energyFIGURE 5: Effect of antimycin and myxothiazol on the electro-

i ; ; chromic change. Electrochromic changes after a single saturating
transition are the dominant components of éhband in the flash (indicated by an arrow) were measured at 503 nm in

WT, this transition became the minor component in the chromatophores from the WT (panel A), 199T (panel B), Bsgd
mutant. The ratio between the peak area of the high- and(panel C) strains. Chromatophores were resuspended alvDEC
the low-energy transitions is 1:1.36 in the WT and 1:0.8 in for the WT and 199T and at 0V RC for Bsd in 50 mM MOPS,
the 199T mutant. Moreover, the splitting of this band, pH 7.0, 100 mM KCI. Anaerobiosis was achieved with a constant

—_ . . argon flow. The redox potential in the cuvette was maintained at
char.a_cterlstlc of the cyb. _|n the cyt by Complgx, IS 100 mV. The following redox mediators were present: 2,3,5,6-
significantly decreased, mainly due & 2 nm redshift of tetramethylp-phenylenediamine (2M), 1,2-naphthoquinone (20

the higher-energy transition. The same 2 nm shift is also uM), 1,4-naphthoquinone (20M), phenazine methosulfate M),
observed for the higher-energy vibrionic transition in the pyocyanine (1«M), and Fe(ll)Na EDTA (40uM). Traces were
frband. I thef-band, we also observed a change n the RSN o1 LE ATPILGE ofthe s phace w serer e
r(.alat_l\_/e ampl_ltude of the 2 tranS|t.|(.)nsZ although ”‘?t 8S after addition of 3uM antimycin, and traces (c), after addition of
significant as in ther-band. The modifications in the optical 5 ;M myxothiazol.
spectra of the twl-type hemes in thBsgd mutant are much
more dramatic. The-band of cyth, is no longer split and PNt
presents a single peak at 561 nm. The full width at half- et
height value of thex-band of the cyt, is slightly higher e
(10 nm), and the position of the peak at 563 nm represents*‘””‘”f/mww ¢
a 2 nm red shift as compared to the WT. As a consequence,|___/ Sms
the optical properties of thie-hemes in this mutant appear
very similar to those reported for thies-hemes. In all
reported studies, the. band of a chloroplast-type cyi
presents a single peak and theéband maxima of the two
b-hemes appear almost undistinguishat@e3].
Electrogenicity of the Mutant cyt b€ omplexes.Elec-
trogenic events across the chromatophore membrariei.of
sphaeroidegan be monitored by measuring kinetic changes
at 503 nm which reflect the “membrane voltmeter” provided
by the electrochromic carotenoid bandsh¥t), The kinetics i APV

can b_e separated I_nto three phases. Phase_s I and_ I occur 'Bicure 6: Kinetics of the slow phase. Experimental conditions as
the microsecond time scale and are associated with chargen Figure 5 traces, recorded in the presence of both antimycin (3
separation in the reaction center. Phase Il (also called thexM) and myxothiazol (5:M), were subtracted from traces recorded
slow phase). uiich oceurs n the milisccond ime seale, J e aebed or e s o e o
reflects elec;troggnlc events in t'he dyct: Complex'and IS phase (s%e Figure 5). The inset shows the slovfphase after the first
completely |_nh|b|t_ed b_y myxotmgzol. Part of this phase, fiash with a better time resolution: trace a, WT; trac@bg; and
about 20%, is antimycin insensitive and has been shown totrace ¢, 199T.

reflect the electron transfer from dyt to cytby (21). Figure

5 shows traces taken at 100 mV after one flash in both thein helix D is not the main determinant for the resistance of
WT (panel A) and the mutant strains 199T (panel B) and thebs f complex toward these two inhibitors, contrary to what
Bsgd (panel C). The slow phase in both 199T aBdgd has often been suggeste] §, 22). The slow phase of the
showed inhibitor sensitivity toward antimycin (traces b) and electrochromic shift for the two mutant strains is compared
myxothiazol (traces c) at concentrations sufficient to inhibit to that of the WT on Figure 6. Four consecutive flashes
the WT. It should be noted that antimycin and myxothiazol, separated by 32 ms were given in order to follow the build-

4x10 2

503nm

which are inhibitors, respectively, of the; @nd Q sites, up of the transmembrane potential and the effects on turnover
are very efficient inhibitors when used on the complex of thebcg, complex in the different strains. In the 199T strain
but have virtually no effect on thig; f complex @, 22). Our (trace c), one flash was sufficient to saturate the final level

results indicate that the split of clgtor the additional residue  of transmembrane potential whereas in the wild type (trace
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B A oxidation at the Q site are significantly modified by the

b mutations. Additionally, the kinetics of cydoa are also

c similar in the mutants and the WT at both ambient potentials,
suggesting that the electron transfer through the high-
potential chain was not altered either (compare traces c on
panels B, D, and F). In the absence of inhibitor we observe

W
a Wa a a normal turnover of thbg, complex in 199T as shown on
b b f m b panel C (compare with panel A, showing the WT). Since
%,5

a

g el e e
W°W

=0.02

A

net change in the absorption of dytis observed (traces a
b on panels A and C). By contrast tlBsd mutant presents
B a decrease in the overall turnover of the; complex

FiGUREe 7: Kinetics of electron transfer. Kinetics were measured (compare panel E with panel A), which is in agreement with

for cyt b (traces a), RC (traces b), and @ytplus cytc, (Cyt Cota) . : . .
(traces c) for the WT (panels A and B), 199T (panels C and D), themS||ovtV(-:ir Fr)hgse I(;I tl)n fthrls i:nu:an:(.idlqi trr]1ls Strarm’ Wﬁ r
andBsp (panels E and F). For panels A, C, and E, chromatophore cOmMpletely reduced before its reoxidation occurs (compare

suspensions (in 50 mM MOPS pH 7.0, 100 mM KCI) at concentra- the amplitude of cyb reduction after the first flash in traces
tions of RC as on Figure 5 were preincubated in the dark under a of panels E and F). These results can be explained in terms
anaerobic conditions, with the preparation poised at 100 mV of 3 modified equilibrium between the reduced bytand

ambient redox potential. Gramicidin (&/mL) and 1uM valino- P @i ;
mycin were added to collapse the transmembrane electrochemi(:althe semiquinone at the; @ite and are discussed below.

potential. Redox mediators were added as follows: 2,3,5,6-

tetramethylp-phenylenediamine (2M), 1,2-naphthoquinone (10 DISCUSSION

#M), 1,4-naphthoquinone (14M), 1,2-naphthoquinone-4-sulfonic Insertion of a Single Residue in a Membrane Helix of cyt
acid (10uM), phenazine methosulfate (M), pyocyanine (M), b Does Not Impair Protein Folding or AssemblyThe

nd Fe(ll)Na EDTA M). For panels B, D, and F, sam
2ogditi6(})(ns)bt?t in the é?e%/énge ocf)pmpl)a:am?irsnyc,in. lKiarl1ectiic t’rascaese recently solved structures of cgt; complex @3, 24) show
were recorded after each of a series of four saturating flashes,a four helix bundle core formed by helices A, B, C, and D,
separated by a time interval of 32 ms. Detection wavelengths weretightly packed around twb-hemes. The two axial ligands
542 nm for the RC, 5531542 nm for cytCorw, and 561569 nm  for each heme are shared between helix B and D. On each
for cyt b. helix the histidine residues providing the ligands are sepa-
a) and theBsgd mutant (trace b), saturation was not achieved rated by 13 amino acids. In awhelix with standard phi
even after four flashes. The inability of the 199T mutantto and psi angles, this would locate the ligands on the same
generate the sam®&W as the WT is probably related to the side of the helix, with the two hemes approximately four
smallerAE between the twbd-hemes observed in this mutant  turns apart. The introduction of a threonine residue in helix
(see above). After the first flash (see inset on Figure 6), the D, between the two histidines, would be expected to have
199T mutant displayed no significant difference as compared consequences on the secondary structure, folding, and
to the WT, either in the overall cybic; complex turnover  stability of the protein which would be reflected in the
(traces c and a, respectively) or in the electron transfer properties of the hemes and ultimately in the electron-transfer
between hemels, andby (not shown). On the other hand, properties of thebg; complex. Our results show that the
the Bsd mutant showed a slower turnover of the complex introduction of the additional threonine has a relatively minor
(trace b). However, the antimycin insensitive part was effect, which appears to be limited to the properties of the
identical to the WT (not shown), suggesting that the electron hemeb,.. The complex is assembled and fully functional.
transfer between the hemes was not affected by the mutationTherefore it appears that citis able to accommodate the
Electron Transfer through the Mutant p&€omplex is presence of the additional residue without any major change
Altered but Not Impaired.The effects of the mutations on in the properties of the enzyme. Previous studies have shown
the electron transfer through the photosynthetic chain arethat both solubleZ5, 26) and membrane protein%) can
shown on Figure 7. The initial redox state of the components tolerate single amino acid insertionsdarhelices with varying
in the electron-transfer chain was determined by poising the degrees of alteration in the activity and stability of the
ambient redox potential at either 100 mV (Figure 7) or 200 proteins. Crystallographic studies on insertion mutants of
mV (not shown). Under these conditions, the ubiquinone T4 lysozyme and staphylococcal nuclease identified two
pool Er’aiqnz) = 90 mV) is respectively 30% reduced or types of structural change that compensate the effect of the
fully oxidized. In both cases, the high-potential chain is in amino acid insertion. In the first, the additional residue is
a reduced state whereas the low-poterttidleme chain is incorporated in the helical structure, and the wild-type
oxidized. Upon flash excitation in the presence of antimycin, residues are shifted one residue toward the end of the helix,
the cytby heme represents a single oxidizing equivalent, and thus displacing the effect of the insertion to a loop or a bend
a single turnover of the gXite of the complex completesits (25, 26). In our case, since the insertion was introduced
reduction. At 100 mV, the rate of ctreduction therefore  between the two histidine ligands on helix D, such a
reflects oxidation of one quinol at the,@ite, which is the translocation would be expected to rotate by approximately
rate-limiting step. Figure 7 shows that the rates of oyt 100° the position of one of the two ligands. Since the
reduction in the WT and in both mutant strains are similar. geometry of histidine side chains which are involved in the
The half-time of cytb reduction after the first flash is about coordination of metal ions appears to be very constrained
1.1-1.5 ms at 100 mV (traces a on panels B, D and F) and (28), such a rotation would be likely to impair the proper
5 ms at 200 mV (not shown) in all strains. This indicates binding of the cofactors. In the second type of structural
that none of the kinetic parameters affecting the quinol change, the additional residue is bulged or looped out of the

*Ei: o the rates of reduction and oxidation of dyare similar, no
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helix. The change is thus localized to the site of the insertion ~Complementation of cyt b Fragments Allows the Assembly
where the helical structure is disrupted. According to Vetter of a Functional b¢ Complex. Reconstitution of functional

et al. £5), this type of reorganization would be less common proteins from independently synthesized fragments has been
because of the higher destabilization energy it involves. reported for several systems, from prokaryote to eukaryote
Nevertheless, we favor this type of reorganization as a organisms, for soluble and membrane proteins, both in vitro
possible mechanism by which dytdeals with the insertion  and in vivo 37—40). Here we show not only that chtcan

of the threonine residue. From electrospray mass spectrom-be reconstituted from two fragments but also that the “split”
etry measurements on heme dissociation in loyt the cyt b can be assembled into a functional hetero-oligomeric
average stabilization energy provided by the binding of a complex. InRb. sphaeroideshebc,; complex is composed
b-type heme in this four helix bundle protein was found to of four polypeptides, cyb, cyt ¢;, the Rieske iror-sulfur

be around 100 kJ/mol2Q). It has also been previously protein (ISP), and a small subunit called subunit 1V, likely
shown that the presence of thg-heme is not required for  organized as a homodimer. Moreover, it has been previously
the proper folding and assembly of the tywvithin the bg shown that the presence of these four subunits is required
complex B0). We can thus speculate that the additional for the formation of a fully activdsc; complex é1). In this
stabilization energy provided by the ligation of theheme study, cyth, which encompasses eight transmembrane helices
could be used in the 199T mutant to bulge out the inserted numbered from A to H, was split in the span between helix
residue. Indeed the destabilization in this type of reorganiza-D and E. It should be noted that the recently published
tion for both T4 lysozyme and staphylococcal nuclease is structure of the bovine mitochondribt; complex @3) has

not higher than 30 kJ/moB(). indicated that the cyih presents a two domain organization.

The Insertion of an Additional Residue in the D Helix of The first domain encompasses helices B whereas the
cyt b Has Only Minor Effects on the Function of the; bc second encompassed helices F, G, and H. Popot and
Complex. The functional analogue of thiec; complex in Engelman proposed a two stage model for the assembly of
chloroplast is the cytbsf complex. Although the two  membrane proteins, in which the transmembrane helices are
complexes are very similar in both their redox composition formed independently and assemble later into a final tertiary
and their functional aspects, they differ in some important structure 42). In this context, we can assume that the
characteristics. Thus the presence of 13 residues separatinfprmation of the first domain (AE) in our mutant would
the two His ligands in helix D of cyb, instead of 14 residues  be impeded by the lack of helix E. On the other hand, the
in the cytbs, was proposed as the reason for thelgysplit presence of this helix in the second fragment would facilitate
o-band observed only with long cy. The additional the complementation between the two fragments by stabiliz-
threonine residue was also proposed to explain the lowering the final structure only when helix E becomes a part of
midpoint potential of thé-hemes of cybs (1, 5). Our results the first structural domain. Our results suggest that the
show that the insertion of the threonine in ¢ybas only complementation between the two fragments of the split cyt
minor effects on thédc, complex. The properties of cyit b allows a final conformation which is sufficiently close to
are indeed affected, but the midpoint potential is shifted to the native one to allow rapid electron transfer through the
a more positive value. This effect cannot be accounted for mutantbc; complex. Indeed, previous mutagenesis works
by a simple change in the hydrophobicity of the heme (for a review, see Brasseur et a&43f) as well as the crystal
environment, since the introduction of a polar residue has structures of thebc; complex @3, 24) have shown that
been shown to decrease thg value of the heme3Q). residues from the two parts of the split dytcontribute to
However positive changes in heme potential have beenthe quinol oxidation (Q and quinone reduction (isites.
reported upon modification of the hydrogen bonding either In both of our mutants, the partial reactions occurring at the
of the imidazole ligand33) or of the propionates of the heme Q. site are similar to the WT, and the mutant strains were
molecule 84). Another possible reason could be a change still sensitive to specific inhibitors of both sites. This
in the orientation of the imidazole ligand plar85). Neither suggests that the structural configuration of the site is
of these possibiliies can be excluded as a mode of essentially the same as in the WT. The differences in the
reorganization in thés -heme pocket due to the additional partial reactions occurring at the §ite observed in thBsd
threonine. mutant are discussed below.

One interesting consequence of the increase ofBhe The Presence of the Spilit cyt b in the Bomplex Confers
value of the cyb, heme is the decrease in the driving force  Some Properties Similar to those of cyfbComplexes.
available for electron transfer across the membrane in theAlthough the modified Q-cycle has been widely accepted
low-potential chain. This has a direct consequence in theas a model for the operation of both the; and b f
ability of the bc; complex to drive electrons against the complexes, there are some differences concerning the details
transmembrane potential, and this is reflected in the slow of the mechanism in each case (for a review, see Cramer et
phase of the carotenoid shift of the 199T mutant, which is al. (3)), which can be accounted for in terms of the altered
saturated after the first flash. This must to some extent reflectthermodynamic characteristics of the redox components, and
a kinetic impediment, since the overall driving force provided changes in kinetic parameters. A major difference in
by the redox drop between quinol and cyis the same. To  behavior lies in the processes leading to the quinone
provide the potential needed to reduce &yt against a reduction at the (»ite. The reduction of the quinone at the
membrane potential of 200 mV, the cyt m wild type is Q site of thebc, complex occurs via the formation of a stable
poised at~—90 mV, close to the midpoinB). To achieve semiquinone after the first turnover of the §ite. In the
this poise in the mutant, the hentg would have to be bs f complex, a stable semiquinone at thesipe has never
~96.5% reduced, which would lower the kinetic concentra- been observed and it has been proposed that the-tvemes
tion of the oxidized form available at the,Qite. must be consecutively reduced (two turnovers of thsi@)
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before the reduction of the quinone takes pladé, é5).
Moreover antimycin which is a strong inhibitor of thg Q
site of thebc, complexes has no effect on thgf complexes.

In the mutanbc, complex bearing the split cyt, we retain
the sensitivity to antimycin characteristic of the complex
(Figure 5). This is a good indication that the €e, or at
least the region involved in the binding of antimycin, adopts
a conformation close to that of the native one. Interestingly,
this mutation affects the formation of a stable semiquinone
at this site. The cyb;s0 component, which results from the
interaction between cydy and the semiquinone {Q) at this
site, was not observed in tiBsd mutant. Crofts et al.{9)
have derived an expression describing the equilibrium
constant for the reaction leading to the formation of the cyt
biso component. On binding of Q4 one electron is
transferred to the oxidized cyiy heme to produce a [cyt
by~ Q (2H")] state, which is likely an intermediate in the
forward reaction. Deconvolution of the equilibrium constant
into its thermodynamic components shows that two factors
contribute to the formation of the cyiso intermediate. At
any defined pH, the equilibrium constant for formation of
the [cyt by~ Q (2H")] intermediate (the cyb;so form) is
given by:

Keq= €XP{(Emecyt )t Emarom — 2Em(onol))F/ RT)}

where Enior) refers to the bound coupl&mytn, is the
potential of the heme in the absence of interaction, and
Em(Qua 1S the potential of the Q/Qitouple in the pool. The
important factors in defining a value féqare thek,, value
for cyt by and the stability of the semiquinone, while the
relative affinities of Q and QHat the Q site determine the
apparent midpoint of the cy;so form.

In the present experiments, since tgvalue for cytby
was unchanged, we would have to ascribe the loss of cyt
biso to @ much less stable semiquinone at thesi@. This
reduced stability of the semiquinone also provides a straight-
forward explanation for the altered kinetics of electron
transfer from cyby seen inBsg (Figure 7), since the redox
potential of the acceptor couple QfQvould be lowered in
this strain. Joliot and Jolio#¥) and Kramer and Crofts15)
have previously suggested that the similar kinetic behavior
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seen in chloroplasts reflects an unstable semiquinone at the 24.

Qi site of thebs f complex.

We may note that, even if the split site has the same
configuration as that of the wild-type complex, the introduc-
tion of two charged groups, represented by the C and N
termini, will likely have a profound effect on the local
electrostatic environment. Relatively modest mutational
changes in this span produce effects on the turnover of the
complex and the thermodynamic characteristics of the redox
componentsi9, 46), so this minimal perturbation consequent
on the split may be sufficient to explain the effects observed.
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