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Summary 

Cytochrome b ~s the central redox catalytic subumt 
of the qumol cytochrome c or plastocyanln oxldore- 
ductases It is revolved m the binding of the qumone 
substrate and it ~s responsible for the t ransmembrane  
electron transfer by which redox energy ~s converted 
into a protonmotlve force Cytochrome b also contains 
the s~tes to which various mhxbltors and qumone antag- 
omsts bind and, consequently, inhibit the oxldoreduc- 
tase 

Ten partml primary sequences of cytochrome b are 
presented here and they are compared w~th sequence 
data from over 800 speoes  for a detailed analys~s of 
the natural varmt~on in the protein This sequence 
information has been used to predict some aspects of 
the structure of the protein, in particular the folding of 
the t ransmembrane  hehces and the location of the 
qulnone- and heme-blndmg pockets 

We have observed that inhibitor sensitivity vanes  
greatly among species The comparison of inhibition 
t~trat~ons in combination w~th the analysis of the pri- 
mary structures has enabled us to ~dentffy ammo a o d  
residues m cytochrome b that may be mvolved m the 
binding of the mh~b~tors and, by extrapolation, 
q u m o n e / q u m o l  

The mformat~on on the qumone-blndmg s~tes ob- 
tained m th~s way ~s expected to be both complemen- 
tary and supplementary to that which will be obtained 
m the future by mutagenesls and X-ray crystallography 

I. Introduction 

Cytochrome b ~s the central catalytic subumt of 
ublqumol cytochrome c reductase (or bc I complex, 
EC 1 10 2 2), an enzyme that is present  m the respira- 
tory chain of m~tochondna [1-6], and in the respiratory 
cham or cychc photo-redox chain of many bacteria 
[3,7-9], xt is functionally homologous to the plasto- 
qumol acceptor reductase (or bf  complex) of chloro- 
plasts that ~s involved m both cychc and non-cychc 
hght-drwen electron transfer [3,10-12] With the ex- 
ception of protozoans lacking mltochondrla (e g ,  
Trychomonas), all eukaryotlc orgamsms reqmre this 
general class of redox enzyme, and consequently cy- 
tochrome b, for energy conservaUon [3,9,12] 

Cytochrome b is the t ransmembrane  protein in- 
volved m the vectorial oxidation of ublqulnol or plasto- 
qumol and in the electrogemc portion of the catalyUc 
pathway [3,5-16] The Q-cycle mechamsm, originally 
proposed by P Mitchell [13], is now widely accepted to 
be a good description of the redox reactions of the bc 1 
complex [5,7-9,14,15] and it predicts that cytochrome b 
forms a ub~qumone-reactlng center at each s~de of the 
membrane  Present research on cytochrome b is fo- 

cused upon how its structure ~s related to tunctlon 
[5-12] 

Our knowledge of mltochondnal  cytochrome b is 
expanding very rapidly, in particular through the analy- 
sis of protein sequences predicted from the D N A  se- 
quences [5,6,9-12] The importance of aqmrmg a vast 
number  of protein sequences is that ~t enables us to 
observe just how the protem has evolved while main- 
taining its function New sequences of cytochrome b 
are presented here to further document  the natural 
variation of the protein For uncovering addmonal  
s t ructure-funct ion relationships, we report  a screening 
of the inhibitor responses of the bc I complex from 
several different species Since bc~ lnhlbltors brad di- 
rectly to native cytochrome b [5,6,9,17-19], slgmficant 
changes in their affimty may arise from varmtlons m 
the primary structure of the protein [6,19] A system- 
atlc analysis of the sequences available and the integra- 
tion of this analysis with a survey of the properties ot 
inhibitor resistant mutants is presented In this way, we 
provlde a framework for proposing and testmg correla- 
tions between inhibitor responses and natural varm- 
tlons m the sequence of cytochrome b Some conclu- 
sions have been drawn regarding the possible folding 
of the protein and the connections of ~ts t ransmem- 
brane hehces In wew of the flood of sequence infor- 
mation prowded recently, comments  on the relation 
between sequence vanatxon m cytochrome h and evo- 
lution are also presented m th~s work 

II. Nomenclature of cytochrome b 

Before discussing the data, it 1s necessary to clarify 
some ~ssues of nomenclature that concern cytochro- 
me b 

II-A The b-hemes 

It ~s well estabhshed that cytochrome b contains two 
d~stmct hemes w~th different spectroscopic and redox 
properties [2,3,7,8,18,20] Unfortunately, various over- 
lapping des~gnahons of such hemes have accumulated 
m the hterature Des~gnatlon according to the maxi- 
mum of the reduced alpha band (the recommended 
nomenclature by IUB) ~s questionable, since the maxi- 
mum of the b-562 heme (m beef  heart  ml tochondna 
[20,21]) vanes  between 558 and 563 nm in other species 
[3,9,21] It is partlculary inappropriate for the chloro- 
plast cytochrome b 6, in  which the electronic absorption 
spectra of two hemes are not easily d~stmgulshable 
[3,10] Among the propert ies that are suggested for 
dlstmgmshmg the hemes m dlheme cytochromes (cf 
IUB nomenclature for redox proteins, G Palmer and 
J Redljk (1992) Eur J Blochem 200, 599-611), we 
beheve that the relatwe difference in the midpoint 
redox potential is sufficiently general to be apphcable 
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for the cytochrome b m all qulnol acceptor reductases 
[3,7,8,18,21] Hence, we shall refer here to b-562 as the 
high potential heme, identified as bia, and to b-566 
(558) as the low potential heme, Jdentlfied as b L 
TABLE I 
Species whose cytochrome b Is sequenced a 

Species (common name) and [reference] 

II-B The transmembrane hehces 

During the past 10-12 years, as the primary se- 
quences of numerous mltochondrlal cytochrome b have 

Metazoans 

Mammals and marsupials 

Complete sequences 
Homo sapiens (man) [164], Bos taurus (beef) [165], Capra htrcus (goat), Or,is aries (sheep), Anttlocapra americana (pronghorn), Gtraffa 
camelopardahs (giraffe), Dama dama (fallow deer), Odocodeus hemlonus (black-taded deer), Tragulus napu (Malay chervotaln), Camelus 
dromedartus (dromedary camel), Sus scrofa (domestic pig), Tayassu tajacu (collared peccary), Equus grevyl (zebra), Dtceros btcornls (black rhino), 
Loxodonta afncana (African elephant), Stenella longlrostrls (dolphml), Stenelea attenuata (dolphin2) [32], Mus musculus (mouse) [166], Rattus 
rattus (ratl) [167], Rattus norvegwus (rat2) [168], Oryncholatus cunwulus (rabbit) (F Mlgnotte, unpublished cf [169]), Balaenoptera physalus (fin 
whale) [170], Phoca vttuhna (harbor seal) [171] 
Partial sequences 
Equus astnus (donkey), Equus caballus (horse), Oryncholatus cumculus (rabbit *), Fells catus domesttcus (domestic cat) this work, 2 Hylobate 
monkeys (J C Garza and Woodruff, D S, unpubhshed, cf L02766), Akodon aerosus and other 11 akodontme rodents [86], 4 kangaroo rats and 
Thomomys townsendl [29], Cephalorhyncus commersonu (small dolphin) [172], Cants cants (dog) and other 4 camds [173], Cants aureus (golden 
jackal) and other 9 camds (A Meyer & R Wayne, unpubhshed), Ursus martttmus (polar bear), Ursus arctos (brown bear), Ursus amencanus 
(black bear) [87], Thylacmus (marsupial wolf) and other 6 marsupials [85], mandrill, drdl, gxraffe (R H Crozier, unpublished), elk and 5 
Odocodeus deers (S M Carr and G A Hughes, unpubhshed, cf M9484), Orntthorhynchus (platypus), Tachlglossus, Zaglossus and ca 10 
marsupials (M Waskman, unpublished), 15 African bowds and reindeer (P Arctander, unpubhshed), sheep and European muflon [174], 
Thylactnus cynocephalus, 14 dasyuroxd marsupials and ban&coot [252], blue whale [253], 2 squirrels (P J Wettstem, unpublished, M97277-79) 

Birds 

Complete and almost complete sequences 
Gallus gallus (chicken) [63], Coturmx coturmx (quail) [197], Colaptes ruplcoea (andean flicker), Scytalopus magellamcus (andean tapaculo), 
Asthenes dorbtgnyt (canastero), Ampehon stresemanm (cotmga), lhtta sordtda (pltta), Pomatostomus temporahs (babbler), Pomatostomus lstdort 
(rufous babbler), Amblyornls macgregortae (bowerblrd), Eptmachus albertlsa (slcklebdl), Ptdoprora plumbea (honeyeater), Gymmorhma tlblcen 
(magpie), Catharus guttatus (hermit thrush), Parus mornatus (plato titmouse) [33], 17 Phylloscopus species (warblers), Cettta forttpes (Cettfs 
warbler), Regulus satrapa (gold crest), Sylvia melanocephalus (blackcap) [91], 9 deep-node birds, 7 pipits (P Arctander, unpublished), Meleagrts 
gahopat'o (turkey) and other 7 galhnaceous birds [255] 
Partial sequences 
Emberyza shoemculus (reed bunting) this work, 3 babblers [29,62], Corcorax melanorhamphos (crow) [29], ca 10 birds of paradise and warblers (J 
Cracraft, S V Edwards, unpublished), 7 Lantartus species (shrikes) [175], 6 cowbirds, 25 blackbirds, Sphyrapwus varlus, Aulacorhynchus derbtanes, 
Captto niger (S M Lanyon, unpublished, cf [176]), 11 bowerblrds (R H Crozier, unpubhshed), ca 70 passerflorms subosclnes (P Arctander, 
unpubhshed), 2 blue tits and great tit [177], 12 parrots and rock dove [246] 

Reptiles 

Partial sequences 
Uta sp (lizard) this work, Lepldophyma smtthu (Lepl lizard) and other 5 xantusud lizards, Amewa auben (tend lizard) [60], ca 10 Lacerta hzards 
(C Morltz, unpublished), ca 10 Anohs lizards (C Schneider, unpublished) 

Amphibians 

Complete sequences 
Xenopus laevls (African toad) [55] 
Partial sequences 
5 Ambystoma sp (axolotl) and Plethodon yonahlossee [61], ca 10 Ensatma salamanders (T Jackman, unpubhshed), 23 toads (A Grayblal, 
unpublished), Rana catesbelana (bullfrog) (Y Yoneyama, unpubhshed, D00198) 

Fishes 

Complete sequences 
Gadhus morhua (atlantic cod) (C Johansen, unpubhshed cf [178]), Actpenser transmontanus (white sturgeon) [179], Cypnnus carpto (carp) (F L 
Huang, unpubhshed, X61010), Carcharhmus plumbeus (sharkl), Carcharodon carchartas (white shark), Sphyrna ttburo (bonnet-head shark) and 
other 9 sharks [180], Lythrurus roselpmnls (T R Schmldt and J R Gold, unpublished, X66456), Crossostoma lacustre (Talwan loach) [249], 
Thunnus thynnus (mediterranean tuna), Sarda sarda (sard), Sgomber sgombrus (mackerel), Boops boops (bogue) and Trachurus trachurus (horse 
mackerel) (P Cantatore and M Robertl, unpubhshed) 
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TABLE I (continued) 

Partial sequences 
Astronotus ocellatus (clchhd), Ttlapta mossambtca (tdapla), Herntchromts btmaculatus (cichhd), Salmo trutta marmorata (trout) this work, 
Dtcentrarchus labrax (bass) (P Cantatore, M Cnml and T Patarnello, unpubhshed, cf [181]), 4 European trouts [182], Sparus auratus (sea 
bream), Mugzl cefalus (grey mullet) and other 4 muglhdes (T Patarnello, unpubhshed), Lycodtcthys dearborm, Austrolyctchtys brachycefalum (eel 
pouts) (L Bargellom and T PatarneUo, unpubhshed), Leptdostren paradoxa (lungfishl), Protopterus sp (lungfish2), Lattmena chalumnae 
(coelacanth) [31], Salmo trutta (trout2), Promoxts mgromaculatus (crappie), Gomphosts vanus (bird wrasse), Ceophagus stemdachnen (ctchhd), 
Pohpterus (blch,r), Megalops atlanttcus (tarpon), Atractosteus spatula (alhgator gar), Lepzsosteus oculatus (spotted gar), Arnta calva (bowfin), 
Pantodon buchholzt (butterflyfish), Scaphtrhynchus platorynchus (sturgeon) [64], Juhdochromts regant and other 6 Czchlasoma sp (clchhds) [29,90], 
Astatoreochromts alluaudt, Buccochromts atntaematus, Pseudotropheops tropheops [30] and ca 150 other clchhds, 4 cyprmodonts, ca 60 poecdnds, 
8 goodelds 8 characms, 9 sticklebacks, Garnbusla sp (A Meyer, unpubhshed cf [88,89]), 32 scombrold fishes (B Block, unpubhshed), ca 10 
pomacentnds (B Birmingham, unpubhshed), Angudla rostrata (eel) [90], 8 salmomds [183], Salmo salar (salmon) and brown trout [184], 4 
Thunnus sp [185], swordfish, sadfish, blue marhn [186], 3 Balkahan sculpins [187], 3 prickly sharks (G Bernard1 and D A Powers, unpubhshed 
M91183-5) 

Echinoderms 

Complete sequences 
Strongylocentrotus purpuratus (sea urchml) [45], Paracentrotus hvtdus (sea urchin2) [46,188], Arbac:a hxula (sea urchin3) (F DeGlorgl 
unpubhshed), P:saster ochraceus (sea star) [189], Astenna pecttmfera (starfish) [190] 

Arthropods 

Complete sequences 
Drosophda yakuba (flyl) [191], Drosophtla melanogaster (fly2) [248], Anopheles quadnmaculatus (mosqmto) [192], Artemta franctscana (shnmpl) 
(R Marco and R Garesse, unpubhshed), Daphma (shrimp2) [193], lobster (D Stanton, unpubhshed), Apts melhfera (honeybee) [194], 
Tetraponera rufomger (ant) [254] 
Partml sequences 
Euphasta superba (krdl) this work, Pandalus boreahs (Greenland shrimp) (H Lund, unpubhshed), 2 Artemta shrtmps (J R Valverde 
unpubhshed, X67264), 9 ants, 4 bees, 3 wasps (R H Crozier, unpubhshed) 

Helmmths 

Complete sequences 
Ascarts suum (round worm), Caenorhabdttts elegans (free-hwng worm) [54] 
Partml sequences 
Parascans equorum (M Degh Espostl, unpubhshed), Fasctola hepat:ca (Iwer fluke), Melenogyne 3ovamca (F DeGiorgl, unpubhshed, cf [195]) 

Other :nL,ertebrates 

Complete and partml sequences 
Myttlus eduhs (blue mussel) [196], Metrtchum sent& (D R Wolstenholme, unpubhshed cf [195]), ca 10 clams (E Bouldmg unpubhshed), 
Lornbncus terrestns (earthworm) (M Degh Espostl, unpubhshed), 2 Antarctic clams (T Patarnello, unpubhshed) 

N o n  m e t a z o a n s  b 

Yeasts and fung~ 

Saccharomyces cerevts:ae [37], Saccharomyces douglasu [41], Schtzosaccharomyces pombe [57], Kluyveromyces lactzs [198], Candtda glabrata (G D 
Clark-Walker, unpubhshed), Aspergtllus mdulans [199], Neurospora crassa [200], Podospora anserma [201], Strobtlurus tenaceUus, 2 Mycaema sp 
(G Von Jagow, unpubhshed), Pneurnocyst:s carmu (partml [202]), Allomyces macrogynus, Sptzellomyces puctuatus, Rh:zopus stolomfer, Rh:zophlyc- 
tts rosea (B F Lang, unpubhshed c) 

erotozoan~ 

Trypanosoma bruce: (flagellate) [48,49], Lelshmama tarentolae (flagellate) [49,203], CnthMza fasctculata (flagellate) [49,204], Letshmania mfantum 
(flagellate) (partml, L Gradom and M Degh Espostt, unpubhshed), Plasmodmm galhnaceum (aplcomplexan) [205], Plasmodmm yoeht 
(aplcomplexan) [47], Plasmodtum falctparum (apleomplexan)[163], Thet/ena annulata (aplcomplexan)[160], Toxoplasma gondu (aplcomplexan, 
partml [162]), Paramecmm aureha (cyhate) [56], Tetrahymena pyrtformts (cyhate), Acanthamoeba castellamt (ameboid, M W Gray, unpubhshedC), 
Phytophthora mfestans (B F Lang, unpubhshed¢), Physarum polycephalum (shme mould) (D Mdler, unpubhshed cf [50]) 

Algae (rmtochondrta) 

Chlamydomonas remhardtu [124,206], Chlamydomonas smlthu [206], Chlamydomonas moewusu [207], Chlorella [208], Ochromonas dantca, 
Prototheca w:ckerhamn, Porphyra sp, Plocamtocolax pulwnata, Gracdartopsls lemane~form~s (G Burger and B F Lang, unpubhshed c) 

Plants (m:tochondrta) 

Trtt:cum aestwum (wheat) [51,209], Zea mays (maize) [210], Oryza satwa (rice) [211], Oenothera vtllartcae (bertenana) (evening primrose) [52,53], 
Solanum tuberosus (potato) [212], Vic:a faba (broad bean) [213], Hehanthus annuus (sunflower) (R Galleram, unpubhshed and R H Koehler 
unpubhshed), ArabMopszs thahana (A Brenmcke, unpubhshed [53]), Marchant~a polymorpha (lwerwort) [214] 
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Purple bacterta 

Rhodosptrdlum rubrum [43], Rhodopseudomonas wnd~s [2151, Bradyrhlzobtum japomcum [216], Rhodobacter capsulatus [217], Rhodobacter 
capsulatus strata Ga [96], Rhodobacter sphaerotdes [44], Paracoccus demtrtftcans [218], Thtosphaera pantotropa (T DeBoer, unpubhshed) 

Other baeterta 

Chlorobtum hmwola (G Hauska, unpubhshed), Hehobactllus chlorus (V Vermaas, unpubhshed), Bacdlus PS3 (b6-hke) [82], Sulfolobus 
actdocaldarms (SoxC subumt binding heme a m a qumol oxldase) [70] 

Cytochrome b 6 of the cytochrome b6f complex 

Plants and algae (chloroplasts) 

Spmacta oleracea (spinach) [23,219], Ntcotlana tabacum (tobacco) [220], Zea mays (mmze) [221], Ptsum satwum (pea) [222], Trtttcum aestwum 
(wheat) [223], Hordeum vulgarts (barley) [224], Oryza sattva (rice) [225,251], Marchantta polymorpha (hverwort) [226], Chlorella protothecotdes 
(green alga) [227], Chlamydomonas remhardtu (green alga) [228] 

Cyanophyta 

Nostoc PCC7906 [229], Agmenellum quadruphcatum [12] 

Subumt IV of cytochrome b6f complex 

Plants and algae (chloroplasts) 

Spmacta oleracea (spinach) [23,219], Nlcottana tabacum (tobacco) [220], Zea mays (mmze) [221], Ptsum satwum (pea) [230], Trttlcum aestwum 
(wheat) [223], Hordeum vulgarts (barley) [224], Oryza satwa (rice) [251], Cuscuta reflexa [250], Marchanna polymorpha (hverwort) [226], Chlorella 
protothecoMes (green alga) [227], Chlamydomonas remhardtu (green alga) [2281, Scenedesmus obhquus [231], Chlamydomonas eugametos (green 
alga) [232] 

Cyanophyta 

Nostoc PCC7906 [228], Agmenellum quadruphcatum [12], Synechocystts sp PCC6803 [233] 

a Partial sequences of cytochrome b have been obtained hereto after extraction of mltochondrtal DNA (from e~ther mltochondna or frozen 
tissues) and PCR amphficat~on with the primers and the experimental con&tlons described previously [29-32,89,90] Our PCR sequence of 
rabbit (*), which was obtained m collaboration with Prof P Cantatore (Unwerslty of Ban), is ~dentlcal to the sequence of the cloned gene 
obtained by F M~gnotte (personal communication) Sequences that are under way or unpubhshed are referred to the principal scientists who 
are working on them In some cases of unpubhshed sequences the EMBL-Genbank accession number is reported Our DNA sequences of 
donkey, reed buntmg and krdl are deposited in the EMBL bank Note that for some species, e g, axolotl [61], babbler [62], cod [178] and 
clchhds [30,88], sequences from several mdwlduals are reported The hst ~s updated to february 1993 and includes a survey of the releases of 
Genbank and EMBL databanks that was performed by Dr M Attlmonelh, Unwerslty of Ban, Italy 
All complete sequences except when otherwise stated 

c Species being sequenced within the Canadmn Organelle Genome Sequencing ProJect (G Burger and B F Lang, personal commumcatlon, cf 
[247]) 

been determined, a number of overlapping designa- 
tions of the pre&cted structural elements of the pro- 
tern have accumulated This is parhcularly the case for 
the putatwe transmembrane hehces, which were ml- 
trolly deslgnated with roman numerals [22,23] Later, 
either letters [8,18,24,25] or arabic numbers [9,19,26] 
have been used concomitantly with the roman numer- 
als [10-12,21,27] Hereto, we shall conform to the 
nomenclature proposed by Crofts [24,28] m which the 
hkely transmembrane hehces are defined by capital 
letters and the extramembrane loops by the lower case 
letters of the behces connected by them 

ub~qumone mteracts w~th cytochrome b t n  the reduc- 
tase enzyme The original designation of such sites as 
centers i (proton input) and o (proton output) pro- 
posed wlthm the Q-cycle mechanism [13-15] is proba- 
bly the most widely used, and we shall conform to it 
Other common nomenclatures of the qumone centers 
are Q1, Qm,  Qc ,  Qr or  Qn  for center i and Qo Qout, Qz 
or Qp for center o [6-10,17-19,24-28] 

III. Cytochrome b sequences 

I l i a  Source o f  sequences avadable 

II-C The two qumone reactmg centers m cytochrome b 

In addition to the two heme groups, the bc I complex 
contains two functlonally-dtstlnct s~tes at which 

A sertes of scientific circumstances has rendered 
cytochrome b the most sequenced membrane protein 
today The voluminous hterature on the function of the 
bc 1 complex, the isolation of the complex from &ffer- 
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Man 
Reef 
Mouse 
D o l p h i n  1 
R a b b i t  
P l l  
Zebra  
Donkey 
E l e p h a n t  
Thylaclnus 
Ch icken  

I l O 20 30 40 50 
M T - P ~  . . . .  I NPU4KL I NHSF I DLPTPSN [ SAWWNFGSLLGACL I LQ [ TTG LFLA/~'IY Man 
MT -N I R~ . . . .  SBPLI~ I VNNAF I DLPAPSN l S~WWNFGSLLG I CL I LQ [ LTG LFLAMHY Bee f 
M T - I ~  .... TIfl=LFX I l NHSF I DLPAPSN l SSWWNFGSLLGVCLMVQ l i T C L F ~  Mouse 
M'I'-N IRK . . . .  THPLMK I LNDAF I D L P T ~  I SSWWNFGSLLGLCL [ MQ I L T G L ~ Y  Dolphzn l 
MT-N I P~K . . . .  THPUJ( I V N ~ L  l DLP~PSN [ SN~@~INFGSLLGLCU41Q [ F r G ~  Rabblt 
M'r -N IRK . . . .  Slfi~U~ I I NNAF [ DLPAPSW [ S~WWNFGSLLG I CL I Lq [ L TG[.FLAI~ Pig 
MT-N IRJK . . . .  SI~=LMK I I NHSF l DLPAP~W [ ~SWWNFGSLLG l CL I Lq l L T G ~  Zebra 
. . . . . . . . . . . .  l~L I K I I NHSF I D i ~  ISSW~SLLG I CL I LQ I L T G L ~  Donkey 
MT-DIRK . . . .  SHPLLK I I W£SF [ DLPTPS~FGSLLGACL l TQ I L TGLFL/~4HY Elephant 
..................................... FGSLLb l CLV [ Q I L TGLFLA#@n'Y l'hy I ac I nus 
MAPN IRK . . . .  SHPLLK~ I NNSL I DLPAPSN I SAW~NFGSLLAVCLMTQ I L T G L L I ~  ('h I c ken 

~o 70 ~o 9o ,oo i o 
SPDAbTAFSS t AH l TRDVNYGW l [ RYI_HANG~ I CLFI H I CBGI YYCSFLYSE ~W 
TSDTTTAF~SVTH I CRDVNYGW i I R Y ~ A . ~ F  I CL Y)@qVCRCLYYGSYTFLE - -TW 
TSDTMTAFSSVTH [ CRDVNYCWI. [ R Y~U~GA.~,E~ l CLFLHVGRGLYYGSYT~ - - l'W 
TPDTTTAFb-'SVAH [ CRDVNYGWF [ R Y L H A N G ~  [CLYAHI~LYYGSYMFQE--TW 
TSDTTTAF~SV'I'H I CRDVNYGWI. l RYLHANGASIqFT I CL YI~GRG i YYGSY~YLE - - T~ 
TSDTTTAF'~SVTH I CRDVNYGW I R Y I . ~  [ CLF [ HVGRGLYYGSYI~LE - - TN 
TSDTTTAF~JSWTH I CRDVNYGW I I RYI~AS~@'F I CLF I HVGRGLYYGSYTFI-E - - TW 
TSDT'['r AF't~VTH I CRDVNYGW I l R Y ~  I CLF I HVGRGLYYGSY1T . . . . . .  
TPDTMTAFb~H I CRDVNYGW I l RQL.HSMGAS l FFLCLYTH [ GRN [ YYGSYI. YSE - - 
T S D T S T A ~ V  AH I CRDVNYGWL [ RNLHANGAS~@TMCLFLHVGRG [ YYGSYLYKE--TW 
T A D T S ~ V  AHTCIqNVQ YGWI. [ I~qLIIANGASFFF I C [ FLH I GRGLYYGSYI-Y'KE - - TN 

Babbler rufous ..................................... SGSI I GICLIVR[ ITGL~ Babbler rufous TAD~VAHTCI~qVQFGWL I I~WLHJt~NG~LFT I C I YLH [ GBGLYYGS~q-NKE - - l~# 
Uta l i za rd  . . . . . .  K . . . .  RBPMIKIVI~WSFIDLPTPSNISAW~¢NFGSLLGLCLIIQILTGLFI.J@~HY Uta l i za rd  TAD[SSAE"~VA}[IIO~DVQYGWLIRNIHANG~ICIY . . . . . . . . . . . . . . . . . . . .  
T e i i d  l i z a r d  ..................................... LGSLLG~LIVEIRTGLFLAM}£~ Te~ ld  l i z a r d  TAD~VANICRDVQYGW]-LRT~dJd4GAS~rFICIYLltlGRGLY'¢GSYIr~(E--AW 
Toad Afr ican MAPNIRK . . . .  SHPLIKIINNSFIDLPTPSNISSLWNFGSLLGVCLIAQ[ITGLFLAi'~[Y Toad African TADTSNAF'3SVAHICFDVNYGLLIRNLHANGLSFFFICIYLHIGRGLYYGSFLYI(E--TW 
Axolotl TI9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  P~SLFG L.SL I ~ I RTG LR.A~O~Y Plet hodon TAD I YFAFX.:.~SVAH I CRDLNYGWL I RN I ~ASLFF I C [ Y~4 [ GRG I YHGSFI~-KE - -l~ 
L u n g f i s h  1 ........... T ~ f f ~ L ~ ( I . V N ~ F I D U ~ A I ~ - ' ~ N I S ~ - ' W W R ~ L I . G I C L I L Q I L T G ~  L ~ f l s h  1 TAD~[~IHRDVNYGWLLRSIHA~ICLYIH'~A~qGLYYGSYI-~CE--T %W 
Trout 1 . . . . . . . . . . . . . . .  LKIVNDALVDLPAI~ISVWWNFGSLLGLCLATQILTGL£I.A~ Trout I TSDISTAF~-~VCHICI~D~N~YGWLIRNIHANGA.SFTFICIY~B~I~LYYGSYLYKE --TN 
C a r p  MA-SIA~I( .... THPL I K I ANDALVD[.PTPSN I SASfWNFGSI I GLCL I TQ I L T G ~  Carp TSD l STAF'BSVTH I CIRDVNYGWL l RNV]qABGASFI~F [ C I Y]l~q I/d~GLYYGSYLYKE - - T'W 
TI lapta MA-NLRK . . . .  THPLLKI A~DALVDLPAP~ISVI~SLLGLCLAAQILTGLFI~ TI l a p i a  TSDIATAFSS IAH ICRD~WYGNLII~ASFFF ICIYIhIIGRGLYYGSYLYKE--~ 
Sturgeon white HA-NIRK . . . .  T~Q~LL~(IING/d~ID~ISV~A~NFG~'LJ.GLCLITQILTGLarLA~P( Sturgeon white TADISTAPSSVAHICRDVNYGWLIRNIHANGASFFFICLYI'4V/d~C~IYYGSYLQKE--TW 
Shark I MAINIRK . . . .  Tt~LLKINNqtALVDLPAPSNISLWWWFG.¢/4-LGLCLIIQILTGLFLVI~4Y Shark I TADI~gLc~e:~qVVHICRDVWYGWLIRNIBANG.WtSLFFICVYt~IIM~GLYYGSYLYXE --TW 
Sea  u r c h i n  I NAAPLIRK . . . .  E ~ P I F R I U ~ T ~ V I ) L P ~ L S I W M I ~ G S L L G L C L V V Q I L T G I ~  Sea u r c h i n  i T A D I ~ V ~ I L R D V N ~ Y V l I ~ M G V ~ L J W I C N Y C H I G ~ G L Y Y G S Y N K I E - - T W  
Fly I 
Honeybee 
Shrimp 1 
Krikl 
Blue mussel 
Worm round 

Yeast 

I~gPLI~N .... SHPLFglNNINAI.VDLPAPINISSW~/NFGSU.GLCLI I Q I L ? G ~  Fly I TADVNL~FYSVNHICRDVNYCId .LR~&.~F~} ' ICIYLHI~IYYGSYLFTP--?W 
M~J( - F ~  -SSNI~rI~ IMST I y-LP'rPVN I NYMWNFGS I LG I FLM [Q I I SGF I L ~  Honeybee CPN I O I APM¢5 [ TN I I~KI)NI~RT, WLFRL I HANGASFYFLNNY I H I SItNLFYCSYKLNN - - VW 
~_GI~SLFEQ(~OTLK I [ NSALVDLPVPAN I S I WN~SLLGLCLL I q I V l G L I ~  Shrimp l TASVE:LAF~SVAN I CI~)Vh'YGW~LRT~INK~A-~FF I C I YT'H l ~SFHYFE --T~ 
............................................. V I LQ I LTGLn.N~£/ K r l l l  ~DTTTAF~'SVTH [ CRDVNYGW I I RYI.HA~W~ASMF~r I ~ I HVGRGLYY~Y'~FE - -NW 
N A P K S V G I ~  TNKL V~ I )4NI~FYDLPCPVNLN A W ~ G ~ _ G  LCL V l QLLSGLLL~AHY Blue mussel TAHEI~WAFI~ [ M I ~ C A ~  I ~ I C l YAH I ARGLYYGSYLDKT - - VW 
. . . .  IK . . . . . . . . .  L D F V N ~ N V V ~  VI. TYGWNFGSI@.GNVLG FQ I L TG TI'-LAFYY Worm round SNDGALAFLSVQY I MYEVNFGW [ FRVLI-h~qGASLFF I FLYLIg.FKGLFI~YRLI(K - - VN 

HA--FRK . . . .  SNVYLSLVNSY I I DSPQpSS I NYWWNHGSLLGLCLV l Q I VTG I FNAI@~Y Yeast SSN I ~ V E H  I b0~-DV}~ Y I LRYLBANG ASF FFMV)~")~I~kI(GLYYGSYRSPRVTLW 

• • • o 
- - - A - - -  0 

Man 
Beef  
Mouse 
D o l p h i n  I 
Rabbit 
Pig 
~ebra 
Donkey 
Elephant 
T h y l a c i n u s  
C~l icken 

120 130 140 IS0 lbO 170 
N [ G I I L L L A ~ 3 q A T A F H G ~ F W G A T V I T N L L S A ]  PYIGTDLVQWIWGGYSVDSp Man 
NIGVILLLTVMATAFMGYVLPWGQMSFWGATV[TNLLSAIPYIGTNLVEWIWGGFSVI)KA Beef 
NIG~AVMATAF~FWGATVITNLLSAIPYIGTTLVEWIWGGFSVDKA Mouse 
NIGVLLLLTVNATAFVG~FWGATVITNLL.~AIPYIGTTLVEWIWC~3F~VDKA Dolphin I 
NIGIILLFAVNATAFIG~L~AWITNLLSAIPYIGTTL~EWINGGF~VI)KA Fin whale 
N I G ~ T A R ~ G ~ A T V I T N L L S A I P Y I G T D L V E W I W G G F S V I ~ A  Camel 
N I G I I L L L T W ~ A T A F I 4 G ~ A T V I T N L L S A I p y I G ] T L V E W I W G G F S V D K A  Rabbit 
........................... W~AI"V I TNLLSA I PY l GTTLVEW I WC~Ac~VIXA P i g  
NTG [ ~LLL I T I 4 A T A ~ ' ~ I 3 ~ F M G A T V  I TNLLSA I PY I GTNLVE'W I WGGI~SVDILA Zebra 
N I GV I L L L T ~ T A F V G Y V L P M ~ A W  I TNIJ.SA l py  I G T T L ~ F A V I I A  Donkey 
NTGVILLLTU4ATAFVG~F~ATVI~WL~AIPYIGHTLVENAN~GFSV~ Elephant 

Babbler rufous N I G V I L U - A L H A T A F V G ~ A I V I ~ I P Y I C ~ ] T L V E W A M G G F S V D N P  Thylaclnus 
~agpie NIGVILPLTU4ATAFVGYVLPMGQ~F~ATVIT~f~FSAIPYIGQTLVENANGGF~VI~Mp Chicken 
Pltta NTGV[LLLTLMATALVGYVL~MCM~ATVI'fNL~AIPYNGQTLV~ANC4~F~[~P Blackcap 

180 190 200 210 220 2JO 
TLTRFFTFHF I LPF I I AALA TLHLLFLHETGSNNPLG I TSF~DK I TF}~°YYT I KDALGLL 
TLTRFTAFHF I LPF l I NA I AMVIg~-FLHETGSNNPTG I SSDVDK I PF}g~YYT I I(D I LGAL 
TLTSFFAFHF l LPF I I MO-A I V]O.LR-HLr~GSNNPTGLi@SD &DK I PFFff~YYT 1KD [ LG I L 
TLI~9~TAF:~ ~ l LPF I [ T A L A A ~ ~  I ~ l P F I ~ Y ~  I KD l LGGL 
TLTRFFAFItFI LPF I I LALA I VIO. I FLFIETGS~NFTG I P$~I4[X l ~ Y H T  I KD [ LGAL 
TLTRFFAFI~r I LPF I 1 T A L V A ~ S N N P T G  I SSOI4OK I PFItPYYT 1 KD I LGAL 
TLTP~rFAFI~r I LPF I I ATL VL 1 ~ I ~ T G S ~ W P T G  I ~ l PFI~FYY'r I KDTLGFL 
TLIIIFFAFI~ I LPF I I T A L A A V I O J ~ N N F T G  I ~S~I~DK l PFB~YYT I KD l LGAL 
TL FRFFAFllF 1 LPF I I TALV I VIQ_LFLI~S~WP~M; 1 PSI]II4OK I PFHPYYT 1 KD I LGLL 
TLTI~FFAFEg~ I I~° F l I TALV I VHL I FI~S4~NI~ I P~D ................... 
TI .NI~FAL~ I LPFTM l ALAGVHLTFLI~TGS/~pLGLTSI)~I~ [ PF~O~YYT I KDFLGLL 
TLTR~FAFHF i Lp~ i V - r A L A ~ S N g p , ~ G  l NPDSD~ l pFlO~y . . . . . . . . . .  
TLTRFFAUO'LLPFA [ AG I T l i HI.TFLk~ESG~PLG 1 ~D~DK l PF]{PYYSnCD I LGLT 
TLTRFFAI~FV I AGLTLVI~TLL~S~LG I P ~  l I~YYSTKDVLGFA 

L e p l  lizard NTGVILLLLTHATAFVGTI~.P . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  B a b b l e r  rufous "DLTI~'F~IAC4.TLVT[LTFLE~'I~SNI4PLGIPSDCDKIpFI~YYS~ICDVLGFA 
Toad A f r i c a n  NIGVILLR.VNATA~YVLPWGQ~ATVITNtLSAVPY[GNVLVQWSLGGFSVI )NA Magpie T L T R ~ F ~ L T L V I ~ - T F I . ~ c ' r G ~ W N 1 P L G I P ¢ ~ ] C ~ I P F I @ ~ N S I I ~ g ~ £ , F A  
P l e t h o d o n  NIGVI~TAFNGYIF'P ....................................... Canas te ro  TLTIRCF~FI41AGLTFIIQ.~SN~I33IS~WCIXlPFI~)YFS"rKDILGFL 
COd N [ G VVI.FLL V N M I ~ F V G ~ A T V  I TN ~TNPYVGDALVQ~ I WC~FSVDNA Toad African TLTRFFAFHFLLPF I I A G ~  I ~ T N P T G L / t S O P I ~ V P F I ~ F L  
Eel N I GVVL I L L V N N T A F V G ~ F W G A T V  l TNLLSAVpYVG@ISLVQW I WGGYSVDNA Cod TL TRFF ~ ~ P T G  I NSNA~K l IwF'I~YT'rYKDU.GF A 
Ca r p N I GVV[,.L.LLVNI~q'~~A TV I ~ V P Y ] 4 G D N L V Q W  l MGGFSVI)NA Ee I TLI~FF~FI /VAALTI~B.HLLFU{ETG~MNPVGLq~DAIX l P F I ~ Y ] { D L L G F  I 
Hemlchromks  N l GV I LLLLTI4MTAF~~ATV I TMLLSAVPY I G~SLV~M I NG~£SVI~ Carp T L T R F F ~ F V  l AAAT I I ~ I GIJWI~)A[~ VSFI~YF~YI~LLG FV 
S t u r g e o n  w h i t e  NIGVILLLLTNMTAFV~YVLPWG(~}~GATVITNLLSAFPDIGOll.V~4IWGGFSVI~A A s t r o n o t u s  TLIl~FFAF~rt~'PFVI~k~I41~411~.IFU~r~Gb-'ll~GU~b'~}AIXI£N~'l~YFSY]CDU-G - -  
S h a r k  1 N I G V I L I ~ T A F ~ ~ T V I T ~ Y I G D M L V ~ I ~ V O M A  S t u r g e o n  w h i t e  TLTRFFAFI~FVIAGA~I~A.FI.HQTGSI~I~VI~Y~SYKI~FT 
Sea urchin l NVGVIL~LWrlLTAF~VVLVI~,7~A~'fVI~qLVSAIPYIGTIIVQ~t~FSV~A Shark I TLT[~rFAIr~LILALTI[I~LGINSDA~I~I~VFSY~LL GFF 
F l y  I LVGVIILz-LVNGTAFMG~ATVI~AIPYLGI4g~.V(~WLWOC~'AVI}I~A Sea u r c h i n  I T L T I ~ t t ~ n r ~ L F P F I I A A L A V I I O . ~ A F N S I I Y I X A P F I I I ~ T V O F I  
Honeybee G I G I M I L I J 4 1 S M A A A F M G ~ A T V I T N L L S A I P Y I G O T I V L W l W G G I ~ I N N A  F l y  I T L T R F F T F I ~ I L P F I ~ I I ~ L H ~ T G S W N P [ G L N S ~ I D I { I P F H P Y F I T K D I V G F [  
Shrimp I MTGIALLFLVMAA~GYVLPMGQ~SIr~TVII~LVSAVPyIC4~DVV~MLN~FA~ Honeybee "fI~ILPLLIL~II~/~'f~S~I~@¢fl(I~FI~IKDU~FY 
B l u e  mussel y I r G V I ~ T M A F ~ ' L P M ~ 4 ~ A T V I ~ V V ~ Y ~ A  Shrimp I TLTI~I~FLIPFLVAGLTMIHLIAel-8~LGINAI~YFTIglYr VGFH 
WOrl round VSGIVIIIIV~I4~=AfNGYVI.WA(~drl~A_~VVIT~L.I~VIPVWGFAIV'rWIWSG~ Worm round T L K F ' T T ' V U ' ~ L V P W ~ L I . L L V L L ~ ~ Y C t ~ D Y I ~ V C F Y P ~  

Yeast NVGVI [F ILT  [ATAk-LGYCCVY~HI~ATVITNLz-SAIpFVGND[VSWLWCA~F~VSNP Yeast  TIQ~RFTAfh[YLVPFI IANdVIt@BJ4ALHIHGSSNPLGITG~-DR[PHHSYFIFKDLVTVF 

0 0 0 0 o O0 • l l • 
- - C  - - O  - - -E - -  

Man 
Beef 
Mouse 
Oolphln I 
Fln whale 
Camel 
Rabbit 
Pig 
Zebra 
E l e p h a n t  
Chicken 

240 250 260 270 280 Z90 
LSLLS IJ~TL~SpDLLGDPI~YT~PLNTPPH I KPEWYF1.FAYT I L R S V I ~ G G  V i A  Man 
LL i L A I J ~  VLFAPDLLGDPON yTpANPLNTPPR I IGoEWYF~A y A [ LRS I P N ~ V L A  Beef  
I l~ 'L I L/4TL V I z - F P O I ~ - G I ~ Y M P A N P ~  l ICPE' t~ f~  AYA I LRS I PNKLGG VLA Mouse 
LL I LTLLALTLFTPDLLGDPI~ANPLSTPPH l ~ A Y A  I LRS I PNKLGGVLA D o l p h i n  l 
LL i L I LLl~. TLFAPDLLGD~W~ANPL~TPAH I KP~NYFLf AY A [ LR~ I I~MKLGGVLA F i n  w h a l e  
L l ~  I L ~ L ~ D ~ A I ~ H  I KI~AYA I LRS I PI~VLA Camel 
VAII I l I I L ~ H  II[J~e~AYAI ~I~VI.A Rabbit 
FMNL ILL  I L V L P S P D L L G D I ~ A I ~  I KPEMYFLFAYA I LRS I P I ~ V I . A  Pig 
LL [ LLLLTL VLFSPOLLGI~OI4YTP/d~PLSTPPII [ KpE~fFI.FAYA l LRS I IR(KLGGVLA Zebra  
iLXl l l I I l ~ I ~ A Y A I  ~VPNI~.GGVLA E l e p h a n t  
L/~.TPFLTLALF~PNLLGOP1OIFTPA/IIp1LVTM~ l I ~ A Y A  I UI~  I ~ V L A  C h i c k e n  

300 310 320 330 J40 JSO 
LLLS l L I LAH l P l L J ~ S K Q Q ~ L S 4 ~ S L  Y - W L L ~ L L  ] LTW I GGQPVSYPFT 1 I GQ 
LAFS 1 L l LAL l P L L ~ Q R S N ~ R P L S Q ~  -WALVADLLTLTW I GGQPVI~Y I T I GQ 
L I LS i L [ LAIJq~PFLHTSK(~qSU@~IP [ TQ l LY-W i LVANLL I LTW I GGQPVEI~PF i l ico 
LLLS I L [ L i F I ~ -WVI. l AOLLTLTW I~VFJ~'Y i iVGQ 
LLLS i L i LAP [ P ~  -WVLVADLLTLTW I GGQpvEI~YN i VGQ 
LVLS l L I LAF i P ~  ISQCLF -WVLVADLLTLTM I GGQPVEPPF I M I GQ 
L ~  1 LVLAF I P ~  I SQVIA= -WVI-VAI~-LTL~ IC~P~ ,~g~F  1 T iGQ 
LV^.g iL iL [ L ~  -WI~LVADL 1 l l . ' l~  [GC4~VE]0~ l I IGQ 
L l LS i L i LAL I P T U ~ - ~ _ L V A D U . T L N  IOC,(~oVI[~@~YN l IGQ 
LLLS l L I L G ~ Y C W ' O . T I ~ I L T W  I G S Q P ~  I l IG0 
LAASVl. l LFI. I PFlJ~tSKq~l l ( IFt tPLS~TLF - WLLVANLL l LTW I G 'S (~EU~F I i IGQ 

B l a c k c a p  LMF l ~ A N P I L A I I ~ p H  l I O ~ ' I I y ~ A Y A  [ U ~  | P I ~ V L A  B l a c k c a p  L A ~ V L ~  [ LF-W~VANLL [L  . . . . . . . . . . . . . . . . .  
B a b b l e r  r u f o u s  L/.LTPLI A / 4 P I . A T T ~ I I ( P L ' I I Y I ~ A Y A I L R S I P N I ~ V L A  B a b b l e r  r u f o u $  L A A S V L V I . F L I ~ I L F - W A L V A N L L V I . 2 ~ / V G S  . . . . . . . . . . . .  
Magpie  I . i ~  [ L L A T I ~ A N P I . V T P P H  I rJ~rWYF'I.FAY A I LRS I pI4KLGGVI.A M a t t e  L ~ V L F L ~  -WTLV AI~J- I LTWVGS . . . . . . . . . . . .  
C a n a s t e r o  AI~VI~_ T ~ D I ~ W I ' I ? M C P L V T I N ~  I IOPL~iIWI.FA YA I LRS I PI~LGGVLA C a n m s t e r o  LAASVL I LFL I p ~ ~  -W l LVTNU. [ LTWl/GS . . . . . . . . . . . .  
Toad A f r i c a n  114.T ~d-II.LA]4~P!~J.GD~ONF'I?ANPL I TPI~  I IO~I~fFLFAY A l LIRS(" 14KLGGVLA Toad A f t  l ean  LVI.S l L I I J ~ t / ~ J ~ 6 ~ Q  l l f  -WALVAOTL I LTW I GGQPVEDPYTI( [ GQ 
Bullfrog . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  PHI KPEWY~AYA l LRS l PRIQ.GGVLA Bullfrog LLFS [ L l ~ [ l H T S I ~ I ~ I J ~ P  I VI( I FF-WTL I V~IA [ LTW I ~ I I [ GQ 
Cod Vt4LLG LTALALF APNLLGDPI~FTPANP I ~ A Y A  I LRS l PIW*LGGVLA Cod U.FS I L ~ L I I ~ P L ~ - W V L V ~ I ( L V I . T W  IGGVI~OIPF I I I GQ 
C a r p  114LLALTLLALF~PN1 .LG~AI4PLVTPPI4  1 Ip l~j~r l~AYA l L/IS 1 ~ C a r p  LLFS I L ~ T I F ~  I TQFI.F-WTLVA~N I [ LTW I G G ~ I ~  I [ IGQ 
Loach VI~.LGLT~q.A~rSPNLLGO@I~rTPANPLVTPPH IKPEI~rLFAYA IL~IpII[IjGGVI.~ Ast ronotus ............................ PNUF'-WLLVMCVA ILTMIGGII~VEm~F I I [GQ 
Sturgeon whlte LI~.VGL~VALFX~I~NLLGDP~DI(FI?A~LVTI~PHII~.WEI~YFI~FAYAI~II~4{~C~VL~ Sturgeon whlte ~ILVU/L~~ILF-MALVADHLVLTWIG{~ ~WE}u~VLIC~) 
S h a r k  I V~IFFLAVFALFMpI~@dO~IpA~LVTI~I{II~=IO@~LFAYAILRSIPNm{LGGVLA S h a r k  l L L F S I F I U 4 L ~ I F ~ W I ~ I F F - W L L V A N ~ I I L T W I G O ~ ° ~  ~ F I I ~ Q  
Sea u r c h i n  I LLVA~LALLFPGALNOPEI4FIPAIk~LVTPPHIQ~dYI~LFAYAILRSIPI~LGGVIA Sea u r c h i n  I L V A A I L ~ ~ - W L L V A J O . F I L T W I G ~ I ~ / E Y P Y V U . G Q  
Sea  s t a r  . . . . . . . . . . .  LSPTIJ .NI~I~AI@PLV'rPIJ4I(~m~fFLFAYAILRSIIRIU-GGVLA Sea  s t a r  L L A S l L V L F L V P I ~ A S ( ~ T - N Y L I G V T ' I  ILTWIGSQPVEEPF[ [LGQ 
Fly I VNIFILISLVI.I~NU.GD@I]NFIPANPLV~I=AHIQJ~-I~yFI_~AYAI[.RSlPICLGGVIA Fly I L~IA[LI4I~IOFYPIII}IL F-W~I4LvTV[LLTWIC~I~vIOEPYVLIGQ 
Mosqul to VFYW [ L IPh" I ~ I PA/~PLVTPI~H I QPEI#YFLFAYA l Ll~ [ PI~CLGGV I A Mosquito LVL~ I A ILL I ~ I LF-WNI~V~TW I GA/~FtqE3X~YVLTGQ 
Honeybee l I L F I F ~  [ E q ~ Q a c ~ O P ~ I N ~ T P T M I I ~ A Y S I L R A I M 4 1 ~ V I G  Roneybee L V ~ I L I L Y I H I F Y k q 4 - 1 C N I I e ~ : ~ I Y Y - W N F I N N F I L L ' ~  cxQl IEYPFTNINM 
~ h r l l l p  I V L I F F L ~ T S P Y L L G D M ~ I F I P A N P L V ' r P A / I I Q P E I ~ t T L F A Y A t L / I S I ~ V I A  S h r i m p  1 L V S S I L I L V S L P ~ L E F Y S V A Q P L F - ~ T W I G A I t P V E D P Y N F L G ~  
Norm r o u n d  VWFVFIFFSLGY-PFI.LGDPEMFIESI~R~S~IVPEWYFLFAYAILRAIPNI~/LGVVS Worm r o u n d  L F A S I L V L V V F V L V N N y - - - V S V ! q ~ I Q . ~ V - F V F I F V L V V L S W L £ ~ V E D ~  

Yeast L F I ~  l ~ P B T L G ] ~ P D N y  I pGNPLVTPA~ I V~EWYLLPFYA [ [_RS l pI)KLLGV I T Yeast MF/u~ I L VLLVI-P ~VVI~-,I~FI(~ - F I F'V F N F~qJ-CA~ I GACH~PYVU4CX~ 

o ~o _ F  o_%_ o 
E F - - G - -  -- 
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Man 
Beef  
Mouse 
Rat 2 
D o l p h i n  1 
F i n  whale 
C a d e t  
G i r a f f e  
Rabb I t 
P i g  
Z e b r a  
Rhino 
Elephant 
Chicken 
Toad  African 
B u l l f r o  E 
Cod 
Carp 
A s t r o n o t u s  
Sturgeon white 
Shark I 
Sea  u r c h i n  l 
S e a  s t a r  
Fly 1 
Mosquito 
Honeybee 
Shr t i p  1 
Blue  mussel 
Worm round 

Yeast  

360 370 380 
VASVLYFI'T I L I ~ I S L  I ~ W A  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
L~SVLYFI I I L ~ A G T  I ENKLLKW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
LAS ISYFS[  [ L I L / ~ I S G !  1EI ] I~LKLYP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
LAS i SYFS 11L I LHP I SG 1VEI~Q4LKWN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1LYFLL 1L~LI4)TAGL I E/a~l.J..It.W . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
LAS I LYFLL I LVLI4PVTSL 1EI~tI.14KW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
V A S I L ~ L I L I ~ V ~ I  I ~ I L K W  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
LAS l ~ 1 I L ~ I . M I P ~ A  II~NNLLIKW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
V ASVl.~FTT [ L 1 L ~ L A S L  I ~ I K  1LKW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
L A S I  LYTL 1 ILVI./~a I T S I  [ B N U - K W  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
~ I LYI:'SL I L I ~ L A S T  I ENNLU{W . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
LAS I LYFSL I L V I J ~ L A G  I I ENNLIJCW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
H/~S [ LYFS I I LAFLP [ AGV I ~ Y L  I K  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
I~SLSYF'I"  I L L  I L F P T  I G ~  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
I ASV1YF~I  F I  I I 4 rPL I~WVENFJ .U~  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
I TSGLYTL 1FVLL I P T L G ~ V  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
v AS VL YTSLFL V L F P L . ~ G W T ~  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1ASVLYFALFL I F I ~ ) L A G ~ A C ? I ~ L A  . . . . . . . . . . . . . . . . . . . . . . . . . .  
1ASFLYFF I FL 1LVPT I G ~  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
VASTVYFALFL I A L P L T G ~  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
I AS I SYFSLFL [ I Pg)LTSI~IENK I LSLR ................................ 
VASVLYf~aLF I FGf'P I ~ I EI~ I IFS ................................. 
ISS I LYFYa.F I LF [ P I TAO I I~INL IF .................................. 
1LT I [ YFLY~O- [ -NPLVTKW~BNLLN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
[ L T V L Y F S Y r  I [ -NPLLAKYWI~LLN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
L F ~  YFFL - NI~WDNL I W14~ pLN ............................. 
I LTCAY]:SYF~/F -TP I Y I NLNDK I V ................................... 
AF~I_F I SLVYCW-I?FLy~TLNFV ............................. 
VFSFL YFTV I FLLFL VYYFAGR VFM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

[ ATF I YFAYF L I I VPV I ST I ENVLFht I GRVNK ............................ 

F~g 1 Ahgnment of partml and complete sequences of mltochon- 
dnal cytochrome b proteins Amino acid residues are ahgned and 
numbered according to the protein from yeast (S cereutstae [37,41]) 
The sequences are shown m decreasing order of sequence conserva- 
tion among the thirty speoes  per alignment block and each block has 
a shghtly different set of speoes  (see Table I for the soentlflC name 
of the s p e o e s  and the references) The partml sequence of axolotl 
refers to mdlwdual 19 of Ambystoma ttgnnum Ontano [61] The 
uncertain N-terminus of the blue mussel protein [196] has been cut 
by ten residues The 56 underhned residues are considered to be 
conserved in all other sequences of metazoan ammals that have been 
analyzed thus far, including human variants [244,245] Although the 
reported D N A  sequences would show substitutions of some of these 
conserved residues, such substitutions consistently derwed from sin- 
gle base changes and they were ignored on the basis of our criterion 
for remowng plausible errors (see text and also [32,39,46]) This 
criterion was applied in the following cases m addmon to those 
discussed in Table II R79 - )  A in one salamander [61], R99 - )  Q in 
one salamander [61] and R99 --) P,W in two marsupmls [252], N l15  
--, T in one Bajkal hsh [187], L122 - )  P in magpie [33], $140 ~ A in 
one marsupial [252], T145 ~ S m two birds [91] and T145 --* I m one 
marsupial [252], T148 ~ M m one marsupml [252], G168 ~ S m one 
marsupml [252], L193 ~ R in Thylactnus [252], F275-- ,  L in one 
shark [180] The substltunons in Ref  [61,91] are indeed sequence 
errors (B Hedges  and A Rlchman, personal communlcanon) The 
hnes at the bottom of the ahgnment dehne the predicted transmem- 
brane helices 0dentffled by capital letters, cf [24]) The symbol • 
marks the posmons where mutations induce resistance towards cen- 
ter ] mhlb]tors (Table III) and the symbol © identifies the positions 
where mutations induce resistance towards center o mhlb]tors (Table 

IV) Only mutations changing a single residue are shown 

ent sources and the near ubiquity of  the protein have 
stimulated studies to obtain sequence information on 
the protein More recently, polymerase chain reaction 
(PCR) protocols that enable the sequencing of  the 
cytochrome b gene from several individuals or species 
in studies of  molecular evolution [29-33] have con- 
tributed to an enormous increase in the data base of  
this protein With the aim of  expanding the knowledge 
of  the natural variation In cytochrome b, we present 
here new parnal sequences  obtained by these PCR 
procedures from the mltochondnal  D N A  of  10 animal 
species belonging to different phylogenetlc groups (Ta- 
ble I) In order to compare these sequences with the 
others obtained by the same procedures and by con- 
ventional cloning, we have collected from the hterature 
or through personal contacts sequence Information of 
cytochrome b from about 900 s p e o e s  Although the 
majority of  such sequences  are partml, over 140000 
amino acid residues have been determined for the 
cytochrome b protein in different species 

Nearly 200 complete  sequences  of  cytochrome b are 
available and they have been taken almost equally from 
metazoans  (multlcellular animals) and all the other life 
forms (Table I) We present the alignment of  the 
sequences m two parts one  contalmng partml and 

complete  sequences - including ours - from metazoan 
s p e o e s  (Fig 1), and the other containing only complete 
sequences of  phylogenetlcally diverse s p e o e s  (Fig 2) 

II1-B Ahgnment of cytochrome b sequences 

The crucial step in the analysis of  any protein with 
many variants is to ahgn the sequences in a way that 
maxamizes the structural equivalence of homologous  
regions [6,11,34,35] This seems to be relatwely easy for 
the sequences of  cytochrome b from animals, which 
generally show more than 50% identity [11,22,32], but 
it becomes  much more difficult when other sequences 
are considered, particularly those from protozoans 
[6,11,27] These sequences often have less than 25% 
identity with those of  other taxa and present some 
unusual features that are difficult to interpret in the 
absence of  a three-dimensional structure (cf the globins 
[34]) To align the cytochrome b sequences,  we have 
selected first the complete sequences which are less 
than 86% identical to each other [36] This criterion 
was initially chosen to include the sequences from both 
Letshmanta and Trypanosoma and to reduce the phylo- 
genetically uneven representation of  the species (Table 
I) The sequence of  the yeast S cereutstae [37] protein 
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has been taken as a reference for consistency with 
previous studies [5,9,21,23,25-27,36] 

Subsequently, the program CLUSTAL [38] has been 
applied to the selected sequences This method is 
based upon the progressive clustering of related se- 
quences and introduces many gaps to ahgn the least 
homologous regions [38] For cytochrome b sequences, 
the poorly homologous N and C-termini were thus 
ahgned with a great number of gaps However, apphca- 
tlon of the CLUSTAL procedure removed some mis- 
matches that were present in previous manual ahgn- 
ments [6,11,12,26] In particular, a rational ahgnment 
of the region 100-114 (yeast numbering) was obtained, 
with only two single gaps in metazoans vs yeast (Fig 1) 
and no gap in cytochrome b 6 at poSltlOn 100 (Fig 2) 

The alignment has been refined further by employ- 
ing the following approaches First, a subset alignment 
of all the sequences from protozoans to those of yeast 
and plants has been carefully performed [39] Secondly, 
consensus sequences [34] have been computed for the 
major groups of phylogenetlcally-related species (l e ,  
animals, yeasts /fungi ,  plants, protlsts, bacteria and 
chloroplast b 6) and they have been ahgned to each 
other Thirdly, the average hydropathy profile, the 
common sequence motifs, and the positions of the 
lntron-exon junctions were concomitantly utilized as a 
grade for locating the gaps and insemons to yield 
minimal interruptions of the transmembrane hehces 
[34,39,40] Finally, all the available sequences were 
compared s~multaneously to minimize insertions and 
deletions in the N- and C-terminal regions according to 
the principles outlined in Refs 34, 35, 40 

Prehmmary forms of the above alignment have been 
discussed previously [27,36,39], the present alignment 
(Fig 2) includes sequences that show less than 70% 
Identity (except for the bf subunlts) and belong to the 
most phylogenetically dwerse species For instance, the 
sequences of just one mammal and one nematode are 
included to represent animals All the data in Figs 1 
and 2 have been carefully checked from the original 
and from the most recent references (quoted in Table 
I) in order to remove errors and to update the deduced 
amino acid sequences (e g ,  position 69 in yeast is now 
known to be Met [41] and not Ile as in the first report  
[37]) 

III-C Dtscrepanctes between DNA sequence and deduced 
protem sequence 

The amino acid sequence of cytochrome b is, in 
most cases, deduced from the DNA sequence of its 
gene The DNA sequence has been confirmed by di- 
rect sequencing of small peptldes in beef [42], man 
(I M Fearnley and J E Walker (1987) Biochemistry 26, 
8247-8251), potato ( F P  Braun and U K Schmltz, 

unpubhshed) and two bacteria [43,44] It is inevitable 
that DNA sequencing errors are present m such a 
large data base for cytochrome b (Table I) Indeed, if 
we had to rely solely on the DNA sequences reported 
m the literature, we would come to the disturbing 
conclusion that none of the four hlstidmes that are 
necessary to hgate the two hemes m cytochrome b 
[6-11,18,22,23] would be fully conserved In some cases, 
it has already been clarified that errors were present in 
the original reports (P Cantatore, R H Crozier, S B 
Hedges and A Rlchman, personal communication and 
Refs 32, 45-47) Addmonally, mltochondnal genes m 
protozoans [48-50] and higher plants [51-53] undergo 
RNA-edltlng, so that the amino acid sequence does 
not correspond entirely to the sequence deduced from 
the DNA The edited sites have been identified for the 
cytochrome b of trypanosomes [48,49], a shme mould 
(D Miller, personal commumcatlon, cf [50]) and some 
plants [51-53], and they consistently lead to more 
evolutlonarily conserved amino acid sequences The 
corrected sequences were not available m previous 
ahgnments, thereby leading to an incomplete evalua- 
tion of the conservation of certam residues such as the 
aromatic residue at position 94 (Fig 2, cf Refs 6, 11, 
21) 

Having the above considerations m mind, we have 
adopted a parsimonious view of the possible variations 
m the primary sequence of cytochrome b Whenever 
we encountered some very unusual subst~tutlons in the 
aligned sequences, we analyzed whether such substitu- 
tions could be structurally qmplausible' (e g ,  Refs 34, 
39) It would be implausible, for example, that only the 
nematode protein has the hydrophoNc Phe at position 
178 where all other species have the charged Arg or 
Lys (Figs 1 and 2) However, the same type of substitu- 
tion is seen at position 70 in African toad [55], position 
79 m Paramectum [56] and position 288 In S pombe 
[57], thereby indicating the occurrence of R(K) to F 
substitutions In regions of cytochrome b that are ex- 
posed at the positwe side of the membrane 

Contrary to the above cases, the most frequently 
occurring odd substitutions of very conserved residues 
could be pinpointed to a single base change in the 
DNA codon After consulting colleagues who reported 
sequences contammg some of such substitutions, we 
learnt that they were errors m nearly all cases The 
most efficient criterion for removing these random 
errors is the following Any single base change leading 
to the subsUtutlon of an extremely conserved residue is 
ignored when this change is seen only in one of several 
related species The applications of this criterion are 
listed m Table II and In the legend of Fig 1 (see also 
below and [39]) In view of these corrections for plausi- 
ble errors, the ahgnments m Fags 1 and 2 represent 
our parsimonious picture of the cytochrome b se- 
quences 



T A B L E  I1 

The most htghly conserved ammo actds m cytochrome b 

Residue a Conservation, notes and references 

G33 
G47 
G75 

R79 

H82 
$87 

H96 
R99 
Wl14  
Gl17  

F129 
G131 
Y132 

S140 
W142 

T145 
V146 
T175 
H183 
H197 

H202 
D229 

I269 

P271 
E272 

W273 
L282 

K288 
G291 

complete, heme pocket [18,36] 
complete except E m one hzard [60], probably mvarlant b 
complete except D m Paramecium [56], probably 

mvanan t  [39] 
incomplete F in Paramectum [56] and H m some 

animals [252,254,255] 
complete except Q in flicker [33], probably lnvarlant b c 
incomplete D in Paramecium [56] and T In some ants 

[254] 
complete, hgand of one b heme [65] 
probably complete as positively charged b 
complete, function unknown 
complete  except A in one sa lamander  [61], probably 

lnvarlant b 
incomplete L in pltta [33] and V in chloroplast b 6 d 
complete except E m giraffe [32], probably mvarmnt  b e 
incomplete L m Parameczum [56] and T m one hzard 

[60] 
complete except G m chloroplast b 6 
incomplete I m Paramectum [56] and F m Bacdlus PS3 

[ 8 2 ]  f 

incomplete V in nematodes  [54] and K in chloroplast b 6 
incomplete I m Paramecium [56] and chloroplast b 6 
complete except M in canastero [33], probably mvarlant b 
complete, Iigand of one b heme 
complete except D in P hvMus [188], probably 

lnvarlant b c 

complete except R m chloroplast b 6 
complete except E in Paramectum [56], probably 

invarlant b g 

incomplete V m Paramectum [56] and cod 
(C Johansen,  unpubhshed)  

complete, function unknown 
complete except H in Paramectum [56], probably 

invarlant b 
complete except C in a deer [32], probably mvarlant  b 
complete except F In one shark [180], probably 

i n v a r l a n t  b,h 

incomplete F m S pombe [57] and H m Paramectum [56] 
complete except V m one alga [231], probably invarlant b 

a According to the ahgnment  of  Fig 2 extended to all the avadable 
sequences (Table I) with the exception of SoxC of Sulfolobus - th~s 
protein brads heme a and belongs to a qulnol oxldase [70] - and of 
the cytochrome b - hke genes found In the nuclear D N A  of some 
species (see Refs 75, 162 and references therein) It should be 
noted that the residues G33 and $87 can be muta ted  to a lanme 
without altering the actwlty and assembly of the reductase [18] 

b After  ~gnorlng substi tutions of extremely conserved residues that 
could be due to a single base change of the D N A  (see text and Fig 
1 legend) 

c This hlstldlne is almost certainly conserved as the hgand of one b 
heme [8,65,71] 

d Its mutat ion to L m myxothmzol resistant mutants  [137] does not 
alter s~gmficantly the function of ub~qumol cytochrome c reductase 
[36] 

e Its mutat ion to S produces a failure of  the protein assembly [151] 
and can be restored partmlly by secondary site mutat ions [76,152] 
Recent  sequencing of the giraffe gene confirms G131 (R H Crozier, 
personal communicat ion)  
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IV. Natural variation in the structure of cytochrome b 

IV-A Conserved restdues 

The comparison of the primary sequences of homol- 
ogous proteins from distantly related species mdlcates 
the amino acids that are phylogenetlcally conserved In 
principle, conservation arises from the requirement of 
spectfic amino acids for functional or structural proper-  
ties of the protein [34,35,58], as illustrated for cy- 
tochrome c [58,59] In eukaryotlc cytochromes c, as in 
hemoglobins  [34], the phylogenetlcally lnvarlant 
residues generally form the heme binding pocket or lie 
In crucial positions within the three-dimensional struc- 
ture of the protein [58,59] A similar situation may be 
extrapolated to occur in cytochrome b, for which, at 
present, sequence comparison is the principal source of 
information to indicate important residues, since no 
atomic structure is available 

In the first comparison of six sequences of mlto- 
chondrlal cytochrome b 121 residues (31% of the total) 
appeared to be lnvarlant [22] This number  decreased 
to 39 when an additional 12 mltochondrlal and bacte- 
rial sequences were compared [11] From our compart-  
son of about 800 mltochondrlal sequences (Figs 1 and 
2), we see only 9 mvarlant amino acids, and this num- 
ber IS not affected by the comparison with the bacterial 
sequences An additional 10 residues may be lnvartant 
tf we ignore unique substitutions that could be due to a 
single nucleotlde error (see above and Ref  39) Only 
two of the mvarlant restdues are not conserved in 
chloroplast cytochrome b 6 (Table II)  

Table II lists the lnvartant residues and those that 
appear  to be conserved except for one or two species 
so far From the comparison of the animal sequences 
of cytochrome b, several amino acid residues consid- 
ered previously to be lnvarlant [6,9,11,18,27,36] show 
substitutions in two unrelated species or artslng from 
two base changes in the codon, hence, they can not be 
excluded by the conststent application of our criterion 
of error removal These residues include Q43 (A or E 
m reptiles and salamanders [60,61], R or K in some 
birds [33,62] - it is also M in R rubrum [43]), the 
negatively charged residue at posttlon 71 (N in birds 
[29,33,62,63] and also in R sphaeroMes [44]), F129 (L 
in one bird [33]), Y132 (T in one lizard [60] and L in 

f Its mutat ion to R induces respiratory deficiency in yeast, but  
function is restored by revertants having T or S at the same 
posmon [153] 

g Its mutation to H or E reduces antlmycln resistance in R rubrum 
and significant functional changes (A Trebst,  personal commumca-  
tlon) 

h Its mutat ion to F induces respiratory deficiency in yeast (D 
Lemesle-Meumer ,  unpublished) 
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Pa ramecmm [56]), T145 (V in nematodes  [54]), the 
positively charged residue at position 178 ( F m  nema- 
todes [54]), P187 (A in Parameclurn [56], L in magpie 
[33]), T265 (N in elephant [32] and S m nematodes 
[54]), I269 (V in Paramectum [56] and cod - C Jo- 
hansen, unpubhshed),  and P286 (missing in African 
toad [55]) 

On the other hand, some reported changes are so 
unique or drastic, even if they do not occur at very 
conserved positions, that one may ask whether  they are 
due to sequence errors With the sequences presented 
here, we have demonstrated that two such cases are 
hkely errors $37 in one trout [64] - other trouts as 
well as all animals except chicken [63] have G37 - and 
L89 m Juhdochromls [29] - other fishes have F and all 
animal sequences have an aromatic residue at this 
position (Fig 1) 

The most important prediction advanced for the 
structure of cytochrome b, that the doublets of his- 
tldines in helices B and D are the hgands of the heme 
irons [22,23], was based on the evolutionary mvarlance 
of these residues and this conclusion still holds [65] 
However, the assignment of the hgands to each heme 
had to be rewsed after the withdrawal of the former 
hehx IV from the membrane  [5,6,19,21,24-28,65] Some 
of the previous speculations on the possible roles of 
other phylogenetically conserved residues are not fully 
sustained by the more extenswe sequence alignments 
For instance, the binding of the propionyl groups of 
the hemes has been proposed to revolve the positively 
charged residues at position 79, 99, 178 and 202 
[12,22,23] Since R79 is not conserved in Paramecmm 
[56] and some animals (Table II), nor R178 in nema- 
todes [54], these four residues are not the only candi- 
dates for the heme proplonyl interaction Moreover,  
H202 may be too distant to brad a proplonyl group of 
the b H heme as deduced from protein modeling stud- 
~es (data not shown) 

In other hemepro tems  the amino acids which bind 
the heme proplonates are not strictly conserved 
[34,35,59] Therefore,  Y103 might be an alternatwe 
hydrogen bond donor to the proplonates of the b n 
heme, even ff th~s residue is not conserved m some 
protozoans (Fig 2) The involvement of speofic  
residues in heme propionate binding could be tested by 
studying the p H  dependence of the redox potentml of 
the b hemes in species or mutants  having substitutions 
of these residues This p H  dependence is Influenced by 
the nature of the amino acids that are hydrogen bonded 
to the heme proplonates of cytochromes (cf Cal, M 
and Tlmkovlch, R (1992) FEBS Lett 311, 213-216) 

From the spacing of four hehcal turns between the 
mvarlant h~stldlnes and spectroscopic information (see 
Refs 21-23 and references thereto), it is estimated 
that the edge to edge distance between the two hemes 
in cytochrome b may be around 1 2 nm [6-10,21-23] 

This distance is sufficiently small to allow rates of 
electron transfer between the two hemes in the mil- 
hsecond time range (1 e ,  the turnover of the enzyme, 
cf R A Marcus and N Sutln (1985) Biochlm Blophys 
Acta 811, 265-322), but is also consistent with esti- 
mates of rates of electron transfer m the microsecond 
time range (cf Refs 7, 8, 14-16) If the latter is true, 
changes in the rate of electron transfer between the 
two hemes of roughly a factor of 1000, 1 e ,  as long as 
this rate is not in the millisecond time range, would not 
be detected experimentally We realize that, in the 
absence of a 3D structure for cytochrome b, compari- 
son of many primary sequences does not add suffi- 
ciently strong arguments to discriminate between the 
two concepts regarding electron transfer in biological 
systems proposed in Ref  66 and Ref  67 Nevertheless, 
alignment of the primary sequences does indicate that 
the lnterheme distance is probably similar in all cy- 
tochrome b proteins, thereby constraining the electron 
transfer rates between these redox groups More gen- 
erally, the nature of the t ransmembrane amino acids 
appears  to be relatively unimportant,  an observation 
seemingly more compatible with Ref  67 

On the other hand, the evolutionary lnvarlance of a 
few lOnlzable residues in cytochrome b that lie near 
the l i p id /wa te r  interphase of the membrane  may re- 
flect a crucial functional or structural role In particu- 
lar, the negatively charged residue that is conserved at 
each side of the membrane  (D229 at the negative side 
and E272 at the positive side) could be involved in the 
protonatlon equilibria of ubiquinone at either center 1 
or o Prehmlnary results obtained by site-directed mu- 
tagenesls of these residues in R sphaerotdes appear  to 
confirm their functional importance [8] 

Several glycmes are mvarmnt or highly conserved in 
cytochrome b (Fig 2 and Table II)  By analogy with 
cytochromes [58,59] and other hemeprotelns [34,35], 
the evolutionary mvarlance of glycmes m cytochrome b 
may be related to sites of severe sterlc constraint in the 
structure or to s~tes involved In the heme packing 
[18,36] In particular the four lnvarlant glycmes in 
cytochrome b that are separated by 13 amino aods  
each m helices A and C (Fig 2) are remarkably sym- 
metric to the two doublets of the ligand histldlnes, 
which are also separated by 13 residues [11,22,18,36] 
Th~s observation suggests that these glycines may con- 
tribute to the heme pocket [36] Mutation of one of 
these glyclnes at position 33 destabIhzes the protein 
and affects the b hemes [8,18], thereby supporting the 
predicted structural role Furthermore,  saturation mu- 
tagenesls of the highly conserved G143 residue has 
established that there are also severe sterlc require- 
ments m the ext ramembrane regions of cytochrome b 
[68,69] 

The symmetric motif of t ransmembrane glycines and 
h~st~dlnes is characteristic of cytochrome b and is not 
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seen, except for a subunlt of Sulfolobus qulnol oxadase 
[70], in other dlheme membrane  cytochromes (e g ,  
cytochrome b-558 of E coh mtrate  reductase [71] or 
the largest subunlt of cytochrome oxadase [70]) 

IV-B Ltmttattons of sequence analysts and mutagenests 

The conserved residues in cytochrome b sequences 
are obwous targets for mutagenesls experiments aimed 
to understand their possible functional role [8,18] Re- 
cently, experiments in th~s d~rect~on have been carried 
out m two purple bacteria, R sphaerotdes by the group 
of T Crofts and R Gennls [8,18,44,65] and R capsula- 
tus by the group of F Daldal and L Dutton [19,68,69] 
The results indicate that only a few of the evolutionary 
conserved amino acids seem to be essentml for func- 
tion of the bc~ complex as measured in the bacterial 
membrane  preparat ions [8,18,68,69] Note, however, 
that the interpretation of results obtained by s~te-d~- 
rected mutagenes~s may be ambiguous when no clear 
change in measurable propert ies is seen [18,72,73] 

Conversely, the mutated amino acids may not be so 
~mportant as anticipated by sequence conservation In 
the case of a few amino acids, "evolutionary lnvarlance 
does not necessarily ]mply functional lnvarlance" [59], 
as indicated by analysis of cytochrome c mutants This 
conclusion may be extended to cytochrome b to ex- 
plain, at least m part, why the mutation of lnvarlant 
residues does not lmpalr function [8,18] However, 
catalytically or functionally non-essentml residues may 
appear  to be lnvarlant due to the intrinsic hm~tatlons 
of sequence comparison One clear limitation ~s the 
phylogenetlcally uneven representat ion of the species 
that have been analyzed For instance, the phyloge- 
netlc series of both cytochrome c (see Re f  59) and 
cytochrome b (Table I) contain too few sequences from 
taxa of early evolutionary history (e g ,  lower meta-  
zoans) relatwe to the large number  of sequences from 
vertebrates Consequently, it is hkely that natural van-  
ants of ' lnvarmnt '  residues have not been detected A 
second llm~tatlon of sequence comparison lS its inher- 
ent assumption that the protein sequences are hnear  
arrays of independently varmble sites upon which natu- 
ral selection acts uniformly Th~s assumption overs~m- 
phfies the complexttles of protein structures [34,59] 
The structural flexlbdlty of proteins enables them to 
accomodate the unusual substitution of important  
residues by backbone adjustments or by compensations 
at other sites that are close m the three-d~menslonal 
s t ructure but distant in the pr imary sequence 
[34,39,59,74-76] 

When considering the evolutionary conservation of 
gene sequences, one should not ignore the posslbdlty 
that D N A  features might have been preserved inde- 
pendently of the phenotyplc propert ies of the coded 
protein [77,78] This may be the case for the non-func- 

tlonal but clearly homologous genes of cytochrome b 
that have been discovered recently in nuclear D N A  
[79] Conversely, one must be aware also that amino 
acid residues that are crucml for function may not be 
evolutionary mvarmnt in protein sequences [59] In 
cytochrome b, examples are residue 143 for a photo- 
synthetically-deficient mutant  m Rhodobacter [19,68] 
and several residues such as 133 for yeast respiratory 
deficient mutants  (see Ref  76 and references thereto) 

III-C The most and least conserved regtons In cy- 
tochrome b 

The boundartes of the conserved domains in cy- 
tochrome b that were assigned prev]ously [6,27,33] are 
largely confirmed m the current ahgnment  of se- 
quences (Fig 3) We have evaluated the different de- 
gree of conservation of the structural elements of the 
protein by measuring their average score of identity m 
the ahgnment  of Fig 2 Among the t ransmembrane 
structures, hehces B, C and A are the most conserved 
(identity score of 0 63, 0 62 and 0 59, respectively), 
followed by hehces D and F which have a score of 0 56 
and 0 52, respectively Hehces E and H are the least 
conserved, with an identity score of about 0 4 Interest- 

t ' 

~nsensu8 c y t o c h r o ~  b 

1 I I I I I I 

A B C D E F G H  

, i  

.B 

0 100 200 300 400 

8equenGe 
Fig 3 Hydropathy profile of the consensus sequence of cytochrome 
b This consensus sequence has been generated by using the align- 
ment of Fig 2 normahzed to the yeast sequence (gaps or insertions 
have been excluded) and extended to the following sequences to 
increase the variation /~ lac.s [198], C glabrata (G D Clark-Walker, 
personal communication). N crassa [200], A franclscana (R Ga- 
resse and F Marco, personal communication), T brucet [48,49], S 
purpuratus [45]. P gallmaceum [205], wheat [51,209], R sphaeroldes 
[44], P demtrtfwans [218], the chloroplast subumts of M polymorpha 
[226] and the b6-hke protein from Bacillus PS3 [82] The profile is 
calculated with the scale of membrane propensity for haemoprotems 
(MPH [94,95]) and a window of 7 residues The fractional Identity of 
each posmon m the ahgnment (scale on the right of the graph) is 
represented by the thick-marked histogram wtthout smoothing 

(skyline plot [35]) 
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lngly, the profile of sequence identity does not vary 
significantly, either quahtatlvely or quantitatively, by 
permuting or increasing the compared sequences of 
cytochrome b except for the 100 residues towards the 
C-terminus The vanabdIty of this part of the protein is 
much larger than previously calculated [6,11,27,28,36], 
because many more sequences can now be compared 

There IS an uneven distribution of conservahon in 
the regions of cytochrome b that are predicted to 
protrude at the two sides of the membrane, since only 
one third of the most conserved residues he at the 
negative side (Table II and Refs 6, 27) One reason for 
th~s may be the requirement of proper protein-protein 
contacts between cytochrome b and the 'Rleske' ~ron- 
sulphur subumt which plays a major role m ublqumol 
oxidation at the posmve side of the membrane 
[5,7,9,28,69,73,80,81] 

IV-D Cytochrome b and evolution 

The occurrence of cytochrome b genes in nearly all 
eukaryotIc organisms and in diverse prokaryotes indi- 
cates an early appearance during evolution [6,9,11] It 
is found both m Gram-negative and Gram-posltlve 
eubacterla [9,82] and, though m a poorly conserved 
form, in one archaebactermm [70] Thus, the ancestral 
gene must have existed before the separation of the 
major lineages of prokaryotes [83] Speculations on the 
evolution of cytochrome b proteins have suggested 
fusions of different ancestral genes [6,11,7l] Since 
cytochrome b appears to have changed rather slowly 
during evolution [11], it is a useful molecule for deduc- 
ing phylogenetlc relationships among species [29-33] 
Although a few regions of cytochrome b sequences 
tend to be more conserved [6], other regions exhibit 
considerable varlabihty (Fig 3) and thus are valuable 
for determining the phylogenetlc distance among 
species [6,29,33] 

The sequences of the bacteria R rubrurn and B 
japomcum cytochrome b proteins show the highest 
amino aod identity and the minimal number of gaps or 
insert ions with respect to the proteins from algae and 
plants (Fig 2) Cytochrome b of R rubrum shows as 
much, or more, sequence identity to that of plant 
mltochondrla (58 7% with hverwort) than to that of R 
capsulatus (less than 57% ldentlty), a purple bacterium 
belonging to a different phylogenetlc group from R 
rubrum [83] This IS consistent with other studies on the 
origin of mltochondrla from purple bacteria (see [83,84] 
and references therein) 

We note that among the gaps that are required for 
maxamal matching of the sequences of cytochrome b 
(Fig 2), that at yeast position 110-112 is shared by all 
metazoans and only one phylum of protozoans, the 
apicomplexa like Plasmodtum This difference might 
be related to the separation of the animal lineage from 

the vegetal/fungal lineage If this hypothesis is vahd, 
cytochrome b would retain in its sequence some fea- 
tures that are related to the early evolution of eukary- 
otes 

Some of the considerations just discussed led the 
group of Allan Wilson to use the gene of mltochondrlal 
cytochrome b for estabhshmg phylogenetic relation- 
ships among animal species [29-32], an approach which 
has been extended by many other Investigators [31- 
33,60-62,64,85-91] As for any other macromolecule 
used for such studies, cytochrome b offers both advan- 
tages and disadvantages (see Ref 89 for a review) One 
disadvantage is the limited part of the cytochrome b 
sequence that IS analyzed, since most studies have 
focused only on the region spanning helices A to C 
(Fig 1 and Refs 29-31, 64, 85-91) This particular 
region exhibits a high degree of conservahon (Figs 1 
and 3) and thus offers a limited set of allowed changes 
that hampers resolution of close relationships among 
species [30,64,89] The full potentml of cytochrome b 
for the study of molecular phylogenehc relationships 
has not yet been exploited because its most varmble 
regions, e g, that spanning residues 210 to 250 (Fig 3), 
have not been studied in detail except for groups of 
mammals [32], birds [33,91] and fish [90,180] 

V. Structural deductions of  cytochrome b from se- 
quence analysis 

V-A Hydropathy profiles 

Current knowledge of the structure of cytochrome b 
is derived mainly from predictions of secondary and 
tertiary structure based upon primary sequences Since 
cytochrome b is a very hydrophoblc protein spanning 
the hpld bllayer [1,3-6,9,12], methods of evaluating 
hydrophobicity (or hydropathy [92]) have been used to 
predict ItS transmembrane folding [10,12,22-25,27,28, 
71,92-97] The method of Kyte and Doohttle [92] was 
used lnmally for analyzing sequences of cytochrome b 
proteins [22,23] and nine transmembrane a-helices 
were predicted for mltochondrlal cytochrome b [22,23] 
Subsequently, other approaches were utilized by Crofts 
[24] who proposed that the fourth helLx did not span 
the membrane This eight-helix model for cytochrome 
b is now widely accepted [5,6,8,9,12,19,73,76,94,98], pri- 
marily because it IS consistent with the location of 
mutations producing resistance to center i and center o 
lnhlbltors [6,19,24-28,73] Structural deductions by sta- 
tistical methods of hydropathy [28,93-95], and experi- 
mental studies of membrane topology [8,12,21,36,65,98] 
sustain the same model 

The topology of the C-terminal part of cytochrome 
b comprising helices G and H is unclear Since subunlt 
IV of chloroplast bf complex, homologous to the C- 
terminal domain of cytochrome b [11,12,23], lacks helLx 
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H (cf F~g 2), it has been suggested that mltochondrlal 
cytochrome b may also be folded in seven transmem- 
brane hehces [12,99] However, homologous subunlts of 
redox complexes belonging to the same superfamlly 
can have a different number of transmembrane helices 
as occurs for the largest subunlts of qulnol oxldase and 
of cytochrome c oxidase [70] Moreover, extensive hy- 
dropathy analyses of the mltochondrlal sequences (Fig 
4A, cf Refs 8, 27, 90, 94, 95) consistently indicate the 
transmembrane character of helix H Hehx G, rather 
than hehx H, is the most weakly predicted of the eight 
putative transmembrane helices of cytochrome b (Fig 
3 and 4A, and data not shown) Nevertheless, the 
average hydropathy profile of cytochrome b sequences 
from the most diverse species shows that helices G and 
H have similar hydrophoblclty, to each other and to 
other transmembrane helices (Fig 4B) We continue to 
support, therefore, the elght-hehx model for mltochon- 
drial and bacterial cytochrome b proteins [24,26,19,28, 
73,76,94,98] 

No hydropathy method is satisfactorily accurate in 
predicting the termini of transmembrane a-helices 
[93-95,100,101] Consequently, significant differences 
in the prediction of these termini in cytochrome b have 
been reported depending upon the sequences analyzed 
and upon the method employed [9,11,22,24,25,70,73, 
76,90,93,94,96] An improved procedure for predicting 
the termini of transmembrane helices is important for 
further deductions of cytochrome b structure [25,28,90] 
and we have therefore utilized several approaches to 
tackle this problem These include (1) comparison of 
the hydrophoblClty profile of each sequence to the 
average hydropathy [40,94] of the most diverse species 
(Fig 4B), (ll) location of the gaps in the ahgnment that 
maximize the homology with multiple sequences and 
overlap the regions containing lntron-exon junctions, 
which generally occur in extrinsic loops [35,39,40,97], 
(nl) similarity in the sequence motifs with the known 
transmembrane helices in the bacterial reaction cen- 
ters [36,71,73,90,101-104], and (iv) spectroscopic infor- 
mation on the membrane topology of the b hemes 
[7,36,105,106] The termini of the transmembrane he- 
hces that resulted from the integration of the above 
approaches are shown in Figs 1 and 2 and differ, 
considerably in some cases, from those suggested previ- 
ously [6,11,18,21-27,70,73,76,94,96-99] In particular, 
both helices B and D are extended three helical turns 
after the hlstldlne hgands of the b n heme, because this 
heme appears to be deeply embedded within the mem- 
brane dielectric [105,106] and a conserved G S / G G  
motif is seen at the C-terminus of both helices [36,90] 
(Figs 1 and 2) Indeed, similar doublets of small 
residues, such as SS, GS and AT, are found at the 
termini of transmembrane helices in the photosynthetic 
reaction center [101-104] 

V-B Pertodtctly m the transmembrane hehces 

Gwen that the a-heltx is the dominant conformation 
observed [21] and predicted in cytochrome b proteins 
[24-28], the periodicity profile approach of Elsenberg 
[107] may provide insights Into the structure of cy- 
tochrome b The profile of the helical periodicity of 
residue hydrophoblcity can detect amphlpathlc a- 
helices [107,108] Helical periodicity can be analyzed 
also by generating a profile of the amino acid variabil- 
ity (or mutability) moment of the residues in aligned 
sequences [28,102,103,108] In the structure of the bac- 
terial reaction center [101-104], the least conserved 
residues of the transmembrane helices face the hplds 
whereas the most conserved residues of the same he- 
hces face the interior of the protein Hence, the max- 
xma in the profile of the variability moment of mem- 
brane proteins correspond to helices exposed to the 
solvent, which can be either transmembrane helices 
largely surrounded by hplds or amphlpatlc helices 
[103,108] The variability moment does not depend on 
a subjective choice of the hydrophoblClty scale as does 
the hydrophoblc moment [100,109], but only on the 
correctness of the alignment of the sequences [40,108] 

Eisenberg and coworkers have applied the com- 
bined profile of the hydrophobic and variability mo- 
ments [108] to the alignment of cytochrome b se- 
quences reported by Hauska et al [11] This analysis 
indicated that helices A, C, F, G and loop cd (that was 
considered transmembrane) had strong variability mo- 
ments [108] Our alignment of Fig 2 is substantially 
different from that of Hauska et al [11] and Includes a 
much wider set of phylogenetlcally different sequences 
(cf Fig 2 and Ref 11) Hence, the periodicity analysis 
of the present alignment may provide further insights 
into the helical structures of cytochrome b Helices A, 
B and, to a lesser extent, F and H show maxima in the 
profile of variability moment (data not shown) that are 
Indicative of a lipid-exposed nature of one side of their 
transmembrane sector The differences from previous 
analysis [28,108] derwe from the more diverse set of 
sequences used here 

The profile of amphlpathy of cytochrome b se- 
quences shows features that are often coincident with 
those of the varlablhty profile, especially for the sharp 
mamma in loops ab, cd and ef (Fig 4B and Refs 8, 28, 
108) The regions around these maxama (at residues 
63-65, 154-158 and 262-265, Fig 4B) are predicted to 
have also a strong propensity for a-helm conformation 
(results not shown) Therefore,  it is feasible that such 
regions of cytochrome b may form short amphlpatic 
helices similar to those in the bacterial reaction center 
[101-104] Indeed, the same computer analysis as that 
in Fig 4B indicates that the extrinsic helices ab, cd, de 
and e in the L subunlt of the reaction center are 



associated with local maxima of the periodicity profiles 
(results not shown and Ref 103) 

We introduce here an alternative method of evaluat- 
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lng the amphipatlc conservatnon of the resndues along 
the transmembrane hehces of cytochrome b (Fig 5) In 
the helical-wheel representation we have inserted the 
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Fig 4 (A) Hydropathy profile of four representative sequences of 
mitochondrial cytochrome b The procedure is the same as nn Fig 3 
The peak~ painted in black are the regions which are predicted to 
form transmembrane helices 194,95] Note that helLx G fails to do so 
in the rabbit and C retnhardttt proteins (the same is true In 15 other 
sequences), whereas helLx H is not predicted to be transmembrane m 
P hvtdus (the same is true In fly, mouse, and C glabrata) Helix B is 
not predicted in the elephant protein using the MPH scale, but ]t is 
often not predicted with the Rao-Argos [93] scale as m Ref 95 See 
Table I for the references of the sequences (B) Profile ot average 
hydropathy and amphlpathy of diverse cytochrome b sequences The 
average hydropathy, according to the MPH scale [94,95], was calcu- 
lated as described in Ref 108 with the alignment of Fig 2 and 
corresponds to the thick profile in the upper part of figure The 
profile of hydrophobic moment or amphipathy of the protein (lower 
part of the figure) was derived from the computation of the average 
hydropathy of the aligned residues as in Refs 107, 108 The se- 
quence analysis and plots were obtained with a sliding window of 11 

residues and programs developed by M Crimi 
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degree of conservation per each posltlOn, which defines 
an area (black in the figure) mdlcatmg the 'conserved 
sequence section' of the helLx wewed from the posmve 
side of the membrane The positions that have greater 
sequence conservatton at the negative s~de, rather than 
at the positive, of the membrane are indicated by a 
hghter shading Addttlonally, the residues involved in 
the binding of the lnhtbltors of the bc I complex (see 
later, Tables III, IV and V and Refs 8, 19, 26, 36, 73, 
76) are also marked in the drawing (Fig 5) It appears 
from this representation that conserved residues tend 
to cluster at one face of the transmembrane helices, 
particularly near the positive side of the membrane 
(Fig 3 and data not shown) Contrary to the other 
hehces, helLx E has a conserved quadrant only at the 
negative side of the membrane (Fig 5) 

The mode of packing of the hehces can be deduced 
by maximizing the contacts between the most con- 
served faces, whtch are hkely to be involved in mtra- 
molecular protein-protein lnteract,ons, and by consid- 
ering the predicttons from the periodicity profiles 
[8,18,34,103,108] The tentatwe packing of the hehces 
in Fig 5 is built with these features in mmd and by 
usmg the transmembrane hehces m the structure of the 
bacterial reaction center as a model The hypothetical 
model presented recently by Crofts and coworkers [8,18] 
shows a dlsposttlon of hehces A to F that is qu~te 
simtlar to that m Fig 5 

VI. Structure versus function in cytochrome b 

V I A  The paradtgm of  the photosynthettc reaction cen- 
ters 

The techniques of sequence analysis that have been 
discussed thus far are of limited value for understand- 
lng the details of the redox functton of cytochrome b 
since no atomic structure is available, although crystal- 
lzation of the beef bc I complex has been reported 
[110,111] Complementary mformatlon is indispensable 
for refinements of the present models of mltochondrlal 
cytochrome b structure This mformation is also impor- 
tant for understanding the functton of structural fea- 
tures that are conserved [8,18,19,65,68] 

Important relationships can be estabhshed indirectly 
between the structural features of cytochrome b and 
the sensitivity of the bc I complex to its lnhlbltors 
[5,6,8,9,12,19,24-28,36,39,44,46,68,73,80,81,90] T h i s  IS 
possible because the inhlbitors of the b c  1 complex bind 
directly to cytochrome b as evidenced by photoafflmty 
labeling [17], changes in spectroscopic properties 
[80,81,112-115] and genetic analysis [4-6,19,24,26,36, 
68,73,81] These lnhlbltors basically act as analogs of 
ublqulnone, ublqulnol or ublsemlqulnone at either cen- 
ter i or center o [5,6,9,19,24,26,36,68,73,81,112-114], 
therefore, they are similar to the quinone antagonists 

Fig 5 Conserved regions or segments  of the putatwe t ransmembrane  hehces of cytochrome b viewed from the positive s,de of the membrane  
The hypothetical a r rangement  of  the hehces derwes from a scheme discussed previously by Tron [157] The conserved segments  of  the hehces are 
obtained by summing the fractional identity at each amino aod  position (calculated as in Fig 3 and normahzed to the radms of the hehcal circle) 
m the 18 sectors of  20 degrees into which the wheels are subdwlded The areas shaded m darker tone correspond to residues occurring from the 
positive side to the middle of  the membrane  The residues that are more conserved at the negatwe than at the positive side of the membrane  are 
represented by the areas with lighter shading The perlodloty of the residues is assumed to conform to that typical of  a-hehces ,  as generally 
confirmed by the power hehcal analysis described in Refs 102, 103 (results not shown) Only hehx D is considered to be bent  in view of the 
presence of P187 [94,157,159] Modehng  of yeast cytochrome b [157] indicates that the two hlstldme hgands m hehx D could be poslhoned nearly 
on top of each other, thus confirming previous suggesttons of a = 140 ° displacement between position 187 and poslhon 188 as a consequence of 
the prohne-bent  [159] Key conserved residues of each helLx are reported and they correspond to the consensus sequence normahzed to yeast 
(Fig 2) Residues enclosed by a circle are revolved m the binding of center  o lnhlbltOrs (Table IV) Residues enclosed in a hght-grey square are 
revolved In the binding of c e n t e r ,  lnhlbltors (Table III and Ftg 1) Residues enclosed m hght-grey hexagons are tentatively considered to be 
respons,ble for natural  resistance towards center  i mhlbltors (Table V and see text) The  stars identify posltlon 30 (hehx A) and 205 (hehx D) that 
may show compensatory exchanges m some protozoans (Fig 2 and see text) Note also that the directed mutat ion of the H202 and D229 residues 
produces weakening of an t lmyon  binding m Rhodobacter [8] The  packing of the hehces has been modeled by maximizing the contacts between 
their most  conserved faces and by considering that the,r  least conserved faces are hkely to be exposed to the hplds of the membrane  [103,108] It 
was assumed that only lntramolecular  protein-protein contacts are responsible for the sldedness m the sequence conservation of the hehces even 
ff it ,s possible that some of them may contact the single t ransmembrane  helix of  cytochrome c~ or of  other  nuclear subunlts  within the reductase 
complex [9] Given that the ahgned sequences of cytochrome c 1 and f indicate a conservation quadrant  of the membrane  hehx at the pos~t,ve 
side of the membrane  (results not  shown) and that one site of  interaction between cytochrome c I and cytocbrome b has been found m loop cd 
[69], it might be speculated that  the t ransmembrane  contacts between these proteins occur at either the corner between hehces A and B or at 
that between helices C and D m the proposed model  The  same type of representat ion was built w,th the ahgned sequences of subunlts  L and DI 
of photosynthetic reaction centers [101,103] and used as a gutde for packmg together  the hehces of cytochrome b at the negatwe side of the 
membrane  (cf [18,24]) It was also considered that the eight hehces could be organized m two layers as in other  membrane  proteins 
[75,101,103,157] Note that the packing of hehces G and H, for which no s t ruc ture- funct ion  correlation is available so far, Js chiefly based on the 

conserved secttons derived from the ahgnment  of Fig 1 and the periodicity profiles of vanabdlty and amphlpathy (data not shown) 
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(herbtc~des) that brad to the Qa stte in photosynthetic 
reaction centers [8,19,24,71,73,101,116-121] Several 
compounds are mhlbltors of both the photosynthetic 
systems and cytochrome c reductase hydroxy qumo- 
hne N-oxide (HQNO), dluron, 6-undecyl-5-hydroxy- 
2,3-dtoxobenzothlazole (UHDBT), stlgmatelhn and 
myxothlazol [113,117,121-123] Furthermore, reactions 

at center i of the bc~ complex such as semlqumone 
stabthty are s~mdar to those of the photosynthetic Q B 
site [7,24,28,73,106,115,117,124,125] Additionally, mu- 
tants resistant to lnh~bttors are available for both the 
photosynthetic systems (rewewed m Refs 116-118, 
120) and cytochrome b (see below and Refs 6, 9, 19, 
24, 26, 36, 73) 

TABLE IIl 

5enstttLttv points  towards center i lnhtbttors 

Residue Change Species Ref ~ Relatwe inhibitor titre (15o) b Notes ~ 

Antlmycln Funiculosm HQNO Dmron 

I 17 ~ F S cerevtstae [26] 1 1 yes yes [ 129] 
N31 ~ K S cerevtstae [129.234] 1 06  19 20 [133] d 
N31 ~ K K lactzs [130] yes - 67 32 [132] e 
N31 ~ K }  
I44 ~ T K lactts [130] yes - - 1 [132] e 

$34 ~ F 
G37 ~ F / Paramec ium * [56] 45 > 2000 22 >_ 1 [39] f 
G232 ~ N 
G37 ~ V S cerectstae [26.235] 16 (4) 5 (4) (11) (03) [129] g 
G37 ~ V M muscu lus  [134] < 1000 < 100 26 - h 
A37 ~ V S pornbe [131] yes - yes - 
A37 ~ G S p o m b e  [131] yes - yes - 
G37 ~ V / 
A61 ~ V / S cerevtslae [26.235] yes - [129] 

A126 ~ T S cerevtstae [91.141] (1) (2) f 
L198 ~ F S ~ereL,tstae [136] (15) 8 (2) (5) (07) e 
$206 ~ L 
N208 --* Y.K : S ceret,tstae [156] 1 5-7 12 1 l 

F225 --* S S cerevtstae [ 129.234] 1 3 24 20 [ 133] d 

F2251226 ~ FL } S c eret,tstae [26.234] 1 06  9 17 [ 133] d 

I(228 ~ M S cereL'tszae [26,236] 7 1 - - [235] g 
K228 ~ M K lactts [130] yes - - 1 [132] e 
deletion230 ~ 
deletion231 ~ K lactts [130] yes - 30 2 [196] e 
T232 J ~ S 
0 2 3 2  ~ D M musculus [128] 2 - 1 4  10 21 - [135] f 

0232 ~ N A s u u m  * [54] yes - 5 - [127] d 
G232 ~ T 
A194 --* V / S cere~tstae * 1 6 1 01 [90] f 

Original reference describing the isolation a n d / o r  sequencing of the mutants and their properties with regard to inhibitors resistance 
b The relative tltre of the inhibitor Is the ratio between the 150 in the mutant and that of the wild type or of sensitive species after normahzatlon 

to equivalent contents of cytochrome b [36] 'Yes '  indicates that resistance has been observed without any quantitative data being reported, 
whereas the dash indicates that no information is available When several mutants carrying the same genotiplc mutations have been reported, 
data are shown only for one of them Number in parenthesis are the titres obtained in the specific assay of mitochondrlal ublqulnol cyto- 
chrome c reductase measured as described in [36,39,46] (Tron, T ,  Ghelh, A ,  Copp~e, J Y, Colson, A M ,  Bruel, C,  Lemesle-Meunier, D and 
Degh Esposti, M,  unpublished data) Note that different tltres are often obtained for the same mutant depending upon the type of assay 
employed [132,135,237] The list does not include the yeast respiratory deficient mutant M221 ~ L, which binds antimycln with low affimty 
[150], and mutants recently obtained In bacteria (A Trebst, personal commumcatlon and Refs 8, 69) 
Additional reference and type of assay employed for the data shown 

d Assay of NADH respiration of mltochondrla [133] 
Assay of succmate respiration m mitochondria [130,136] 

t Assay of the ubiqumol-2 cytochrome c reductase m isolated mltochondna [39,90] Speoes considered to be naturally resistant to one or more 
inhibitor (see text and also [36,39,90]) are marked by an asterisk These data and those in parenthesis are directly comparable with the levels of 
natural resistance obtamed here (Table V) 

g Assay of ethanol respiration in whole cells [235] Clear dLscrepancies between the inhibitor tltratlons obtained in this type of assay and those at 
the mltochondrial level are commonly seen in yeast mutants (cf [130.237]) 

h Assay of succinate cytochrome c reductase [134] 



The similarities in qumone redox chemistry and 
protein topology of the resistance loo  suggest that the 
structure of the qmnone-bmdmg sites of the bacterial 
reaction centers may be a valuable model for the 
qumone reacting sites m cytochrome b [8,24,28,36,71, 
73,124,125] In particular, by analogy with the resis- 
tance to herbicides in plants and photosynthetic bacte- 
rm [116-120], it is hkely that the inhibitor resistance 
loci in cytochrome b contribute to the structure of the 
qmnone binding sites [5,6,9,12,18,19,24-28,36,68,73, 
81,1151 

One difficulty in extrapolating the present informa- 
tion on herbicide resistant mutants to inhibitor resis- 
tance mutants m cytochrome b regards the differences 
between the Q~ center and center o [115] Whereas 
center i is formed structurally from cytochrome b alone 
[9], as the L subunlt forms the QB site [101,103,120], 
center o is formed by cytochrome b plus the 'Rleske' 
iron-sulphur protein [7-9,15,80,81,115,126] The latter 
IS necessary for the oxidation of ublqulnol [7- 
9,80,81,113] and the binding of the inhibitor stlg- 
matelhn [126] Moreover, at center o there seem to be 
two sites for mhlbltors [115,126] and possibly for 
ublqumone/ublquinol  as well [81] 

VI-B Cytochrome b restdues mL,oh,ed m bmdmg of cen- 
ter I mhtbttors 

Functionally, the center i inhlbitors block the reoxa- 
datlon of cytochrome b and destabilize the bound 
ubisemiquinone [8,9,80,106,125] Antlmycin is the most 
powerful of these compounds (see Ref  113 for a 
review), but it is by no means a unwersal inhibitor This 
antibiotic, in fact, is not potent in the bc 1 complex of 
parasitic nematodes [127] and of the protozoan Te- 
trahyrnena [39], and quite ineffective in chloroplast bf 
complexes [3,121] 

Table III lists all known mutations affecting the 
sensitivity towards center i lnhIbltors in mltochondnal  
cytochrome b The mutated residues consistently lie 
within transmembrane helices A, D and E and lead to 
an Increase in the volume of the exchanged residue 
(Fig 2 and Table III, cf Refs 6, 8, 12, 90, 128-136) 
With the exception of the mouse mutant G232 ~ D 
[135], the mutatmns do not slgmficantly alter the 
turnover of the reductase and, in general, produce a 
hmlted increase m the tltre of the mhlbltors (Table III 
and [26,128-136]) These p ropemes  of the mutations 
leading to resistance towards center i lnh~bltors are 
slmdar to those exhibited by the herblode-reslstant 
mutations that map w~thIn the transmembrane hehces 
of the photosynthetic subumts [116-118] Such slmdarl- 
ties are useful for suggesting which amino acid residues 
confer natural resistance towards center i mhlbltors 
[19,39,90] Antlmycm resistance m Paramectum (Table 
III cf Ref  39), for instance, is hkely due to the 
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dramatic Increase in volume side chain by the substltu- 
tlon G37 ~ F of cytochrome b (Fig 2 cf Refs 39, 56) 
The same substitution is seen in some b 6 sequences 
(Fig 2) In addition, the chloroplast counterparts of 
cytochrome b show replacements of other residues 
which induce resistance to antImycm m yeasts and 
mouse (namely N31 ---, C, K228 - .  N and G232 ~ Y, 
Fig 2) Cumulatively, these substitutions are likely to 
contribute to the low sensitivity to antlmycin (150 -- 10- 
M [121]) of the bf complex [6,19,26,73,134], but it 
should be noted that they also occur in some protozoan 
cytochrome b proteins (Fig 2), m which the Inhibitor 
has a much higher affinity (15o < 10 -9 M [39]) So, the 
replacement of H202, which is the only residue con- 
served in mitochondrial cytochrome b but not m its 
chloroplast counterparts at the negative side of the 
membrane (Fig 2 and Table II), may be also involved 
m conferring the antlmycin insensitivity of the bf com- 
plex 

VI-C Cytochrome b restdues mvoh,ed m bmdmg of 
center o mhtbttor~ 

A large variety of compounds act as center o in- 
hibltors (see [113] for a review) Although they all block 
reduction of the 'Rleske' Iron-sulphur protein and pre- 
vent cytochrome b reduction in the presence of an- 
tlmycln [9,15,80,94,106,112-115], they can be subdi- 
vided into three types depending upon their effect on 
the metal groups at center o [113] The methoxy- 
acrylates, including myxothlazol, do not substantially 
alter the mid-point potential or the EPR line shape of 
the Rieske Iron-sulphur cluster, but alter the electronic 
absorption spectra of the cytochrome b hemes [80,81, 
113-115] The hydroxyquinones, such as UHDBT, 
specifically alter the cluster and its redox equilibrium 
with cytochrome c 1 and ublqulnol [9,73,81,113,114] 
The chromone inhlbitors, including stigmatelhn, alter 
both the EPR spectra and the midpoint potential of 
the Iron-sulphur cluster, and the optical spectra of the 
cytochrome b hemes (Refs 81, 113, 126 and references 
therein) The latter are universal center o lnhlbltors, 
since they are potent lnhlbltors of the the bf complex 
[12,121] as well as of the QB site in photosynthetic 
reaction centers [121,123] 

A detailed characterization of mutants resistant to- 
wards center o lnhibltors is available from studies of 
both mitochondrlal [36,134,137,138] and bacterial sys- 
tems [8,19.44,68,69,73,81] (Table IV) The results indi- 
cate that different positions within the cytochrome b 
protein are critical for the binding of myxothlazol and 
stigmatelhn Apparently, chloroplast bf complex is in- 
sensitive to myxothlazol but quite sensitive to stig- 
matelhn [3,121] This can be correlated with the fact 
that some mutations affecting myxothlazol sensitivity in 
cytochrome b resemble the natural substitutions in the 
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chloroplast sequences (e g,  F129--* V), whereas those 
affecting sttgmatellln are not altered m the chloroplast 
sequences (e g,  T148, Fig 2 and Refs 6, 19, 73, 134, 

137) Hence, multiple sites for the bmdmg of mhlbttors 
may coexist at center o, probably reflectmg ~ts complex 
quaternary structure [9,36,73,81,113,115,126,138] 

T A B L E  IV 

Senst l t t  tt~ p o i n t s  t o w a r d s  cen t e r  o mhtbz tors  

Res idue  C h a n g e  Species  R e f  a Rela t ive  inh ib i to r  t l t re  (/5o) b Notes  ~ 

Myxothiazol  Mucld tn  U H D B T  St igma 

191 ~ P R capsu la tus  [19] 8 yes 0 6 4 [73] d 
M125 ~ I R capsu la tus  [19] 5 - 6 0 - [73] d 
F129 ~ L S cerev ts tae  [137,238] 930 11 (0 5) 1 [36] e 
F129 ~ L R capsu la tus  [19] 530 1 11 1 [73] d 
F129 ~ L C r e m h a r d t u  [139] 400 10 - - 1 
F129 ~ S R capsu la tu s  [19] 530 yes 0 9 1 [73] d 
F129 ~ S R sphaero tdes  [44] 28 - - d 
Y132 ~ C C re tnhard tu  [239] yes ves - f 
C133 --* D 
A126 ~ T j S ceret ' tstae [152] (3) - (0 3) - [141] e 

A126 ~ T S cerevt~tae [141,152] (2) - (1 1) - [141] e 
G137 ~ R S cerev ts tae  [137,237] 4 4 - 1 5 [138] g 
G137 ~ E S ceret, tstae [149] 20 - - - g 
G137 ---, V S cereLtstae [149] 4 - - - g 
G137 ~ S R capsu la tu s  [19] 37 yes 1 1 2 [73] d 
G137 ~ S C r e m h a r d t n  [239] yes yes - - t 
W142 ---, T,K S cereLtstae [153] 5 - 1 0  yes - - e 
G143 ~ A M m u s c u l u s  [134] 2000 yes - 1 -4  t 
G 143 ~ A P h v M u s  * [188] 1990 147 - - [46] e 
G143 ~ D R capsu la tus  [19] 10000 - - - [240] e 
G143 ~ S,A R ~apsulatu~ [68] yes yes - [19] t 
G137 ~ T }  
G143 ~ T P a r a r n e c m m  * [39] 22000 yes - 1 c 
N250 -~ F 
I147 ~ F S cerev ts tae  [137] 1 1 - 20 [36] e 
1147 ~ F L e t s h r n a m a  * [39] 1 - 40 e 
T148 ~ A R ~apsu la tus  [19] 3 1 3 3 6 [73] d 
T148 --* M M m u s c u l u s  [134] 1 - - 6 i 
N256 ~ Y S ceret, tstae [137,241,242] 6 11 2 [138] g 
Y274 ~ N 
L275 ~ F j S cere t l s tae  [137 237] yes yes - - h 

L275 --* S S cere t t s lae  [137,238] 5 5 5 - - [242] h 
L275 ~ T S eereL'tstae [137,241] 4 yes - h 
V292 ~ A R capsu la tu s  [19] 5 1 2 4 7 [73] d 
L295 ~ F M m u s c u l u s  [134] 4 1 - 5 i 

Or ig ina l  re fe rence  descr ib ing  the i so la t ion  a n d / o r  s equenc ing  of the m u t a n t s  and  the i r  p rope r t i e s  wi th  regard  to lnh lb l tors  res i s tance  
b The  re la t ive  t l t re  of the inh ib i tor  co r re sponds  to the ra t io  be tween  the  /5o in the m u t a n t  and  tha t  of the wild type or sensi t ive species  a f te r  

no rma l i za t ion  to equ iva len t  con ten t s  of cy tochrome  b [36] Yes '  ind ica tes  tha t  res i s tance  has  been  obse rved  wi thou t  any quan t i t a t ive  da ta  
be ing  repor ted ,  w h e r e a s  the dash  ind ica tes  tha t  no in fo rma t ion  is avai lable  W h e n  severa l  m u t a n t s  car ry ing the same  genot lp tc  mu ta t i ons  have 
b e e n  repor ted ,  d a t a  are  shown only  for one  of t h e m  N u m b e r s  in pa ren thes i s  are  the t l t res  ob t a ined  in the specif ic  assay of  ml tochondr l a l  
ub tqu lno l  cy tochrome  c r educ ta se  m e a s u r e d  as desc r ibed  in [36,39,461 (Tron,  T ,  Ghe lh ,  A ,  Copp~e,  J Y, Colson,  A M ,  Bruel ,  C ,  
L e m e s l e - M e u m e r ,  D and  D e g h  Espost l ,  M ,  unpub l i s hed  da ta )  S t igma indica tes  bo th  s t i gma te lhn  and ItS tr ldecyl  ana log  (cf [36]) 
A d d i t i o n a l  r e fe rence  and type of assay employed  for the da ta  shown 

d Pre - s teady-s ta te  assay wi th  f lash- reduced  r educ t ion  of  cy tochrome  b in bac te r ia l  c h r o m a t o p h o r e s  [44,73,106] 
Assay  of  the ubtqulnol-2  cy tochrome  c r educ tase  in i so la ted  m l t o c h o n d r l a  [36,39] Species  cons ide red  to be na tura l ly  res i s tan t  to one  or more  
inh ib i tor  (see text  and  also [36,39,90]) are  m a r k e d  by an as te r i sk  These  da ta  and  those  in pa ren thes i s  are  d i rect ly  c o m p a r a b l e  wi th  the levels  of 
na tu ra l  res i s tance  o b t a i n e d  here  (Table  V) 

t Assay  In vwo based  on cell  g rowth  [19,139] 
g Assay  of  succ ina te  resp i ra t ion  of  i so la ted  m i t o c h o n d r i a  [138,149] 
h Assay  of  N A D H  resp i ra t ion  in Isola ted ml tochondr l a  [237,238,242] 

Assay of succ lna te  cy tochrome  c r educ ta se  [134] 



The positions affecting the sensltwlty towards center 
o lnhlbitors are concentrated in two conserved domains 
of cytochrome b (Fig 2) The first domain spans helix 
C and the adjacent part of loop cd and contains two- 
thirds of the resistance loci (Table IV and Refs 6, 19, 
36, 73, 76, 134, 137, 139) The beginning and the end of 
loop ef and the adjacent hehx F form the second 
domain [6,19,73,134,137], where mutations show, in 
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general, a level of resistance lower than those in the 
first domain (Table IV) Outside the above two do- 
mains there is the single bacterial mutant L91 ~ P, in 
which the altered amino acid lies in the middle of hehx 
B [19,73] Presumably because of this location, this 
mutant is affected in reactions occurring at the center 1 
site [73] Contrary to the mutations conferring resis- 
tance to center i mhIbltors (Table liD, those inducing 

TABLE V 

Relatwe tltre o f  mhtbttors o f  the bc 1 complex m different specws 

Species and Cytochrome b 
preparation n residues b 

Relative I50 c 

Funlculosm d HQNO e UHDBT f Myxothlazol g 

Beef heart 
Rat hver 
Pig hver 
Rabbit heart 
Horse heart and 
Donkey heart 
Chicken heart 
Sturgeon hver 
Tllapla hver 
Drosophila 
Wheat germ h 
Paramecium 

Crtthtd:a or 
Letshmama 

Rhodobacter 
Rhodospmllum 

M191 e 1 2 3 1 1 2 
- 1 5  1 1 17 
- 14 20 08  1 

V194 o 60 2 0 1 3 1 1 
V194 d 80 1 1 1 

T194 o 10 1 1 1 0 9 
M126 dfg, F231 de 21 2 8 2 3 6 
M126 dfg, T194 d 75 1 4 > 2 2 8 
L191 e, T194 d 8 2 1 - 1 2 
G31 e, V126 dfg 230 0 2 3 6 2 7 
F34 d, F37 de, V126 dfg > 3000 22 0 2000 22000 
N232 de, L132 g, T137 s, 
1142, T143 fs, F256 g 
F34 d, V126 dfs, I191 e 6900 17 1 3 3 849 
1194 d, F231 e, L232 de, 
T137 ~, M138 g, $256 g 
I34 d, V194 d 440 0 7 1 5 0 6 
M43 fg - - 0 1 8 0 

a Mltochondrla were prepared from heart, hver or whole organisms as described previously [36,39,46,90] The concentration of the bcl complex 
was estimated by either the antlmycln tltre [90,143] or from the content of cytochrome b of the preparation [36,39] The enzyme purified from 
Rhodobacter capsulatus Ga was kindly provided by N Gabelhnl and the data for the purified enzyme from Rhodospmllum rubrum are taken 
from Ref [243] 

b Residues in the sequence of cytochrome b that might be responsible for the alteration m the tltre of one or more of the mhlbltors (specified by 
the letters) These residues are hypothesized to be mvolved in inhibitor binding by a combination of sequence analyses (Fig 5 and Ref 90) with 
inhibitor tltratlons carried out m several species whose cytochrome b shares one or more amino acid substitutions with the resistant species In 
the case of animals, several other species were studied for such a scrutiny (man, fox, cat, sheep, turkey, toad, salamander and many fishes, 
results not shown) 

c Relatwe tltre of Inhibition of the ublqulnol-2 (10-15/~M) cytochrome c (10/.~M) reductase assayed with 1-3 nM of bc 1 complex as described 
previously [36,39,46,90] Except for HQNO, which was routinely added to the assay cuvette, the Inhlbltors were incubated for ca 2 mm with the 
mltochondrlal preparation dissolved in 0 25 M sucrose, 0 03 M Trls-Cl, pH 7 4 at 0 5 - 2 / z M  cytochrome b [39,90] The tltres, calculated as m 
Table III and IV after normahzat~on to the content of the bc~ complex, are the average of two or more separate tltratlons and are underhned 
when they are slgmficantly different from the respective average tltre Although the specific tltre of the lnhlbltors is about two-fold higher m 
mltochondrla than in the isolated reductase, its relative ratxo in &fferent species remains constant (results not shown) Inhlbltors concentration 
was measured as described in Ref [113] 

a Fumculosln, a generous gift from Sandoz, Basel, was &ssolved in slightly basic ethanol and incubated over 2 mm with the preparations [90,143] 
The average tltre of the most sensitive species, e g ,  beef, was 3 mol per mol of bc 1 complex and has been taken as the reference ('1') 

e HQNO from Sigma was added to the cuvette and had an average tltre of 250 mol per tool of bc 1 complex m several animal species and yeast 
wdd-type stratus Separate experiments were performed by incubating the inhibitor with the concentrated preparations or the isolated bc 1 
complex to assess, in particular, the hypersensitivity of plants 

t UHDBT was purchased from B L Trumpower and exhibited an average tltre usually around 20 mol per mol of bc 1 complex in mammals 
g The average tltre of myxothlazol m mxtochondrm of most ammals and several wild-type yeast strains was 1 1 mol per mol of bc 1 complex This 

value ~s taken as the reference for calculating the relative t~tre 
h Similar results were obtained m other plant preparations like maize and pea hypocotdes (results not shown) and crude bc 1 complex from 

Jerusalem artichoke tubers [148] 
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resistance towards center o lnhlbltors often lie m ex- 
t ramembrane  loops and lead to high levels of resm- 
tance towards the lnhlbltors [19,36,73] 

VI-D Na tura l  resistance as a source o f  new s t r u c t u r e -  
f u n c t i o n  relationships 

Can we exploit the natural variation of cytochrome 
b to de te rmme s t ructure-funct ion relationships 9 Some 
speculations on naturally occurring sites of altered 
sensltwlty towards bc 1 lnhlbltors have already been 
made [6,19,26,39,46,90,129-137] In order to substanti- 
ate speculations of this kind, a thorough investigation 
of the sequence to property relat~onship must be un- 
dertaken in several variants of a protein [72,140] The 
numerous sequences of cytochrome b that are avail- 
able and the posslblhty of measuring inhibitor binding 
from the tltratlons of the cytochrome c reductase actw- 
ity in mitochondrla [36,39,46,90,115,133-136,138] have 
allowed us to systematically carry out this investigation 
Natural  resistance has been found in many species 
(Table V), thus prowdmg cases of altered properties 
that could be related to structural changes m the 
natural variants of cytochrome b 

The problem is to correlate changes In the tltre of 
one inhibitor with one (or few) specific residue substi- 
tutions that naturally occur in the sequence of cy- 
tochrome b This problem is complicated by the ab- 
sence of a known three-dimensional structure of the 
protein and by the difficulty of finding a strict one-to- 
one relationship Two considerations, however, miti- 
gate the problems (1) The detailed knowledge of the 
available resistant mutants can be used as a guide for 
locating the protein regions or deducing the type of 
amino acid replacement  that may cause a gwen in- 
hibitor response [9,19,26,39,73,90,129,134,137] (2) The 
natural  variants of a protein are stable and fully func- 
tional [75,140] In contrast, mutated proteins generally 
have major functional derangements  [59,72,75] (see 
[8,18,68,76,133,135,137,141] for cytochrome b mutants) 
Moreover,  the 'e lement  of surprise'  [140] in the natural  
amino acid variation can prowde multiple substitutions 
for assessing the role of specific residues 

Correlations between an unusual response to one 
bc 1 inhibitor and the sequence of the cytochrome b 
protein are most convincing when they combine se- 
quence analysis in related speoes  with the information 
derived from mutants  In the case of the natural resis- 
tance of fish to fumculosln [90], the results of a se- 
lected screening of fumculosin sensitivity m animal 
ml tochondna suggested that the substitution of the 
conserved alanme 126 with the bulky methlonme in the 
fish protein (Fig 1) is probably responsible for a sub- 
stantial increase m the tltre of this inhibitor relatwe to 

normally sensltwe speoes  (Table V and Ref  90) Natu- 
ral resistance in the plant mItochondnal  bc t complex 
[142] could also be correlated with the exchange of 
A126 with the bulkier V m the cytochrome b sequence 
(Fig 2 and Ref  90) The buried location of position 
126 within the t ransmembrane sector of hehx C (Fig 1) 
may account for the 'hybrid '  effects of fumculosln, 
which effects both center i and center o [90,114,143- 
146] Note that the proteins having a bulky amino a o d  
at poslt~on 126 also show resistance to U H D B T  (Table 
V), which xs a center o inhibitor that shares with 
funlculosm the property of effectlng both qulnone sites 
[113,114,143,144] 

An interesting property of funlculosln is its remark- 
able species specificity, even among mammals  [143,147] 
The volume pat tern and the comparison of the se- 
quences of sensltwe and resistant species suggested 
previously that position 194 may also be revolved in 
funlculosln binding [90] By inspecting the aligned se- 
quences, we noticed that the rabbit protein shows the 
substitution of alanine 194 with a bulkier vahne residue 
(Fig 1) Hence,  rabbit mltochondrla were expected to 
be quite resistant to funlculosin, which would explain 
why rabbits are resistant to this drug in vwo [147] This 
~s indeed the case, since the inhibitory potency of 
funlculosln on the ublqumol cytochrome c reductase 
actwlty is about 60-fold lower for ml tochondna ~solated 
from rabbit than those from sensltwe mammals  (Table 
V) The cytochrome b proteins of zebra and donkey 
also have vahne at position 194 (Fig 1 and Ref  32) 
and differ from that of pig, a species fully sensltwe to 
funlculosln [90,147], m a dozen residues within the 
predicted t ransmembrane regions at the negatwe side 
of the membrane,  where center i lnhlbitors bind 
[9,26,90,136] With the exception of the replacement  
A194 ~ V, these residue changes are seen m other 
mammals  whose mltochondrla are as sens~twe to fu- 
mculosm as those of pig but over 40-times more sensi- 
tive than those of donkey (or its close relative horse, 
results not shown and Table V) We propose, there- 
fore, that position 194 a n d / o r  Its surrounding region ~s 
involved in the binding of funiculosm (see Ref  90 for 
further discussion of this proposal) 

The screening of the responses to H Q N O  revealed 
several cases of significant alterations of its sens~twity 
(Table V), the most strikang of which Is represented by 
the hypersensltwity of the reductase in plant mIto- 
chondrla [148] The sequence of plant cytochrome b 
shows the unusual change N31 ~ G (Fig 2) that we 
consider responsible for H Q N O  hypersensltwlty for 
two reasons First, when N31 is mutated to a bulkier 
residue such as K [26,129,132], resistance to H Q N O  is 
observed [130,133] Since the increase in volume of the 
residue is the major theme in resistance mutations of 
center 1 lnhlbitors (Table III), one would expect that 
the considerable decrease of the volume by exchanging 
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an asparagme for a glyclne would faclhtate the binding 
of the qumone antagomst Secondly, the almost oppo- 
site mutation of glycme232 to aspartate induces HQNO 
resistance [128] 

Although the cytochrome b protein of trypanosomes 
also shows the substitution N31---) G, mltochondna 
from these protozoans are highly resistant to H Q N O  
(Table V) This does not necessarily contradict the 
above correlation because several unusual substitutions 
m the transmembrane helices A, D and E of try- 
panosomal cytochrome b lead to an Increase in the 
protein volume at the negative side of the membrane 
(Figs 2 and 5) By combining different sequence analy- 
ses, we hypothesize that the substitutions A191 ~ I, 
L231 -)  F and G232 ~ L m the cytochrome b of Letsh- 
manta may contribute to H Q N O  resistance in try- 
panosome mltochondna (Table V) 

Positions 30, 31, 34 (hehx A), 103 (hehx B), 191, 194, 
205 (helLx D), 228, 231 and 232 (helLx E) are concomi- 
tantly altered in trypanosomes and Paramectum cy- 
tochrome b w~th respect to most other species (Fig 2) 
This observation suggests that such residues are mutu- 
ally related in the protein structure, in agreement with 
the helical packing shown in Fig 5 Moreover, the 
cumulative substitution of these residues probably al- 
ters the normal properties at center i and thus explains 
the strong natural resistance to both HQNO and fu- 
nlculosm in the mltochondrla of these protozoans (Ta- 
ble V) Interestingly, some of these positions are sub- 
stltuted In a few species that also show natural resis- 
tance to either HQNO or funlculosm (1) $34-- ) I  
occurs in R capsulatus (Fig 2), which is more resistant 
to fumculosm than eqmdes even though they all have 
the substitution A194 ~ V (Table V) The substitution 
$34 ~ F is seen in trypanosomes and Paramectum (Fig 
2) which have the strongest resistance towards funlcu- 
losm (Table V) Hence, position 34 may also be crmcal 
for funlculosm binding (2) Position 191 is usually A, 
and changes to the bulky M in the beef and L / I  in the 
trypanosomal proteins (Figs 1 and 2) Since the cy- 
tochrome c reductase of beef appears to be partially 
resistant to HQNO as compared to that of most ani- 
mals (Table V), position 191 may be another residue 
influencing sens~twlty to this inhibitor (3) Position 231 
is specifically changed to the bulkier F in the sturgeon 
protein (Fig 1) as in trypanosomes (Fig 2) The cy- 
tochrome c reductase of sturgeon m~tochondrm shows 
a s~gmficantly higher tltre of HQNO than that in 
mltochondrla of other fish and most animals (Table V), 
thereby suggesting that position 231 is also involved in 
the binding of th~s inhibitor (th~s is further supported 
by the triple mutant of K lactts at poSltlOn 230-232 
that is antlmycm and H Q N O  resistant [130,132]) 

The possible location of the sensmvlty positions 
towards lnhlbltors binding to cytochrome b is illus- 
trated in Fig 6A 

VI-E Other mformatton relevant for structure versus 
function 

Table IV also hsts data on functionally deficient 
mutants of cytochrome b The photosynthetically deft- 
clent mutant G143 ~ D of Rhodobacter (see Ref  19 
and references thereto) occurs at a position that is very 
critical for the binding of myxothlazol [19,36,46,68,69, 
134] Three yeast respiratory deficient mutants which 
map around position 143 show only a partial decrease 
of the ublqumol cytochrome c reductase activity in 
wtro and also display a slight resistance to myxothlazol 
(Table IV and [149-152]) Interestingly, the mutation 
C133---, Y [151] produces a loss m the specificity for 
the qumol ring (T Tron, A Ghelh, J Y Copp~e, A M 
Colson, C Bruel, D Lemesle and M Degh Espostl, 
unpublished data), since mltochondrla of this mutant 
are more active with plastoqulnol than with ublquinol 
analogs These results, previous deductions based on 
resistance towards methoxy-acrylate lnhlbltors [19,36, 
73,134,137], and comparisons with the sequences of 
cytochrome b 6 suggest that the region comprising the 
end of helLx C and the beginning of loop cd may play a 
specific role m the binding of the methoxy groups 
which distinguish ublqulnol from plastoqumol This 
region also contams the only residue that ~s conserved 
in cytochrome b, but not b 6, at the posltwe side of the 
membrane, namely S140 (Fig 2) Moreover, the cy- 
tochrome b of Ascans, an organism possessing the 
rare ublqulnone analog, rhodoqumone, in which one 
methoxy of the ring is substituted by an amino group 
[127], shows the substitution of T145, conserved except 
m b 6 (Table II) 

Although it is difficult to extrapolate common func- 
tions from sequence similarities with the reaction cen- 
ter subumts (see above section V-l), It is worth noting 
that there is a statistically relevant homology between 
the conserved peptlde W142GATV(I) m loop cd of 
cytochrome b and the conserved peptide H215GATV(I) 
m the chloroplast D 2 subumt and its homologous M 
subumt of the bacterial reaction center (cf Fig 2 and 
Refs 101, 102) In the crystal structure of the reaction 
center, either the hlstldlne (H217 m R vtrtdts [101]) or 
the threonlne (T222 in Rhodobacter [102,104]) are hy- 
drogen-bonded to one carbonyl of the QA molecule It 
is tempting to speculate that either W142 or T145 m 
cytochrome b might be hydrogen-bond donors to 
ublquinone and methoxy-acrylate inhlb~tors Recent re- 
sults obtained in revertants of the yeast respiratory 
deficient mutant W142 ---, R suggest that this residue is 
involved m the binding of myxothlazol [153] (see also 
Table IV) 

Important information has been recently obtained 
by the screening of secondary-site revertants of yeast 
respiratory deficient cytochrome b mutants [76,141, 
152-157] Some substitutions in these revertants occur 
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Fig 6 (A) Overall view of the positions (yeast numbering,  cf Fig 2) 
of  key residues in the elght-hehces model of  cytochrome b Positions 
predmted to start or end each t ransmembrane  hehx are shown in 
bold gahc  The four heme hgands are ldenUfied by the shaded 
pentagons Positions corresponding to amino ac]ds that are con- 
served m all sequences,  excluding the chloroplast subumts  of the bf 
complex (Table II), are m bold roman type Posmons  affecting the 
sensitivity towards center  i mhlbltors, including the new positions 
inferred here on the basis of  natural resistance (see text and Table 
V), are sur rounded by squares Positions affecting the sensitivity 
towards center  o inhlbltors are surrounded by mrcles Position 126, 
which may be involved m the binding of fumculosm [90] and U H D B T  
(Table V), is surrounded by a hexagon The  dark-shaded area corre- 
sponds to the lipid membrane  (B) Tentative representat ion of the 
overall folding of cytochrome b The  ar rangement  of the helices 
corresponds to that shown in Fig 5, but it is viewed from the 
negative side of the membrane  and consequently it appears upside 
down The filled squares represent  the two heme groups The extrin- 
sic loops cd and ef at the positive side of the membrane  cross each 
other  and have an overall .(2 structure as suggested by several 
suppressor  mutants  in yeast [76,141,152] The  same is true for loop 

de at the negative side of the membrane  [26,152,154,157] 



far away In the primary sequence from the mutation 
leading to loss of function, thereby indicating contacts 
between different segments of cytochrome b In the 
tertiary structure [152,154] Though the distribution of 
the suppressor mutations generally overlaps the re- 
gions altering the sensitivity to center o inhlbItors 
[76,142,152-157], insights into the folding of extrinsic 
loops have been obtained, such as the proximity of 
loop cd with loop ef [152] 

Rare substitutions that occur naturally in the se- 
quence of some species resemble those seen in yeast 
respiratory deficient mutants plus their revertants One 
example is given by the cytochrome b of S pombe [57] 
which shows the unusual replacement G137-~ N in 
parallel to the equally unusual replacement N256 ~ C 
(Fig 2) These changes seem to compensate each other 
as with the phenotyplc suppression of the G137 ~ E 
matant phenotype by the secondary substitution N256 
-~ K [152] It is also interesting to observe that the 
sequence of magpie cytochrome b [33], in which the 
conserved P187 is changed to L in hehx D, uniquely 
shows a prohne in helLx C (Fig 1) Given the high 
conservation of these hehces in vertebrates, such multi- 
ple variations may compensate each other to preserve 
the core structure of the protein 

In line with this discussion, several naturally occur- 
ring substitutions are present in protozoan cytochrome 
b at the negative side of the membrane (Fig 5) The 
substitutions W30 -~ S and G205 -~ W, which are seen 
exclusively in the Paramectum protein (Fig 2), might 
compensate volumetrically each other by analogy with 
the suppression of the yeast deficient mutant $206 ~ L 
with the substitution W30 ~ C [154] 

VII. Conclusions 

The data and analyses presented here contribute 
additional Information for modeling the tertiary struc- 
ture of the transmembrane helices of cytochrome b In 
particular, the hypothetical Interrelationships of hehx 
A, D and E are supported by a number of inferences, 
including new sensitivity points towards center i ln- 
hibltors (Table V and Fig 5 and 6A) The residues 
affecting the sensitivity to such inhIbltors are likely to 
be in close contact to form a common volume of the 
protein [8,19,24-28], by analogy with the binding site of 
ubiquinone (QB) and ItS antagonists In photosynthetic 
systems [24,73] The most conserved faces of helices A, 
D and E at the negative side of the membrane also 
contain the positions influencing sensitivity towards 
lnhibltors (Fig 5), thereby sustaining the packing of 
these helices proposed in Fig 5 

The scrutiny of previous models for the tertiary 
otructure of cytochrome b [8,18,25,27,28,73,152,157- 
159] indicates that only those proposed by Crofts et al 
[8,18,28], one discussed by Tron [157] and another 
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advanced by Degh Espostl et al [158] are consistent 
with the most likely arrangement of helices A, D and E 
(cf Fig 5) Other points should be also considered for 
deducing the possible associations of the transmem- 
brane helices of cytochrome b First, helices B, C and 
F contain residues influencing sensitivity to center o 
inhlbitors that are likely to pack close together 
[18,19,24,25,28,73,152,157,158] Secondly, the arrange- 
ment of all helices should maximize the contacts be- 
tween their conserved faces towards the interior of the 
protein [8,28,103,108] Thirdly, helices A to D contain 
the conserved motif of thirteen-spaced glyclnes and 
hlstldlnes that is likely to form the heme-blndlng core 
of the cytochrome [18,36,157] Finally, loop bc is short 
and implies the proximity of helices B and C (the same 
is true for loop fg and gh, cf Fig 2 and Ref 25) 

Although each of the above points alone provides 
loose constraints for modeling the folding of eight 
helices, the combination of all of them with the opti- 
mized packing of helices A, D and E restricts the 
possible arrangements of the helices In our opinion, 
the arrangement of the helices that is shown in Fig 5 
and, in an overall view of the protein, in Fig 6B, seems 
to be most consistent with the present knowledge of 
cytochrome b Naturally, the model is only tentatwe 
and as such is proposed to stimulate further experi- 
mental and theoretical analysis 

As a concluding comment, it is hoped that this 
review will provide useful information also to scientists 
who study cytochrome b in fields traditionally distinct 
from bloenergetics, such as evolutionary biology 
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