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Sequence analysis of cytochrome bd oxidase suggests a revised topology
for subunit I
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Abstract

Numerous sequences of the cytochrome bd quinol oxidase (cytochrome bd) have recently become available for analysis.
The analysis has revealed a small number of conserved residues, a new topology for subunit I and a phylogenetic tree
involving extensive horizontal gene transfer. There are 20 conserved residues in subunit I and two in subunit II. Algorithms
utilizing multiple sequence alignments predicted a revised topology for cytochrome bd, adding two transmembrane helices to
subunit I to the seven that were previously indicated by the analysis of the sequence of the oxidase from E. coli. This revised
topology has the effect of relocating the N-terminus and C-terminus to the periplasmic and cytoplasmic sides of the
membrane, respectively. The new topology repositions I-H19, the putative ligand for heme bsos, close to the periplasmic edge
of the membrane, which suggests that the heme bsos/heme d active site of the oxidase is located near the outer (periplasmic)
surface of the membrane. The most highly conserved region of the sequence of subunit I contains the sequence GRQPW and
is located in a predicted periplasmic loop connecting the eighth and ninth transmembrane helices. The potential importance
of this region of the protein was previously unsuspected, and it may participate in the binding of either quinol or heme d.
There are two very highly conserved glutamates in subunit I, E99 and E107, within the third transmembrane helix (E. coli
cytochrome bd-1 numbering). It is speculated that these glutamates may be part of a proton channel leading from the
cytoplasmic side of the membrane to the heme d oxygen-reactive site, now placed near the periplasmic surface. The revised
topology and newly revealed conserved residues provide a clear basis for further experimental tests of these hypotheses.
Phylogenetic analysis of the new sequences of cytochrome bd reveals considerable deviation from the 16sRNA tree,
suggesting that a large amount of horizontal gene transfer has occurred in the evolution of cytochrome bd. © 1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction

In Escherichia coli, cytochrome bd is a terminal
oxidase in the branched electron transport chain. It
is expressed during both aerobic and anaerobic
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growth conditions, but the expression level is highest
when the bacterium is growing in aerobic stationary
phase or in low oxygen environments [1,2] during
which times it is the primary respiratory oxidase.
Cytochrome bd has a remarkably high affinity for
oxygen [3,4] and catalyzes the four-electron reduction
of oxygen to water. When the reductant, quinol, is
oxidized it releases protons on the periplasmic side of
the membrane. Since protons are taken up from the
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1 50 H19 G28 100
Pa ..M LARIQ.FAFT VS....FiiII FPAITI] S YLA..VLEGL WLKT.NEEVY ...RDLYHFW
Sy .M LSRLQ.FAVT AI.... WPVL IGI YLV..IIEGL WLKTRNLDYY HHAR....FW
HNI .M .SRMQ.FGWT IS. II FASLSI] P F....IIYFT W.KII..... .FAS.L.SIG
VeIl
Ef ~~vmmmmmes o~ ~~~ ~~~..M.FDI .ARIQ.FAMT T...VF.RFF FVPFSIELAL VVA..IMETM YVVK.KEER YRKMAKFW
Bsl LARIQ.FAST T...LF.BFL FVPMSI[ELVF MVA..LMETL YLVK.KNEL. YLKMAKFW
Smc ~~MGVTNTLK PPLTTAVWRC EESEDV..DL .ARWQ.FGIT T...VY.BFL FVPLTIELAA LTA..GLQTA WVRT.EKEK YLRATKFW
ISRWQ.FGIT T...VY.RFI FVPLTIELAP LIA..VMQTL WVVT.DNPA WYRLTKFF
~..MI WSRAQ.FALT A...MY.BWL FVPLTLELGV IMA..IVETI YYRNGKPE WKRYAQFW
WSRAQ.FALT A...LY.RFL FVPLTLELSF MIA..IMETI YVKT.KNE RWKKITKFW
LSRLQ.FALT A...LY.BFI FVPLTLeMTF LLA..IMETL .E.. .VYKDMTKFW
Hi . LSRLQ.FALT A. FVPLTLELSF ILV..IMETI YVATGK.E.. .VYKDMTKFW
StI ~~~~~ ~~m~~ ~m~~~me~~~ ~~~~ M.LDI LSRLQ.FALT A. FVPLTLEMAF LLA..IMETV YVLSGK.Q.. .IYKDMTKFW
~~~..M.LDI .SRLQ.FALT A.. FVPLTL{EMAF LLA..IMETV YVLSGK.Q.. .IYKDMTKFW
~~~~.M.LDI LSRLQ.FALT A.. FVPLTL{€MAF LLA..IMETV YVLSGK.Q.. .IYKDMTKFW
Yp ~~~~~smeas ~.M.FDI LSRLQ.FALT A.. FVPLTLELAF LLA..IMESV YVLSGK.Q.. .IYKDMTKFW
Av LSRLQ.FAMT A.. FVPLTL{EMTF LLA..IMESV YVMTGK.Q.. .VYKDMVKFW
EcII LSRWQ.FALT A. FVPLTLELIF LLA..IMETI YVVTGK.T.. .IYRDMTRFW
RC ~~~~~~~~~~ ~e~~~~eee~ ~~~  MEFGL .SRLQ.FAST A.. FVPLTLELSI LVA. FVMTGR.P.. .IWRQMTKFW
Vel . LSRLQ.FALT A. . FVPLTLEMAF LLA..IMESL YVMTDK.Q.. .IYKDMTKFW
Aga LARIQ.FALT A.. FVPITLELSL LLA..IIWTK WAREEDDERH ILYERIGEFF
ct ...MSAEIL. .ARVQ.FALF I. FVPISLELSM MIV..LMEGL YLFTKKS... .IYKQLTWFW
Tm
BsII ~~~~....M. .AR.SLFGTT MIL..VAELI YQKT.KDD.H ..YAIMAKRW
Af . .MSGGETIID ASWL..LGLS VIIGLLLK.. YSKSGDEDYF KTAKIMT...
StII .. M.EF..DAFF LARLQ.FAFT LA, .VITWWY W.K..... VY G*KRVIL. ..
Hs . MA.LLSPEIA .SRMQ.FGWT .IIYFT W.KDVRTNEQ RYAR.LRS..
Stc MGAVE LSR...F.LT .ISEFI GIK..KNSAP ..FITLAKRW
Bp . MIDLD..VVN LSRFQ.FAAT .. IMESV YVMTGR.Q . IWNKRMTMFW
101 Q70 150 F104 E107 200
L VMAY.QFGT. .NWS.HFSDF .. G..PLLTYEV LTARFL#3.AG FLGVML..FG WNRVGP..GL
L PMAF.QFGL. .NWA.PFSES . G..TVLGFEG TM .AS FLGIML..FG WDRVPP..LI
I PMSF.QFGT. .NFP.QFATI . G..P.LAFEA KMARFL§3.AV FLGVLL..YG RERVAD..RT
I TMSC.NLAL. .TGR.ALCVR . G..PLLGYEV MTARQFM3.AT FLGVML..FG RGRVPE..WL
Ef G...NIF.LL I IQEF.QFGM. .NWS.DYSRF G.AP.LAVEA LLAQFL§.ST FLGLWI..FT WDKM.NP.KV
BsI G...HLF.LI 1 LQEF.QFGL NWS .DYSRF G.AP.LAIEA LLARFM3.SI FIGLWI..FG WDRL..PKKI
Smc G...KLF.LI 1 VQEF.QFGM. .XWS.DYSRF G.AP.LAFEA LIARFF]3.ST FIGLWI..FG WDKL. .PKKI
Mt G...KLF.LI I VQEF.QFGMN ..WS.EYSRF .F G.AP.LAMEG LAAQFF3.ST FIGLWI..FG WNRL..PRLV
Pg Q...KLF.GI I ILEF.EFGT. .NWS.NYSLF V[EDI..... F G.AP.LAIEG ILARFM3.AT FIAVMF..FG WNKV..SKGF
Cj L...SLF.AI I IMEF.EFGT. .NWA.NYSWF .F G.AP.LAVEG IMARFLE.AT FFAVMF..FG WDKV..SKGF
Aca G...KLF.GI 'V TMEF.EFGT. .NWS.YYSHY F G.AP.LAIEA LLARFI§.ST FVGLFF..FG WDRL. .SKGK
Hi G...KLF.GI I IMEF.QFGT NWS . YYSHY F G.AP.LAIEA LLABQFL§3.ST FVGLFF..FG WDRL. .SKGK
StI G...KLF.GI L TMEF .QFGT NWS. YYSHY S G.AP.LSIXG VMSQFX3.AT FVGLFF..FG WDRL. .SKVQ
Ecl G...KLF.GI L TMEF.QFGT. .NWS.YYSHY F G.AP.LAIEG LMARFL§3.ST FVGLFF..FG WDRM. .GKVQ
Kp G...KLF.GI L TMEF .QFGT NWS.YYSHY ..F G.AP.LAIEG LMARFL#3.ST FVGLFF..FG WDRL. .GKVQ
Yp G...KLF.AI L. TMEF .QFGT NWS . YFSHY .F G.AP.LAIEG LMARFI§3.ST FVGLFF..FG WDRL. .TKHQ
Av G...KLF.GI I TMEF.QFGT NWA.YYSHY .F G.AP.LAIEG LTAFL§3.ST FIGMFF..FG WDRL..SKIQ
EcII G...KLF.GI L TMEF .QFGT NWS .FYSNY .F .ST FVGLFF..FG WQRL..NKYQ
Rc G...TLF.GI 1 TMEF.QFGM NWA. YYSHY F .AT LVGIWF..FG WEKL.TARA.
Vel G...KLF.GI L TMEF .QFGT NWS.YYSHY F .ST FVGLFF..FG WDRL. .SKRQ
Aga T...TLF.AI I VLEF.EFGT NWS .EYSKT F .SV FLGVLL. .FG RDRVSP.K.F
ct .IRIFT.L L MQIF.SFGA. .NWS.RFAEY .F .SG FLGVLL..FG RYKV.S.KKM
Tm L, TMEF.QFGT. .NWS.YYSHY .F .ST FVGLFF..FG WDRL. .SKRQ
BsII TKAQAV. . TIAGTQLAL. .LWPG.FMEV M .AL FMSIYV..YA ADRL.SP.AM
Af ...AVL..AI T LVE...FGLV QAWP...... IAT LV.LFIVTLG ..RIRTSYSI
StII SGDRSISSGS L PVRN.EL... ...S.GFSQF .AG FLGVML..FG WNKVGP..GL
Hs ....... I PMSF.QFGT. .NFP.QFATI A .AV FLGVLL..YG RERVAD. .RT
Stc AKGYAI.... .TET TI..TELQLL LL..GRHLET Ag .AI FLSIYF..YT WNRFK.NKWT
Bp G...TLF.GI % od
201 8140 250
Pa HFFA.TUMVA IGTLIETFWI LASN..SWMQ TIOG...... .......... IV..DGRVI. .PVDWLAVIF
Sy HYLA.TILVA IGANLSTFWI LSAN .V..DGKFV. .VQDYFAAIA
HNI YVLS.SVLVG VGAWLEGFWI LVVN MVTRNGMEVA KLTDPVAAFL
VeIl HTLS.TVLVA VGTSLEAFWI LVLN. . . VI..DGVVH.
Ef HVTF.IWLVV FGSMMSAFWI LVAN. YVIN. .NG .E... MV..DFVAV.
BsI HALC.IWLVS FGTIMESFWI LTAN ..FTI. .KNG .E... M..NDFGAL.
Smc HLAC.IWMVS IGTLLSAYFI LAAN ... ..YRINEEKG .E... LT..DFWQV
Mt HLAC.IWIVA IAVNVEAFFI IAAN. AHY. .NPTTG .E... LSSI....V
Pg HLSA.TWLTI IGASLEAVWI LIAN.. . .FNPDTM ..E... M..TDFWAL
Cj HLLS.TWCVA IGSNLEAFWI LVAN .FNPDTA .E. M. .QSFFEV .
Aca HLLA.TYCVA FGSNLSAMWI LVAN. VGSEFNFETM .E. M. .TSIMDLW L
Hi HLLA.TYCVA FGSNLEAMWI LVAN. EFNF] .E. M. .TNFLDLW ...L
StI HMCV.TWLVA LGSNLEALWI LVAN PDXNFETM .E... MV..SFSEL. WV.L
EcI HMCV.TWLVA LGSNLEALWI LVAN. SDFNFETM .E... MV..SFSEL. V.L
Kp HMAV.TWPVA LGSNLSALWI LVAN SDFNFETM .E... MV..SFSEL. ....... V.L
Yp HLAV.TWLVA LGSNFEALWI LVAN SDFNFETM .E... ML..SFSEL. V.L
Av HLAV.TWLVA LGSNLEALWI LVAN. . .AEFNFETM .E... LV..DFGAL. ..LL
EcII HLLV.TWLVA FGSNLEALWI LNAN. TGAHFDIDTL .E... M..TSFSEL. ..VF
Rc HMLV.AWGVA IGSNFGALWI LIAN. . .AVFNPMTM .E... LV..DFFAV. .L.F
VeI HLVV.XXXXX XXXXXXXXXX XXXX. XXXXFNYQTM .E... M..TSFAEVV ... ...L
Aga YAFS.TWMVA IGTNLEALWI LVAN AN IR ..YL..EGGK AYLASFFDAV VNYS.....
Ct HFFS.ACMVA LGAHMEAFWI VCAN. . .YEMVMRNG MLVP..Q... MT..SFWAA.
Tm HLVV.TWLVA LGSNFRALWI LVAN. . .SEFNFETM RM....E... MV..SFADV.
BsII RIVA.VFFVL VGAAABA..V LITNVHAFEG ..AG.... ..FKI..LNG K.I.TD . .V..DPWAA. ...
Af AILA.VYWIF ..AALEG..V LIMSVNSWLV IGTGPIAK SIYPFMPEFG GLAADAQ..K LVILKILAIA SGMPIQAIIQ
StII HFLS.TCMVA LGTLMETFWI LASN..SWMH DL ccee coeeccnnnes sacenan KFT TV.R*SR... ....WIGS~~ ~~~~~msoms ~mmmmoomao

Hs YVLS.SVLVG VGAWLEGFWI
Stc HMIIGL.PVV SGGMLEAF..

12y

FITSVNSFMN Tf§..AG....

Bp

33

Fig. 1. Alignment. These were created using PILEUP in the GCG software package with gap creation and extension penalties of 3.0
and 1.0, respectively, followed by manual adjustment. VC23 is a fragment that must come from either Vcll or Vclll, but which one

is not known.
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186 350 I Q-loop start 400
IMSVAAFL A..TAFFV.G ..ASA..AWH LLRGRDNP.. MLSMAM.WMA LIVAPVQALI GDAHGLNTLE
MFFAT.L ET..SMFVIG ..GIS..AWC ILTGR.QPQ. .. SLQVIL.VVV MAVAPLQIFI G..H.LSA.E
IMMNASVI S..VALLVAG VS..AYLVW. .....KKPDA D. ALKLAV.VLL LVSAPFQAVH GDAYGRH.VE
(TLLASAL T..ASFLIAG IS..AYQ... VLRNAKH Q. GLKVAVSVAA LAI.PVQILV GDLHGLNTLE
IMGAFT L.GGMA.VAG MA..A...FQ LLKKR..... DIS. . GL.WVTLFGS IGVL.L...A GDLQMKALIE
WWIFGALA T.GAF.FIAG VS..A...FK LLKKK..... EV. GL.CA...G. LGV.GL...S GHMQAEHLME
ISFSAAFL TGGAF.MV.G IA..A...FH LMRKK..... HIP. . GL..VTL..A VGGL.LTAVS GDTLGKVMYE
TVSGALL TAGTF..V.A .AVSA ..Y.RPATIL GC.WVAL.AA TAGLLFT... GDHQGKLMFQ
ITISSCWT L.GSVF.ALG VC..G KNIKII.APF GL.AA....S LIT....AFT GDTSAYNVAQ
'ITIGSGYV I.SALF.VMG IS..A KSL.VVGASF GL.VC....S IFL. .FFS GDESAYRVTQ
'TLSAGYV S.AAFF.VLA IS..S. RSFS.VASTF GI.ISVV..S LLIM...... GDESGYEIGY
TLSAGYV T.GAFF.VLA IS..S. RSFS.VAATF GF.IASI..S VLIL...... GDESGYDIGK
TVASGYV T.GAMF.ILG IS..A. RSFA.IAASF GM.AAVL..S V.IV.L GDESGYEMGD
TVASGYV T.GAMF.ILG IS..A. RSFA.IAASF GM.AAVL..S V.IV.L GDESGYEMGD
‘TVASGYV T.GAMF.ILA IS..S RSFA.IAASF GM.AAIL..S V.IV.L.... GDESGYEMGD
TVAAGYV T.GAMF.ILG IS..S RSFA.IAASF GL.ASVL..S V.IV.L GDESGYEMGD
.WTVASGYV T.GAVF.VLA IS..S RSFA.IASAF GM.ASIL..S V.IV.L GDESGYEVGE
TVMAGYV T.GAMF.IMA IS..A RSFA.IGSVF GT.LAIIGT. .LQL. GDSSAYEVAQ
TVSAGYV T.ASIF.VIG VS..A RSIA.VASAF GL.AASL..S V.IV.L GDESGYEATH
TVASAYT C.GAMF.ILG VS..S. RSFA.IAATF GM.AAII..S VIVL...... GDESGYKLGD
MFLAGVI T.GAIF.VAG IS..A... . e ESF.RIAVTI GM.IASL... LQII..... A GDLHGYQVAR
IVVLGAWL S.G.IFLVLS VS..A...HY LRKERHK D...... FAN Q......... GL.KISMFCA FLVLALQLWS ADVTARGVAK
'TVAAGYT T.GAMF.ILG IS..A...YY LLKGR..... DVA....FAR RSFA.IAASF GM.ASVL..S V.IV.L.... GDESGYELGE
.. IWWVLSAFM T.GA.FIVAS VA..A ... E..RVYRFHR KAL.LLAA.. .L...TI.GG IFSL.LTALN GHESAQMLYE
Af IFNPFAAISA .LGALFAAF. SVG..... Vs IALLA LY. .YTGGE K RNL.KAAKVA SLVILVLFL. IQPTILGHFM GD..G..VVE
StII
Hs
Stc
Bp
K251 EB257 450 P289 500
Pl .RFKVEI }4.VLGSLI.L KHSLTEPIPA LKDFPPEDRP
.DWELSI J3GALSYILEL KPQLDKPIQG LKDWAPVDRP
.LFTVSL IG.IGSFLAS GGDFDAEVIG LNEY. .EENP
. ....DFALGI [gN.LASLI.L THDMNGEIVG LDAFAP.DHP
Ef G.. EHKQVFGIDI [YMLS.ILS. YNKLSGSVDG
BsI S.. .A...TIDTK NEKSSNEIKV JHYALS.YLA. YQKFSGSVKG
Smc Q.. G...DVD.K GHNKV.ALEV BGLLS.FLA. HSDFESYVPG
Mt Q.. .GRQNNCDSL ..TRV..IEV BYVLP.FLA. ....EGRISG
Pg K. PAKETPQDDK EA.FLFNVSV JRVLS.VLG. TRNPSGYVPG INNILEGGYV
Cj T. RA . P.KKT.IDNN ESVFLFDITI JYALS.ILG. NRDPNSFVPG IEDLIYGN
Aca A. .P. P....NQAEQ KND..FSLQI HYIAG.VIV. TRSFDKQFSG LIDL. .
Hi A.. . .P. P....NTAEM KND..FAIEI YLGG.VIA. TRSIDKEIIG
StI V.. IIAEW. . .P. P....DQDKQ ENH..LAIQI HYALG.IIA. TRSVDTPVIG
EcI V.. IAAEW. . WP P....DQE.E ETNK.FAIQI BYALG.IIA. TRSVDTPVIG
Kp V.. IPAEW. .. ETQ.P.. AFTLFGI P....DQ.RR RRT..FAIQI MFALG.IIA. TRSVDKQVTG
Yp V. IPAEW . .P. AFTLFAI P....NQETM ENR..FAIQI BYALG.LIA. TRSLDTPVIG
Av V. IPAEW . SFTLIGF P....NEEEQ RTD..FAVKI [SWVLG.IIA. TRSLDEQVIG
EcII V. . PFHVVAW P....EQDQE RN..AFALKI BALLG.ILA. THSLDKPVPG LKNL
Rc N.. IJ2GMW . DTE.E. . .SFNLFGI.. P....DQEAR ET.K.YAIKI J§YVMG.LIG. TRSLTTEMPG
Vel V.. IPAEW. HTE.P .AFTLFGL.. P....NQKEG KTD..YAIKI TRSFDEQVTG
Aga T.. DKW . ETESG..A.. .GLEIVP... ...... Guovh e IEI
Ct H.. AFRPGVF . KTQ....... Y.LLGIV E..RVIGIPI
Tm V. IYSEW. .. HTE.P AFTLFGI RTD. .YAIKI
BsII Y. LFET. .......... A..IGGFTD EKVK.WAIEI .
Af MM .NAK ET........ .I ...ALVAYGD PSR....... .......... 4. ... IVGF D.EFERQCNS LGDAELGDLA
StII
Hs
Stc
Bp

. .KALQE Q.. ..
IRDLQQEYQQ R. .. . GPND.. .

GRRAIMALND YSKAKQ A GDMEAALQHK -KNDIVPPVG

.EPMONRIDR GKIAIQTLKD YKLAKE...N NDTIAMANHK .PSDTIPPVA

....RVRS GIQAY.ALLQ QLREEK...K ANGQASEETK . A.ADTIPKVA

.RVRS GIRAY.ELFT QLRAEK...K ANGQVNEETK AQFNEV. .ATEEQIKQA A.RDTIPNVG

.RFRN GMKDY.ELLE QXRA.. GSTDQA..VR DQFNRM. RYTPNVTD .ATEAQIQQA T.KDSIPRVA

.RIRN GMKAY.SLLE QLRS. GSTDQA. .VR DQFNSM. RYTPNVAD .ATEAQIQQA T.KDSIPRVA

.RIRN GMKAY.ALLE QLRA. GSTDQA. .VR DRFNDV. RYTDNVLD.. .ATEEQIALA A.KDSIPAVA

.RIRN GIQAY.SLLE QLRG...... GNTDPA..VR DAFNKA. RYTENVAD.. .ATEEQIQLA A.QDSIPRVL

.RIRN GMVRYG.LLE .. GNKSPEKIA. .AFNEV. KYTPNVVD.. .ASEEQIKQA A.KDTIPSVA

.RLOR GRMAWL.LMQ .Q GNREP..HVL QAFRGL RYAP...DMN HVTAAQY.QA AMRGAIPQVA

...RIRS GVIAYDALL. .. AKGDVAPEVK DTFEAH .. TTVVEDPK LATDAQISEA AWK.TVPQVA

.LRIRN GMVAY.QLLE . .GDASVETQ RKFEQT RYTDTITD.. .ANEAQIQQA A.DDSMPTVW

.....KIAK G........ E EV. GE........ DELPEL QFAGR. .QSL YITEEEIP.P TW...IP...

........ Q. ...... .PKDEWPNVA FVFQ......

.................... AF........ \PRDEWPPL. ..F....... ......t0itt tiiivnnnns cnvnnnnean vene-o.IH

Af GQLGIT.MDA AIATAKQV.. GVKVGSE..E ......IQNA WNTE...... LRQI.... ....... CL. ...... ADLK KAESR..... ..... IAVVH
StII
Hs
ste
Bp

Fig. 1 (continued).

cytoplasmic side to make water [5-8], an electro-
chemical gradient results that is available for various
processes such as the production of ATP, membrane
transport and flagellar motion [9-11]. Sequence

alignments clearly categorize the cytochrome bd oxi-
dases as unique and not homologous to the super-
family of heme-copper terminal oxidases that in-
cludes cytochrome ¢ oxidase [12,13]. In contrast to



Aca

x
=

stI
EcI

the heme—copper oxidases, cytochrome bd oxidases
do not pump protons [14]. The fact that the enzyme
does not pump protons may contribute energetically
to its high affinity for oxygen and high catalytic effi-
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Q-loop end | M393 650
«.. .RIBAGLGML M.ILVGVWSL .WLRWR.
.RIGVAIGLF FAALMAVTVL Q...WL..R.
. .RFRVGLGFL FIGL.ALW.G G...YLTYR.
.RVEVGVGVL M.LLVS.WFG A...WRVWR.

RK.

.RIBVGLGML FILLF...LM
.HIBVALGSF FFLLF...IV

.AILL...LM LLAFVQNVR.

.LIAL LT FGAFVQNLR.

FLLLA...II ALSFWSVIR.

FLLLA...II ALSFWSVIR.

II ALSFWSVIR.

II GLAFYNVVR.

LF VCAFWASARK

VM LIALVQTLR.

LI GYMFFT..S.

.RIRAGFG.A LMLLVAA..L GL.FFTRKK. ..KPSLY.
.RIQPVGAG.V VMIL.AA..L GGLWLNRI KoL
. .RWSIGFGMA ...SFSLGLL GL.WLTRKRF LLPPALRTGE
.. .RMQIGL.MA IPVLFA..LI AL.WLTR... .
..A.WL.LSF KPEKFSKM. .
. .TLYLTMAN DIEKFRKV..

DK..LFN.SK
LKPEIISQQK
.R...LTEST
.KP....LPK
.E. ....K

=R OR R R

IMLF...VF GAALLQTCR.
FFFAF...IT e
MVLLA...LI A..F...... ....AVYK KKSWSCK.KG
S P VG.. .MLLILYSI ......VLK KDRFPT.
AAYYT.KIAF GVIGFVSAIA LFAHFRKLPL LSSLVDRILG RRAGLILPIG VFL....... e
701 G447 W4S1 750 800
. .AFLRLTLL DASSA.QSVT ..QM...SLT LLTFV.VVYF LSF.GVG.I. ...GWMMRLV
. .WLLRAWVF E..SASN.LP PGEILF.SLT GLSVM.YIVF L....IATLY .F.G..SRII
. .RYLKSMIA AS...PFGYA EAVSS..TLT GTE..A.TLT LVGFV.VL.Y IAL.ILTALY VL.KW...LI
.PYMYALIG MT...FSGWV EAVT..P.VA SSSVGI.SLT L..YL.IT.Y
MLWIV..ALC .TFA.PF..L QSVSPNVS.. VASLIT.SNV I....YFLLF
YLRIM.IAL. ISF..PF..L QSVSPNVT.. AGSLL.FS.I IAFGVMYMI.
Y.WLL..ALW .TMAFPL..I DAVSPGVS.. TAEVII.SMS V....FTLLY
FSWL...AL. LTM..PAPFL LTVKAGVSDH SATVVATSL. ...LMFTLVY AVLAVI.WCW LL....KRYI
.RWFHMIAI. VCMPLAW..V AAVS.KLE.. AGSV....I. ITFFVFLVLF .SALLVAELN IMRKAIKK..
.LW...VCL. LSIPLGY..I IAAT.QL... .GKV...NVQ ISFWIFAVLF .TALLIAEVK IMLTQIKK..
RPLLLKALLG .GLPLPW..I VSAS.KLA.. PGDLWF.SIG L.IC...ALY .TLFLVVKMY LTF.
IPLLLKVLLW .GLPLPW..I VSAS.NLS.. TGDLWF.SIG L.IC...ALY .LAFIIVEMY LMF.
. .WLLRAALY .GIPLPW..I VVNS.SLT.. VGDLLF.SMS L.ICG...LY .TLFLVAELF LMF.
WLLRAALY .GIPLPW..I VANS.SLT.. AGDLIF.SMV L.ICG...MY .TLFLVAELF LMF.
. .WLLAAAFY .GLPLPW..I VANS.SLT.. AGDLIF.SMV L.ICG...LY .TLFLVAELF LMF.
. .WLLRAALY .GIPLPW..I VANS.SVT.. AGEILF.SMA L.ICG...LY .TLFLIAEMY
.PWLLKFALY .SLPLPW..I LSAS.SLS.. TGDL.WGSLI ALI....AFY .TLLLVVEMY
WVLKMALW .SLPLPW..I SAHS.ALT.. TGQLAF.SLI MIV....GLY .TLFLIAEVY
WALRVAVF .AIPVPW..I LSVS.NLS.. ....IW.DVV LTLAGFVILY .TVLLVIEIR
KPWVLKAALW .S
RRWLLKLFFY .SIPLP..IV ANIL[SSIVAE DAASP.LP.. AGQIL.TSII L....FSSIY FIVFLIF.LG LMVQKVIKGP
ILWILS...F .SVLCPE..L CNEI[gQISTE DATSPIVN.. AGQ.IWQSLI L....FSIIF ICLLSVF.VS LLL....KKI
WLL..IIF .MTAGPFSLI GIEHESYIFAC IY. H....LLKTS DVVT...T.. TGSI....GV LFLF.FTFVY AVLGAAV.VY VLL....YYF
......... G AAVP.....S VL..[EYVRE . ...GILYP.E ELVIV.VGY. .GRSF..EFA VFMGVIIAAI AAFGMV.SMY FVATRGYRYL
801 850 863
RKG..P..V. T...HEG.RE TNPGGAGQK. RTPARPLSAA GEGFDEEHDG HAQAADRDQD KRN
RNG..PD.L. TLPAPRG.SE ASLWGTVTKH ETNRRPAEIA ———
R.G...E.LR SL....GVQE SSA.G...RW RGPL.PWVTS
KTGHAPQ.V. S...PSSTKA AL
RKGP...... ..... DYEAK KL.AKENEP. ALDPFDK.GV
KKG..... AE HDNHHDV... ........ PV STDPFSQE.V B
KAGP...... ..... P.E.. .L....TE.A DLNPPTKIG. ..GDLRDADK ..PMAFSY~-~
VEGP...... «eovuvnenn L.....E.H DAEP....AA .HGAPRD.DE VAPLSFAY~~
GP..ET.E ——
. .GF..DA.H AGHTPLMGKG EK —
RLGP. .SALK TGRYY.FEQS SK .
RLGP. .SALK TGKYY.FEQS AK -
RLGP..SSLK TGRYH.FE.. .....QSTVT SQPAR ——
RLGP. .SSLK TGRYH.FE. . . .QSSTT TQPAR~~~~~ ~~~m~~~m=~
RKGP. .SSLK TGRYH.FE. . ..QSSAA IQSAR
RLGP..SSLK TGRYH.FE.. .....QPTAP VQEAR
RLGP. .SSLH TGRYH.FEQL EQHAVKHASP SQ.ADPQQPV
RLGP..SAMQ S...... EQP TQQQG
RKGP...... T...HDIEVV EAWAAKRRPL TQPAE~~~~~ ~~~mmmmmmn ~~mmmmm
KR.P..EEVA
GEGP. .DEQD LIEV.DL~~~
RKHPVDEDLN TAE!
FRGDENE~~~

Fig. 1 (continued).
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ciency [15]. In general, relatively little is known about
what advantages using a cytochrome bd terminal ox-
idase instead of a heme—copper oxidase confers on
an organism. In E. coli, cytochrome bd may be im-
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Table 1
The reported sequences for cytochrome bd
Organism Abbreviation Domain Classification Q Ref.
E. coli Ecl Bacteria D. Proteobacteria (Sc. gamma) Yes a
Ecll Yes b
A. vinelandii Av Bacteria D. Proteobacteria (Sc. gamma) Yes c
H. influenzae Hi Bacteria D. Proteobacteria (Sc. gamma) Yes d
A. actinomycetemcomitans Aca Bacteria D. Proteobacteria (Sc. gamma) Yes e
K. pneumoniae Kp Bacteria D. Proteobacteria (Sc. gamma) Yes f
S. typhimurium Stl Bacteria D. Proteobacteria (Sc. gamma) Yes g
StIl - h
Y. pestis Yp Bacteria D. Proteobacteria (Sc. gamma) Yes i
V. cholerae Vel Bacteria D. Proteobacteria (Sc. gamma) Yes ]
Vcll - ]
Velll - j
P. aeruginosa Pa Bacteria D. Proteobacteria (Sc. gamma) No k
R. prowazekii Rp Bacteria D. Proteobacteria (Sc. alpha) - 1
R. capsulatus Rc Bacteria D. Proteobacteria (Sc. alpha) Yes m
B. pertussis Bp Bacteria D. Proteobacteria (Sc. beta) - n
C. jejuni Cj Bacteria D. Proteobacteria (Sc. epsilon) Yes o
M. tuberculosis Mt Bacteria D. Gram-positive (Sd. High GC) No ]
S. coelicolor Smc Bacteria D. Gram-positive (Sd. High GC) No P
B. subtilis Bsl Bacteria D. Gram-positive (Sd. Low GC) No q
BsII No r
S. carnosus Stc Bacteria D. Gram-positive (Sd. Low GC) - s
E. faecalis Ef Bacteria D. Gram-positive (Sd. Low GC) No ]
C. trachomatis Ct Bacteria D. Chlamydia No t
P. gingivalis Pg Bacteria D. Bacteroides and Cytophagales Yes ]
Synechocystis sp. strain PCC6803 Sy Bacteria D. Cyanobacteria No u
T. maritima Tm Bacteria D. Thermotogales - ]
A. aeolicus Aqa Bacteria D. Aquificaceae Yes v
H. salinarium Hs Archaea F. Halobacteriaceae No w
Halobacterium sp. NRC-1 HNI Archaea F. Halobacteriaceae No X
HNII No X
A. fulgidus Af F. Archaeoglobaceae Yes y

The abbreviations denote the different cytochromes bd, and are used in the text and in succeeding figures. Ypl and Yp2 refer to two
non-overlapping fragments. The classification follows that of Woese in [104] and [105]. The abbreviations used in the classification
stand for Division (D.), Family (F.), Subdivision (Sd.) and Subclass (Sc.). Q indicates whether or not the sequence contains a 60-ami-
no-acid region towards the C-terminal end of the Q-loop. (-) indicates that this portion of the sequence is not available. The sequence
references are as follows: *GenBank: ECOCYD, D90713, ECAE000176, [71-73]; PGenBank: S63811, D90713, ECAE000176, [71,72,
87, 106]; °GenBank: AVICYDAB, [25]; 9GenBank: HIU32787, [107]; ®Actinobacillus Genome Sequencing Project, personal commu-
nication; fGenBank: KPCYDAB, [108]; 2Genbank: AF001503, [17]; "GenBank: SYTRES, [109]; ‘These sequence data were produced
by the Y. pestis Sequencing Group at the Sanger Centre and can be obtained from ftp.sanger.ac.uk/pub/pathogens/yp; iSequence data
were obtained through early release from The Institute for Genomic Research at www.tigr.org and/or through NCBI at
www.ncbi.nlm.nih.gov.; ¥*GenBank: PACIOAB, [22]; 'GenBank: RPCYDB, RPZ82486, [110,111]; ™http://capsulapedia.uchicago.edu/
capsulapedia/Searches/BLAST.shtml; /GenBank: MTCYO0I1B2, [112]; "These sequence data were produced by the B. pertussis Se-
quencing Group at the Sanger Centre and can be obtained from ftp.sanger.ac.uk/pub/pathogens/bp. °These sequence data were pro-
duced by the C. jejuni Sequencing Group at the Sanger Centre and can be obtained from ftp.sanger.ac.uk/pub/pathogens/cj; PThese se-
quence data were produced by the S. coelicolor Sequencing Group at the Sanger Centre and can be obtained from ftp.sanger.ac.uk/
pub/S_coelicolor/sequences; 9GenBank: D83026, [113,114]; "GenBank: AF008220, [113,114]; °GenBank: STAPTSIA, [115];
'Chlamydia Genome Project, personal communication; “"GenBank: D90904, [116]; YGenBank: AE000736, [105]; YGenBank: HSTBP,
[117]; *GenBank: AF016485; YGenbank: AF2297, [68].
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Pg ~~~~~~MMEY AL.. LQHYWWFLVS LLGALLVFLL FVQG...[€0S FLFSL....G .ELT QKMMVNS.
j LOIYWWLILS LLGGLLVFMF FVQG...[E€QT LIDEL....S .ELE KTMLVNS.LG RKWE...... ..........
.RFIW.WL.. LVGILLIGFA VTIDGFDMEVG ...MLTRFLG R...NDTE.. RRIMINS.IA PHWDGNQVW. ..........
.RFIW.WL.. LIGILLIGFA VADGFDMeVG .MLTRFLG R...NDTE RRIMINA.IA PHWDGNQVW. ..........
.RFIW.WL.. LVGVLLIGFA VTDGFDMEVG .MLTRFLG R...NDTE RRIMINS.
.RFIW.WL.. LIGVLLIGFA VTDGFDMEPG ...ILLRIIG K...NDTE RRIMINS.
~~~SS.W... ....... GFA ITDGFDMEVG A...LVPIIG K...NDNE RRVMINS.
.RFIW.WV.. LVIVLLIGFS VTDGFDMEVT A...LLPVIG K...KEVE RRIMINT.IA PHWDGNQVW
.RFIW.WL.. LIGVILVVFM ISDGFDMEIG C...LLPLVA R...NDDE.. RRIVINS.VG AHWEGNQVW. ..........
.RFVW.WI.. LVCVLLIGFA VTDGFDMeV. ..LSLLPFTG K...KEVE.. KRIMINT.IA PHWDGNQVWF FIAMILVLAA
AV ~~~~~~MFDY ET..... L .KLVW.WG.. LIGVLLIGLA LTDGFDME.. .AMALMPFIA K...TDNE RRVAINT.VA PHWDGNQVW. ..........
Rc ~MILHELLSY DL..... L .RVIW.WV.. LLGVLLIGLA ATDGFDMEVA ...ALNPFVA K...SDAE RRVVINT.IG PVWEGNQVW. ..........
...LW.FV.. LIGVLFSGFF FLEGFD] G ...MAVQTLA H...NDDE.K DQVVAT..IG PVWDGNEVW. ..........
LHDLW.FI.. LVAVLFVGFF FLEGFD! G H...NELE.R .RVLINT.IG PFWDANEVW
.HDVW.FV.. LIAVLWTGYF FLEGFD! G R...NRAE.K .RVLINT.IG PVWDGNEVW
LQELW.FG.. VIAALFLGFF ILEGFD! G HVGMGDPETH RRTALNT.IG P! NEVW. ..........
NS.IA PFWDGNETWL V.........
LPLIW.AV.. IIIFGIMMYV VMDGFDLEIG M...LYPF.F KD..... SGD RDVMMNT.VA PVWDGNETWL V.........
LPEIY.LL.. LLGFTVFMYA VLDGYD! G I...L.LP.R ND. .VAQ RDRMIAS.IG PFWDANETWL V....... .
LPQVW.FF.. ILGLFLFLYV LLDGFD! ‘G I...LSLT.A SS. .EER RSILMTS.LG NVWDANETWL V..
LPVIW.FV.. LLGFIIAMYA ALDGFD! G I...VYPFLA KD. .EEE KRILLNS.IG PVWDANEVWL I..
Ct ~.MEFSLAT. .I.....L.. .PVVW.YV.. ILCIAVFAYS LGDGFDL{ELS ...TIY.FLS KD. .EKE RRLLLNS.IG PVWDGNEVWF V..
HNI MTDPLIPVDT YL.....VDS LPEVWFGA.. VV..FALGMY IV.GFDF€IG MLYA...... .TRTDEHERE LDTFL.AAFG PVWDANEVWI VAF.......
BsII EIST.DALIA ISIIWGFVF. .I...... YA VMATMD] G FWSMI..YLN KEHMKATD.. ...IANRFLS PTWEVINVFI VA........
150 200
VTFGGALFAS FYSTSFG GAYWVWM... .LILFCFIIQ AVSY.EYQSK .HGNVW.GRK TYQIL....L FING.VLAPV LLGTAV.STF
VLFGGAAFAA LFYSTSFG GAYWAWL... .CILFCFILQ AVAY.EYRKK .ENNVY.GSK TYEIF....L KING.YLGVF LIGVAV.SSF
~SLSGLIPPL LFGVAFGN.L
ITAGGALFAA AAAF. SGFYVAM..I .LVLASLFFR PVGL.DYRSK IEDPRWR. .WGV FIGNF.VPPL VIGVAFGN.L
ITAGGALFAA AAAF. SGFYVAM..I .LVLASLFFR PVGF.DYRSK IEDNRWR. ....WGI FVGSF.VPPL VIGVAFGN.L
ITAGGALFAA AAAF. SGFYVAM..I .LVLASLFFR PVGF.DYRSK IEETRWR. .WGI FIGSF.VPPL VIGVAFGN.L
ITAGGALFAA VYATSF. SGFYLAM..I .VTLAALWLR PVGL.DYRSK IESTKWR. . ..LAI SASGF.IPPV IFGVAFGN.L
LTAGGAIFAA IVYAVSF. SGFYIAL..V .LVLAALFLR PLGF.EYRAK IDNPTWR.SV . .WGL FAGGF.VPAL VFGVAFGN.L
ILAGGALFAA VYAAAF. SGFYVAM..I .LVLCSLFFR PLAF.DYRGK IADARWR.KM . .GL VIGS.LVPPV VFGIAFGN.L
LTAGGAMFAA [LVYATSF. SG.... ce e . c eenens YRAK IDNPTWR.KA .WGL FIGG.SAPSL VSRV*WEN.L
ITAGGALFAA WVYATAF. SGMYWAL..L .LVLFGLFFR PVGF.DYRSK LENKKWR.DM . WAL LL.QVRLPAL LFGVAFAN.L
ILGGGAIFAA [PLYAVSF. SGFYLAM..F .LVLAALILR PVGF.KYRNK RESAVWR.TR . ....WAL VVGGA.VPAL IFGVAVGN.V
~~~~~~~~~~ ~~~~~ATSF. SGSYLAM..I .VTLCALWLR LVGL.DYRSK IESTKWR.NN .WDL....AI SASGF.IPPV IFGVAFGN.L
LTAGGAMFAS FJYWYASLF. SGYYLIL..F TI.LFGLIIR GVSF.EFRHN MPEGKRR.RM .WN....WTL SIGSFLVP.F FFGILFIS.L
LTGAGAIFAA FgNWYATM.L SGYYI. F VIVLLALMGR GVAF.EFR.. ...GKVD.HL KWVKVWDWVV FFGS.LIPPF VLGVLFTT.L
LTAGGATFAA F|JEWYATLF. SGFYLPL..L VI.LVCLIVR GVAF.EYRVK RPEENWQ.R. NWETAIFWT. ...S.LIPAF LWGVAFGN.I
ITAGAAIFAA FlFGWYATVF. SALYLPL..L AI.LFGMILR AVA.IEWR. .. .GKID.DP KWRTGADFGI AAGSWL.PAL LWGVAFAI.L
.GGGGLFAA FLAYSILMS AL.YIPII.L ..MLLGLIFR GVAF.EFRFK AHIG..H.RC IWDY....SF HF.GSMLAVF CQGLMLGT.F
.GGAALFGA FJLAYAVVLS AL.YLPLI.F ..MLVGLIFR GVAF.EFRFK AKPAKQH IWDK....AF IG.GSLVATF FQGVALGA.F
-AVGILLIA FiFTAHSLIFT EL.YLPTA.L ..MLIALIMR GVAF.DFRAK AK..ADH.KD HWDL....CF KI.GSLLAAL TQGYMIGR.Y
-MGGSLFGA FZLAYATILN AL.YLPAV.I ..MVVGLILR AVSF.EFR.. EN..ANR.KL VWNI....AF GV.GSFLAAL GQGFALGS. .
. .AGGALFAA FRVAYATLQS GL.YLPVI.L ..ILFMLILR AIGI.DYRGK MPTPALK.KT M.DM....VF FL.GSLGVTF LFGLTLGN.V
MFAG. .LFAG FETAYGTLL. SIFYMPI... WTMVMLYIFR GCSL.EFRSK AE..SNRWKL FWDVL....F SISGMSI.SF FLGTLAGN.L
GTMLLAA FlgRVYSRLLA DNYLLALGFV ....VALVFR GLG.PELREQ REDER. . .WKRYTDYAF .VGGSVFAPL LLGMLAGRWL
BSII .......... IVV..ALFSF Fy...GATFV LGTVL.LIPG SMILLLLAIR S.GFLVFSNT AKE...RK.. ..TLRYISG. .ISGFIIPAI L..ILV.LPV
201 250 300
Pg FTGSSFVVNK MAMFDLSGGN QIVSAWQPFN GWQLRGLEAV LNLWNVVLGL AVF..FLARV SALLYF.INN IDDES.LYAA AKR. RLWANTVAFL
Cj FSGSEFILNE ......... H NFVS.WQ..N ..PLHGLELL LNPFNYLLGL ALV..FLARL LGAAYF.MNN INDEN.IKIR AMK. . KLMINSILFL
Yp2 ~NPCGWLDGI VSL..TMLVT QGATYLQMR. .TRGERHLR SRKAAQI... . SALVMSV
Ve23
VeI MHRLPFSL. . LL.MV..DYH GS....FIDL ITPFSVLSGG IGV..LMALV QGSAWLTLK. ..TSDILHKK ARLTAQI... . SVLCLFG
StI LQGVPFHV.. YLRL . .FFQM LKPXGLLTGI VSV.GMI.IT QGATYLXXR. ..TVGELHLR ARATSQI. -AALVTLV
Kp LQGVPFHV. . YLRL . .FFQL LNPFGLLAGI VSV.AMI.LT QGATYLQOMR. .TVGELHLR TRSVSTV. . PALVTLI
EcI LQGVPFNV.. ........ DE YLRL...YYT GN....FFQL LNPFGLLAGV VSV.GMI.IT QGATYLQMR. -TVGELHLR TRATAQV.. . .AALVTLV
Ypl
VcIII LQGVPF....
Hi LQGVPFHF.. .FFEL LNPFALLCGV ISLS..MLVT HGANWLQMK. ..TTEALRDR ARTVSQIG.. ....SIVTLI
EcII LLGVPFAF.. .FWQL LTPFPLLCGL LSL.GMVIL. QGGVWLQLK. ..TVGVIHLR ....SQL..A TKRAALLVML
Aca LHGVTLEL. . . .FFGL LNPFALLCGV ISLA..MLTT HGANWLQMK. -TTSELRAR ACVISQVG.. ....ATVTLI
Av FLGLPFRL. . .DE TMR.T..HFE GS....FFSL LHPFALLAGV VSLS..MLCA HGGSWLMLR. .TEGDLYER SCKATRL... ...SAIVFLG
GNPLTKLLGL LNPFALFVGV VSL.SMH.IA HGAAWLVLK. ..TEGAVQAR ARRIGSW. .. .AGVLTIV
GS....FFGL LNPFALLCGL VSL..FMTLL QGSAWLQMK. .TTSHVHQR ARNVAQL... ...TGLLTAV
. GNMHAQFTDY FNLFSIVGG. VAL.TLLCYL HGMNYIALK. ..TEGPIRER ARNYAEILYG VLYIGLV..V
.NIHAHVSDY INVYSILGG. VTV.TLLCFQ HGLMFITLR. .TIGDLONR ARKMAQKIMG VVF...VAVL
GSV....WDL LNPYALLGGL VTL.TLFTF. HGTVFTALK. .TVGEIRER ARTLA..... .LRVGLVTAV
. GHVALSIPDV LNAYTLLGGL ATAG.LFS.L YGAVFIALK. .TSGPIRDD AYRFAVWLSL PV.AGLVA. .
.QFAGGSFDF LTPFSVMTGI ALIF.GYALL .GATWLILK. .TENKTQ.. ..DWAYKSAL YILFY....V
. SFAGGSLDW IAPFPLFCGL ALIV.AYTLL .GCTWLIMK. .TEGRLQER MHDLARPLAL .VL...... L
A.FA. e e .VLSAL CVAA.AYVYI .GGAWLVLK. .TEGELQ.V VPRVG. ..RV KQDGW R
V. LE.. GHFAGTMWDW LTWRSVIVAL TLIQ.GYVLI .GSTYLILK. .TEGELQKT YFKTA...AI AT..W T
IKGLPVKLVE KELYGEVVK' CSYTGLLINI LDPYALLVAL .LTV.SFVAM HGAIYAAYV. .TNGDLSHR AASLAKKL. . ...W..FNS
Ct LVGFPI.... . SSLSWKLF.. FRPYPVLCGL FVV.TAFAL. HGISFALMK. .TTEG.LHER LKN..KFSY. VLSSYLVLYL
HNI FAGATLPVVL . P G e VGL VAVS....IV TG..FLAAK. ..TDSGLASE LRSYG..... .. .VGAAATV
BsII THG.GF.IEK T..DGI.... LNMS .KIFSS PNAYSFI.GF AILSTLF... ..LSSLLLAD FSNVAEEQDA YRAYRK ...SALIT..

Fig. 2. Cytochrome bd subunit II alignment. Created using the same parameters as in Fig. 1.

portant during the transition between anaerobic and
aerobic growth conditions, presumably scavenging
deleterious molecular oxygen and other reactive oxy-
gen species from the cell [16]. Other intriguing roles
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of cytochrome bd are also slowly coming to light.
For example, in the alimentary tracts of young chick-
ens, non-virulent strains of Salmonella typhimurium
must have a functional cytochrome bd in order to
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Pg IFFLAYIAFL LTTEGFAV.. ......... N PVSKEVYMEP YKYLYNFLD. MPAVLAVFL. LGVILV.LG. GI.GLTLLRK GFKRGIWLHG TGTVLTVLAL
Cj PFFLGFLAWI FLKDGFSV.. ....... DTN GV...VSMSA NLYLYNFLNQ M..IFAVLLV IGVILVLLG. MVQG.T K GCSKAIFTLG LGTVLTVFAL
Yp2 AFLLAGIWLV KGIDGFVITS VLD.TAAESX PMRKEVAHQA GAWLINFNKY PILWAL..PA LGVILPL..F TILLS..... RFEKGAWAF. LFSSLTIACV
ve23 A LGVSMPL..L SVLAS..... RLDKGGLAF. LTSSLGNAGV
Vel LFIIGG.FMV HGMNGYLIVS SLD.YNAISN PLNKVVFQQA GAWLTNFERY PWMWFA..P. MGGLMMA..M . VCASVTNACI
StI CIALAGVWVM YGIDGYVVTS AIDHHTA.SN PLTKEVARET GAWLVNFNNA PILW.LV.PA LGVVLPL..L . LFSSLTLACI
Kp CFALAGVWVY YGIDGYVVKS VMD.HTGPSN PLTKEVAREA GAWMVNFNNM PALW.AI.PA LGPWLPL..L . LFSSLTLACI
EcI CFALAGVWVM YGIDGYVVKS TMDHYAA.SN PLNKEVVREA GAWLVNFNNT PILW.AI.PA LGVVLPL..L . VFSSLTLACI
Ypl
VeIll
Hi AFVLAGVW.L YSKDGYVVTS TIDHF.APSS PMNKEVAVET GAWFRNFNEM PILW..IFPA LAVVAALL.. ..... NAAFS KANRCGFAF. FFSALTMAGV
EcII CFLLAGYWLW VGIDGFVLLA Q.DA.NGPSN PLMKLVAVLP GAWMNNFVES PVLW..IFPL LGFFCPL..L TVMA..... I YRGRPGWGF. LMASLIQFGV
Aca AFVLAGVWLS F.KDGFVVTS VIDH.NAPSN PIGKEVAVQA GAWFNNYKEM PILW..LFPV LAVGGALL.. ..... NAIFS KANRCGFAF. LFSSLTMAGV
Av CFFICGLWLL LGIEGQNLVD NFDPNVA.LN PLTKQVTLDN SGWQTNYVRY PL..TQFAPL LGLVG..GAL ALMGAQT... .. KRNGLAF. LGTSLAIIGA
Rc TFALAGVWLA FGIPAYQFVT APDP.LGPSN PLLSEVVR.G GSWIDAYQTR P..WIAVAPA L.AVLGLGGA VVL.MR L.WSGWAV. TASMIGIFGV
Tm CFVAAGFWVQ H.IDGYMIVG AIDGNAA.SN PL
Ef .FAV....LM Y...... FKT ..DFYE..KN .F..AVT... ... LI..... .... LTLAIV VLTVIA.N.V GVFKRK.... .... EMLAF. LASGLTLVVL
BsI AFA....AL. .....SAYQT ..D....... MF....T... .....oonn RRGEITIPLA VLIVICFMLA AVFIRKKKDG WTFG.M.... TGAGLALT..
Smc .LALA..FLL W...... TQA ..DSGDA.KS .L...VA... ... LV..... ... VAVAAL VAALMA.NQA G....R.... .... EGWSF. ALSGVTIVAA
Mt GFG...... L WTQL..AY.. GKDW..... T WLVLAVAGCA QA ... AAT VL........ . . MCTLIVVAAV
Rp ALFMG.L.VS LSAPFLNNYI NHRWFS.... ......... M PN.I..Y.YL SII..PIITV LI.FIKLI.. ..... . IY..TILLFL
Pa AI.IG.V.VS LWTPLAHAEI AARWFS.... ......... L PN.L..FWFL P.V..PIL.V LVTFYALL.. ..... . VL..TLVLIF
VeIl R
Sy TLAGA.VFIT ISTPAFSEEA RAQLFT.... ......... A PL.V..YIF. AAI..PLVGL LFIGL.LL.. ..... RSLYL R..EENTPI. IW..TFLVFS
Aga ALLY..LIVH ILTMIYHPLL IKNYFT.... .......... .R.M..FIF. PAL..PI..V IVAFITII.. ..... VALNR Q. .KYSLAF. .WSSTAMIF.
Ct SLLIATI.L. .GMP....QT PG.IPAY... PLI...... I LLSVVTLSCC .YAEKRAV.. SIGKYGKAF. VLSC...INL
HNI AY.LGGVVVL LGT....... .. GGAASAVLSL PV...AAVVA LSIVAGLGG. SVLARRGRYR ....... AW. LASALALP.T
BsII ....GPISLL FAV..CIMVT N.WLYSGMMN DFSWI.IASF ITFVIA.GIA LFLPNKSFGQ NIGKPRLALV ...AIGIQYF
401 450 501
Pg LLVAGWNDTS W.YP....ST YDLQ...... SSLTIENASS SHFTLKVM.. SYVS..LLIP FVLAYIFYA. WRALD.I RKITKKEM EQDDHVY-'--'-
Cj LSSIGLGQSA F.YP....SL SDLQ . SSLTLKNASS SYYTLSVM.. AYVS..LLVP FVLAYIIYV.
Yp2 ILTAGXX... . XFPFVMPSS T VSLTMWDATS SLLTLKVMT. ..IVAIIFVP IILLYTSWCY ..
Vc23 IFTAGFA... .MFPFVMPSS L HSLTMWDATS SQVTLELMT. ..VVAVVMVP IILGYTIWSY .
Vel ILTAGFA... .MFPFIMPSS F HSLTLWDATS SERTLNIMT. ..GVAFVMLP IILFYTAFSY .. ERNHHSLY~~~
StI ILTAGIT... .MFPFVMPSS TMMN . SLAMWDATS SQMTLN.LM. TWVA.AVLVP IILIYTSWCY ....MF.. GR..IAREHI ESNTHSLY~~~
Kp ILTAGIA... .MFPFIMPSS .SLTMWDATS STLTLN.VM. TYVA.IVFVP IILAYTTWCY WK....MF.. GR..ITREDI EKNTHSLY~~~
EcI ILTAGIA... .MFPFVMPSS . .SLTMWDATS SQLTLN.VM. TWVA.VVLVP IILLYTAWCY WK....MF.. GR..ITKEDI ERNTHSLY~~~
Ypl
VeIIl
Hi IITAAVS... .MFPFVMPSS S. QSLLMWDSTS SELTLTLML. ..IFAVVFVV IALAYTIWSY SK....MF.. GR..LDANFI DKNKHSLY~~~
EcII IFTAGIT... .LFPFVMPSS .. SSLTLWDSTS SQLTLSIML. ..VIVLIFLP IVLLYTLWSY YK....MW.. GR..MTTETL RRNENELY~~~
Aca ILTAAIA... .MFPFVMPSI MSLLMWDATS SKLTLTLM.. .FFLSLIFVV ILLSYTIWAY YK....MF.. GR..IDSSFI EDIKNSLY~~~
Av ILTAGFA... .CSRSVMPSS SSLTIWDAVS SQKTLGIML. ..IVAIIFVP IILGYTLWCY WR....MW.. GK..LNDQTI EANPHGLY~~~
Rc ISTVGLS... .MFPFILPSS .. .SLTVWDSSS SQMTLF.IM. L.VSTVIFMP IILAYTSWVY .KV...LW.. GK..VRPEDI SRNPNA.Y~~~
Tm
Ef VALLFSG... .LFPRVM... .. IGS..EGF .DLLIKDATS TPYTLK.IM. TWIS.LSILP FVLAYTAWSY Y..... IF.R KR..I.SQTA
BsI VGMIFIS... .LFPRVM..V SSLHS...AY .DLTVANASS GDYSLK.VMS ..IAALTLLP FVIGSQIWSY Y..... VF.R KR VSHKE
Smc VAMLFLT... .LFPNVMTST ..LNA..D.W .SLTVTNASS SAYTLK.IM. TWLA.VIATP VVLLYQGWTY W..... VF.R KR..IGTQHL
Mt VVLLFGA. . .LYPNLVPST ..LNP..Q.W .SLTIHNASS TPYTLK.IM. TWVTAFFA.P LTVAYQTWTY W..... VF.R QR..ISAERI
Rp LGYLGLAI. S - IWPYIVP ..Y. .KVTLENAAA VPESQSLL.. .LVGALIFLP VILGYTFYCY Y..... IF.R GKSS..SQPL
Pa LGYSGLGI.S .LWPNIIP.. ........P. .AVSIWEASA PPQSQGFM.. .LVGALFIIP FILGYTAWSY Y..... VF.R GKVK. .HGDG
VeIl
Sy LSFIGLGF.I .IFPNIIP.. ........P. .SVTIYEAAA APSSLVFM.. .LTFIGFLIP ILLFYNIYNY L..... VF.R GKIV..TD:
Aga .SAIGIAFAS .IYPTLVPSI YDENPFENPV HSITVFNSAS SEKTLLTM.. .LIIALIGVP MVLTYKFFVY R..... IF.W GKVKVPKEGG
Ct LSPI.LAYNI LLFPNLLVST VD.N..R..Y .TMTVFNAAA ETRTLQHLV. TIV..LIGLP FVVAYAVYIY ..R...VF.R GK..TDFPSI
HNI LLTLLVAV.. LLYPTVYPPT .... .GLLVREAVV SPLALNLV.. .... TVLGFP VLLL.VLW.Y FKFLYGVF.S G..PIEGEGY
BsII L. ASYAYGR AHLPYMI... ....... .DVTVMSGFT EPATFRALFA TYI..... VA FIILFPGFFF WK....MFMR DKRYIRQEE~ ~~~~~~~=~~~

Fig. 2 (continued).

suppress growth and colonization by virulent S. 7y-
phimurium strains [17]. Also, increased production of
cytochrome bd in Klebsiella pneumoniae elevates the
level of nitrogen fixation by the organism [18].
Although immunological studies have indicated for
some time that cytochrome bd is relatively wide-
spread among the Gram-negative bacteria [19], the
lack of sequence data has hampered studies on cyto-
chrome bd.

The two-dimensional topology of cytochrome bd
has been predicted based on Kyte-Doolittle [20]
and Goldman-Engleman-Steitz [21] hydropathy
plots of the amino acid sequence [22-26]. Subunit I
was predicted to contain seven transmembrane heli-
ces with the N-terminus located in the cytoplasm and
the C-terminus in the periplasm. Subunit II was pre-
dicted to have eight transmembrane helices with both
termini found in the periplasm.

Partial proteolysis [27] and monoclonal antibody
binding [28] studies found that a large, hydrophilic

domain on the periplasmic side of the membrane [29]
is necessary for quinol oxidation. This domain,
known as the Q-loop, is located in subunit I, and
covalent modification with a photo-reactive quinol
analogue indicates that it contributes at least in
part to the quinol binding site [30]. Proximity map-
ping using an artificial protease has demonstrated
that the Q-loop is adjacent to a portion of the sub-
unit II polypeptide located between the first two
transmembrane spans [31]. Hence, this region of sub-
unit II must also be located on the periplasmic side
of the membrane.

Other approaches have also provided information
about the protein topology. Based on thiol reactivity
with Ellman’s reagent [32], which reacts only with
cysteines that are solvent accessible [33], none of
the cysteines in the protein are solvent accessible.
This would be consistent with a model in which the
endogenous cysteines are all located in buried trans-
membrane regions of the protein [31]. The gene fu-
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Fig. 3. Kyte-Doolittle hydropathy profiles. (A) E. coli cyto-
chrome bd-1 and (B) B. subtilis cytochrome bd-1. A window of
19 residues was used. Asterisk indicates transmembrane helices
newly added to topology.

sion approach, using B-galactosidase [23] and alka-
line phosphatase [26] fusions has provided consider-
able information about the topology of each of the
two subunits. However, it has been noted that cer-
tain elements of these data do not fit the predictions
based on the hydropathy profile for subunit I from
E. coli [23,26].

The three-dimensional structure of cytochrome bd
is known only at a very rudimentary level. It is a
heterodimeric [34] integral membrane protein com-
posed of subunits I and II, which are 58 and
43 kDa, respectively [35,36]. It contains three pros-
thetic groups: heme bssg, heme bs9s and heme d.
Hemes bssg and bsgs are protoporphyrin IX while
heme d is a chlorin [37].

Heme bssg is the initial electron acceptor from qui-
nol [38]. Heme bssg is low-spin, six-coordinate and is

located entirely within subunit I [39]. It has been
shown that this low-spin heme has histidine/methio-
nine ligation, with H186 in subunit 1 (I-H186) [40]
and [-M393 [41] as the two axial ligands.

Hemes bs9s and d appear to form a heme-heme
binuclear center where the oxygen chemistry occurs
[42,43]. Heme bs9s is high-spin, five-coordinate and
I-H19 has been proposed to be its axial ligand
[40,44,45]. Heme d is high-spin and appears to be
virtually always five-coordinate [45], even though
this heme binds O,, CO and cyanide [46-52]. A pro-
tein-based axial ligand for heme d has remained enig-
matic. Although electron nuclear double resonance
(ENDOR) studies indicate that the ligand is not ni-
trogenous when heme d is oxidized [53], electron
paramagnetic resonance (EPR) work suggests that
when heme d is reduced the ligand is nitrogenous
[43]. Another EPR study, on oriented bilayers, indi-
cated that hemes bssg and d are oriented at an angle
of 90° with respect to the plane of the membrane
while heme bsos is at an angle of 60° [54].

Progress using site-directed mutagenesis as a probe
of structure and function of cytochrome bd has been
slow because the relatively few sequences that have
been available until recently, are closely homologous,
leaving a large number of apparently conserved res-
idues, the mutagenic targets of choice. Recently,
however, a substantial number of sequences encoding
cytochrome bd have become accessible from numer-
ous bacteria as well as several archaea. In this report,
these sequences are used to re-evaluate the topology
of subunit I of cytochrome bd, assigning it nine
transmembrane helices instead of the previous seven.
This revised topology is compatible with most of the
available structural data, and suggests that all three
of the heme prosthetic groups are located near the
periplasmic side of the membrane. On the periplas-
mic edge of one of the new proposed transmembrane
spans is a newly revealed conserved region of subunit
I, containing the sequence GRQPW. This is the most
conserved region of the protein and it is an obvious
candidate for participating in either the binding of
quinol, or possibly, heme d. Additionally, phyloge-
netic analyses suggest that cytochrome bd has been
horizontally transferred between prokaryotes a num-
ber of times, producing an evolutionary tree substan-
tially different from the canonical one based on
16sRNA.
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Fig. 4. Topological model of cytochrome bd-I subunit I from E. coli. The shaded boxes show the location of predicted transmembrane
helices. The periplasm and cytoplasm are denoted by ‘out’ and ‘in’, respectively. Completely conserved residues are shown with reverse
contrast. LacZ and PhoA gene fusions with high activity are indicated. At the end (C-terminus) of helix VI and at the beginning of
helix VII, the start and end, respectively, of the Q-loop are delineated with broad lines. The region of the Q-loop missing in several

sequences is encircled.

2. Experimental procedures
2.1. Sequence analysis

Homology searches were performed with the
BLAST 2.0 program [55] accessible at the National
Center for Biotechnology Information (URL: http://
www.ncbi.nlm.nih.gov) or using BLAST [56] in the
GCG package (Wisconsin Package Version 9.0, Ge-
netics Computer Group (GCG), Madison, WI). The
TBLASTN method was used for all searches. Se-
quences were obtained from GenBank [57], The In-
stitute for Genomic Research (TIGR), or other serv-

ices (see Table 1). All sequences were inspected for
frameshift errors and corrected when possible. Multi-
ple sequence alignments of the cytochrome bd se-
quences were performed using the program Pileup
in GCG. Gap creation and extension penalties used
were 3.0 and 1.0, respectively. At certain regions, the
alignments had to be adjusted manually using the
sequence editor in GCG. The resulting alignments
were submitted to two different algorithms for pre-
dicting transmembrane helices in membrane proteins
based on multiple sequence alignments: PHDtopol-
ogy [58-61] (URL: http://www.embl-heidelberg.de/
predictprotein/predictprotein.html) and TMAP [62]
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(URL: http://www.embl-heidelberg.de/tmap/). Hy-
dropathy profiles of single sequences were created
using the Kyte-Doolittle algorithm [20] in the pro-
gram GREASE [63]. Plots of amino acid location on
a transmembrane helix were made using the program
HelicalWheel in GCG.

To estimate the evolutionary distances, phyloge-
netic trees were created using four programs in the
Phylip package [64,65]. SEQBOOT was used to boot-
strap the sequences and create 100 data sets. Then,
PROTDIST and the Dayhoff PAM matrix were used
to create a distance matrix for the each randomly
ordered data set. Next, NEIGHBOR was used to
construct neighbor-joining trees [66] from the dis-
tance matrix. Finally, CONSENSE was used to select
to determine the consensus tree. The trees were plot-
ted with TreeView [67].

2.2. Sequencing

Sequencing and synthesis of all oligonucleotide
primers used for sequencing was done by the Genetic
Engineering Facility at the University of Illinois
(Urbana, IL).

3. Results
3.1. Sequence analyses

The cytochrome bd sequences available are shown
in Table 1. There are 22 complete and eight partial
sequences for subunit I. For subunit II, there are 20
complete and eight partial sequences. Twenty-six dif-
ferent organisms are represented. Five organisms
contain multiple cytochrome bd sequences. In addi-
tion, the complete genome of Archaeoglobus fulgidus
contained a second subunit I sequence (Genbank:
AF2296) [68] with some homology to subunit I.
This sequence was not included in this analysis, how-
ever, because its C-terminus is shortened by over
100 residues and it is highly divergent. It is intriguing
that no subunit II homologue was found in the A.
fulgidus genome. Despite biophysical evidence to the
contrary [69], a cytochrome bd sequence was not
found in the complete genome of Helicobacter pylori
[70].

The sequence for E. coli cytochrome bd-1 has been
reported three times. The two genomic sequences of
E. coli recently reported [71,72] provide a sequence

lacz

' LOEEOREEREREW

(®)
99090 lacz

Fig. 5. Topological model of cytochrome bd-I subunit II from E. coli. See Fig. 4 for details.
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Fig. 6. Helical wheels of transmembrane regions of subunit I
(E. coli bd-I). (A) helix IIT (E99, E107); (B) helix VII (R391,
M393). Hydrophobic residues are boxed.

for cytochrome bd-1 differing in three amino acids
from the cloned sequence initially deposited [73].
All three amino acids are located in subunit I.
With the genomic amino acid denoted on the left
and the original sequence on the right followed by
the residue number, they are MLI121, FL213 and
MLA481. The cloned sequence was reexamined, con-
firming in part the original sequencing of these genes.
Residues 121 and 481 in subunit I are, in fact, leu-
cines. Residue 213 in subunit I, though, is a phenyl-
alanine, indicating either that the original submission
contained a sequencing error at this position or that
a mutation was acquired at some point in the labo-
ratory.

An alignment of the cytochrome bd sequences in-
dicates that 20 residues in subunit I (Fig. 1) and two
in subunit II (Fig. 2) are completely conserved. The
heme ligands I-H19, I-H186 and 1-M393 are the only
conserved histidines and methionines (other than the
initiating methionines). As noted previously for Pabd
(Pseudomonas aeruginosa) [22], the C-terminal third
of the Q-loop, approximately from I-L310 to I-P385,
is also not present in a number of other sequences
(Table 1).

The new topology prediction is based on multiple
sequence alignments of the 22 complete sequences
available for subunit I and the 20 for subunit II.
Fig. 3 illustrates the differences in Kyte-Doolittle
hydropathy profiles between individual sequences.
The use of multiple sequences for the topology pre-
diction allows the algorithm to see beyond these var-
iations between sequences and produce a more accu-
rate result. The algorithm predicts the location of
transmembrane helices and whether loops are cyto-
plasmic or periplasmic. The predicted topologies for
subunits I and II are shown in Fig. 4 and Fig. 5,
respectively. Two new transmembrane helices are
predicted in subunit I. There is a transmembrane
helix beginning at I-W55 and ending with I-T69
and the N-terminus is now located in the periplasm.
Also, there is a transmembrane helix beginning with
1-R424 and terminating at 1-W441, relocating the
C-terminus of subunit I to the cytoplasmic side of
the membrane. Additionally, transmembrane helix II
in subunit II is highly unusual in that it is predicted
to be some 32 amino acids long. It was manually
truncated at 24 residues for Fig. 5.

Four highly conserved charged residues are located
within transmembrane helices. I-E107 is completely
conserved in all sequences and only two turns away
from I-E99 on the same face of helix III (Fig. 6A). In
helix VII (Fig. 6B), I-R391 is found on the opposite
side of I-M393, a ligand for heme bssg. I-R391 is an
asparagine in one sequence (Fig. 1) and histidine in
two others, conserving a nitrogen group capable of
hydrogen bonding. The transmembrane helices in
subunit II do not contain conserved residues, except
I1-P76.

Unrooted phylogenetic trees were made using
the largest continual stretches of good sequence
alignment where data are available from the most
organisms. For subunit I (Fig. 7), residues 63 to
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Fig. 7. Unrooted phylogenetic tree for subunit I. For sequences that are known to have or not have the C-terminal portion of the
Q-loop, ‘Q’ or ‘No Q’, are respectively appended to the name. Residues 63 to 144 (E. coli cytochrome bd-1 numbering) were used, the
largest region of good alignment. The Q-loop region was not used for tree creation.

144 were used. For subunit II (Fig. 8), residues
51 to 214 were used. There are some expected
groupings, such as that of the gamma proteo-
bacteria clustering together, as do most of the
Gram-positive bacteria, but there are also signifi-
cant exceptions. For example, the Gram-negative

P. aeruginosa and one of the S. typhimurium se-
quences are found in a completely different region.
Also, the archaeon A. fulgidus groups with Staph-
ylococcus carnosus and one of the Bacillus subtilis
sequences. Furthermore, the extremely thermophilic
bacterium Thermotoga maritima is found in the
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Fig. 8. Unrooted phylogenetic tree for subunit II. Residues 51 to 214 (E. coli bd-1 numbering) were used, the largest region of good
alignment. Sequences known to have or not have the C-terminal portion of the Q-loop have ‘Q” or ‘NO Q’, respectively, appended to

their name.

midst of the gamma subclass of Gram-negative bac-
teria.

4. Discussion
4.1. Topology

Information from LacZ and PhoA gene fusions is
complementary and defines the topology of the pro-
tein. The previously proposed topology does not
agree entirely with the LacZ and PhoA fusions [26]
reported previously for subunit I of cytochrome bd
from E. coli. In contrast, the revised topology pro-
posed in the current work agrees well with the gene

fusion data. The previous topology placed the C-ter-
minus of subunit I on the periplasmic side, leaving
the two active LacZ fusions in the C-terminal tail
unexplained. In the new topology for subunit I, the
LacZ fusions with high activity are found entirely on
the cytoplasmic side of the membrane. In the old
topology, the highly active PhoA fusion in the loop
between helices II and III was located in the cyto-
plasm [26]. In the revised topology no PhoA fusions
with activity are located on the cytoplasmic side of
the membrane.

The revised topology remains consistent with re-
sults from chymotrypsin digestion [27] that localized
the Q-loop to the periplasmic side of the membrane.
It also is in accord with proximity mapping using an
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artificial protease [31] which indicated that loop I-1I
in subunit II is close to and on the same side of the
membrane as the Q-loop.

The topology prediction algorithms used are good
at predicting the number and general location of
transmembrane helices, with a reported accuracy of
86% [61]. It must be recognized, however, that the
ends of the helices predicted are still imprecise and
can shift several residues either way depending on
which sequences are input to the program. In light
of this, the following discussion will describe residues
as roughly located in the cytoplasmic, middle or peri-
plasmic third of the transmembrane helices.

One of the most interesting consequences of the
revised topology is that it locates H19 in subunit I,
the ligand for heme bs9s, in the periplasmic third of
the membrane. If H19 is in the periplasmic third of
the membrane, then heme 4 must also be in this
region, since heme bs9s and heme d appear to share
a binding pocket within the protein [42,43]. This sit-
uation, if correct, would be similar to that of cyto-
chrome ¢ oxidase [74,75], where the dioxygen-reac-
tive site is located near the periplasmic side of the
prokaryotic membrane (intermembrane space for the
mitochondrial oxidase). Since the protons required in
the chemistry of making water come from the oppo-
site side of the membrane (bacterial cytoplasm), this
necessitates at least one pathway for protons to reach
the active site. Cytochrome ¢ oxidase has at least two
putative channels that allow protons access to its
active-site, the heme-copper binuclear center [74—
77]. In principle, the network of proton-conducting
channels in cytochrome bd can be less complex than
those in the heme—copper oxidases, since cytochrome
bd does not pump protons.

It has been suggested [24] that a protonation site is
located close to heme bs9s which may be the imme-
diate source for substrate protons, based on the sen-
sitivity of the heme bsos EPR signal to pH [78] and
the pH-dependency of its reaction with nitrite [79].
Although subunit II does not have any conserved,
hydrophilic transmembrane helices, helical wheel
plots of transmembrane helix III in subunit I suggest
that one face of this helix has appropriately posi-
tioned protonatable residues. The completely con-
served E107 (E. coli numbering) is two helical turns
directly below E99 (which is a glutamine in only one
sequence (Fig. 1)). It is conceivable that the two glu-

tamates participate in a proton-conducting channel
to the oxygen-reactive active site (heme d/heme bsgs)
from the cytoplasm. Also, T26 (subunit I, E. coli
numbering), which is located in the middle of helix
I below HI19, is also highly conserved and could be
part of a proton-conducting channel.

4.2. The quinol binding site

It has been demonstrated experimentally that the
N-terminal portion of the Q-loop is somehow in-
volved in quinol binding ([29,80]). The current se-
quence alignments indicate there are seven sequences
of cytochrome bd in which 75 residues are missing at
the C-terminal portion of the Q-loop. Hence, this
part of the Q-loop probably is not important for
quinol binding. The revised topology locates the
highly conserved GRQPW region (Fig. 1), also on
the periplasmic side of the membrane, close to the
end of the new proposed transmembrane helix VIII
in subunit I. Thus, this GRQPW region might con-
tribute, along with the first part of the Q-loop, to a
quinol oxidation site.

R391 in subunit I (E. coli numbering) is the only
highly conserved, positively charged residue within
the membrane. It is located on the opposite face of
the putative transmembrane helix VII from M393
(Fig. 6B), which is the axial ligand for heme bssg
[41]. The proximity to heme bssg along with the se-
quence location of R391 at the end of the Q-loop
suggests that it could participate in quinol binding
or electron transfer from quinol. Semiquinones have
been shown to have a functional role in other pro-
teins [81-83] and the positive charge of R391 could
help stabilize a semiquinone anion species during
turnover. A thermodynamically stable semiquinone
has been observed in E. coli cytochrome bd [84].
Alternatively, this arginine might interact with the
propionic acid groups of heme bssg as is the pattern
observed in cytochrome ¢ oxidase [75,85,86]. Muta-
genesis experiments should clarify the role of R391.

4.3. The roles of multiple cytochrome bd oxidases

The adaptive responses of bacteria and archaea to
a variety of growth conditions by using branched
respiratory pathways and multiple terminal oxidases
are well-documented [9,11]. Several bacteria have
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been found to contain more than one cytochrome bd
(Table 1). The second cytochrome bd from B. subti-
lis, although related to the other low (G+C)-content
Gram-positive bacterium S. carnosus, is significantly
divergent from the other bacterial sequences (Figs. 7
and 8). The incomplete genome from Vibrio cholerae
reveals two partial but unique genes encoding over-
lapping regions of subunit I. Remarkably, V. choler-
ae contains three different incomplete genes encoding
subunit II, indicating that there are three different
cytochrome bd oxidases in V. cholerae. The two se-
quences encoding subunit I in A. fulgidus are located
adjacent to each other in the genome and actually
overlap a few bases. Although they are in different
positive reading frames it is conceivable that they
form a functional heterodimer, in which case the
missing subunit II in A. fulgidus is substituted by a
modified version of subunit I (Afbdl). It will be in-
teresting to see the biophysical properties of any cy-
tochrome bd oxidase from this archaecon. Relatively
little is known, however, about why a microbe spe-
cifically uses multiple cytochrome bd oxidases [87].
Except for Halobacterium  salinarium NRC-1
pNRCI100 which has two identical sequences due to
an inversion sequence [88], all these organisms con-
tain divergent cytochrome bd sequences. There is a
second cytochrome bd encoded in E. coli (cyto-
chrome bd-11), that is also capable of oxygen reduc-
tion coupled to quinol oxidation. Cytochrome bd-11
in E. coli is encoded by AppY [89,90]. However, ex-
pression of this protein has been achieved only under
unusual conditions. Transcriptional activation of
AppY was induced by a plasmid encoding a 3.4-kb
region of DNA from the alkaliphilic Bacillus firmus
OF4 in an E. coli strain lacking the respiratory oxi-
dases that allow respiratory growth under normal
conditions, (cytochrome bd-1 and cytochrome bos)
due to genomic deletion [87]. It is worth noting
that in E. coli, cytochrome bd-II exhibits higher sen-
sitivity to cyanide inhibition than does the well char-
acterized cytochrome bd-1 [87], suggesting a func-
tional distinction. It seems likely that multiple
cytochrome bd oxidases found in the same organism
probably have different functional roles.

4.4. Phylogeny

Over time, naturally occurring single amino acid

mutations tend to conserve only those amino acids
essential for structure and function. Alignments of
highly divergent sequences reveal conservation of res-
idues that are indispensable. Larger changes in pro-
teins are also possible, though, since lateral gene
transfer can move even entire genes directly between
organisms. In such cases, phylogenetic trees derived
from those proteins will be different from the true
evolutionary lineage of the organism. The 16sRNA
phylogeny was the first to elucidate the three do-
mains in the tree of life to be archaea, bacteria and
eukaryotes and has been widely held as the standard
phylogeny. Recent genomic data, however, has raised
a considerable number of objections to partitioning
the tree of life in this way [91-93]. It is therefore
useful to compare the cytochrome bd phylogenetic
trees with that of 16sRNA to further test its applic-
ability as a general model.

It should be noted that the phylogenetic trees were
created using residues outside the Q-loop (Fig. 4). It
is of interest, therefore, that sequences possessing the
complete C-terminal region of the Q-loop cluster en-
tirely within two branches of the subunit I tree (Fig.
7) and almost entirely within one branch of the sub-
unit II tree (Fig. 8). Moreover, organisms that do not
have the sequence encoding the full C-terminus of
the Q-loop dominate the rest of the tree. Since the
phylogenetic trees were made without using the
Q-loop region of the sequences, this provides inde-
pendent support for the validity of the phylogenetic
interpretation.

The phylogenetic analysis suggests that lateral
gene transfer of cytochrome bd has occurred on sev-
eral occasions. In support of this conclusion, a recent
study of the E. coli strain MG1655 genome [94] pre-
dicted that the genes encoding cytochrome bd-11 were
transferred laterally into the genome. The cyto-
chrome bd phylogenetic trees indicate that although
most organisms of the gamma subclass contain a
cytochrome bd similar to the two cytochrome bd se-
quences in E. coli, some of them (S. typhimurium, V.
cholerae) also contain at least one other cytochrome
bd sequence that is more closely related to those
found in the cyanobacteria and the archaeal halobac-
teria. Although the phylogenetic tree based on sub-
unit I sequences was created without using the
Q-loop region of sequence, this separation of the
gamma subclass is supported by the lack of the



J.P. Osborne, R.B. Gennis/| Biochimica et Biophysica Acta 1410 (1999) 32-50 47

C-terminal portion of the Q-loop in P. aeruginosa
cytochrome bd (this portion of the sequence is not
available for StbdlIl), in contrast to all the other cy-
tochrome bd sequences from the gamma subclass of
proteobacteria. Since the only cytochrome bd se-
quence known from P. aeruginosa clusters within
this divergent group, this further predicts that com-
plete sequencing of its genome will reveal a second
cytochrome bd more closely related to the E. coli
cytochrome bd sequences. It is worth noting that
the P. aeruginosa cytochrome bd is proposed not to
contain heme d, but, to utilize heme b instead [22].
This may prove to be a common feature of this
grouping. Utilization of different heme groups for
the same function has been extensively observed in
the heme—copper oxidases [11].

Cytochrome bd sequences from the more ancient
bacteria and archaea also provide ample evidence of
lateral gene transfers. The ancient hyperthermophilic
bacterium 7. maritima is found in the middle of the
gamma subclass of proteobacteria in the tree based
on subunit I (Fig. 7). Likewise, the most ancient
bacterium on the tree, Aquifex aeolicus, instead of
clustering close to the archaea as expected, is found
with C. jejuni, an epsilon subclass proteobacterium,
and P. gingivalis, a member of the cytophagales. The
archaeal halobacteria sequences are more related to
the cyanobacteria and to some of the Gram-negative
sequences than to the archaeon A. fulgidus. Similarly,
A. fulgidus exhibits greater similarity to the low
(G+CO)-content Gram-positive bacteria than to the
archaeal halobacteria sequences. This can only be
explained by there having been a substantial amount
of horizontal transfer [95] of cytochrome bd genes
between domains, similar to other phylogenetic anal-
yses of proteins that have placed archaeal branches
among those of the low (G+C)-content Gram-posi-
tive bacteria [96]. The mode of horizontal gene trans-
fer is, perhaps, more clear in the archaeal halobac-
teria, since it has been suggested that the plasmid on
which the cytochrome bd sequences of Halobacterium
sp. NRC-1 are found may be particularly susceptible
to transfer between both archaea and bacteria [97].

As more sequence data are made available,
though, it is becoming apparent that phylogenetic
analysis of a single protein often fails to completely
support the 16sRNA phylogeny, particularly if the
enzyme studied is metabolic (cytochrome bd) or bio-

synthetic in function as opposed to informational
(16sRNA) [96]. Often, lateral transfer of genes is pre-
dicted to have occurred and models are clearly
emerging that the contents of genomes are highly
dynamic. For example, in the 100 million years
that E. coli has been evolving, approximately
1400 kb of DNA has been transferred into and
1400 kb has been lost from its genome [94,98]. The
size, but not the contents, of the genome has re-
mained relatively constant. Along these same lines,
the phylogenetic trees reported here for cytochrome
bd reveal no clear separation between the bacteria
and archaea, in agreement with [91-93], but in con-
trast to what would be expected if the canonical
16sRNA tree were observed [99,100]. The trees are
consistent, however, with the annealing theory of
genomes, which states that the last common ancestor
implied by the phylogenetic trees was actually a num-
ber of organisms with very high rates of horizontal
gene transfer [101].

Phylogenetic analyses of the heme—copper oxidases
have been used to show that a mutual ancestor of the
archeal and bacterial enzymes was present before at-
mospheric oxygen became abundant, i.e., before pho-
tosynthesis arose [102,103]. Due to the apparent high
degree of lateral gene transfer of cytochrome bd be-
tween organisms, however, the phylogenetic analyses
presented here are unable to provide further evidence
either for or against this intriguing hypothesis. It is
hoped that as more sequences become available,
studies of the phylogeny of cytochrome bd will be
able to contribute to this debate.
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