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Identification of the ubiD Gene on the Escherichia coli Chromosome
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The open reading frame at 86.7 min on the Escherichia coli chromosome, “yigC,” complemented a ubiD
mutant strain, AN66, indicating that yigC is the ubiD gene. The gene product, a 497-amino-acid-residue protein,
showed extensive homology to the UPF 00096 family of proteins in the Swiss-Prot database.

The biosynthetic steps of the ubiquinone (coenzyme Qg
[CoQg]) pathway in Escherichia coli have been known for many
years (11, 16). However, the identities of some ubiquinone
biosynthetic genes remained hidden, even after the complete
nucleotide sequence of E. coli was published. This was due
partly to a lack of sequence data on ubiquinone biosynthetic
genes in other organisms and partly to the multiplicity of open
reading frames at the suspected locations. Thus, at 86.7 min on
the E. coli chromosome, where the ubiD gene was mapped
(3), there were no fewer than seven unidentified, hypothet-
ical genes. A systematic search of these some years ago failed
to locate the ubiD gene (R. Meganathan, personal communi-
cation). This was likely due to the fact that the some of the
early gene assignments were incorrect. Recently the identities
of the ubiE (8) and ubiF (7) genes were published, leaving ubiD
the last of the known ubi genes to be identified.

We prepared a PUC 18 plasmid library which contained
chromosomal fragments of E. coli K-12 strain AN256, the
isogenic ubiD™ strain of the ubiD mutant strain AN66. Strain
ANGG6 (thr-1 leuB6 ubiD410) (3) was obtained from the E. coli
Genetic Stock Center, New Haven, Conn., and strain AN256
(thr-1 leuB06) (9) was from C. F. Clarke’s laboratory. Chromo-
somal fragments, 3 to 12 kDa in size, were obtained by partial
digestion with Sau3AlI restriction enzyme. Competent AN66
cells were electroporated in the presence of this plasmid li-
brary, and ampicillin-resistant transformants that could grow
on plates which contained minimal medium (6), ampicillin
(100 pg/ml), leucine and threonine (20 wg/ml each), and suc-
cinate (3 mg/ml) were isolated.

In our hands, AN66 cells spontaneously acquired the capac-
ity to utilize succinate, at a frequency of 0.01%. Thus, when
competent cultures of AN66 were transformed with the plas-
mid pBR322, approximately 300 transformed colonies which
grew on succinate were obtained. These transformed revertant
colonies (which grew faster on succinate plates than the ubiD™
strain AN256) seriously interfered with the identification of
ubiD gene-harboring transformants.

Therefore, several cycles of transformations were carried
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out to enrich the transformant population with ubiD gene-
containing plasmids. This was done by recovering all trans-
formed colonies, growing them together in Luria-Bertani me-
dium with ampicillin, and extracting their plasmids. Competent
cells were transformed by this preparation, and the procedure
was repeated again. After two cycles, besides the 300 or so
transformed revertant colonies, a strong haze was also seen on
the succinate-containing selection plate.

Cells from this haze were cultured, and their plasmids were
extracted. This plasmid preparation produced 1.3 X 10° trans-
formed colonies that were able to grow on succinate as the
sole carbon source. One of these was isolated and named
ANG66p522. Colony sizes of transformed cells on succinate
plates were comparable to those of the ubiD™ strain AN 256.

The ubiquinone contents of strains AN256, AN66, and
ANG66p522 were determined by a method described earlier
(17). Cell preparation included the growth of a 500-ml culture
of strain AN256 in Luria-Bertani medium plus glucose (0.3%),
wt/vol) and identical volumes of AN66 and AN66p522 in brain
heart infusion broth plus glucose (0.3%, wt/vol). At an A, of
0.9 to 1.0, the cells were harvested, washed with distilled water,
and lyophilized. We found 0.29 nmol of CoQg per mg of dried
cells of strain AN256, 0.05 nmol of CoQg per mg of dried cells
of strain AN66, and 0.73 nmol of CoQg per mg of dried cells of
strain AN66p522. Thus the chromosomal fragment on plasmid
p522 fully complemented the ubiquinone deficiency of AN66.

Sequencing of this chromosomal fragment showed that it
was 2,595 bp long. It started near the end of the open reading
frame yigh’_2, 146 bases downstream from the end of the rfalH
gene (a regulatory gene of lipopolysaccharide, sex factor, and
hemolysin genes, oriented in the opposite direction from
yigW_2) and ended 252 bases into the fre gene. The only other
open reading frame located between rfaH and fre was yigC. It
is our contention that this 1,491-base segment, immediately
upstream from the fre gene at 86.7 min on the E. coli chromo-
some, is the ubiD gene (Fig. 1).

Until recently, the fre gene, coding for NAD(P)H flavin
oxidoreductase, was designated ubiB (5). However, the true

kb

fre

FIG. 1. Composition of the 2,595-bp-long E. coli chromosomal fragment in p522, showing the location of the ubiD gene.
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NOTES J. BACTERIOL.
1 100

1. MDAM KYNDLRDFLT LLEQQGELKR ITLPVDPHLE ITEIADRTLR --AGGPALLF ENP----- KG YS---MPVLC NLFGTPKRVA MGMGQEDVSA

2. M SFRDLPEFLK FLEKNGQLKR ISTTVKTDLE ITEISRRVLA —-QGGPALLF ENVIKADGSK ST---TPVVT NLYASIKRIC IGLNLKSPAE

3. MARDLRGFIQ LEETRGOLRR ITAEVDPDLE VABISNRMLQ --AGGPGLLE SP---FEVAV NLMGTVERIC WAMNMDHPLE

4. MGY KYRDLHDFIK DLEKEGELVR IKEPLSPILE ITEVTDRVCK MPGGGKALLE YR---IPVLT NLYGSEKRIK KALGYEN---

5. M AYEDLREFIG REEDKGELAR VKHEVSPILE MSEVADRTVK --AGGKALLE YD---IPYFM NAFGTERRMK LALEVER---

6. MLRR VSVEASPILE IPEILRRIMY R-GSGYAVLE HE~-GFRIAG NIFCSLDVVR QALGVER---

7. RSLVD YLRSQHELID IHVPVDPHLE --REGPALLF VKGSPFRVLT NLFGTRRRVD LLFPDL---~

8. M AMSSRRLVS LLRSONDLID IFAPVDBYLE ] --NQGPALLE VQGASFPYLT NLFGTQKRVD QIFSKV-

9. MSFLRRHIS LFRSQKOLID VFAPVSENLE LAEIHRRVIE --DQGPALLE VIGSSFPYLT NLFGTKHRVD QLFSQA----
10. MRDFLK LLKKHDELKI IDTPLEVDLE IAHLAYIEAK KPNGGKALLF IKTFGMPVLM NAFGSFKRLD LLLKTP----
11. M AYQDFREFLA ALEKEGQLLT VNEEVKPEPD LGASARAASN LGDKSPALLE YH--NARIAM NVIGSWPNHA MMLGMPK---
12. M AYDDLRSFLD TLEKEGQLLR ITDEVLPEPD LAAAANATGR IGENAPALHE {G FT--DARIAM NVHGSWANHA LALGLPK---
13. MRKLN PALEFRDFIQ VLKDEDDLIE ITEEIDPNLE VGAIMRKAYE --SHLPAPLF G ASKDLFSILG CPAGLRSKEK
14. MEDASLKS FLEKVGYRV- VDRTLSREYE VARLIAETQ- --GC-GPPLL VR---QPVAV NVVDTREKLY
15. MRE IINKLNP-II IDKADKK-FG VSRILKKYD- ~~G~-KPVYIL FE--=-- VYVG NL-CSRETLS
16. MYMKMLRE IVESFEDLVV IDKPVKKELE LTKFLLKYK- --D--KPVLE WE-——-- VAG NILWSSRERIA
17. MRNF LDKIGEEALV VEDEVSTSFE AASILREHP- --R--DLVIL SD---IPVIS GLCNTREKIA
18. MDIKDENIIE ITTELSSEFE VAKELRKYP- --K--DTVII ¥YD---LPIIS GICNTREKIA
19 MERDFSGSPR VIADLGRIID RLEALGRLVR VRSEVDPRHD LAGIAARFE- --GGPQAVLE HA---YPVFV GLYWSRELLG

CONSeNSUS  coven covvevennns le....1.. i..ev.p.le D N a.lf ... 0.9 bl pv nl.gs.....
101 200

1. LREVGKLLAF LKEPEPPKGF RDLFDKLPQF KQVLNMPTKR L--RGAPCQQ KIVSGDDVDL ~NRIPIMTCW PEDAAPLI-T WGLTVTRGPH —-KER---QNL

2. LRELGALLAF LKQPQIPESF KETLSILPLA KRIFSMSPKT I--AKGACHE VVIVKPNINI —--LPIQKCW PEDISPLI-T WGIVVTKGPT -KDRVDHYNL

3. LEDLGKKLAL LQOPKPPKKI SQAIDFGRVL FDVLKAKPGR N--FFPPCQE VVIDGENLDL -NQEIPLIRPY PGDAGKII-T LGLVITKDCE -TGT---PNV

4. LEDIGWKLYR ILKPEVPKTF LEKIKKLPEL KKLNDAIPKV V--KRGKVQE EVIMGD-INL -EDLPILKCW PKDGGRYI-T FGOVITKDPE -SGI---RNV

S. LEEIGERLLS ALEFR-PSSF MDALKGVGML KDFMSFIPK- ---KTGKAPC KEVVAE~-SL -DKFPILKCW PKDAGRFI-T FPVVITKDPE -TGE---MNA

6. LEVIGERLFE PLKGPPPLGI GGKLRSLGEV LSLGKYMPKA V-~GRAGFTA NVLEGREASF -NLIPAFKVW PKDGGRYL-T YALVHVRDPV -RGV---MNM

7. SSDLFEQIIH LL--SSPPSF SSLWKHRSLF KRGISALGMR K--RHLR-PS PFLYQDAPNL -SQLPMLTSW PEDGGPFL-T LPLVYTQSEE

8. PKGLIPQVIH LL--SSPPKL SQLWKHRNLL LRGLS-LGLR K--ARFL-KF PHKKMASVDL -HQLPMLTSW PEDGGAFL-T LPLVYTESPS

9. PDNLIARVAH LI--SSTPKL SSLWKSRDLL KRISS-LGLK K~-ARFR-RF PFVSMSSVNL -DHLPLLTSW PEDGGAFL-T LPLVYTESPET
10. IESLQQRMQA FLHFNAPKNF TEGLKVLKDL WDLRHIFPKK T--TRPK-DL IIKQDKEVNL -LDLPVLKTW EKDGGAFI-T MGQVYTQSLD -HQK---KNL
11. KEQFFEFAKR YDQFPMPVKR E--ETAPFHE N-EITEDINL FDILPLFRIN QGDGGYYL-D KACVISRDLE DPDNFGKONV
12, —--————mem ememee NTPV KEQVEEFARR WDAFPVAPER R--EEAPWRE NTQEGEDVDL FSVLPLFRLN DGDGGFYL-D KAAVVSRDPE DRDDFGKONV
13. - RIAH HLGLDPKTTI KEIIDYLLEC KEKEPLPPIT VPVSSAPCKT HILSEEKIHL —-QSLPTPYLH VSDGGKYLOT YGMWILOTPD KKWT----NW

SEAYAKIVDS TM-RPGRLEY V--DKPPLDE ---=- MPEGF -EGLPAARFY EGEAGLYL-S SGIVIA--CY EGVC-——-NA

EDFIFFMLDA ME-KEKEGKL K-~INNKLKE KYIVEIPENI ~KNWPIPIYY EKDAGAYI-T SGVVVVYDKD

KGLLELLYEA ME-KPKPFSV V--EKAEFLK N---REKVNL -LELPIPKYY PKDGGPYL-T SAMVIA--KK

HEITHRIVEA ME-NPTPISS V--GGLDGYR S----GRADL -SELBILRHY RRDGGPYI-T AGVIFARDPD

. SEITQKIIEA SD-NPIKVDK F--TDFSDYN T----TEANL -DKIBPILTHY KRDGGKYI-T AGVVFARDPE

19, wemmmm—mmm= e PET ALPQHVAASI KSWQSAPVDP L--VVADGPV LEVTEAEVDL -STLPIPIHA LEDGGPYF-D AAVVIAKDPE

CONSENSUS  tvuvnnnoee tanmannnnnn B e e C et e 1 JPiL. .. L..DgG.y. t .g.v...dp.
201 300

1. GIYROQLIGK NKLIMRWLSH RGGALDYQEW CARHPGERFE VSVALGADPA TILGAVI--- BVPDTLSEYA FAGLL----R GTKTEVVKCI SND-LEVEAS
2. GIYRMOVVSE NKELMRWLKL RGGAEHHKRW -KTKKKELFE AAVVIGANPV ITLAAVI--- PIPENVSEYN FAGLL----G NKKIELVQCK TID-LKVPAH
3. GVYRLOLOSK TTMTVHWLSV RGGARHLRK- —AAEQGKKLE VAIALGVDPL IIMAAAT--- PIPVDLSEWL FAGLY----G GSGVALAKCK TVD-LEVEAD
4. GLYRLOVLDK DKLAVHWQIH KDGNHHYWK- —AKRLGKKLE § P LPYVASA--- PLEPEVDEYL FAGII----M ERPVELVKGL TVD-LEYPAN
5. GMYRMOVFDG KTTGMHWQIH KHGAEHFRKM -AEKGGGKIE VAVAIGVDPA TLYBATA--- PLPSGISEFM FA KERLKVTECE TVD-LLVPAN
6. GVYRVMIAGD KEGVVHWQIH KRGMQAQQDS -VEKGERRIP AALVIGSDEG TLLTGAM--- BVBYPIDKHL GEGLPVYR-L PNG-IHVPAN
7. GMYRMORFDK ETLGLHFQIQ KGGGAHFFE- -AEQKKQNLE YTVFLSGNPF LILSAIA--- PLPENVPELL NKKLSFVEKH PQSGHPLLCD
8. GMYRMORFDR DTLGLHFQIQ KGGGMHFYE- -AEQKNENLP VIVFLSGNPF LILSAIA--- PLPENISELL LCTFL----Q GSKLHY-KND PDTPHPLLYD
9. GMYRVORFNQ NTMGLHFQIQ KGGGMHLYE- -BEQKKOQNLE VSVFLSGNEF LTLSAIA--- PLPENVSELL FATFL----Q GAKLLY-KKT NDHPHPLLYD
10. GMYRLOVYDK NHEGLHWQIH KDSQLFFHE- -YAKAKVKMP VSTAIGGDLL YTWCHTA--- PLPYGIYELM LYGFM----R GKKARVMPCL SNS-LSVRSD
11. GIYRMOVKGK DRLGIQPVPQ HDIATHERQ- -AEERGINLP VTIALGCERV ITTAAST--- PLLYDQSEYE MAGAI---~-Q GEPYRIVKSK LSD-LDVEWG
12. GTYRIOVIGT NRLAFHPA-M HDVAQHLRK- -AEEKGEDLE IAITLGNDBV MAIVAGM--- PMAYDQSEYE MAGAL----R GAPAPTATAP LTG-FDVPWG
13. STARGMYVDD KHITGLVIKP QHIRQIADSW BAIGKANEIP FALCFGVPPA AILVSSM--- BIPEGVSESD YVGAI----L GESVPVVKCE TND-LMVPAT
14. SIHRLLILGR ERAAIRI-VP RHLWHLYRK- -ARERGEDLE ATVVVGLHPA VLLAAAT--- SPPLGVFELG GGSMKVYR-S PVHGNPVE-L
15. SIHRILYKDD YLVIRMV-EQ RHLHFLYNK- -~ALKEKGYLD VAIVIGVHPA VLLAGST--~ SADITFDELK GGEIGVFE-L DN-GLLVE-E
16. SFHRMMVLDE ERAVIRL-VP RHLYSMWKD- -SVEHGEELE VRIVLGNPVH LLLAGAT--- SVAYGVSELE IASAISLKAF GRPLEVIN-L DG-IPTPV-D
17. SPHRMMVIGD DREAVRI-VP RHLYTYLQK- -AEERGEDLE IATAIGMDEA TLLATTT--- SIPIDADEME VANTF----H EGELELVR-C EGVDMEVE-P
18. STIHRMLYLDD KRLVIRI-VP RNLYTYFQK- -AQKLGKDLE IATAIGMDBA ILLASTT--- SIPIDYNEMD VANAF----K NGELTLIK-C G--DLEVP-Q
19. SIQRFOVIGK DRLVINIDAG RHLGLYLDK- -ARARGEPLA FTLNVGVGEG VHFARAAPAE AAPVETDELG IASAF----H GAPLELVAGT VGPVEMVA-H

Consensus giyR.gv... ..l....... oooo. l1.k. .a...qg..lp vai..G..pa ..laa.t p.p....E .ag. . [= PAP Jl.ovp..
301 400

1. AEIVLEGYIE QGETAP-EGP EVDS-FEVFT VTHITQREDA IYHSTYTGRP PDE-PAVLGYV ALNEVFVPIL OKQFPEIVDF YLPPEGCSYR

2. SEIVLBEGYVS LAEYLP-EGP FGE DYEE-FPIFT VTAITMKEKP IYLSTYTGKP PDE-PAILGE ALNEIFIPIL HQQFPEIVDF WFPPEGCSYR

3. SEFVLEGTIT PGEMLP-DGP FGI GVED-SPLVR FQCLTHRENP VYLTTFSGRP PKE-EAMMAT ALNRIYTPIL RQQVSEITDF FLPMEALSYK

4. AETATEGYVD PEEPLVDEGP PVDK-YPOMH VTAIVMBKDP IYLTTIVGRP PQE-DKYLGW ATERIFLPLI KFNLPEYVDY HLPAEGCFHN

5. BEIILEGYVR VDEMRV-EGP PPEP-YPVFH ITHITHRENP IYHATVVGKP PME-DAWLGK ATERIFLPIL RMMHPEIVDI NLPVEGAFHN

6. AEIVLEGYID LEDLRE-EGP KPSRLFPTFR LERVWHREEP IYYGSVTGKP PLE-DVVIGK FAERIFLPAI QTLLPEVVDI DLPPHGVFQG

7. SEFILTGEAV AGERRP-EGP LTHD-FPIFK CNCLYHKKDA IYPATVVGKP FQE-DFFLGN KLQELLSPLF PLIMPGVODL KSYGEAGFHA

8. SEFILIGEGI CNERRP-EGE LOHD-FPAFK CRKIYHRKDA LYPATIVGKP YQE-DFYLGN KLOEYLSPLF PMVMPGVRQL KSYGEAGFHA

9. AEFILVGESP AGKRRP-EGP LOHD-FPEFH CHKIYHRKDA IYPATVVGKP YQE-DFYIGN KLQEYLSPLF PLVMPGVRRL KSYGESGFHA
10. CDIVIEGFVD CEKLEL-EGP PIEP-YPVLE VKTISYKKDS FYLATVVGKP PLE-DKYMGY LTERLFLPLL OMNAPNLIEY YMPENGVFHN
11. AEVVLEGETI AGEREY-EGP GGRS-MPIIK IKRVYHRNNP IFEHLYLGMP WTECDYMIGI NTCVPLYQQL KEAYPNEIVA -VNAMYTHGL
12. SEVYIEGVIE SRKRRI-EGP FGEFTGH—YS GGRR-MPVIR VERVSYRHEP VFESLYLGMP WNECDYLVGP NTCVPLLKQL RAEFP-EVQA -VNAMYTHGL
13. SEMVFEGTLS LTDTHL-EGP FGEMHGYVFK SQGHPCELYT VKAMSYRDNA ILPVSNPGLC TDETHTLIGS LVATEAKELA IESGLPILDA FMPYEAQALW
14. GAAMVADVWI TGEQVE-EGP YVDALLT-Y¥D RVRR-QPVVR EYTHTIMG-G SLEHVNLMGF PREASIWEAV RRALPRVRAV RLTPASGGWL
15. AEFIIEGKIL -PEVDD- EGP FVDITET-¥D IVRK-QPIIK PIFHALLP-G GIEHKTLMGM PQEPRILKGV RNTVBETVKNI VLTEGGCCWL
16. SEFVFKAKIT FVDITGT-YD IVRK-QPIVI PIFHALLP-G GYEHYMLMGL PKEPQIYASV KKVVPKVHGV RLTEGGCMWL
17. BEITLEGRIL CGVRER-EGP FVDLTDT-Y¥D VVRD-EPVIS : AMYHAILP-A GFEHRLLQGL PQEPRIYRAV KNTVPTVRNV VLTEGGCCWL
18. BDIILEGKIS VSETSA-EGP FVDLTDT-Y¥D IIRD-QPITN LSKMHIRKDN PHYHGILS-A GFEHKLLOGL PQEPRIFKSV KNAVPTVENV VLTEGGCCWL
19. AMWALECEIR PGEVHA-EGP FAEVIGY-YA RVEP-RPLVR VKRIH-RRRA PIFHTLLS~G A-EVFNSVGL LGEANVLALL RVQVPGVEDV YFSHGGCGFY

Consensus ae.vleg.i. ..e... EGP fgd.tgy Y. .v....P... ...... rk.. iy..t..g.p ..E..... G. ..€...uunn L.peve.. Jlollg...

FIG. 2. Homology between the ubiD gene product and 18 members of the UPF 00096 family of proteins, as arranged by the Multaline program. The identity of each protein
is shown in Table 1. Lowercase letters designate consensus amino acids in 50 to 90% of the sequences, and boldface capital letters indicate 90 to 100% homology.
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401 500

1. LAVVTIKK RVMMGVWSFL RQFMYTKF-Y IVCDDDVNAR DWNDVIWAIT TRMDPARDTV LVENTPIDYL VSGLGSKMGL
2. VVVVSIKK RIMLGIWSYL ROFMYNKF-I IV¥DDDIDVR NWQEVIWATA TRSDPKRDTS FIDNSPIDYL KSGLGSKMGT
3. AAIISIDK RAALAFWSAL PQFTYTKF-¥ IVVDKSINIR BPROVVWAIS SKVDBVRDVF ILPETPFDSL KIGLGGRMGI
4. FCFVSIKK YPGHAF KVAYALLG-L GLMSLEKH-I VYFDDWINVQ DIGEVLWAWG NNVDPQRDVL ILK-GPIDVL EVGFGGKMII
5. LAIVSIKK-- ---RYPGORK KVMYAIWG-T GMLSLTKI-V VVVDDBVYNVH DMREVVWAVT SRFDPARDVV ILPPSPTDSL IPNLAGKLGI
6. MAFVSIRK-= --- RYPGHGK KALLALMG-L GQESLTKI-I VYVDHDINVH DVNQVIWAVS SHVDBORDVL VVPHSHTDEL TPMYGSKLGI
7. LARAIVKE-- --~RYWKEAL RSALRILG-E GQLSLTKF-L WITDQSVDLE NFPSLLECVL ERMNFDRDLL ILSETANDTL GFNKGSKGIF
8. LTGAVVKE-- --- RYWKESL ATSLRILG-E GQLSLTKF-L MITDHHVDLD NFPKLLETIL SRIVPERDLI IFSETSNDTL KLNKGSKAIF
9. LTAAVVKE-- --- RYWRESL TTALRILG-E GOLSLTKF-L MYTDQEVPLD RFSVVLETIL ERLQBDRDLI IFSETANDTL SLNKGSKGIF
10. LILAKIHT-- —-- RYNAHAK QVMHAFWG-V GQMSFVKHAI FVNEDAPNLR DTNAIIEYIL ENFSKENALI --SQGVCDAL EYAMGGKLGT
11. IAIVSTKT-- —-- RYGGFAR AVGMRALTTP HGLGYCKM-V IVVDEDVDPF NLPOVMWALS TKMHPKHDAV IIPDLSVLPL I PSGITHKMIL
12. MVIISTAK-- ——- RYGGFAK AVGMRAMTTP HGLGYVAQ-V ILVDEDYDPF NLPQVMWAMS AKVNPKDDVYV VIPNLSVLEL PAGISSKMII

13. LILKVDLKGL QALKTTPEEF CKKVGDIYFR TKVGFIVHEI

ILVADDIDIF NFKEVIWAYV TRHTPVADOM AFDDVTSFPL APFVSQSSRS KTMKGGKCVT

14. HAVIAVEK~-~ --- QHEGDGK TAIMAAFARH PSZKH————' QPMQVE@AIA iRFQADKDLV IIPRARGSTL DP----SA-- ADGLTAKMGL
15. BAVVQIEK-- =-- RTEGDGK NAILAAFASH PSQKH—— =X DINDVEYQIA TRVQGDKDIV IISGAKGSSL DB----SSDL KNKLTAKVGV
16. HAVVSITK-- ——- QHEGDGK NAILAAFAGH PSLKR---- DDREVEWAIA TRFQEDRDLV ITIPNARGSSL DP----SG-- KDGLTAKWGI
17. HAAVSIKK-- -=-=- QTEGDGK NVIMAALAAH PSLKH----¥ ﬁPEEIEYKfA TRVKGDDDIL IVPGARGSSL DP----AA-L PDGTTTRVGV
18. HAAISINK-- -—- QTEGDGK NATMAALSAH PSLKH----A DPODIEYAIA TRVKGDRBLM IVPNVRGSSL DP----VA-E SDGTTTKIGL
19. BCVVKIAQ-- --- KRAGWAK QAILATFAAF PPLKM-——~¥ NGRDVEWAMT TRLDAKTGIL VIENAFGHGL NP----TF-- PNYLGTKVGF
Consensus .a.vsi.k ¥.g.8K Lo.i@0 .. [ R v .vvd.dvn.. d...v.wai. tr..p..d.. i.p...... L dp .a.. ..9.9.K.g.
501 600
1. EATNKWPGET —QREWG--RP IKKDPDVVAH IDAIW----= ===--—-- DE LAIFNNGKSA
2. DATDKMYPET -NRKWG--KK IEMSQEVIDK IDSMW---== -———---- DG LNI
3. DﬁTTKIPPET -DHEWG--EV LESDPAMAEQ YGLGDINLTE VNPNLFGYDV
4. DﬁfTKWKEEG YTREWP--EV IEMSPEVKKR LGIE
5. DBTKKWRDEG YEREWP—--DV VEMDAETKRK IRNMVL
6. DATRKLPEEY GGKQWP--EE VAPDPETVRL YGLD
7. LGVGAPIRSL PRRYRG--PS LPGISQIGVF LQQLDIPALL KEPHLADWP- ---LVILVED LSSALSSTKE FIWRTFTRSS
8. MGIGPAIRDL PHKYRG—-KS LPNITNMGTF LQQVNIDALL NHPDLSSWP- ---LVVLTEN LNETLASSKD FLWKTFTRLA
9. MGIGKAIRDL PHGYQG--GK IHGVQDIAPF LEDRCIKSLL HHPDLKSWP- ---LIILADN LRETIQSEKD FLWRTFTRCA

10. DAFSKSNTPY PTLLND--SA LLALLODKMQ NIVLLKQYYP HTRNPICVIS VEKKDKSVIE LAKNLLGFEE HLRIVIFVEH ASNDLNNPYM LLWRIVNNID

. DATTPVAPET RGHYSQPLDS PLTTKEWEQK LMDLMNK

12. DATTPVAPDV RGNFSTPAKD LPETAEWAAR LQRLIAARV
13. NCIFRQQYER SFDYITCNFE KGYPKGLVDK VNENWKRYGY K
14. DATKPLDAGM GYERGRIPGF KWGSRRCHQP GD

15. DATMSLIKGR EHFERAKIPD K

16. DAKPLDKKK E~FEKASLDF

TLDGLDIVGA KR

Consensus

FIG. 2—Continued.

ubiB gene is now shown to be the former open reading frame
yigR, approximately 6 kb downstream from its previous loca-
tion (12).

The yigC segment and its upstream region were isolated by
PCR from the AN256 chromosome (primers used were as
follows: in the forward direction, 5'-GATCATCGGTGCCAG
GCAATTCACAGCC-3', in the reverse direction, 5'-TCAGG
CGCTTTTACCGTTGTTAAAA-3"). It was cloned into a
pNoTA/T7 shuttle vector (manufactured by 5 Prime — 3
Prime Inc.), and this construct was transformed into AN66
cells. This plasmid, designated p613, complemented the ubiD
mutant trait of AN66 cells to the same extent as the larger
plasmid, p522.

Based on its nucleotide sequence, the product of ubiD gene
is a 497-amino-acid protein, its molecular mass is 55,603.7 Da,
and its theoretical isoelectric point is 5.31. The ubiD gene
product is one of two enzymes (3-octaprenyl-4-hydroxybenzo-
ate carboxy-lyase) which catalyze the decarboxylation of 3-
octaprenyl-4-hydroxy benzoate to 2-octaprenylphenol. Earlier
work with this enzyme suggested that it is a membrane-asso-
ciated protein, although during cell fractionation much activity
was found in the cytoplasmic fraction (9). Analysis of its amino
acid sequence for transmembrane helices indicated zero (13),
one (positions 215 to 235) (K. Hofmann and W. Stoffel, Biol.
Chem. Hoppe-Seyler 347:166, abstr. MF C-35), or two (posi-
tions 226 to 232 and 334 to 340) (4) such regions, depending
on which program was used. This enzyme’s molecular mass by
gel filtration measurement was reported to be approximately
340,000 Da (9). This suggests that it is a hexameric protein
in vivo.

We isolated the ubiD gene from strain AN66 by PCR and

sequenced it, for the purpose of locating the site of mutation.
The long gene was sequenced in overlapping segments, and the
last fragment was sequenced in the reverse direction as well.
(The following primers were used: 1, 5'- ATGGACGCCATG
AAATATAACGATT-3; 2, 5'-GCGTGGCGATGGGCATG
GGGCAGG-3'; 3, 5'-GCATTCCCATTATGACCTGCTGG
CCGG-3'; 4, 5'-GGTGCCGATCCCGCCACGATTCTCGG-

TABLE 1. Proteins of UPF0096 family

Organism Name.of PriI_nary
protein accession no.
Escherichia coli YigC (UbiD)
Rickettsia prowazekii Y821_RICPR Q9ZCD6
Synechocystis sp. (strain PCC6803) Y936_SYNY3 P72861
Aquifex aeolicus Y612_ AQUAE 067542
Archeoglobus fulgidus Y209_ARCFU 030030
Aeropyrum pernix YF71_ARCFU Q9YBM7
Chlamydia trachomatis Y085_CHLTR 084087
Chlamydia psitacci Y66K_CHLPS 034023
Chlamydia pneumoniae Y328 CHLPN Q9Z8L0
Helicobacter pylori Y396_HELPY 025157
Bacillus subtilis YCLC_BACSU P94405
Streptomyces sp. (strain D7) VDCC_STRD7 Q9X697
Saccharomyces cerevisiae YD39_YEAST Q03034
Aeropyrum pernix YK78 _AERPE QIYA60
Methanococcus janaschii YB33_METIJA Q58533
Pyrococcus horiochii Y963_PYRHO 058701
Methanobacterium thermo- YD94 METTH P41655
autotrophicum

Methanobrevibacter smithii YPUE_METSM P22349
Rhodospirillum rubrum YCOM_RHORU P72315
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3’; and 5, 5-GGGCGTCCGCCAGATGAGCCCGCGGCGG
TG-3' [all forward direction] and 5'-TCAGGCGCTTTTACC
GTTGTTAAAA-3' [reverse direction].) Comparison of the
results with the published nucleotide sequence showed a single
deviation. Codon 452, GGG (glycine), appeared in the mutant
as AGG (arginine). A homology study (see below) shows that
this glycine is a consensus residue.

A comparison (14) between the amino acid sequences of the
ubiX and yigC (ubiD) gene products showed no significant
similarities. A Blast search of the entire protein database of
525,243 sequences yielded 86 hits of similarities with yigC
(ubiD). One of these hits was a 29% sequence identity and
48% similarity with a 4-hydroxybenzoate decarboxylase from
Clostridium hydroxybenzoicum.

In the Swiss-Prot database yigC is listed as a member of the
family UPF (uncharacterized protein family) 00096, with a
taxonomic range of archaea, eubacteria, and eukaryota. Table
1 lists these proteins, and Fig. 2 shows regions of homology
among them, as assigned by the Multaline program (2). Clearly
not all of these proteins can be functional homologues of ubiD.
Two proteins are from the same organism (Aeropyrum pernix).
The gram-positive organisms Bacillus subtilis and Streptomyces
sp. synthesize menaquinones, and the cyanobacterium Syn-
echocystis sp. makes plastoquinone instead of ubiquinone (1).
Helicobacter pylori also utilizes menaquinone instead of ubiqui-
none (10). Archaebacteria also employ a variety of ubiquinone
analogues (15). However, due to the extensive homology be-
tween these proteins, it is reasonable to expect that they all
function in some membrane-associated decarboxylation pro-
cess.

We thank R. Meganathan for communicating unpublished results to
us. We are grateful to Catherine F. Clarke for strain AN256 and also
for sending us the manuscript of reference 12 before it was published.
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