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ABSTRACT

The complete nucleotide sequences of the  Haemophilus
influenzae and Mycoplasma genitalium genomes and
the partially sequenced Escherichia coli chromosome
were analyzed to identify open reading frames (ORFs)
likely to encode RNA modifying enzymes. The protein
sequences of known RNA modifying enzymes from
three families—m SU methyltransferases, W synthases
and 2'-O methyltransferases—were used as probes to
search sequence databases for homologs. ORFs
identified as homologous to the initial probes were
retrieved and used as new probes against the data-
bases in an iterative manner until no more homolo-
gous ORFs could be identified. Using this approach,
we have identified two new m 5U methyltransferases,
sevennew Y synthasesandfournew?2 ’'-Omethyltrans-
ferasesin E.coli. Many ofthe ORFsfoundin E.coli have
direct genetic counterparts (orthologs) in one or both

of H.influenzae and M.genitalium . Since there is a
near-complete knowledge of RNA modifications in
E.coli, functional activities of the proteins encoded by
the identified ORFs were proposed based on the level

of conservation of the ORFs and the modified nucleo-
tides.

INTRODUCTION

towards this objective involves prediction of function through
homology comparisons of known proteins to uncharacterized
ORFs. Indeed, such comparisonsEofoli ORFs have led to
assignments of many general functiofjs (

RNA modifications have been well characterizedEinoli.
Mature RNA contains many modified nucleotides, of which three
are 5-methyluridines (P), seventeen are pseudouridines (5-ribo-
syluridine, W) and seven aré-© methylated nucleosides (Nm,
where N denotes A, C, G or Wleviewed in5). Six of the
enzymes that catalyze formation of théUnW¥ and Nm
nucleotide modifications have been identified iool..

In this paper, we attempt to identify ORFs likely to encode
RNA modifying enzymes. We used the amino acid sequence of
eight known RNA modifying enzymes, six frdfacoliand one
each fromStreptomyces azureasdSaccharomyces cerevisjae
as probes to search the databases for homologous ORFs. The
probes used represent enzymes which catalyze three types of
RNA modifications; uracil ”UJ methyltransferases, pseudo-
uridine synthases and-@ methyltransferases. By iterative
homology searches, we have identified OREsdoli, H.influenzae
andM.genitaliumlikely to encode enzymes with similar function.
These ORFs, together with knowledge of RNA madifications in
E.coli, allowed us to predict specific substrates for many of the
ORF encoded proteins. Fcoli, eleven ORFs which are likely
to code for RNA modifying enzymes were found in addition to
the six previously characterized. These seventeen enzymes could
account for most or all of the threélis, seventeet's and seven
Nms present irE.coli rRNA and tRNA. We also assigned the

As of April 1996, high throughput genomic sequencing hadirect genetic counterparts, or orthologs, of the ORFs found in

provided hundreds of viral genome sequencie, organellar

E.coli to ORFs present ifl.influenzaeand, where applicable,

sequences and the complete nucleotide sequences of two fkgenitalium

living organisms:Haemophilus influenzaél.8 Mbp; 1) and
Mycoplasma genitalium(0.6 Mbp; 2). Also, 74% of the

The genomic search procedure described here exploited the
following information: (i) knowledge of a set of related

Escherichia colchromosome (4.7 Mbp) has been reported in thendproducts, the pduction of which requires a set of potentially

E.coli database collection release 25 (January 19P6The

related unknown enzymes, (ii) the amino acid sequence of one or

numerous open reading frames (ORFs) now identified brings theore related enzymes to use as initial probes. This procedure
genome projects to the next level of analysis: to identify thehould be generally applicable to other situations which meet
functions of the uncharacterized ORFs. A practical first approasimilar criteria.
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MATERIAL AND METHODS A B
trmA E.coli yeil E_cqli
Amino acid sequences of proteins of known function (Taple 848 H.inf o :31 ?EH&L;:
. . L, .

were used as probes in searches for homologous sequen QlerE.col subfamity 1243 Finf
present in the GenBank database (National Center for Biotechn- 98 il 694 Hinf
logy Information), the SwissProt database (EBI EMBL) and Th yoor Sl YinC Ecol
Institute of Genomic Research (TIGR) databasdddemophilus ' —L ssnm
influenzaeRd andMycoplasma genitaliunThe initial searches ¢ ] yhilA Ecoli
were carried out using the BLAST prograéh@r the GRASTA e el 176 H.inf

e Linf YluA E.coli
program [a modification of FASTAY]. These programs are part Y1iF E.coli 617 bint
of the network service provided by GenBank and TIG 424 Hint A yceG E.coli
respectively. ORFs having a probability of an accidental match YiMt Ecol subtamily 412 in
10 or less to the respective probe were retrieved from th 252 Mgen 370 Moo
databases and further analyzed. yibK Ecoli L 42Hinf

766 H.inf
. . . 346 M.gen
Table 1.Genes encoding known RNA modifying enzymes used as probes in spoll E.coli
the database searches
Organism Gene Activity @ Acc. humbe? Figure 1. Dendrograms representing the relationship of gene homologs.

- = Distance along the linear axis of the dendrograms is proportional to the
E.coli trmA tRNA US4—m°U P23003 difference between sequences) Dendrogram representing the relationship
E.coli truA tRNA U38, U39, U40+W P07649 of trmA homologs fo‘und an.coIi and H.influenzae (B) Den(_:lrogra_m

] representing the relationship A and rsuA homologs found irE.coli,

E.coli truB tRNA U55-+W P09171 H.influenzaeandM.genitalium (C) Dendrogram representing the relationship
E coli fUA 23S U746, tRNA U32:W  P39219 of spol tsr and PET56 homologs found iB.coli H.influenzaeand
M.genitalium
E.coli rsuA 16S U516+ P33918
E.coli spoU tRNA G18-Gm P19396 database. These sequences, many of which are incomplete ORFs
Stazureus  tsr 23S A1067+Am P18644 have not been included in the alignment figures of this paper.
Sa.cerevisiZe PET56 23S G225LGm 431760 Escherichia coliand H.influenzaeORFs were considered as
orthologous gene pairs when the ORFs paired together strongly in
aNumbering and designation of RNA accordingzteoli. the dendrogram generated by PILEUP with branch points well
bSwissProt accession number. separated from the next most distant branch points. In the
¢St denotesStreptomyceandSa denotesSaccharomyces comparisons presented here, the strongly paired ORFs had an

dThe PET56 protein methylates the yeast mitochondrial 23S equivalent. identity score >30% and a similarity score >50% as determined by
] ] ) ] the GAP progrant.coliandM.genitaliumORFs were considered

Detailed analysis of the ORFs retrieved in the GRASTA angs orthologous gene pairs when the ORFs paired together strongly
BLAST search was performed using sequence analysis progragithe dendrogram and had an identity score >20% and a similarity
that are part of the Wisconsin sequence analysis package core >40%. In this context identity means having the same amino
PILEUP was used to create multiple sequence alignments gfiq at the same position whereas similarity is having a similar
related sequences. LINEUP was used as screen editor to editdigno acid as defined by the GAP program at the same position in
multiple sequence alignments, and PRETTY was used to displgé two ORFs. The homology and similarity analyses were based
the sequence alignments. The level of similarity and identityn the truncated ORFs as noted above.
between the probe used and the identified sequences werg|| rRNA designations and nucleotide numbering reflect the

determined using the GAP program. The gap creation penaltycolj equivalent rRNA and nucleotide position respectively.
was set to 3.0 and gap extension penalty was set to 0.1. Before the

final sequence analysis, the compiled amino acid sequences Wgfes j Ts AND DISCUSSION
truncated uniformly at the C- and N-terminal ends to provide
sequences of similar overall length as shown in the figures (Figé¢e have searched genomic databases in an iterative manner using
2, 3and4). The PILEUP program was also used to generate ard initial probes the deduced amino acid sequences of eight gene:
plot a graph drawn in unrooted tree format (dendrogram) whiagmcoding RNA modifying enzymes (Talile First we searched
shows the clustering relationships used to create the alignmetite H.influenzaeand M.genitaliumdatabases for homologous
The multiple sequence alignments were used to identifpRFs and retrieved sequences having a probability of an
conserved amino acid sequence motifs. ORFs having thecidental match of $or less to the probe. The retrieved ORFs
conserved motifs were considered true homologs and were usegle aligned with the probe(s), analyzed for the presence of
as probes in an iterative manner, i.e. the identified ORFs werenserved motifs and subsequently used again as probes agains
used to search the databases for additional homologs using tieGenBank database to find additional homologous ORFs. This
same criteria as with the initial probes. As more ORFs were addeds repeated untii no more homologous ORFs could be
to the separate sequence alignments (one alignment for e@ddntified. ORFs were considered as orthologous gene pairs
family of enzymes), the identity of conserved sequence motifse. encoding ‘the same protein’ in different organisms) when the
was further improved. The identities of the motifs were furtheDRFs (i) paired together in a dendrogram, (ii) shared conserved
refined by aligning homologous sequences from organisms ottraotifs, and (iii) showed homology as defined in the Materials and
thanE.coli, H.influenza@andM.genitaliumfound in the GenBank Methods section.
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m°U Methyltransferases Mycobacteriasp. are the only eubacterial organisms which do not
have nfU54 in the tRNA {1). One ORF oH.influenzagHI1848,
The single MU methyltransferase characterized to date (thevas identified as ortholog #fmA The othertrmA homologs
TrmA protein encoded by thiemA gene) 9) methylates U54 of identified in H.influenzaewere HI333 and HI958. Reverse
all E.coli tRNAs. We used the deduced amino acid sequence sfarching of the GenBank database using HI333 and HI958 as
trmA (10) to identify other ORFs that are likely to encodeprobes identified apparent orthologs for eactEinoli. The
additional MU methyltransferases. A homology search of thertholog of HI333 is thé&.coli ORFygcA and the ortholog of
H.influenzaeandM.genitaliumgenome databases employing theHI958 is a C-terminal portion of aB.coli ORF which we
GRASTA program identified three ORFs in tHanfluenzae designate€ter. The presence of an AdoMet binding sitgdoA
genome as$rmA homologs with probabilities of an accidental has previously been notet).(The three pairs of orthologs from
match of 107 or less (Table2). The minimal genome of E.coliandH.influenzaevithin the nYU methyltransferase family
M.genitalium did not encode anyrmA homologs; notably, are displayed as a dendrogram in Figufe

Table 2.RNA mPU methyltransferases

E.coli H.influenzae

Gene Accession number  Géne Identity? (%) Similarity? (%) Function Activity

trmA (probe) P23003 HI848 64 78 known tRNA U54—mbU

ygcA U29580 HI333 47 66 predicted 23S U747+m°U or
23S U1939+m°U

Cterc X69108 HI958 (52) (74) predicted 23S U747+m°U or

23S U1939+m°SU

aTheH.influenzaeORFs are denoted according to Fleischmetred. (1).

bThe percentages of identity and similarity of the corresponding amino acid sequende.tolifwtholog are calculated using the GAP program from the GCG
package, which aligns sequences using the Needleman—Wunsch algorithm. The ORFs were truncated at the N- and C-terminal ends as shown in Figure 2
determining the identity and similarity.

CThe B half of the DNA sequence encodifiger is not currently available, therefore only the C-terminal was aligned. The identity and similarity values thus only
reflect the C-terminal part of the alignment.

186 247
ygcA E.coll DFIQVNAGVN QKMVARAMLEW LIDVOPEDEVL DLPOGMGNET LPLAT..... .. QAASVVEY EGVBALVEKG
333 H.inf DFIQVNSALN EPMVNTALIW LELSQOUCVL DLFOGRSAWT LPLAK..... .. RVKSAVGI BEGVFEMVOQKA

Lo = <
958 H.inf GFFQTNPKVA AGLYATRQUW VAEFPIYNLW DLFOGVGGFG LHCAKALOFK WGKPIKLTGI EISSSAILAA

trma E.celi SFTQPNAAMN IQMIEWAID. VTKGSKGDLL ELYOGNGIFS LALARNED.. ..... RVLAT EIAKPSVARL
848 H.inf SFIRPNATVN CKMLEWAID. CTQNSEGDLL ELYOGNGNFS IALAQNFR.. ..... KVLAT EIAKPSVARA
Congensug -~F~Q-N--2- —«Zh--A-1- h——-——— 2h 1L60G-G-F- 2~hA-==mm= —mmmmmeme BE——mm 2

248 316
ygcA E.coli QONARLNGLO NVTFYHENLE E......... ... DVTKOPW AKNGFDKVLL DPARAGAAGY MOQII.KLEP
333 H.inf AQNAERMQIK NIEFFQADLD Q......... ... SFVEQPW ANDSFNKILL DRPPRSGARAFA LMALC.ELEA
L o - o I .FPRRGIGKP LCDYLSTMAR
958 H.inf SHSAKILGLE HVNF..QSID A......... ... ASVIEMNK MEMMPDLVIV MNEPRREILGKE LSEFLMQIQFP

trma E.coli QYNIAANHID NVGIIRMARAE EFTQAMMGVR EFNRLRGIDL KSYQCETIFV DPPRSGLDSE TEKMVQAYP.
848 H.inf CFNIAENKVD NLOITRMSAE EFTQAMMNGVR AFNRLKGIDL KSYECNTIFV DPPRAGLDPD TVKLVCONYD.
Consensus --—-----2- -2-h-r---]l mmmmmommee mmmmemmm e oo 1-2h2 1P3R-G---- ---hh--h--

ygrA E.coli  IRIVYVSCNP ATLARDSEAL LKAGYTIARL AMLCMFPHTG HLESHMVLFSR
333 H.inf EXILYVSCNP ATLVROAEIL CNFRSYKIEKS AVIDMFPHTG HLESITLFTT
Cter E.coli RFIIVSSCHNA OTMAKDIREL . .PGFRIERYV QOLFIMFPHTA HYEVVTLLVE
958 H.inf HFILYSSCNA MTMGKDLCHIL, . .TCYKPLEI QLFIRMFPQTS HYEVLVLLER
trma E.coli  LRILYISCNP ETLCENLETL SQT.HKVERL ALFDRFPYTH HMECGVLLTA
B48 H.inf .RILYISCNP HTLCDNLVEL SKT.HRIEFA ALFDOFPYTD HMESGLWLIR
Consensus =--I2Y-SCN3 -T2--1---L ======== §- -2hD-FP-T- HRE---hh--

IR RO RS

Motif Il (Catalvtic Cysteine) Motif IV

Figure 2. Alignment oftrmA homologs found if.coli andH.influenzae The 3 half of the DNA sequence encodiBter is not currently available, therefore only

the C-terminal part was used in the alignment. Otherwise, the sequences shown have been truncated at the N- and C-terminal ends to produce ORFs of uniform
These are the truncated sequences used in the sequences analysis. Residues were considered as consensus only when present in five of the five sequel
numbering of residues reflects thmA sequence. Consensus abbreviations: h, hydrophobic; 1, EDQN; 2, VLIM; 3, GPA; 4, ST, 5, KR; 6, FYW.
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19 76
rluA E.coli QDDHIMVV.. NKPSGLLSV PGRLEEHKD. ,SVMTRIQR. .DY...PQ.. .AESVHRLDM ATSGVIVVAL
617 H.inf QDNHLCVV.. NKPSGLLSV PGNQPOYYD. .SAMSRVEE. .KF...GF.. .CBPAHRLDM ATSGIIVFAL
yceC E.coli EDDHILVL.. NKPSG.TAV HGGSGLSFGV IEGLRALRP. .EA...RF.. .LELVHRLDR DTSGVLLVAK
412 H.inf BDDCLIIL.. NKPSG.IAV HGGSGLNFGV IEALRALRP. .EA...RF.. .LELVHRLDR DTSGILLIAK
yfiI E.coli EDEDIIITI.. NKPRDLVVH PGAGNPDGTV LMNALLHYYP. . PIADVPR.. .AGIVHRLDK DTTGLMVVAK
176 H.inf EBDDDIIVI.. NKPKDLVVH PGAGNPNGTV LNALLYHYP. .PIVEVPR.. .AGIVHRLDK DTTGLMVVAK
209 M.gen EDFEDLMVI.. NKPSGLLTH PTTFNEKASL LAACIFH... ...HNNKNP.. .VYLVHRLDR DTSGAIVVCK
f£260 B.coli QDEWLVAV.. NKPSGWL.V HRSWLDRDEK VVVMQTVRD. .QIG..QH.. .VFTAHRLDR PTSGVLLMGL
1435 H.inf QDGPLVAV.. NKPAGML.V HRSWLDPHET QFVMQTLRD. .QIG,.QH.. .VPPIHRLDR PTSGVLLFAL
370 M.gen EDENIIVV.. DKPTGIVCQ PDKKHSIINL SNMLLKHCGY RQFDSNKLNF YPQFAHRIDR NTSGIVIGAK
42 H.inf OQHSDFIII.. NKSEGISVH KDQEEQ.... ..GLTELVA. .KQLNVPK.. .VWLVHRLDK VTSGLLILAL
rsuA E.coli HGPRYFML.. NKPQGYVCS T.DDPDHPTV LYFLDE.... ....PVAW.., KLHAAGRLDI DTTGLVLMTD
1243 H.inf EEGQYFML.. NKPQGCVCS N.DDGDYPTI YQFFDY.... PLAG.. KLHSAGRLDV DTTGLVLLTD
ycil E.coli AEQICRVLAY YKPEGELCT RNDPEGRPTV FDRLPK.... ..... LRGAR WI.AVGRLDV NTCGLLLFTT
1199 H.inf QKEICRVLMY YKPEGELCT RSDPEGRATYV FODRLPR.... ..... LTGSR WI.AVGRLDI NTSGLLLETT
¥ibC E.coli EDLVLIAL.. NKPVGIVST TEDG.ERDNI VDF....... ..... VNHSK RVFPIGRLDK DSQGLIPLTN
694 H.inf KVVLF..... NKPFDVLTQ FTDEQGRATL KDFISI veaPaaa NVYAACRLDR DSEGLLILTN
Consensus ~-=---h--2-- 1KP---2-= “=---——--- ——- h-—---m mommmmre e e RLD- -T-G222h--
Motif § Motif Il
7 140
rluad E,coli TRAAERELKR QFREREPKK(Q YVARVWGHPS PAEGLVDLPL I...... CDW PNRPKQKVCY ETGKPAQTEY
€17 H.inf SKAADRELKR QFREREPKKH YQAIVWGHLE NDYGEVNLPM I...... CDW ENRPRORLDF VLGKRAVTKF
yceC E.coli KRSALRSLHE QLREKGMOKD YLALVRGQWQ SHVKSVQAPL LEKNILQSGER IVRVSQE... ..GKPSETRF
412 H.inf KRSALRNLHE QLRVKTVQKD YLALVRGOWQ SHIKVIQASL LKNELSSGER IVRVSEQ... ..GKPSETRF
y£iI E.coli TVPAQTRLVE SLQRREITRE YEAVA.IGHM TAGGTVDEPI SRHPTKRTH. .MAVHPM... ..GKPAVTHY
176 H.inf TIPAQTKLVR DLQKRKITRE YEAVA,SGIM TRGGTVDQPM ARHATKRTL. .MAVHPM.,., ..GKPAVTHY
209 M.gen NOQOASLLNLON QLONRTLKRY YVALVHFPFN ALTGSINAPL ARVNNNKVMF XIAQTAK... ..AKQAITKF
£f260 E.coli SSERGRLLAQ QFEQHOIQKR YHAIVRGWLM EE.AVLDYPL VEELDKIADK FAREDKG...  PQPAVTHY
1435 H.inf SSEIANLMCE QFEQKYVOKS YLAVVRGYLO GK.ERIDYPL KIQLDKIADK FSGEDKE... ..PQRAITDY
370 M.gen TNEALKELNE VFKNNHLTKR YKGLVFGQFN HLG..LQTAY WKKDNNNG.. .IVIVKWKPF PEAKKISTFF
42 H.inf LPSEHKIHKT YLALSNQKPKX NARSAAEFSR KKQGLIIGDM KK, L AREGAW KLCOQTK.... ..DNPAITRF
rsuA E.coli DGQWSHRITS ..PRHHCEKT YLVTLESPFVA DDTAEQFAKG VQLHNEKDL. ........ f .TKPAVLEVI
1243 H.inf DGOWSHRITS ..PKHHCEKT YLVTLADPVE ENYSAACAEG ILLRGEKEP. .......... .TKPAKLEIL
ycil B.coli DGELANRLMH ..PSREVERE YAVRVFGQVD DAKLRDLSRG VQLEDGPAA. .......... .FETIK, .FS
119% H.inf DGELANRLMH ..PSREVERE YSVRVFGQOVD DAMLARLRRKG VOLEDGLAN, e .FKBIK..FT
yibC E.coli HGDLVNKILR ..AGNDHEKE YLVTVDKPIT EEFIRGMSAG VPILGTV... ..... vevss JTERCKVEKKE
694 H.inf NGELQHRLAD ..PKPKTEKT YWVQVEGIPE ETDLAQLRRKG VELEDGV... ....vere.n . TKSAKVRLI
Conaensug -—-===-- 2= mmmame—. Be Yommmmmeee e mmmmmm ey mreemesssas a—mm—e—a—a
141 187
rluA E.coli E....VVBEYA ADNT...... ARVVLEKPITG RSHOLRVHML ALGHPI,,.L GDRFYASPEA
617 H.inf E....VLARL PHNS...... TRVKLTPVTG RSHQLRLHML ALGHPI...L GDKFYSHPQA
yecalC E.coli X....VEERY A.FA..... . TLVRCSPVTG RTHQIRVHT(Q YAGHPI..AF DDRYGDREFD
412 H.inf &5....IEERY I.NA...... TLVKASPVTG RTHQIRVHTQ YAGHPI, .AL DDKYGDKDFD
yfil E.coli RIMEHFRV.. ......... E TRLELRLETG RTHQIRVHMA HITHFEL..VG DPVYGGRPRP
176 H.inf RIMENYRN.. ......... Y TRLRLRLETG RTHQIRVHMA HIAHPL..LG DQTYGGRPRP
209 M.gen KVINQNEK.. ......... A ALISLELLTG RTHQIRVHLK FIQHPV..YN DPLYGIKSEK
£260 E.coli RGLATVEMPV ATGRYPTTRY GLVELEPKTG RKHQLRRHLA HLRHPI..IG DSKHGDLRQN
1435 H.inf EGLKIVEMPY PAGRYQTARY SLVKLIPHTG OKTP...... ... icirrrnr vaerasrnas
370 M.gen ENSSYIAQK. ........ PM SLITIRLISG RTHQIRACLN LFSHNQL..VG DRRKYSLIQFK
42 H.inf BSVSCEPN.. ......... L RLFILKPQTG KTHQLRVAMK SLGSPI..LG DGLYGKNTEK
rsuA E.¢oli TPTQ...... .....c.u.. . .VRLTISEG RYHQVFRWFA AVGNHVVELH RERIGGITLD
1243 H.inf DDYN...... .covvernen .. VNLTISBEG RYHOQVKRMPA ALGNKVVGLH RWKIGDVVLD
ycil E.coli GGEG...... .....INQ. SWYNVTLTEG RNREVRRLWE AVGVQVSRLI RVRYGDIPLP
1199 H.inf GGVG...... ers . INGQ., .WYDVTLMEG RNREVRRLWE SQGIQVSRLI RIRYGNIKLM
YibC E.coli APF....... +vvviracss NFRITLVOG LNRQIRRMCE HFGYEVKELE RTRIMMVSLS
694 H,inf SEPNLWERNF PIRERKNIPT SWLEIKISEG RNRQVRRMTA HIGFPTLRLV RVSMGLLSI.
Consensug ---------- -—=--r---- --h-2----G 5=-=12R==== ===== 2emme ——- h---e--
Motif 11l

Figure 3. Alignment ofrluA andrsuAhomologs found ii.coli, H.influenzaeandM.genitalium The C-terminal part of ORF HI1435 has been deleted due to poor
nucleotide sequence in the corresponding database entry. Otherwise, the sequences shown have been truncated at the N- and C-terminal ends to produce
uniform length. These are the truncated sequences used in the sequences analygisafdhéhesuA subfamilies are found on the upper and lower half of the
alignment, respectively. Residues were considered as consensus only when present in 15 of the 17 sequences. The numbering of residuéssefleete¢he
Consensus abbreviations as above.

The alignment of the deduced amino acid sequerticedfind  the established consensus of tBeadenosyl--methionine
its five homologs showed four conserved sequence motifs (FighdoMet) binding motif identified in other methylases that use
2). Motif 1, 2-h-1-L-6-C-G-x-G-x-F-x-2-x-h-A-xg-E, (abbrevi- this cofactor {2). This motif contributes directly to the binding
ations used: h, hydrophobic; 1, EDQN; 2, VLIM; 3, GPA; 4, STpocket for AdoMet in the three dimensional structure of DNA
5, KR; 6, FYW, x, any residue) shares considerable homology t0°C methyltransferagehal (13). Conserved motif I1l (I-2-Y-x-
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-

95
¥ibK B.coeli NIVLYEPEIP PNTGNIIRLC ANTGFRLHII EPMGFAWDDE RLR...RAGL DYHEFTAVIR HHDYRAFLEA
766 H.inf DIVLYEPEIF QNTGNIIRLC ANTGFRLHLI EPLGFTWDDK RLR...RSGL DYHEFAEIKR HKTFEAFLES
346 M.gen NIVLFCPEIP NNTGNIVRSC TAFKANLHLI KPYGFPLNDK HRMV...RAGL NCWDKIQLFE HKSWEHFLQA
spolf E.coli TVCMEQVHKP HNVSAIIRTA DAVG..VHEV HAV...WPGS RMRTMASAAA GSNSWVQVET HRTIGDAVAH
380 H.inf RIVLIETSHS GNIGSAARAM KTMGLTQLCL VSPK.SVDEQ SYALSA.GAE NIVENARVV. .DSFDEAVOD
lasT E.coli TIILVAPARA ENIGAAARAM KTMGFSDLRI VDSQ.AHLEP ATRWVAHGSG DIIDNIKVF. .PTLAESLHD
424 H.inf LVLLDNVNNA QNIGGVLERTC AYFGVENIVA . .DNVENLYS AASM. RVAE GGAEYIRVLE ADYIDSALMQ
yfiF E.coli VLALENESNP HNLGGMMRSC AHFGVKGVVV ..QDAALLES GARI..RTAE GGAEBHVQPIT GDNIVNVLDD
860 H.inf LLVLDGVTDP HNLGACLRTA DAAGAVAVIV PKDKSAQLTS IAR...KVAC GAAETVPLIR VTHNLSRTLRD
y¥F£fH B.coli LLILDGVTDP HNLGACLRSA DAAGVHAVIV PKDRSAQLNA TAK...KVAC GAAESVPLIR VTNLARTMRM
252 M.gen WVMLDEIQDP YNFGAILRTC LASEVDGIIF KENNQVPINN TVM. . .KTSM GSVFYQNLVQ VANLSYTITK
Consensus -2hL===== 3 ~N-G---R-=- —==-=-==-= —-m—-———= e mmmmmmmmme e 2-- ---h---2--
motif T
95 148
¥ibK E.coli .ENPQRLFAL TTKGTPAHSA ........0r raranes V8Y QDGDYLMFGP ETRGLPASIL DALPAEQKIR
766 H.inf .EKPKRLFAL TTKGCPAHSD .......... v v VKPP KLGDYLMPGP ETRGIPMSIL NEMPMEQKIR
346 M.gen TTENKTIWLL TKSGDETPDRQ .......... ... ICMTNKL PNELYFVFG)Q ETKGLPKTIM DN.FKQNQIR
spoll E.colli LKGQGMQILA THLSDWA... .......... . .VDFREIDY TRPTCILMGQ EKTGITQEAL A..LADQDII
380 H.inf CP.vvenn LY IGTSARLRHL OQNTLIEP... RECAEKVVAY KGKIAIVPGR ERIGLTNEEL L..KCHYHLN
lasT E.coli VD...... FT VATTARSRAK YHYYATPVEL VPLLEEKSSW MSHAALVFGR EDSGLTNEEL A..LADVLTG
424 H.inf LREKSG..YQI IHVSHNKQGD PLDK...... ....... VRL KNKVVFVLS. ESSTESLATF EDTQARLTLA
yfiF E.coli FRQAG..YTV VTTS.SEQGK PLFE...... ....... TSL PAKMVLVLGO EYEGLPDAAR D..PNDLRVK
860 H.inf LOOWHNIW.V VGTAGEATET IYQ....... ....... SKL TGPLALVMGA EGEGMRRLTR E..HCDQLIS
y¥jfH E.coli LQEE.NIW.I VGTAGEADHT LYQ....... ....:... SKEM TGRLALVMGA EGEGMRRLTR E..HCDELIS
252 M.gen LKEI.GFWTV VSTLDPIWKP IDY.....::. +uran- REVD FAKKILIVGN EDRGVNQLIT K..NADCRIK
Congensusg =-----==== —-mmm-———= oo —mmmmm m—mm - h ----- h2hG- B--G2----- -------- 2~
motif II
149 168
yibK E.cocli IPMVPDSRSM NLSNAVSVVY
766 H.inf IPMTANSRSM NLSNSVAVTV
346 M. gen IPIWNSVRSI NLANAVVCIL
spoU E.coli IPMIGMVQSL NVSVASALIL
380 H.inf IPANPDYSSL NLAMAVQLVS
lasgT E.coli VPMVADYPSL NLGGAVMVYC
424 H.inf SPI..K.S5GL NIAVNAGVLL
yFiF EB.coli IDGTGNVAGL NISVATGVLL
B60 H.inf IPMAGSVSSL NVSVATGVCL
¥ifH E.coli IPMAGSVSSL NVSVATGICL
252 M.gen IPMNNKINSL NVSVALGIIL
Consensus ZP-====~- 52 N2----- 2hh
motif IIX

Figure 4. Alignment ofspoU tsr and PET56 homologs found Encoli, H.influenzaeandM.genitalium The sequences shown have been truncated at the N- and
C-terminal ends to produce ORFs of uniform length. These are the truncated sequences used in the sequences analysis. Residues were considered as conse
when present in 10 of the 11 sequences. The numbering of residues reflgutdeguence. Consensus abbreviations as above.

S-C-N-3-x-T-2) contains the catalytic cysteine residue of th®# Synthases
TrmA protein which forms a covalent adduct to C6 of U during
catalysis {4). Two additional conserved motifs, Il and IV, were Four E.coli W synthases have been identified (Table The
found. Motif Il (1-x-2-h-2-1-P-3-R-x-G) is located directly product of théruAgene, TruA (also known as HisTBisynthase
upstream fromthe catalytic cysteine motif, and motif IV 1), converts U residues ¥ in the anticodon arm of some tRNAs
(2-h-D-x-F-P-x-T-x-H-h-E) reflects the extensive amino acid15). ThetruB gene product, TruB, formg at U55 in the T-arm
sequence similarity at the C-terminal. The presence of conserwsfdall E.coli tRNAs (16). The product of thesuA gene, RSUA,
motifs I-IV among thérmA homologs supports the prediction introduces the only found in 16S rRNA 7). The product of
that the ORFs identified encodéWnmethyltransferases. therluA gene, RIUA, has two enzymatic activities; it catalyes
Other than the TrmA-dependemPU54 in tRNA, the only formation at U746 in domain Il of 23S rRNA and also catalyzes
other n?Us that have been foundEncoliRNA are ifU747 and W formation at U32 in some tRNASS).
mPU1939 in 23S rRNA. The methyltransferases that catalyze The amino acid sequences of the four kn&éveynthase genes
these latter two modifications have not been identified. Since weere used as probes for iterative searching of the genome sequence
have identified only two other ORFsEicoli that code for U of E.coli, H.influenzaeandM.genitalium The search using threA
methyltransferases, we believe that Eheoli ORFsygcAand  andtruB probes identified an ortholog for eactriinfluenzagand
Cterencode the two putative 23S rRNAWMethyltransferases. an ortholog fottruA, but nottruB, in M.genitalium the search did
Although the presence of these modifications have not beaot identify any non-orthologous homologous ORFs. Searches
established iH.influenzae we further believe that HI333 and using therluA andrsuA probes yielded two families of homologs,
HI958 gene products catalyze the corresponding modificationsdame to each probe. A distant, but distinct homology exists between
H.influenzae therluA andrsuAfamilies (FigslB and3).
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Table 3.RNA W synthases

E.coli H.influenzae M.genitalium
Gene Acc.no. Gefde Identit® Similarity® Gené Identity® Similarity® Function  Activity
(%) (%) (%) (%)

rsuA(probe) P33918 HI1243 58 74 - known 16S U516+W
yciL P37765 HI1199 72 82 - predictedtRNA or 23S U+W
yjbcd P32684 — - predicted tRNA or 23S U+W

H1694 predicted tRNA or 23S U+W
rluA (probe) P39219 HI617 62 75 - known 23S U746, tRNA U32:W¥
yiil P33643  HIl76 72 85 MG3H0 (26) (51) predicted 23S U2580 or 23S U(s) domain R+W(s)
yceC P23851 HI412 72 85 MG239 (30) (55) predicted 23S U2580 or 23S U(s) domain 4W(s)
260 CO05945 HI1435 59 70 - predictedtRNA or 23S U+¥

H142 - predicted tRNA or 23S U+W

aTheH.influenzaeORFs are denoted according to Fleischmetrad. (1).

bThe percentages of identity and similarity of the corresponding amino acid sequende.tolifwetholog are calculated using the GAP program from the GCG
package, which aligns sequences using the Needleman—Wunsch algorithm. The ORFs were truncated at the N- and C-terminal ends as shown in Figure 2
determining the identity and similarity.

CTheM.genitaliumORFs are denoted according to (2).

dThe assignment of ORFs MG209 and MG370 as an orthologseafandyfil is speculative (see text).

Table 4.2'-O methyltransferases

E.coli H.influenzae M.genitalium

Gene Acc.no. Gefle Identity® (%) Similarity® (%) Gené Identity? (%) Similarity (%) Function  Activity

spoU(probe) P19396 - - known tRNA G18-+Gm

yfiF P33635 HI424 38 60 - predictedtRNA, 16S or 23S N+Nm
yjfH P39290 HI860 72 85 MG252 27 a7 predicte®3S G225%+Gm

yibK P33899 HI766 76 83 MG346 39 60 predicted3S U2552+Um

lasT P37005 HI380 32 52 - predicted tRNA, 16S or 23S N+Nm

aTheH.influenzaeORFs are denoted according to Fleischmetrad. (1).

bThe percentages of identity and similarity of the corresponding amino acid sequendg.tolifwtholog are calculated using the GAP program from the GCG
package, which aligns sequences using the Needleman-Wunsch algorithm. The ORFs were truncated at the N- and C-terminal ends as shown in Figure 2
determining the identity and similarity.

CThe M.genitaliumORFs are denoted according to Frateal. (2).

The rluA subfamily has five homologs in the completelysequence motifs (motif I: 1-K-Pp2, motif Il R-L-D-x-T-
sequencedt.influenzaggenome, four of which have orthologs in x-G-2-2-2-h and motif 11l: G-5-%1-2-R) were found in both sets
E.coli. Although arE.coliortholog of the fifttrluA homolog found  of W synthases (Fi).
in H.influenzaehas not been found, it may exist in the 26% of the A total of 17Ws are known to be presentircoli RNA. Mature
E.coli chromosome that remains to be sequenced. Mo  tRNA has seveK nucleotides. Three enzymes—RIUA, TruA and
homologs were identified ikl.genitalium MG209 and MG370. TryB—which catalyze five of the seven tRNA modifications have
The ORF MG209 is the more conserved of these two and is slighfféen characterized (Tablg. The enzymes catalyzing the two
hmore Irelated to_thé.coli 053': ycglc tr_‘?}” to thehotherIuA remaining modifications in tRNA have not been identified. 16S

omologous ORFs (Figs and3; Table3); however the sequence pnia has a singlét at nucleotide 516 which is formed by RSuA
conservation is not strong enough to assign clear _ortholog_y. (17). 23S rRNA has nin#'s which, with one exceptiok/955) are
e e e nomologe BEOL 1. located at the pepty ranstrase cete. (% catayzes
yciL andrsuA have apparent orthologs khinfluenzae The :g&":?&gggpiigﬁu'{ng&Zl)gnIgngrng $§£‘;;e$§mg§g§

remainingrsuA homolog inE.coli (yjpC) and inH.influenzae : i
(HI42) arge not orthologgous to ea((:)g 0t¥1er and have no appar P2605) have not been identified. Thus, there are a total of ten

orthologs in other sequences examined here (Bgand 3; P nucleotides for which the modifying enzyme have not been
Tab|e3) The S|m||ar|ty ofycec yf” andyjbc to rluA andrsuA identified. We have identified five new ORFsHrtoli predicted
has previously been notet) ( to encode RNAVY synthases. The difference in numbers—en

An alignment was made of the amino acid sequences of the gixcleotides versus five synthases—may be explained by (a)
rsuAhomologs fronE.coliandH.influenzaeand the eleverluA  enzymes having multiple substrates as with TruA and RIUA, (b)
homologs fromE.coli, H.influenzaeand M.genitalium Upon  E.coligenes not yet sequenced, or () genes not related to the major
aligning the two subgroups &P synthases, three conservedrsuArluA branch of¥ synthases as is the casetfoA andtruB.
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We assume that ortholog pairs of enzymes fEaooli and Since the two most highly conserved putativ® Phethyltrans-
H.influenzadhaving the highest homology as well as having closterasesyibK andyjfH, are the only ORFs within this family present
homologs present ikl.genitalium will catalyze those modified in M.genitalium we suggest thesncode the enzymes catalyzing
nucleotides present at the most conserved locations. The mib& 2-O methylations 23S Gm2251 and Um2552, which are the
conserved¥ nucleotides found in ribosomal RNA at#2580 only modified nucleotides found in all organisms so far analyzed
located in domain V of 23S rRNA, and tWés clustered in (20). Since the/ibK ortholog set is phylogenetically more closely
domain IV W1915 and¥1917) @0,21). Thus, we predict that related to the guanosine methylageU (Fig. 1C), it probably
one of the twcE.coli ORFs with the most conserved orthologsencodes a guanosine methylase. Thus, we proposgiliKat
(yceCandyfil) encodes the enzyme that catalyzes formation afncodes the 23S rRNA Gm2251 methyltransferase yihid
Y2580 and that the oth&t synthase encodes the enzyme thatonsequently encodes the 23S rRNA Um2552 methyltransferase.
catalyzes formation of one or both of the consel&815 and We are currently experimentally testing the functional predic-
W1917 in domain IV (Tabl&). It is noteworthy that TruA can tions described in this paper. So far, we have cloned and expressec
modify up to three closely spaced Us in the anticodon arm tfiree of theE.coli ORFs described abowggcA, yceGndyfiF.
some tRNAs, thus providing precedent for multilmodifica-  Although the specific bases modified have not yet been identified,
tions at closely spaced positions by a single enzyme. we have determined that each of the three enzymes encoded by

these ORFs does indeed catalyze the formation of the predicted

2'-0O Methyltransferases RNA modifications.
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