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ABSTRACT

The Escherichia coli fmu  gene product has recently
been determined to be the 16S rRNA m 5C 967 methyl-
transferase. As such, Fmu represents the first protein
identified as an S-adenosyl- L-methionine (AdoMet)-
dependent RNA m °C methyltransferase whose amino
acid sequence is known. Using the amino acid
sequence of Fmu as an initial probe in an iterative
search of completed DNA sequence databases,
27 homologous ORF products were identified as
probable RNA m 3C methyltransferases. Further
analysis of sequences in undeposited genomic
sequencing data and EST databases yielded more
than 30 additional homologs. These putative RNAm  5C
methyltransferases are grouped into eight sub-
families, some of which are predicted to consist of
direct genetic counterparts, or orthologs. The
enzymes proposed to be RNA m 5C methyltrans-
ferases have sequence motifs closely related to sig-
nature sequences found in the well-studied DNAm  °C
methyltransferases and other AdoMet-dependent
methyltransferases. Structure—function correlates in
the known AdoMet methyltransferases support the
assignment of this family as RNA m  5C methyltrans-
ferases.

INTRODUCTION

In the present work, we have used the Fmu sequence as an
initial probe in an iterative search of all available sequence
databases, and we have identified more than 55 open reading
frames (ORFs) that encode proteins that are homologous to
Fmu. These homologs have sequence motifs which are closely
related to signature sequences found in the well-studied DNA
m°C MTases, and these motifs allow us to identify the Fmu
homologs as putative RNA Y@ MTases and to assign some
structure—function relationships. Further, from homology com-
parisons within the family, we are able to classify theS8€ RNA
MTases into eight subfamilies, of which at least five are likely to
represent orthologs.

MATERIALS AND METHODS

This study used databases of deposited and undeposited
sequences reported up to February 22, 1999. Using Fmu as a
starting probe, Blast 2.0 and PSI-Blast (4) were used in iterative
searches through NCBI databases of deposited protein
sequences translated from DNA. Usual search parameters
included an EXPECT value of 1000 and a minimum word
length of 2 to pick up weak similarities. Filtering was usually
turned off. Various similarity matrices were used of both PAM
and BLOSUM types. Gap penalties were also varied, with low
penalties chosen to enhance detection of homologs with inser-
tions or deletions relative to the probes. We collected a large
set of deposited protein sequences which were homologous to
Fmu, and these sequences were used as probes in further
iterative searches which were widened to include other data-
bases available through NCBI. Preliminary sequence data were
obtained from The Institute for Genomic Research website at

RNA modifications have been well characterized (1), buthttp://www.tigr.org . These data come from many different

relatively little is known about the enzymes that catalyze suclsequencing projects and are made available through TIGR
modifications or about the functions of the modified residues(http://www.tigr.org/tdb/mdb/mdb.html ).

We have undertaken a program directed at identifying the In certain eukaryotic cases, sequences from EST databases
enzymes responsible for formation of the modified nucleotidesvere collected by BLAST searches of type tblastn, and assembled
in RNAs. Recently, thémugene product (Fmu) was reported into partial ORFs using the putative®@MTase sequences as

to catalyze formation of AC at position 967 oEscherichia  guides. This procedure was done iteratively to produce substantial
coli 16S rRNA (2,3), and this represents the first RNAGn approximates of theoretical ORFs.

MTase whose amino acid sequence is known. [Fmu was In the eubacterial and archaebacterial cases, undeposited
renamed rrmB (2) and rsmB (3). To avoid confusion we havggenomic sequencing data available for Blast searches were
returned to the older designation.] Tscherne and co-workers (3)sed to collect homologous patches of translated sequence
also reported searching GenBank and finding proteins similawhich were assembled into larger putative protein fragments.
to Fmu in 13 organisms. They suggested that three of thesks in the eukaryotic case, these patches were added to our set
proteins might be RNA AC MTases. of homologs, and the procedure was iterated.
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Table 1. Putative RNA MC MTase ORFs

Organism 1 )it m v A\ VI vii VI
(Fmu) (P120) (Yebu) (Ncll)
I.LEubacteria
Proteobacteria
Actinobacillus actinomyces® U’ - - - - - - -
Haemophilus influenzae’ P44788° - - - - - - -
Pseudomonas aeruginosa® U - - - - - - -
E. coli® P23866 - 2829645 - - - - -
Yersinia pestis * U - - - - - - -
Coxiella burnetii * P45679 - - - - - - -
Vibrio alginolyticus Fmu/v® - - - - - - -
Neisseria gonorrhoeae * U - - U - - - -
Neisseria meningitidis * U - - U - - - -
Campylobacter jejuni - - - - 8] - - -
Gram Positives
B.subrtilis® 3915867 - - - - - - -
Staphylococcus aureus * U - - - - - - -
Streptococcus pneumoniae * U - U - - - - -
Streptococcus pyogenes * U - U - - - - -
Lactococcus lactis * P72943 - - - - - - -
Enterococcus faecalis * U - - - - - - -
Clostridium acetobutylicum * U - - - - - - -
Mycobacterium tuberculosis® 2829532 - - - - - - -
Other phyla
Synechocystis* P72943 - - - - - - -
Deinococcus radiodurans * U - - - - - - -
Porphyromonas gingivalis * - - U - - - - -
Thermotoga maritima * 8] - - - - - - -
I1.Eukaryotes
human - P46087 - - - - E°’ E
mouse - A48998 - - - - E E
D. melanogaster E 4185892 E
C. elegans® - 3886025 - - - - - -
S. cerevisiae* - P40991 - - - - 586408 1730712
S. pombe - 3810844 - - - - 2465159 2414617
III Archaebacteria
Methanococcus jannaschii® - - - - 2500953 - -
Archaeoglobus fulgidus® - - - 2648195 2649749 - - -
2648496
Pyrococcus horikoshii® - - - 3131344 3131814 3130211 - -
3131110 2696448
Pyrococcus furiosus * - - - 2U 2U 8) - -

aUndeposited genomic sequences from http://www.tigr.org . Funding sources and institutes supplying sequence
are listed in http://www.tigr.org/tdb/mdb/mdb.html

bU, ORFs compiled from undeposited genomic sequencing data (2 U indicates there are two ORFs). E, ORFs
compiled from the EST division of GenBank/EMBL/DDBJ. Most of these ORFs are incomplete.

¢Complete genomic sequence is available.

dAll numbers in cells are accession numbers for GenBank/EMBL/DDBJ databases.

eBAA31227 and BAA31226 are accession numbers are for fmu and fmv which have been combined to yield a
single ORF as found i&.coli.

The collection of homologs was used to create a databasRESULTS AND DISCUSSION

that was used as the object of Blast searches using individugl I . . .
homologs as probes. AnJaIysis of this set of proteingsequencgge used the sequence of Fmu as an initial probe in an iterative

allowed division into subfamilies of closer relatives. Thes.ef']erh of the available sequence databases. In the databases of
extended homologies within these subfamilies were used fwls.hed sequences (GenBank/EMBL/DDBJ), we found a
further expand fragmentary individual sequences within our datd@Mily of 27 ORFs with deduced proteins homologous to Fmu,
base in continued iterations of the procedure described above. @nd in the undeposited genomic sequencing data and EST
Alignment of each subfamily was initiated using the PileupS€duences we found more than 30 additional Fmu homologs
program inside GCG v.9.1 (5) and was then further adjusted.Tabl_e 1). To obtain the latter, sequences were |(_Jlent|f|ed as
Alignments between subfamilies were initiated using conPutative niC MTase fragments and assembled into larger
served sequence patches in each subfamily and then adjusteé@RFs for incorporation into the analysis of the family of Fmu
RNA sequence data were obtained from the rRNA Wwwhomologs. The translated sequences of the complete and
server at the University of Antwerp, Belgium (http:// incomplete ORFs are available at http://www.sacs.ucsf.edu/
rrna.uia.ac.be ). The phylogenetic assignments and termindtome/SantiLab/m5c.html . As this work progressed, we performed
ogy used (e.g. ‘epsilon division of Proteobacteria’) are thoseomparisons of the Fmu homologs with the more extensively
available on the NCBI web site (http://www.ncbi.nim.nih.gov/ studied DNA nriC MTases and other nucleic acid MTases.
Taxonomy ). This analysis revealed that the Fmu homologs possess a
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Figure 1. Arrangement of conserved regions in subfamilies of the putative RR&\MiTase family. A core region of about 270 amino acids is conserved throughout
subfamilies 1-VI of this family of putative AdoMet-dependent MTases, with extensive, but lower, homology in subfamilies VIl and VIII (not sheeve)rd is
divided into a small N-terminal region of about 40-50 amino acids and a larger C-terminal region of about 220-230 amino acids. The larger regicorseTiasd
motifs which appear to be homologous to those seen in a wide range of AdoMet-dependent MTases.

conserved core with sequence motifs that have homology texist in thus far unrecognized proteins that serve as RNA-binding
conserved signature motifs described in DNA MTases andubunits for these putative RNA MTases. We propose that
other S-adenosyl--methionine (AdoMet)-dependent MTases members of subfamilies I, II, VII, VIII and probably IlI, are
(6-12). The established structure—function correlates of thesaade up of direct genetic counterparts or orthologs.
motifs in the DNA MTases enabled provisional assignment of Subfamily I, which includes Fmu and putative orthologs, has
m°C MTase function to this family of RNA modifying 20 eubacterial members. Members of this family contain an N-
enzymes. In the following, we first describe the overall familyterminal extension of ~220 amino acids (Fig. 3A). In addition
of putative RNA mtC MTases obtained by homology searchesto homology, strong evidence that members of subfamily | are
using Fmu as an initial probe, followed by a comparison oforthologs is derived from a correlation between the presence of
conserved sequence motifs to the signature sequences of otligg gene and a C residue at the target site of small subunit
AdoMet MTases. RNA. The target of Fmu, C967 dE.coli 16S rRNA, is the

. fourth base from the 5' end of the loop of a conserved 4 bp
Subfamilies of RNA m°C MTases stem—8 base loop found in all small subunit RNAs (helix 31 in
Based on the linear arrangement of conserved motifs andscherichia colil6S rRNA) (13). All ORFs of subfamily | belong
sequence homology levels, the family of RNA@MTases to species of Eubacteria that contain a C residue at the analogous
was subdivided into eight subfamilies (I-VIII). Figure 1 showssite of their small subunit RNAs. In five other complete and
the arrangement of conserved regions in subfamilies 1-VI. Altwo nearly complete eubacterial genomes we did not find putative
subfamilies have a conserved core region consisting of a smdfimu orthologs, and in each case the nucleotide in the small
N-terminal region of ~40-50 amino acids and a larger C-terminaubunit RNAs corresponding to position 967 Bfcoli 16S
region of about 220-230 amino acids which contains signaturRNA was not a C (G inMycoplasma genitaliumand
sequence motifs (Fig. 2). The subfamilies are distinguished biylycoplasma pneumoniaeand A in Helicobacter pylorj
N- or C-terminal extensions or, in the case of subfamily VI, anTreponema pallidumBorrelia burgdorferj Campylobacter
insertion into the core sequence. These extensions of the cgeuni and Porphyromonas gingivajisTogether with certain
sequence have regions of homology within a subfamily, busequence homologies, this correlation suggests that all
vary between subfamilies (Fig. 3). The RNA substrate recognitiomembers of subfamily | are Fmu orthologs that methylate the
domains may exist in these non-core extensions, or they mdycarbon of a C residue at the fourth base of the loop of the

Figure 2. (Opposite) Signature motifs of the putative RNA@MTases. Motifs assignments are as described (8). Identical residues are black with white lettering,
gray shading indicates similar residues. Organisms are designated by the first initials of the genus and species name in lower cas&.preeptdoiaand
Synechocystjsvhich are sn and sy, respectively. * following the organism designation indicates that the amino acid sequence is a translation of an incomplete ORF
~ indicates N- or C-terminus of the available sequence. X indicates incomplete internal sequence. Motifs shown are from 16 members from sikgfamily |, f
members from subfamily Il, and all members of the other subfamilies listed in [lpble 1. Subfamilies IV-VI are combined. In the databases, Sun is a commor
designation for Fmu homologs, SunA-SunkE refers to the Fmu homologs in familtes IV-VI. In the organism designations for these families, A or ,I$tibfami

B, C or BC, subfamily V; D, subfamily VI.
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MOTIF N1 wx” I v VI “WIII”

Subfamily I. Numbering is for Fmu from E. coli (ec).

182 429
ng*  TLERGYRRH '
nm* 3 NRRH
aa* RITOK
hi SOK
ec RTH
vp* BNRTH
va QH
bs NOMK
ef* SGIRAUNTRE
sn* DLS
sp* TDPL
11 SKIDPT
ca* (WRLK
sa* L TR
tm* WA MLEﬁTITﬁISV
sy PLK B2 I HHQ) T

—kkkk Kk _kkkkk_k_k hhkk Kk hh _ Kk de e e ek Kk kR ok ok k% —kkk K KWKk kkk _—— KR KK _k_k _k

Subfamily II. Numbering is for P120 from human (h).
318

KHAKKKKK KA KKK A kohkkhkdkk . kkkk_okhhkdh  KRRKRINA AR AR ® Ak _ Ak _ Ak *¥_hkk_*k

Subfamily III. Numbering is for Yebu from E. coli (ec).
108

ARQ ; B
HSSBPAAQ 2
VQBEASSMF R ENT:
EHIE G it F T D AREL GoLiysTCTIRN
hh kAR K KK kkkkkkhkkkkhk KKk kR g v ke ke ke ke ok _kkkKkKk*hkk__dhhkkk HEKK Kk k _kER R AR

V, VI. Numbering is for SunA from A. fulgidus (afh).
239

ILJFSL . DYDEIRg

ok k_kkkkkk k&

dokok ek ok kK kokk

Subfamily VII. S. cerevisiae (sc).

155 180 410
h* LoMCAZPGSKTIDR ILCDVPCSGDG XXXXXXXXXXXXXXXXK
m* LDMCARPGSKTIMDR ILCDYPCSC i 7 ;
dm LDMCAAR
sp LDMCAAPGSKT]
sc LDMCAAPGSKTIMDRTL.CDYVPC SC

K hkkRRKRKRAKE  RKKKKRRKRIE kk ok hkkdeokok ko ke

Subfamily VIII. Numbering is for S. cerevisiae (sc).

232 489

SEKTTLS! AVIE]
n* SIFETTLT TAVE
sp AGGTI]| 'ANL
sc¢ LFKSDGGT \VCF'
am*

Fhhkkk kKK

Foh_kdkkkkkok  __kkARARKNKEAE KK kkkhkk__kkkk

MOTIF N1 wxs I v VI “WIII#
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A. Subfamily I (Fmu) N-terminal extension B. Subfamily III (Yebu) C-terminal extension
ng* Lt e e e e i QRLEADSTA t}= E.GRNLQD! LAHIRAAHPQ&I‘AQ%NG: 37 sp*
At Lpeeseese s mme e OKUADSTAAYAE . GRNLODWLAQTRTAHPDETAQENG : 37 sn*
aa* 1t KQKRLRKPPHFPPARARVOT FQ'&I EHGKSLECEHLPDAQVV . . . TKAQBLP: 48 pg*
hi 1:MKKFSSKTTKAKNSVKMTALSTRAIRANLILOVLDEGKSLEAKIPEVOLS . . . JKAQRLP: 57 ec
ec EQVVEQGQSLENELPPLQOK . . . ¥SD ;42
v+ SOYLDQGOSLEAYLPELOKN. . . £SD ;42
va YLYVDKGHSLSSALPAAQQT . . . URP! : 38 sp* 301:
bs TKLEONQ . AYSNELLKSVIKSNEESDONRG : 43 sn*  316:
ef*  1: YVRLETEERVDKGG . AYSNELLNEMMTKSELSEKBGR : 36 pg*  325:
SN*  Limmemmmmmmmmnn VETARSLBLAVLEDVFVNQ . AYSNFALNKHLKGSOBLAARKG : 41 ec  354:
sp* 1 RGKBLLVIFARFDQG . AYENEALNQOLSNKALSAKBRA : 37
11 1 INDEFGND . AYANESLDRNLRDSELSTVBKG: 42
ca* 1 NKYLSHD . GFSNFVLNKALKGEETSSKIBKG : 45 sp*  357: 1366
sar 1 oD 1NFG.AY§: e TNEVLSENENAMEKA . 39 sn*  372:E VKYARGETVQLAES PNGWYQVLVKGNG%%KVTGNVL NV : 425
tm* 1 i pg* 3B5: ECLKANGIRLHTAGITVGMOKGKDLVPAPALILSTEMDD FE:444
sy 1 ec  413: EWYRERDVY PQARPYADDVLVTFQHQPT . GLKRIGSRI 1466
Ak ol Sonoii PO, PO PO
L c Sufamily IV Archaebacteria N-terminal extension

ng* i R KKPIDNPQ. .
am* J KKPIGNPO . . {ESIRILA . . pfE 1:MEAEKEKKLSHEP : 58
aax . i : DKPLCGKKRIHC IISH 107 phE  1:MEAEK.KKLSIP 57
hi N DKPLKGKTRT . pfA  1:~~~~MELFYRYT 54
ec ; RPMTGKORT, v : PhA  1i~eee
vp* IARPMTGKQRVF ) : afa
va EALRYI, DKPLKGKQRVEF
bs 3 N . KPQKVKPY
ef* :LF K . KPQKVDNW P : pfE
sn* : HFEE . DRDQLDSY / iz : PhE
sp* : LT : \AHYYK . DRDKLDKW : pfa
11 : FYTA TWYRTPLEK . KEPK . . PWAKMBOLE/ tf : phA
ca* : X 4 KFYKTKINKIDKR! q : afa
sa* H KPFUYKTKIK. . .Ab
tm* B NQLEKKK . . DIPPA}
sy : T EQLGDRPIGKQPPDERR Lol : pfE 116:

« phE 115

pfa 115

ng* 95:A8ESIAKIGRGQ. EREKLAASCK. . . A pha 115
nm*  95:ANESTAKIGRGQ. ERDKLAASCK. . . : afa  113:ER.
aa* 108: I§NTAKNLQLOS. EQESMLAKVD. . .
hi 117:VENATKSLKSDS. EODEILATID. . .
ec  102:THEGAIAIKRPQ. OEELLAEFN. . . ASDA.RYLH] pfE  172:
yp* 102:TEGATVLKRPQ. (OQVELLERAV. . . NNDS . HYLH phE 171
va  98:TWEGTKELKGER.LRG INYORNOEELDQMAY . . . SNNAGKYGHESH pfA 174
bs 103 :ABEIAKTRGH.KGIAS g : pha  174:
ef*  96:AMEIGKRRGN . PGIGKFY R : afa 162:
sn* 101:ANELAKLR . . KKGSEK ;
sp* 97 :ANGIAKNRGNKKGAEK
11 100:ARKIAK. RHDGQATAN ... .EHRNEEPKDWETKYSM
ca* 106:AUNTTKKYISLK. S NIAFYNKDNSVEKLCFNYSF
sa* 97 : TPETAXXX . X KRMPIEY SMjZK8
tm*  66:TKLVKN. . . . ENFKK LRTVPEP. ........ KELHLVYSH,
sy 102:GYDLAKANG . LKGLSKVH} Y OBAEEOGKNTI DOEKISLGEQYSHE

Figure 3. Conserved extensions of three subfamilies of the putative RR\MiTases. Numbering is shown for each amino acid sequence. ~ and X as irmigure 2.
(A) N-terminal extension of selected members of subfamilyB). Conserved region of the C-terminal extension of members of subfamilyd)l N-terminal
extension of members of subfamily IV.

conserved 4 bp stem—8 base loop of small subunit RNAglescribed below, we now propose that these ORFs encode
Although some Eukaryotes and Archaebacteria have a C in tHRNA m°C MTases rather than 2'-O-MTases. The human protein
corresponding position, the known modification patterns inin this subfamily, P120, has attracted interest as a tumor
this region are very different from those found in Eubacteriamarker (19-22).
(14,15), and no putative orthologs of Fmu were found in these Subfamily I, including YebU fromE.coli, contains four
phyla. eubacterial members that we predict to be orthologs. These
Subfamily Il possesses several putative orthologs in eukaryote®RFs encode the core plus a conserved C-terminal extension
six ORFs are listed in Tabl} 1. Members of this family have &Fig. 3B). Since rRNA oE.coli contains only three BT residues,
C-terminal extension in addition to a large N-terminal extensioand Fmu methylates C967 of 16S rRNA, YebU frdrcoli
which has been shown to contain nuclear and nucleolar locaimay be responsible for producing one or both of the remaining
ization motifs (16). The proteins from human, mouse and yeash®C residues of rRNA: C1407 of 16S rRNA or C1962 in 23S
have been studied without knowledge that they might be RNARNA.
m°C MTases. Previously, the AdoMet-binding motifs and the Subfamily IV contains five members from Archaebacteria
nucleolar localization of these proteins led workers to propos#hich have in common a conserved set of N-terminal extensions
that they may be RNA methylating enzymes (17), possiblhydifferent from the set found in the Fmu subfamily (Fig. 3C).
nucleotide 2'-O-MTases (18). Because of the signature motiffwo ArchaebacteriaPyrococcus horikoshiand Pyrococcus
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furiosus each contain two putative RNAY MTases in this  Motifs IV and VI contain signature sequences that target
subfamily. The two eubacterial homologs listed in Table 1 arespecific bases. Motif IV contains a ProCys consensus for the
represented by incomplete sequences; provisional assignméddtA m°C MTases or a Pro(Tyr/Phe) consensus for the exocyclic
to subfamily IV is based primarily on homology in the core amino nfA and nfC MTases. Motif VI contains an acidic
region. residue for recognition of the target C of°@& MTases or
Subfamily V contains seven archaebacterial members dfydrophobic residues in exocyclic amino MTases (6,7,11).
unknown function. This subfamily contains only the coreTwo other motifs found in AdoMet-dependent MTases, VIII
sequence. Three Archaebacteriarchaeoglobus fulgidys and X, are well conserved within but not between separate
P.horikoshiiand P.furiosus each contain two putative RNA families of DNA MTases. The linear arrangements of motifs I-X
meC MTases in this subfamily. There is also one eubacteria@re found as circular permutations characteristic of different
RNA m°C MTase homolog that appears to possess only thAdoMet-dependent MTase families (8). Most DNAS@
core sequence. It is provisionally assigned to this subfamily. MTases have the arrangement, I-VI...VIII....X; one unusual
Subfamily VI contains two archaebacterial members ofDNA m°C MTase is circularly permuted to have motif X at the
unknown function that are uniquely characterized by an interndl-terminus (28), a pattern also seen in the DNA exocyclic-
insert between two portions of the conserved core sequence.amino MTase family gamma (29). Regardless of their linear
The proteins encoded by the eukaryotic ORFs in subfamiliegrrangement, motifs VIl and X occupy similar positions in the
VIl and VIl are more diverged from Fmu than the members ofthree-dimensional structures, and hence probably serve similar
groups I-VI. A yeast ORFNCL1) from subfamily VII has functions. Recent work suggests that for polynucleotide sub-
recently been identified as encoding a non-essential nucle&trates, a likely function for motif VIIl is to help stabilize the
protein (23). Disruption oNCL1leads to increased sensitivity target base in a position flipped out from its normal position in
to paramomycin, an aminoglycoside antibiotic that affectghe secondary structure (30).
translational fidelity. The core sequences of subfamily VIl Crystal structures show that the DNAS@& MTases are
contain the sequence motifs (discussed below) which clearfiplded into two domains. The larger ‘catalytic’ domain is com-
identify them as members of the family of probabléGn posed of the N-terminal region and usually has a small contri-
MTases. Motif N1, whose function is unknown, is more bution from the C-terminus. This domain consists of a typical
diverged or absent. Members of the family have N- and C-termindVTase fold containing the motifs that provide the AdoMet
extensions with conserved regions whose lengths are uncertdiinding and catalytic sites. The core region (excluding motif
due to incomplete sequence data. Subfamily VIl possesseshil) of the RNA n?C MTase family corresponds to this domain
variation in one of the prime signature motifs for RNA@ of the DNA nPC MTases. The smaller variable domain
MTases (motif IV discussed below; ProSerCys rather than ProCygyovides sequence-specific recognition of DNA substrates.
and assignment of the 5 position of C as the target of methyThe RNA super-family does not contain this smaller domain, but
transfer is therefore less certain for this subfamily. Members ogither the extensions and inserts that characterize the subfamilies
subfamily VIII have at most a minimal C-terminal extension; or separate subunits may serve as RNA binding domains.
there is an N-terminal extension with a conserved region The crystal structure of the RNA MTase ErmC’ and the
whose length is uncertain. solution structure of the related ErmAM have recently been
The phylogenetic distribution of the Fmu subfamily (sub-determined (31,32). These enzymes are members of a family
family 1) (Tablel 1) suggests that this enzyme originated in af enzymes which confer erythromycin resistance to microbes
common ancestor of many eubacterial phyla, in particular they methylating N6 of a highly conserved A residue in large
Firmicutes (the Gram-positives) and the Proteobacteria physubunit rRNAs (A2058 irE.coli) (33). Theermrelated gene
lum (which includeskE.coli). Also the wide distribution sug- products show conserved core sequence motifs homologous to
gests continuing and strong selection pressure to retain thire AdoMet binding motifs and base-specific motifs of the
enzyme. Analysis of small subunit rRNA sequences suggesexocyclic amino DNA rBA and nfC MTase families. Analysis
that secondary loss of the activity is correlated with loss of th@f these motifs and their location in the structures shows them
substrate C in specialized genera such as Mycoplasma (in the be organized in the same fold found in the DNAGrand
Gram-positives), in divisions such as the epsilon division oin®A/m*C MTase families. The sequence and structural homo-
the Proteobacteria (which includelspylori and C.jejunj, and  logies of these proteins strongly suggest evolutionary relation-
perhaps in entire secondarily reduced phyla such as th&hips connecting AdoMet-dependent MTases, including the
SpirochaetesT.pallidum B.burgdorferi) Representatives of RNA and DNA nPC and iSA/m*C MTases.
subfamilies II, VII and VIII show a distribution suggestive of = The larger region of the conserved core of the putative RNA
an ancient origin in a common ancestor of Fungi and Animaliam°C MTases contains eight conserved motifs (‘X'—I-II-IlI—
with secondary loss of VII and VIII in the nematode IV-V-VI-‘VIII') that as a group have strong homologies to
Caenorhabditis elegans The eubacterial homologs in the signature motifs described above. Figure 4 shows the core
subfamilies 1lI-V show widely scattered phylogenetic region of two representatives of the putative RNAGWMTase
distributions more consistent with lateral transmission (Tgble 1)superfamily aligned with conserved motifs from representatives
. o of three other nucleic acid MTase families. Alignments of
Sequence motifs and structural homologies in the AdoMet- | i regions, N1, X I, IV, VI and *VIII", for all eight sub-
dependent DNA and RNA MTases families of the putative RNA AC MTases are shown in
Alignments of known DNA and RNA AdoMet MTases exhibit Figure 2. ‘X’ and ‘VIII' are two conserved motifs that flank
an ordered set of up to 10 motifs, designated I-X (9,10) fomotifs I-VI and thus are in the positions of motifs X and VIIl,
which functions have been assigned from structural studiesspectively, in the unusual DNA 3@ MTase described
(24-27). Motifs 1-V contain binding elements for AdoMet. above. The conserved motifs provide evidence that all of the
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Motif N1

{tmu_ecoli} 149 I Il krl gkayp.eqwqgsiveAnngrpPmwLRi NrthhsrdswlallLdeaGmkgfp.hadypdavriL.etpa
{p120_human} 284 | 1 gkt mdl fplselvefleAnevprPvtLRtNtLKtrrrdlagalinrGvnldpl gkwsktglvvydssyv
Motif "X i [}

{fmu_ecoli} 217 pvhal Pgt edGwvtvQdASaggcecmtwl aPqngEhI LDLCAAPGGKTthll evape.aqvvAvDideqRIs
{p120_human} 354 pi gaTPEyl aGhyml QgASSMI PvmALaPqgqehEr| LDMCcAPGGKTsyMAQLMkKkNt GvI | AnDanaeRI k
{M-Hha I/DNA/5mC} 14 FIDLfAGI GGfrlale 39 NEWD

{M-Tag I/DNA/6mA} 42 VLEpACAhGPf Il raF 70 VEI D
{ermC'/RNA/6mA} 34 | FEI GSGkGhf Tl el 58 | EI'D

Motif [ rv o+

{tmu_ecoli} 285 rvydNLkKkRLG. mkat vkqgDgRypsqgwcge. qqFDRILLDAPCSatGVIRrhPdi KwlrrdrDIipelagl
{p120_human} 424 svvgNLhRLGvtNtiishyDgR...qfpkvvggFDRVLLDAPCSGt GVI sKdPavKtnkdekDIIlI rocahl
{M-Hha I/DNA/SmC} 59 GD 73 DiLcagfPCgq
{M-Taq I/DNA/6mA} 88 AD 100 DLILGNPPY
{ermC'/RNA/6mA} 83 KD 96 yklfGNIPY

Motif ) . Vi

{fmu_ecoli} 353 Qsei L....daiwphl Kt GGt LVYaTCSvI pEENsI glkaflLgrtabDaelcetgtpegpg. . ... .....
{p120_human} 491 QkelL Ll saidsvnatsKtGGyLVYcTCSitvEENEwVvdyalLkkrnvrlvptgldfgqgegftrfrerrfh
{M-Hha I/DNA/5mC} 117 f mMEN
{M-Tag I/DNA/6mA} 168 GVLVFVVPATW
{ermC'/ANA/6mA} 123 ' YLI VEy GF

Motit "vin"

{fmu_ecoli} 409 . . .. .. kqnl PgaeegDGFFyAKLI Kk

{p120_human} 561 pslrstrrfyPht hnmDGFFi AKf kKTt

Figure 4. RNA m°C MTases aligned with the signature motifs of representatives of other AdoMet-dependent MTases. TwO@RMAases, Fmu and P120, are
shown. Capital letters indicate residues that are moderately to highly conserved in subfamilies I-VI. The two Cys residues that are totathticamsghoeat the
superfamily are indicated with *. R Nhal, M-Tagl and ErmC’ are representatives of different superfamilies of AdoMet MTases. The alignment of the conserved
regions shown is based on published crystal structures (31). Analogous conserved regions from different families have been given standlaatizesl {rdtll and

X) (8). Bold letters in motifs I-VI indicate residues likely to be involved in substrate and AdoMet binding.

Fmu homologs are MTases that specifically target the 5 positioassential feature of these reactions. In Fmu, motif IV contains

of C. Pro324Cys325 and is one of the three most highly conserved
) ) motifs of the RNA niC MTase family. Although there is a

Relationship of the Fmu homologs to the DNA ri(C MTases second completely conserved Cys in the RNACTMTase

Conserved motifs I-VI of the putative RNAS@ MTases bear family, Cys325 is likely to be the nucleophilic catalyst. A
a striking resemblance to the six AdoMet and cytosine-bindingecent report of a mutagenic analysis of the yeast subfamily Il
motifs (I-VI) of the large catalytic domain of DNA-f@  (p120) homolog shows that the Cys residue in the ProCys
MTases. Following is a comparison of conserved motifs of thénotif is essential for function, while the second conserved Cys
putative RNA niC MTases to the motifs of DNA A€ MTases IS not (35).

using Fmu and Mdhal as examples of the two families (Fig. 4).  Motif V is not always clearly identifiable in members of the

Motif | is one of the most conserved motifs in the DNA@ DNA m°C MTase family (Leu100 in Mdhal). The suggested
MTases (residues 18-22, FAGLGG, in Nhal). It is rich in ~ function is to provide a hydrophobic residue, usually Leu, as
Gly and other small side-chain amino acids that allow a tighpart of the AdoMet binding site. In Fmu, the candidate for
turn that interacts with AdoMet. In Fmu the analog of motif | motif V is that which contains the highly conserved L357.
appears at residues 254-259 (CAAPGG), and it is also one of Motif VI, a third highly conserved motif of the DNA AC
the most conserved motifs in the RNAS@ MTase family MTase family, provides a glutamate in the sequence GluAsn as
alignment. an important contributor to cytosine-binding (E119 in M-

Motifs Il and Ill are among the least conserved motifs in theHhal). The Glu side chain carboxyl forms H-bonds to N3 and
DNA-mSC MT family. Each contains an acidic residue which pro-N4 of the target cytosine, serving a role in determining cytosine
vides part of the AdoMet binding site (E40 and D60 inHtal).  specificity. In Fmu, motif VI contains E381N382 and is highly
Motif Il is usually spaced 10-20 residues after motif I, andconserved throughout the RNA*@MTase family. This motif
motif 1l occurs about 20 residues thereafter. In Fmu, thgegion also contains the second Cys residue which is totally
candidates for motifs Il and Ill are those which contain D267conserved in this family.
and D303.

In the DNA nPC MTase family, conserved motif IV provides
binding residues for both AdoMet and cytosine and includedJsing Fmu as a probe to search the available sequence data-
the active site Cys that forms a covalent adduct with the ®ases, we uncovered more than 50 proteins that are likely to be
carbon of the cytosine ring during catalysis (34). The catalytiRNA m°C methyltransferases. Only one Fmu homolog, YebU,
Cys follows about 20 residues after the acidic residue of motifvas found in thé=.coligenome database, and we propose that
Ill, and it is invariably preceded by a Pro, the side-chain ofthis enzyme is responsible for producing one or both of the
which interacts with AdoMet (Pro80Cys81 in Mha l). As  remaining MC residues in rRNA (C1407 of 16S RNA or
expected, the ProCys of motif IV is not found in the MTasesC1962 of 23S RNA). Of significance is the finding that human
that methylate the exocyclic amino groups of A or C, sinceP120, a proliferation-associated nucleolar antigen and important
covalent adduct formation with the target base is not arumor marker, is also likely to be an RNA@MTase. Comparison

Summary



of sequences of the putative RNAS@ MTases to those of 12

DNA m°C MTases revealed that at least six conserved

signature motifs in the DNA MTases were also found in the}
RNA m°C MTases. From this comparison, we identified 15,

Nucleic Acids Research, 1999, Vol. 27, No. Ba45

Schluckebier,G., O'Gara,M., Saenger,W. and Cheng,X.D. (1298pl.
Biol., 247, 16-20.

3. Brimacombe,R. (199%ur. J. Biochem.230, 365-383.

Cys325 of Fmu, and the corresponding Cys residue in each ak.
the Fmu homologs as the probable candidate for the catalytlc
nucleophile in the enzymatic reaction.
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