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ABSTRACT

There are three sites of m5U modi®cation in
Escherichia coli stable RNAs: one at the invariant
tRNA position U54 and two in 23S rRNA at the
phylogenetically conserved positions U747 and
U1939. Each of these sites is modi®ed by its own
methyltransferase, and the tRNA methyltransferase,
TrmA, is well-characterised. Two open reading
frames, YbjF and YgcA, are approximately 30% iden-
tical to TrmA, and here we determine the functions
of these candidate methyltransferases using MALDI
mass spectrometry. A puri®ed recombinant version
of YgcA retains its activity and speci®city, and
methylates U1939 in an RNA transcript in vitro. We
were unable to generate a recombinant version of
YbjF that retained in vitro activity, so the function of
this enzyme was de®ned in vivo by engineering a
ybjF knockout strain. Comparison of the methyl-
ation patterns in 23S rRNAs from YbjF+ and YbjF±

strains showed that the latter differed only in the
lack of the m5U747 modi®cation. With this report,
the functions of all the E.coli m5U RNA methyltrans-
ferases are identi®ed, and a more appropriate
designation for YbjF would be RumB (RNA uridine
methyltransferases B), in line with the recent
nomenclature change for YgcA (now RumA).

INTRODUCTION

Transfer and ribosomal RNAs engage in a multitude of
precisely coordinated molecular events during protein syn-
thesis, the speed and accuracy of which are governed to a large
extent by the ability of RNA to discriminate between
functional and non-function interactions. The interactive and
discrimatory abilities of RNA are determined by the four
nucleotide components that make up its structure. The basic
structural repertoire of RNA is expanded in tRNAs and rRNAs
by a range of post-transcriptional modi®cations. These
modi®cations are quite diverse in tRNAs, while rRNA
modi®cations are generally limited to base and sugar

methylations and pseudouridylation (1). Ribosomes of the
enterobacterium Escherichia coli have 11 modi®ed nucle-
otides in 16S rRNA and 23 modi®cations in 23S rRNA (2).
Plotting the locations of the modi®ed nucleotides onto the
X-ray crystal structures of the ribosome (3±5) shows that they
cluster within several discrete regions (6±8) that are concerned
with subunit association, mRNA decoding, the binding of
auxiliary factors, and peptide bond formation (9±12).

Although it is now generally agreed that all of the
modi®cations within the E.coli rRNA have been compre-
hensively identi®ed and mapped, several of the enzymes
responsible for these modi®cations remain to be accounted
for. To date, four of the 16S rRNA modi®cation enzymes have
been identi®ed (13±16), while seven of the 23S rRNA
enzymes are known (17±23). The incompletely characterised
enzymes include those that convert uridine to thymidine
(m5U), a modi®cation that occurs in both rRNA and tRNAs. In
E.coli, three RNA uridine nucleotides are converted to m5U:
one is at the invariant tRNA position U54 (24,25); and the two
other sites are at 23S rRNA nucleotides U747 and U1939
(26,27). The methyltransferase enzyme responsible for tRNA
U54 methylation, TrmA, has been thoroughly investigated
(28±31), whereas at the inception of our studies neither of the
two rRNA m5U modi®cations had been linked to its cognate
methyltransferase.

In an earlier study, a homology search of the then
incomplete E.coli database revealed two open reading frames
(YgcA and YbjF) with suf®cient similarity to TrmA to warrant
the authors' conclusion that these represented the U747 and
U1939 methyltransferases (32). Repeating the search in the
completed E.coli genome sequence results in the same
conclusion, without revealing additional m5U methyltrans-
ferase paralogues. Here, we have utilised Matrix Assisted
Laser Desorption/Ionisation (MALDI) mass spectrometry to
determine whether the putative m5U methyltransferases
modify RNA transcripts in vitro. Using this approach, we
have identi®ed the methylation target of recombinant YgcA at
U1939, consistent with the ®ndings of Agarwalla et al. (21)
published during the course of our studies. No recombinant
versions of YbjF could be generated that showed in vitro
activity. In this case a different approach, involving mass
spectrometric comparison of the methylation patterns in 23S
rRNAs from YbjF+ and YbjF± strains, was developed to de®ne
the activity of this enzyme in vivo.
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MATERIALS AND METHODS

Database searches

A BLAST search (33) restricted to the E.coli genome revealed
two putative gene products, YgcA and YbjF, that have
signi®cant similarity to the tRNA m5U methyltransferase
TrmA. After establishing that YgcA and YbjF are rRNA m5U
methyltransferases, we used a standard BLASTp to screen for
homologous sequences in other organisms. Sequences from
the search that ful®lled the following four criteria were
considered to be orthologues of the two E.coli rRNA m5U
methyltransferases. First, sequences were required to have an
expectation-value of <10±10 as de®ned by the BLAST
program. Second, sequences had to contain all the four
conserved m5U methyltransferase domains de®ned by
Gustafsson et al. (32). Third, they were required to align
throughout the entire sequence of YgcA or YbjF. Lastly,
sequences exhibiting a higher score in a TrmA BLAST were
considered to be tRNA rather than rRNA methyltransferases.

Bacterial strains, plasmids and growth conditions

The E.coli strains and plasmid used in this study are listed in
Table 1. Strains were grown at 37°C in LB media or on
LB-agar plates (34) containing, where appropriate, ampicillin
at 100 mg/ml, kanamycin at 25 mg/ml or chloramphenicol at
25 mg/ml.

Cloning of methyltransferase genes

The primers used for PCR ampli®cation of methyltransferase
genes (Table 2) were based on gene sequences in the E.coli
genome database. Template DNA was obtained by suspending
a small portion of a single colony of E.coli strain DH1 in 50 ml

H2O and using 1 ml for each ampli®cation reaction with the
DNA polymerase Platinium Pfx (Life Technologies). PCR
products were puri®ed using High Pure PCR (Boehringer-
Mannheim) and QIAEXII (Qiagen) kits. The ygcA, trmA and
ybjF genes were inserted into the pQErrmA, pOU12 and
pTYB11 cloning vectors to produce proteins with a C-terminal
histidine (His-) tag, an N-terminal His-tag, and to form an
intein fusion product, respectively (Table 1). Subcloning of
tagged genes into plasmid pMG25 and transforming E.coli
strain DH10B generally produced more ef®cient protein
expression. DNA manipulations and cell transformation with
plasmids were carried out using standard techniques (34).
Restriction endonucleases and other enzymes for DNA
manipulations (New England Biolabs and Roche Molecular
Biochemicals) were used in accordance with the suppliers'
recommendations. Plasmids were prepared using a mini-prep
kit (Bio-Rad), and cloned DNA fragments were sequenced
using the CEQ 2000 Dye Terminator procedure (Beckmann).

Puri®cation of methyltransferase enzymes

His-tagged proteins expressed in cells containing plasmids
pCTM8, pCTM9 and pCTM10 were puri®ed on Ni-agarose
columns (Qiagen). Puri®ed methyltransferases were dialysed
against 20 mM Tris±Cl (pH 7.5), 10 mM magnesium acetate,
250 mM NH4Cl and 10% (w/v) glycerol to remove the
imidazol from the elution buffer. The purity of the proteins
was monitored by SDS±PAGE, and their sizes were checked
against markers of comparable molecular weight (Pharmacia).
The identities of the proteins were subsequently con®rmed by
peptide mapping using mass spectrometry (35).

For expression of the YbjF±intein fusion protein, E.coli
strain ER2566 containing pCTM11 was grown overnight at

Table 1. Strains and plasmids used in the study

Strain/Plasmid Description Ref.

E.coli strains
CP79 thr leu his argA RCrel F± (25)
DH1 F± supE44 recA1 endA1 gyrA96(Nalr) thi-1 hsdR17 (rK

± mK
+) relA1 spoT1 (34)

DH10B F± mcrA D(mrr-hsdRMS-mcrBC) f80dlacZDM15 DlacX74 deoR recA1endA1 araD139D(ara, leu)
7697 galU galK l± rpsL nupG

(55)

ER2566 F± l± fhuA2 [lon] ompT lacZ::T7 gene1 gal sulA11 D(mcrC-mrr)114::IS10 R(mcr-73::miniTn10±TetS)2
R(zgb-210::Tn10) (TetS) endA1 [dcm]

New England Biolabs

IB10 thr leu his argA RCrel F± rrmA (25)
CP79 DybjF thr leu his argA RCrel F± ybjF This study
IB10 DybjF thr leu his argA RCrel F± rrmA ybjF This study

Plasmids
pTYB11 Cloning/expression vector in T7 polymerase containing host. AmpR New England Biolabs
pMAK705 Ts replication origin. CmR (41)
pOU12 PQE60 derivative (Qiagen). AmpR Lab. collection
PQErrmA PQE60 derivative (Qiagen). AmpR and TetR Lab. collection
pSD2KK pGEM3 derivative (Promega). AmpR and KanR Lab. collection
pMG25 pUHE24-2 derivative (56). Cloning/expression vector. AmpR Lab. collection
pCTM1 ygcA gene cloned into the NcoI/BglII sites in pQErrmA. AmpR This study
pCTM3 ybjF gene cloned into the SphI/HindIII sites of Pou12. AmpR This study
pCTM6 trmA gene cloned into the EcoRI/BglII sites in pQErrmA. AmpR This study
pCTM8 TrmA in the EcoRI/HindIII sites of pMG25. AmpR This study
pCTM9 ygcA in the EcoRI/HindIII sites of pMG25. AmpR This study
pCTM10 ybjF in the EcoRI/HindIII sites of pMG25. AmpR This study
pCTM11 ybjF gene cloned into the SapI/EcoRI sites of pTYB11. AmpR This study
pCTM12 Kanamycin cassette from pSD2KK cloned into pCTM10. KanR and AmpR This study
pCTM13 ybjF gene containing KanR from pCTM12 cloned into pMAK705. KanR and CmR This study
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15±37°C in medium containing 0.4 mM isopropyl-D-thio-
galactopyranoside. Cells were harvested and resuspended in
4 ml of 20 mM Tris±Cl (pH 8.0), 500 mM NaCl, 1 mM EDTA
and 0.1% (w/v) Triton X-100 (lysis buffer) prior to sonication.
Lysates were loaded onto a chitin column and washed twice
with column buffer (lysis buffer without Triton X-100).
Incubation in 10 ml column buffer containing 50 mM DTT at
4°C overnight induced cleavage at the intein site. The YbjF
protein was eluted with column buffer, and its sequence and
purity were checked as described above.

RNA substrates for methylation

RNA transcripts used for in vitro methylation assays were
synthesised from DNA oligodeoxynucleotide templates
encoding the T7 RNA polymerase promoter (36,37). The
DNA oligonucleotide TOFT21 encodes a full length tRNApro

transcript containing the TrmA target at U54, and the
oligodeoxynucleotides SD45 and TOFT20 encode the regions
of E.coli 23S rRNA that contain the U747 and U1939
methylation targets, respectively (Table 2; Fig. 1). The RNA
transcripts were puri®ed on 10 ml reverse phase Poros 50R2
columns (PerSeptive Biosystems) made in-house (38).

Ribosomal particles from E.coli strains CP79, CP79DybjF,
IB10 and IB10DybjF (Table 1) were fractionated on sucrose
gradients, and 50S subunits were used to prepare 23S rRNA
(39). All RNAs were redissolved and stored at ±20°C in H2O
(double distilled in all cases).

In vitro methylation

Puri®ed RNAs (~125 ng) were renatured in 50 ml of 100 mM
NH4Cl, 20 mM Tris±Cl (pH 7.8), 10% (w/v) glycerol, 6 mM
b-mercaptoethanol by warming for 5 min at 50°C followed by
10 min at 37°C. The methyl group donor, S-adenosylmethio-
nine (SAM), was added to a ®nal concentration of 1 mM;
1±50 ng of puri®ed methyltransferases were added to start the
methylation reactions, which proceeded for 30 min at 37°C.
The reactions were stopped by extraction with phenol and
chloroform; the RNAs were recovered from the aqueous phase
by ethanol precipitation, and were redissolved in 2.5 ml H2O.

MALDI mass spectrometry analyses of RNAs

All the RNA methylation substrates were digested with
ribonucleases to produce a discrete series of oligonucleotide
fragments for analysis by mass spectrometry. 2.5 ml RNA
(~125 ng) was mixed with 0.5 ml 3-hydroxypicolinic acid
(0.5 M in 50% acetonitrile) and 1.5 ml H2O, and was digested
with 10 U RNase T1 (United States Biochemicals) for 3.5 h at
37°C. 3-hydroxypicolinic acid serves as a denaturing agent to
ensure complete RNA digestion, in addition to functioning as
a matrix for MALDI mass spectrometry (40).

23S rRNA was digested by incubating 2.0 ml RNA (~260 ng)
and 0.5 ml 0.5 M 3-hydroxypicolinic acid with 60 U of RNase
T1 for 1 h at 37°C. Digestion products were run through Poros
50R2 columns (38), eluting short oligonucleotides with 10 mM
triethyl ammonium acetate pH 7.0 (TEAA)/6% acetonitrile,
and larger oligonucleotides with 10 mM TEAA/25% aceto-
nitrile. Eluants were dried and redissolved in 3 ml H2O. The
RNA digestion fragments were analysed on MALDI mass
spectrometers from Bruker re¯ex IV (Bruker-Daltonik) or
Voyager Elite (PerSeptive Biosystems), recording the spectra
in re¯ector and positive ion mode using delayed ion
extraction.

Knockout of the ybjF gene

The putative m5U methyltransferase gene ybjF was inactiv-
ated in the chromosome of E.coli strains CP79 and IB10 by
insertion of a kanamycin resistance cassette. First, the
kanamycin resistance cassette from plasmid pSD2KK was
inserted in the BglII site of ybjF in pCTM10, creating
pCTM12 (Table 1). The inactivated ybjF gene was excised
from pCTM12 with SphI and EcoRV, and was ligated into the
SphI/HincII sites of pMAK705, creating pCTM13. Plasmids
pMAK705 and pCTM13 possess a temperature-sensitive
pSC101 replicon (41); pCTM13 was used to transform strains
CP79 and IB10 at the permissive temperature of 30°C. Double
crossover recombination events between the genomic- and
plasmid-encoded ybjF gene copies were facilitated by raising
the incubation temperature to 42°C (41), and cells were then
screened for kanamycin resistance and chloramphenicol

Table 2. Oligodeoxynucleotides used in the study

Name Sequence (5¢ to 3¢) Purpose

TOFT-1 GCTAAGATCTTTTAACGCGCGAGAAAAGTA PCR ygcA 3¢-end
TOFT-2 CAGCTTAGCCATGGCGCAATTCTACTCTGC PCR ygcA 5¢-end
TOFT-3 GCCGTAAGCATGCAGTGCGCACTTTACGA PCR ybjF 5¢-end. Knockout check
TOFT-4 CGTTAGATCTTTGCTTCACCAGCAGCGTCA PCR ybjF 3¢-end. Knockout check
TOFT-5 TATGTAAGCATGCATCACCATCACCATCACCAGTGCGCACTTTACGACGCG PCR ybjF 5¢-end. N-His-tag
TOFT-6 CCACGTTAAGCTTTTGCTTCACCAGCAGCGTCAGCA PCR ybjF 3¢-end
TOFT-7 CTACAGAATTCATTAAAGAGGAGAAATTAAATGACCCCCGAACACCTTCC PCR trmA 5¢-end
TOFT-8 CACGTTAGATCTCTTCGCGGTCAGTAATACGC PCR trmA 3¢-end
TOFT-19 TAATACGACTCACTATAGG Top strand T7 transcription
TOFT-20 GTCGGAACTTACCCGACAAGGAATTTCGCTACCTTAGGACCGTTATAGTTACGG

CCCCTATAGTGAGTCGTATTA T7 RNA transcript with U1939
TOFT-21 TGGAGGGGGCGAAGGGAATCGAACCCTCGTATAGTGCTTGGGAAGCTCTCGTTC

TACCATTGAACTACGCCCCCCCTATAGTGAGTCGTATTA T7 tRNA transcript with U54
TOFT-31 GGTGGTTGCTCTTCCAACATGCAGTGCGCACTTTACGA PCR ybjF 5¢-end. Intein system
TOFT-32 GGTGGTGAATTCTTGCTTCACCAGCAGCGTCA PCR ybjF 3¢-end. Intein system
SD45 GGCGCATCCGCTAATTTTTCAACATTAGTCCGTTCGGTCCTCCAGTTAGTGTTACC

CAACCTTCAACCTGCTCCTATAGTGAGTCGTATTA T7 RNA transcript with U747

Restriction sites and ATG start codons are in bold in the PCR primer sequences; sequences encoding His-tags are in italics.
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sensitivity. The genomic ybjF region of potential knockout
recombinants was analysed by PCR.

RESULTS

Expression, puri®cation and activity of
methyltransferases

The cloned trmA, ygcA and ybjF genes were found to be
identical to the sequences in the E.coli database (http://
www.ncbi.nlm.nih.gov/Genbank/index.html, ygcA GenBank
accession no.: AE000362; ybjF, AE000187). Active, recom-
binant TrmA and YgcA proteins were puri®ed with a
C-terminal His-tag. The recombinant YgcA enzyme showed
activity speci®c for the RNA substrate containing U1939
(Fig. 1C), with no cross-reactivity to the other RNA substrates.
The RNase T1 oligonucleotide containing U1939 had an
expected m/z of 3185.4 (Fig. 2A), and this peak was shifted
to an m/z of 3199.5 after treatment of the RNA substrate
with YgcA and the methyl group donor SAM (Fig. 2B).

This increase in mass/charge of 14 Da is consistent with
the addition of a single methyl group at U1939 by
YgcA. Recombinant TrmA ef®ciently methylated its U54
target in the tRNA transcript (Fig. 1D), shifting the spectrum
peak at m/z 1281.2 (UUCG) to 1295.0 (m5UUCG), and
showed no cross-reactivity with the rRNA transcripts (data not
shown).

Recombinant YbjF with a C-terminal His-tag could not be
puri®ed ef®ciently. Reasonable yields of the YbjF protein
were obtained both with an N-terminal His-tag and using the
intein fusion technique. However, no methylation of any of the
transcripts was observed in vitro, including the RNA contain-
ing U747, which is otherwise an effective substrate for the
RrmA and TlrB methyltransferases (37,42) (Fig. 1); recom-
binant YbjF also failed to transfer a tritiated methyl group
from 3H-SAM to unmethylated 23S rRNA from strains
CP79DybjF and IB10DybjF (data not shown). As we were
probably inadvertently destroying the activity of YbjF at one
of the in vitro steps, we elected to study the function of the
protein in vivo.

Figure 1. (A) Secondary structure of E.coli 23S rRNA (52,53); the domains are labelled with roman numerals. (B) RNA transcript corresponds to domain II
nucleotides 694±767, and contains the U747 methylation target. Sites that are post-transcriptionally modi®ed in vivo are indicated: RrmA (RlmAI) (17,37),
RluA (18) and YbjF (RumB) (this study) are E.coli enzymes; TlrB (RlmAII) is found in Gram-positive bacteria (44). (C) RNA transcript of the three stem±
loop structures corresponding to the domain IV sequence 1906±1961 and containing the U1939 target. Sites of modi®cation in E.coli rRNA by RluD (54) and
YgcA (RumA) (21 and this study), are shown. The terminal base pairs in transcripts (B) and (C) deviate from the E.coli 23S rRNA sequence to facilitate
in vitro transcription and transcript folding. (D) RNA transcript mimicking the structure of E.coli tRNApro and containing the TrmA target at U54 (28).
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The YbjF target in vivo

The ybjF gene was insertionally inactivated on the chromo-
some of the two E.coli strains CP79 and IB10. Potential ybjF
knockout candidates were screened for kanamycin resistance
(indicating the presence of the kanamycin resistance cassette
in ybjF) and chloramphenicol sensitivity (showing that the
plasmid initially harbouring the inactivated ybjF had been
lost). Approximately 10% of the colonies that were screened
displayed this phenotype, and PCR analysis of two candidates

for each strain showed that the chromosomal copy of ybjF had
been replaced by the inactivated plasmid copy (data not
shown).

The 23S rRNAs were isolated from the four strains: CP79,
IB10 and their ybjF knockouts. Strain IB10 has lost the
function of RrmA (RlmAI) that methylates the N1 position of
23S rRNA nucleotide G745; CP79 is the parent strain with a
functional RrmA (25). N1 methylation of G745 renders the
nucleotide resistant to ribonuclease T1 digestion (43).
Digestion of 23S rRNA with RNase T1 produces a complex
array of oligonucleotides, which were puri®ed and recorded in
two separate mass spectra (Fig. 3A and B). In the high
molecular weight spectrum of the wild-type 23S rRNA, a
unique decanucleotide is seen with an m/z of 3253.4 spanning
nucleotides 739±748 (Fig. 3C). In corresponding oligonucle-
otide spectrum from the CP79 DybjF strain, this peak is shifted
to a lower m/z of 3239.6 (Fig. 3D). The loss of ~14 Da
indicates that a methyl group is missing from the 739±748
sequence in the DybjF strain.

The site of YbjF methylation could be pinpointed using
IB10 23S rRNA. Here, the unmethylated G745 is cleaved by
RNase T1, and the 739±748 decanucleotide is therefore lost
from the upper range of the MALDI spectrum (Fig. 3E). The
resulting heptanucleotide, 5¢-ACUAAUGp (nucleotides 739±
745) comes to occupy the spectrum peak at 2268.3 (together
with three other 23S rRNA fragments of identical m/z,
(Fig. 3A). If the YbjF target lay within the 739±745 sequence,
its m/z would be shifted to 2282.3 in the spectrum from the
IB10 YbjF+ strain. The lack of a spectrum peak at m/z 2282.3
(not shown) makes it evident that the YbjF target resides
within the trinucleotide 5¢-U746-U747-Gp748. No methyl-
ation occurs at nucleotide U746, which is converted to
pseudouridine by RluA (18) without changing the mass of the
nucleotide (43); and no modi®cation occurs at G748 in
E.coli 23S rRNA (44). Thus the modi®cation pattern of the
trinucleotide is most consistent with the composition 5¢-y746-
m5U747-Gp748.

DISCUSSION

Three m5U modi®cations have previously been identi®ed in
E.coli: one at tRNA position 54, and two in 23S rRNA at
positions 747 and 1939 (2). In this study we have used MALDI
mass spectrometry to link the three sites of m5U modi®cation
with their respective methyltransferase enzymes. The tRNA
m5U54 methyltransferase TrmA is known to retain its activity
after puri®cation (30,31), and the enzyme served as a positive
control for our in vitro methylation assays. A search of the
E.coli genome at the inception of our studies con®rmed that
the two most likely m5U rRNA methyltransferase candidates
were YgcA and YbjF.

Recombinant YgcA proved to be as easy to purify and
handle as TrmA, retaining its activity and speci®city in vitro.
YgcA speci®cally methylated an RNA transcript of 66
nucleotides, which was designed to mimic the structure
around 23S rRNA nucleotide U1939 (Fig. 1C). Analysis of the
66mer after RNase digestion showed that YgcA increased the
mass of the sequence 1936±1945 by 14 Da in the presence of
the methyl group donor, SAM. This is consistent with the
addition of a single methyl group at U1939 by YgcA. During
the course of our study, Agarwalla and co-workers pinpointed

Figure 2. MALDI mass spectra of the U1939 RNA transcript after incub-
ation with recombinant YgcA (RumA) followed by digestion with RNase
T1. (A) Control sample without S-adenosylmethionine in the in vitro
methylation assay (±SAM). (B) Test sample including the methyl group
donor (+SAM). The spectral region around AAAUUCCUUGp is enlarged to
show that this peak (theoretical m/z 3185.4) is shifted to m/z 3199.5 when
the RNA is methylated. (C) Theoretical singly protonated masses of the
RNase T1 digestion products from the U1939 RNA transcript. All measured
masses are within 0.3 Da of the theoretical values. The jagged nature of the
peaks visible in the enlargements re¯ects the natural isotopic distribution of
12C and 13C in the RNA.
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the YgcA target at U1939 using biochemical approaches; they
subsequently renamed this methyltransferase RumA (RNA
uridine methyltransferase A) (21).

By a process of elimination, this left YbjF as the most likely
candidate to target the U747 site. However, despite the
construction of a variety of recombinant versions of YbjF and
the use of different enzyme puri®cation methods and RNA
substrates, the study of YbjF function in vitro proved to be
intractable. A second approach was taken, which involved
analysis of authentic rRNA. The large subunit rRNAs (5S and
23S rRNAs) give rise to over 900 fragments upon RNase T1
digestion, and analysis of these required stretching the limits
of the MALDI technology. Fortuitously, the putative target of
YbjF occurs within the RNase T1 digestion product 5¢-
ACUAAUm1Gym5UGp (nucleotides 739±748), which is a
double fragment formed by virtue of the RNase-resistant
m1G745 nucleotide. This fragment forms a distinct peak in the
mass spectrum (Fig. 3C), the position of which is shifted 14 Da
downstream corresponding to the loss of a single methyl group
in the strain without a functional YbjF protein (Fig. 3D). The
position of the methyl group added by YbjF could be localised
within reasonable doubt to U747 by using strains that lack the
m1G745 modi®cation.

Most rRNA modi®cations are located within preserved,
functionally important regions of the rRNA (6,7). The YgcA
(RumA) target U1939 is phylogenetically conserved, with a
uridine at this position in >95% of all organisms (Gutell
Lab Comparative RNA: http://www.rna.icmb.utexas.edu).
Similarly, YbjF (now RumB) targets a nucleotide that is
conserved as a uridine in >95% of all bacteria, and in >90% of
organisms in the other two phylogenetic domains (data from
the Gutell web site).

Other enterobacteria possess homologues of rumA and
rumB, and homologues are also evident in less closely related
Gram-negative bacteria, as well as in phylogenetically distant
species of archaea (Table 3). The conserved, methylated
uridines are situated in regions of the 23S rRNA that have
been associated with essential functions in protein synthesis.
U1939 is located within the rRNA structure that interacts with
the aminoacyl end of A-site bound tRNA (4,45), and could
play an active role in sensing uncharged tRNA (21). U747 is
situated in a highly conserved and densely modi®ed part of the
rRNA that lines a constricted region of the 50S subunit tunnel
through which the nascent peptide chain passes during protein

Figure 3. MALDI mass spectra of 23S rRNAs from CP79 wild-type (WT),
CP79 DybjF and IB10 strains after digestion with RNase T1. Fragments
arising from 5S rRNA do not appreciably complicate the spectrum and
therefore have not been removed. Many oligonucleotides (particularly the
smaller ones) have the same m/z values; all fragments of trinucleotides and
larger are depicted here, and these have been eluted in two steps. (A) The
smaller digestion products eluted with 6% acetonitrile; (B) larger oligo-
nucleotides eluted with 25% acetonitrile. (C) Enlargement of the boxed
region shows that the wild-type double fragment 5¢-ACUAAUm1Gym5UGp
(m/z 3253.4) is 14 Da heavier than in the DybjF strain (D). In the IB10
rRNA (E), the double fragment has been lost due to cleavage (see text).
(F) The theoretical masses of protonated RNase T1 fragments of 23S rRNA
in the region of interest; these match the measured m/z values to within
0.2 Da. The peak at m/z 3199.4 corresponds to a decanucleotide from 23S
rRNA positions 1936±1945. This mass includes a methyl group, presumably
at the YgcA target m5U1939, and is unaffected by inactivation of the ybjF
gene. The spectra have been electronically smoothed using the
Proteometrics Inc `m/z' software program.
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synthesis (3,5). This region of the tunnel additionally forms a
binding pocket for macrolides and other antibiotics (39,46,47).
Structural changes here confer antibiotic resistance (47,48),
and can perturb regulatory interactions with the nascent
peptide chain (49±51). Therefore, given its conservation and
ribosomal location, the U747 methylation might be expected
to be involved in one of more of these processes. However, in
competition experiments run in rich and minimal media, we
have not been able to detect any growth disadvantage for ybjF
(rumB) knockout strains compared to the wild type (not
shown). The presence of the U747 methylation could become
important under speci®c growth or stress conditions, but
de®nition of such a physiological role presently remains
elusive.
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