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ABSTRACT. The methyltransferase that form@967 inEscherichia colismall subunit ribosomal RNA

has been purified, cloned, and characterized. The gene was identified from the N-terminal sequence of
the purified enzyme. The gene is a fusion of two open reading fraimesand fra, previously believed

to be distinct due to a DNA sequencing error. The gene, here nasne encodes a 429-amino acid
protein that has a number of homologues in prokaryotes, Archaea, and eukaryotes. C-Terminal sequencing
of the overexpressed and affinity-purified protein by mass spectrometry methods verified the sequence
expected for the gene product. The recombinant protein exhibited the same specificity as the previously
described native enzyme; that is, it formed on§Qrand only at position 967. C1407, which is alsén

in natural 16S RNA, was not methylated. In vitro, the enzyme only recognized free 16S RNA. 30S
ribosomal subunits were not a substrate. There was no requirement for added magnesium, suggesting that
extensive secondary or tertiary structure in the RNA substrate may not be a requirement for recognition.

Ribosomal RNA is believed to be the functional heart of (reviewed in refs2 and6). The synthase which forms this
the ribosome, containing within itself the structural deter- W, and its associated gene, have been identifi¢dThe 10
minants that define the essentials of ribosome activijy (  methylated nucleosides are distributed along the 16S RNA.
This is true for the SSURNA and its decoding functior2j m’G527 is found within the conserved segment of residues
as well as for the LSU RNA and its peptidyl transferase 518-533 mentioned above.4@966 and rPC967 are located
activity (3, 4). A major unanswered question in this regard in the loop of a small stemloop structure which has been
is the role played by the defined set of modified nucleotides implicated in tRNA binding at the P sit@) In eukaryotes,
that are present in both SSU and LSU RNAs of all ribosomes. these two methylations are replaced by a single highly

The SSU RNA ofEscherichia colicontains 10 methylated  modified residue, fracpU (9). m?G1207 occurs in a region
nucleosides and on®. The W is located at position 516  pelieved to be involved in recognition of peptide chain
(5), adjacent to the conserved sequence of residues 518 termination codons10). m*Cm1402 and ®C1407 are in
533 which is known to be involved in the decoding process the conserved sequence segment of residues-1B398, and
m3U1498 is in the third conserved sequence region in SSU
T Experimental work was performed at the now-defunct Roche RNA (residues 14921505). These latter two segments are
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able to carry out all of the partial reactions of in vitro protein
synthesis, albeit at ca. half-efficiencyt4 15). There is
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rpm for 16-18 h using slow acceleration. The supernatant
of this centrifugation is the high-salt wash. This fraction was

evidence, however, to suggest that this reduction in efficiency adjusted to 35% saturation with (N}ASO, and allowed to

may be due to the lack of one or more of the modified
nucleosides16).
The enzymes responsible for the biosynthesis of the

stir on ice for 4 h. The precipitate was removed by
centrifugation, and the supernatant was dialyzed overnight
against buffer B. The dialyzed sample was loaded onto a

methylated nucleosides discussed above are not known5 cmx 43 cm DEAE-Sepharose CL-6B column equilibrated

except for the one that makes botAresidues, and three
activities reported previously from this laboratofy7{-19).
One of the activities was shown to be specific for formation
of m°C967 and was purified and characteriz&@19). Only

the n§A1518—1519—forming enzyme has been clon@g)(

In this work, we have identified the gene responsible for
the nPC967 methyltransferase by N-terminal sequence
analysis of the purified native enzyme, and confirmed the
gene identification by overexpression, affinity purification,
and characterization of the cloned protein product.

EXPERIMENTAL PROCEDURES

Materials S-AdenosylfH]methionine (fH]SAM) was
from Amersham. RNase T1 was from Calbiochem. Wizard
DNA Purification Kits and RNasin were from Promega.
BAB85 cellulose nitrate filters were obtained from Schleicher
& Schuell. PVDF membranes were from Millipore Corp.
Omega Cells were from Filtron. DEAE Sepharose CL-6B
and MonoS FPLC columns were obtained from Pharmacia.

Plasmid pCR-Script was from Stratagene. Plasmid pET-15b,

the BL21/DE3 and Novablue strains &f coli, and His-
Bind resin were from Novagen, Inc. DId%E. coli cells and
RNase P1 were from GIBCO-BRL. T4 DNA ligase and
restriction enzymes were from New England Biolabs. DNase
| was from Worthington. Alumina and IPTG were from
Sigma. Deoxyoligonucleotides for the protection experiments
were those described previously7f. Primers for PCR were
prepared as described by Bakin and Ofeng&i. (

Buffers Buffer A is 20 mM Hepes (pH 7.5 or 8.0 as
indicated), 10 mM Mg(OAg) x mM NH,CI, and 2 mM
DTT. Buffer B is 20 mM Hepes (pH 7.5), 1 mM EDTA
mM NH,CI, and 2 mM DTT. Buffer C is 20 mM Hepes
(pH 7.8), 20 mM NHCI, 5 mM ME, 0.1 mM EDTA, and
10% glycerol. Buffer D is 20 mM Hepes (pH 8.0), 100 mM
NH.CIl, 5 mM ME, 0.1 mM EDTA, ad 6 M urea. Buffer
LB is 50 mM Tris-HCI (pH 6.8), 100 mM DTT, 2% SDS,
10% glycerol, and 0.1% bromphenol blue. Binding buffer
is 20 mM Hepes (pH 7.9), 0.5 M NaCl, and 5 mM imidazole.
Elution buffer is binding buffer with the imidazole concen-
tration raised to 1.0 M.

Purification of the C967 Methyltransferasérhe puri-
fication procedure was similar to that previously described
(18, 19). One hundred grams &. coliMREG600 frozen cell
paste (Grain Processing Corp.) grown in M9 medium,

with buffer Bsp and eluted with a linear gradient of 50 to
500 mM NH,CI in buffer By. The n?C methyltransferase
activity eluted with a peak at 130 mM NBI. The peak
fractions were pooled, concentrated, and returned to buffer
Bso by filtration through an Omega cell. The sample was
loaded onto a 0.5 cnx 5 cm MonoS column which had
been equilibrated with buffer 8 The column was eluted
with a linear gradient from 50 to 1000 mM N8I in buffer

Bo. The methyltransferase peak activity eluted at 315 mM
NH4CI. The peak fractions were pooled and either used
directly or made 50% in glycerol for storage -aR0 °C.

Cloning, Querexpression, and Affinity Purification of the
nPC Methyltransferase Gene and Gene Prodiitie putative
gene was amplified by PCR. The N-terminal primer extended
from position—9 to 22 where A of the initiating ATG codon
is 1, with a change at2 for creation of arNdd site adjacent
to the initiating ATG codon. The C-terminal primer, in the
reverse orientation, extended from position 1309 to 1339
where the last sense nucleotide is position 1287 (see the
Results), and contained mismatches at positions 1331 and
1333 for creation of 8anH| site. After PCR, the amplified
product was isolated by agarose gel electrophoresis, extracted
using the Wizard DNA Purification Kit, concentrated by
membrane filtration (Amicon Microcon 100), inserted into
pCR-Script, and used to transform DédBells using standard
methods. Plasmid DNA was isolated, the gene cut out with
Ndd and BanHI, and the fragment purified by agarose gel
electrophoresis. pET-15b was digested Wttd andBanHl,
purified by agarose gel electrophoresis, and incubated with
the purified gene insert overnight at 2& in a ligation
mixture containing 50 mM Tris (pH 7.9), 10 mM Mgg£l
25ug/mL nuclease-free bovine serum albumin, 10 mM DTT,

1 mM ATP, and T4 DNA ligase. Transformation of Nov-
ablue cells was performed by standard methods. Plasmids
from two clones containing the insert were transferred into
BL21/DE3 cells.

For overexpression, the transformed BL21/DE3 cells were
grown in LB (22) with 50 ug/mL carbenicillin at 30°C to
an Asoo Of 0.6. IPTG (1 mM) was added to the cells, and
incubation was continued at 3 to anAgg of 1.1-1.6.
Cells were recovered by centrifugation and frozen-&0
°C. For analysis of the whole cell contents, cells from 1 mL
of culture were suspended in @ of 10 mM Tris (pH 8.0)
and an equal amount of2buffer LB, heated to 100C for

harvested in midlog phase, and washed in saline was groundd min, and then chilled. For preparation of recombinant

with 200 g of alumina. Three thousand units of DNase |
and 100 mL of buffer Ay (pH 7.5) containing 0.2 mM
PMSF were added, and the mixture was incubated for 15
min at 0°C. Centrifugation in a Sorvall SS-34 rotor for 30

protein, cells from 100 mL of culture were recovered by
centrifugation, washed in 10 mM Hepes (pH 7.5) and 0.17
M NaCl, then sonicated in 6 mL of binding buffer which
contained 1 mM PMSF, and centrifuged at 159@®obtain

min at 16 000 rpm yielded the S30. The S30 supernatantthe S15 supernatant and pellet fractions. The pellet was

was then centrifuged fo4 h at 30 000 rpm in 8eckman
Tid45 rotor. The pellet was resuspended in 80 mL of buffer
A1000 (pH 8.0), underlayed with 40 mL of the same buffer

treated in 6 mL of binding buffer contairdgré M urea for 1
h at 0 °C and then centrifuged at 390§Go removed
insoluble material. The supernatant of this centrifugation is

and 37% sucrose, and centrifuged in the same rotor at 45 00Qeferred to as the S15 pellet (see Figure 2).
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FiGure 2: Overexpression of the recombinant 16S RNAQ967
methyltransferase. Cells were transformed with either pET (which
lacked the gene insert) or pET/rsmB (which contained the gene
for the nPC967 methyltransferase) as described in Experimental
Procedures. Cells were sampled beforg 6r after (+) induction

with IPTG: lane S, molecular mass standards (Novagen); lane 1,
pET without IPTG; lane 2, pET with IPTG; lane 3, pET/rsmB
without IPTG; lane 4, pET/rsmB with IPTG; lane 5, pET/rsmB
S-15 supernatant; lane 6, pET/rsmB S-15 pellet; and lane P, affinity-
purified mPC methyltransferase prepared as described in Experi-
mental Procedures.
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FRACTION NUMBER Methylase Assayfeaction mixtures contained 100 mM

Hepes (pH 7.5), 4 mM Mg(OAg)except where otherwise
indicated, 200 mM NHKCI, either 5 mM DTT or ME, 2«M
[®H]SAM, 500 units/mL RNasin, 100 nM synthetic 16S RNA
-66 (prepared as described in réf or 80 nM 30S ribosomal
subunits reconstituted with synthetic 16S RN24), and

- “ _ -44 enzyme as indicated. Incubation was carried out £&tGdr

as indicated. The reaction was stopped by adding cold 5%

TR RN ST -31 trichloroacetic acid. The samples were allowed to precipitate
. at 0°C for 10 min and collected on BA85 cellulose nitrate
25 filters. The filters were dissolved in scintillation fluid, and

the amount of radioactivity was measured. One unit of
activity equals 1 pmol of methyl incorporated per hour under

-14 the above conditions.
Nucleoside Analysiflkecombinant RC methyltransferase

was used to radioactivelyH-methylate 16S RNA as

Ficure 1 Purification of the 165 RNA AC967 methyltransferase. ~ described above. ThéH]RNA (7.3 pmol/mL) was digested
The top panel shows the final step in the purification of tf€m  in @ 250uL incubation mixture (20 mM NaOAc, 0.5 mM
methyltransferase on an FPLC MonoS column. Chromatography ZnSQ, 40 pmol/mL carrier 16S RNA, and 8@/mL RNase

was conducted as described in Experimental Procedures. The bottonp1) for 2 h at 37C. Then 15.4L of 1 M Tris buffer (pH

panel shows the gel electrophoretic analysis of the purifi€@ m ; ; ;
methyltransferase. Positions of molecular mass standards (Bio-Rad)S'O) and 5.4 units of bacterial alkaline phosphatase were

are shown at the right. The upper heavy band at approximately 44 @dded, and the volume was adjusted to zI5and the

kDa corresponds to the methyltransferase. The lower heavy bandincubation continued for an additiona h at 37°C. The

at approximately 14 kDa was shown to be ribosomal protein L9. reaction was stopped by adding acetic acid to a concentration
of 27 mM. nPC was added as an internal standard and HPLC

¢ conducted as described previouslyr)

Protection Studies[*H]Methyl-labeled 16S RNA (0.36
pmol) was hybridized with a 50-fold excess of deoxyoligo-
nucleotide in a 5@L reaction mixture which also contained
40 mM Mes (pH 6.4), 400 mM NaCl, 9 mM EDTA, and

. . freshly deionized 80% (v/v) formamide. The samples were
were pooled and dialyzed against buffer C. The S15 pellet oo qenatured at 9 for 10 min and then cooled F;t room

from the same culture, solubilized in binding buffer contain- temperature for 15 min. They were then diluted with 9
ing 6 M urea as described above, was applied to a 2.5 mL,qjumes of ice-cold RNase buffer [10 mM Tris-HCI (pH
His-Bind column equilibrated in the same buffer. Elution 7 5y 300 mM NaCl, and 5 mM EDTA], and RNase T1 (8.2
was carried out with elution buffer 6 M urea. The pooled 2 4 Sankyo units) was added. The samples were digested
Acge-containing fractions were dialyzed against buffer D with  for 30 min at 30°C. Digestion was stopped by adding 9
decreasing concentrations of urea fromo63tM at 1.0 M volumes of cold 10% TCA. The samples were allowed to
intervals and then from 3t0 M at 0.5 Mintervals for 1 h  precipitate for 10 min on ice and then were filtered on BA85
each. Both protein solutions were adjusted to contain 50% cellulose nitrate filters; the filters were dissolved, and the
glycerol and stored at20 °C. amount of radioactivity was counted. Blanks obtained by

The S15 supernatant was applied to a 2.5 mL column o
His-Bind resin. Conditions of preparation and operation of
the column were as described in the pET System Manual,
4th ed. (Novagen, Inc.). Upon addition of elution buffer, the
tagged protein was released. TAggcontaining fractions
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digestion with excess RNase T1 plus RNase A were RESULTS
subtracted. L

N-Terminal Sequencingamples of the purified enzyme Pur|f|cat|on .of the 16S RNA Y8967 Methyltransferase
were electrophoresed as described below, electroblotted ontd" €&rlier studies, we found that more than half of the total

a PVDF membrane following standard procedu&8),(and 16S RNA methylating activity, but only 10% of the protein
sequenced. N-Terminal sequencing was carried out asin an S30 supernatant, was found in the ribosomal high-salt
previously described24). wash fraction {8). Consequently, this fraction served as the

C-Terminal Sequencing by Mass Spectrome@y Pro- starting point for the purification. After ammonium sulfate

teolytic Digestion.For digestion with endoprotease Lys-c and DEAE column fractionation, the enzyme was further

(Wako), 2ug of enzyme was added to 10§ of protein in purified by chromatography on a MonoS column (Figure 1,
0.3 mL of 100 mM Tris-HCI (pH 9.0)2 M urea, 0.3 M top). The major amount of activity appeared in fractions 125
imidazole. and 0.13 M NaCl and the mixture incubated for @nd 126 with a shoulder at fraction 129. The shoulder could

20 h at 37°C. For the digestion with endoproteinase Glu-c D€ due to the activity of another rRNA methyltransferase
(Sigma), 2ug of enzyme was added to 10§ of protein in which can also utilize free 16S RNA, or it could be a result
0.5 M ammonium bicarbonat& M urea, 0.5 M imidazole, of partial proteolysis of the A€ enzyme with retention of
and 0.25 M NaCl and the mixture incubated for 20 h at room SCMe activity. We have not explored this aspect further. The
temperature. After digestion, the samples were reduced withP20! Of fractions 123128 yielded two main bands upon
10 mM DTT (10 min at 37°C) and then acidified with acetic ~ Polyacrylamide gel electrophoresis (Figure 1, bottom). N-
acid to a final concentration of 4% (v/v). Termlnal sequencing pf the band at gpproxmately 14.kDa
(b) Liquid ChromatographyElectrospray lonization Mass indicated that it was ribosomal protein L9. Since previous
SpectrometryA reversed phase HPLC system was used for _results (8) had indicated a molecular mass for the enzyme
the separation of proteolytic peptides. The digestion mixture n t_h(_e range of 3545 kDa, we suspecteq that the enzyme
was injected onto a 2.1 mm 22 cm RP300 (Brownlee) activity resided in the 44 kDa band.. This expectation was
reversed phase column. The column was then washed for?0e out by the experiments described below.
20 min with solvent A (0.05% v/v trifluoroacetic acid in !dentification of the GeneN-Terminal sequencing of the
water) to remove most of the salts. Peptides were then eluted*# kDa band yielded the sequence MKw/CQRNLRS-
with an organic solvent gradient of 0 to 60% solvent B MAAQAVEQVVEQGQ, where the lowercase letters rep-
(0.045% v/v trifluoroacetic acid in acetonitrile) over the resentone of two possibilities of a questionable amino acid
course of 40 min. For liquid chromatographglectrospray assignment. A search of the Genbank databas_e avallab_le at
ionization (LC-ESI) mass spectrometrg%, 26), the effluent thg t|mg reve.aled an exact match for _22 Qf the_ﬂrst 23 amino
from the reversed phase column was split in a ratio of &cids, including the N-terminal methionine with ORfAu
approximately 5:1. The effluent was introduced into the Uy (Genbank accession number X77091), at 72.4 min offethe
detector at a rate of 12&L/min, and into the electrospray ~ €0li chromosomeZ7). However, this ORF encoded a protein
ionization source of a triple-quadrupole mass spectrometerWith a calculated molecular mass of 26.2 kDa, whereas the
(TSQ700, Finnigan, San Jose, CA) at a rate of2fmin. polypeptide which generated this N-terminal sequence ran
Mass spectra were acquired in the positive ionization mode. 0N SDS gels like a 44 kDa protein (Figure 1). Analysis of
The scan range was from/z 300 to 2000 with a scan time ~ the fmu coding sequence showed that the only way to
of 6 s. All data were acquired in the centroid mode. generate an approximately 45 kDa protein product was by a
Molecular masses were calculated from the mass spectra by 1 frameshift or by the insertion of a nucleotide in the
using the software provided by the manufacturer. For Published sequence in the sequence window from residues
collision-induced dissociation (CID) mass spectra, a sample 982714, counting the A of the initiating ATG codon of
aliquot from the corresponding HPLC fraction was injected fmuas 1. This would eliminate the stop codonfofu and
into a 75 cm long fused silica microcapillary column with  result in fusion with the downstreafmy, yielding a 48.3
an inside diameter of 0.1 mm. The microcapillary was filed kDa protein. Sequencing of tf coligenome in this region
at the end with 10 cm of a C-18 reversed phase resin. (data not shown) showed the existence of an additional C
Peptides were eluted at a rate of caul¥min directly into ~ after C600. This sequence change was subsequently con-
the electrospray ionization source with a 10 min gradient of firmed by Blattner et al.28) and Mazel et al.Z9).

acetic acid in water (0.5% v/v) to 80% acetonitrile. Condi-  Cloning of the Gene, @@rexpression, and Affinity Puri-
tions for the acquisition of such mass spectra have alreadyfication. The putative gene was cloned into pET-15b by
been described2f). standard methods. As shown in Figure 2, induced cells

Protein DeterminationsProtein content was assayed by containing clones with this insert produced large amounts
a modified Bradford procedure (Bio-Rad protein assay Of protein about 4448 kDa in size (lane 4), whereas no
catalog no. 500-006) using bovine serum albumin as the such band was visible in the pET control (lane 2). The
standard. overexpressed protein was found in both the S15 supernatant

Polyacrylamide Gel ElectrophoresiSDS gels were 12%  (lane 5) and pellet (lane 6) fractions, although the distribution
polyacrylamide and contained 0.375 M Tris-HCI (pH 8.8) between these two fractions varied somewhat from prepara-
and 0.1% SDS. The 5% stacking gel contained 0.13 M Tris- tion to preparation. All experiments were conducted using
HCI (pH 6.8) and 0.1% SDS. Samples were heated 895 the soluble supernatant fraction of the enzyme.
for 5 min in buffer LB and then quenched on ice for 5 min Cloning in pET-15b places an N-terminal (Hidgader
before loading. Gels were stained with Coomassie blue. on the protein product for affinity purification on N
Protein molecular mass (MW) standards were from Bio-Rad containing resin columns. The finding of"@ methyltrans-
and Novagen. ferase activity in such an affinity-purified protein would
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FIGURE 3: Substrate specificity of the recombinant@867 FRACTION NUMBER

methyltransferase. Synthetic 16S RN®)(and 30S reconstituted  Ficure 4. Characterization of the methylation product of recom-
particles ©) were prepared, and the extent of methylation was binant n*C967 methyltransferaseH]Methyl synthetic 16S RNA
measured as incorporation 8H into cold TCA precipitable was prepared using recombinant@867 methyltransferase, di-
material. The 16S RNA concentration was 100 nM, and 30S gested with ribonuclease P1, and subjected to HPLC for analysis.
particles were present at 80 nM. The Mgoncentration was 4  The position of rAC is shown by the arrow. Its position was
mM for methylation of 16S RNA and 2 mM for methylation of  determined by the UV absorption of an internal standard (data not
the ribosome particles. The enzyme concentration was 0g24 shown).

mL.

constitute definitive proof that the gene cloned is the gene
for the methyltransferase. Figure 2 (lane P) shows that the
Ni?* column effectively removed all the contaminating
protein from the S15 supernatant fraction, resulting in a single
protein band with a molecular mass of 49 kDa. Because the
5'-tag increases the molecular mass by 2179 Da, the expected
value for the recombinant protein, 50.5 kDa on the basis of
the molecular mass of 48.3 kDa calculated from the ORF,
was consistent with that found.

Substrate Specificity of the @967 Methyltransferase
Previous work 17—19) had shown that the enzyme preferred
synthetic 16S RNA as a substrate over synthetic 30S
ribosomes. Figure 3 shows that this specificity is shared by
the recombinant enzyme. The’@ methyltransferase was
capable of incorporating 0.75 pmol of methyl groups per
picomole of synthetic 16S RNA, while less than 0.1 pmol
of methyl groups was incorporated per picomole of synthetic
30S ribosomes under the same conditions. From the data of
Figures 3 and 6, a specific activity of 31 10° units/mg of

ning

Fraction of DPM Remai

protein at 37°C was f_ound, correspon_ding to a turnover 03 0 0:5 1:0 1.5 2:0 2.5
number of 2.6 mol min' (mol of protein)!. The corre-

sponding value at 36C was 1.0x 10° units/mg of protein Sankyo units of RNase T1

(data not shown). FIGURE 5: Localization of the site of methylation by recombinant

Identification and Localization of the Site of Methylation m°C967 methyltransferase’{]Methyl-labeled 16S RNA (0.36
Although the cloned enzyme appeared to behave in a fashiorp A, FEREICS NG ECmEea it B RtAneIcies Aot
C_Omplet_ely analogous to that (_)f the native enzyme, conclu- RNase T1 (0.22.4 Sankyo units) as described in Experimental
sive evidence that we had, in fact, cloned théC867 Procedures: oligomer 95&], oligomer 1398M), or no oligomer
methyltransferase required that the nature of the methylation(0).
product and the site of methylation be established for the
recombinant protein. To this end®H]methyl 16S RNA and subjected to HPLC analysis (Figure 4). The arrow shows
prepared using the recombinant enzyme was digested tothe position of an internal standard of@has determined
nucleosides with ribonuclease P1 and alkaline phosphataséy UV absorption. Ninety-five percent of the radioactivity
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1.0 RNA was not preincubated with EDTA, it is unlikely that
Mg?" is a significant factor for methylation by this enzyme.

Conflicts in Published Sequences of the ORFs fmu and
fmy. The fusion of ORFSEmu and fmy (Swissprot entry
P36929) encodes a protein 429 amino acids long with a
C-terminal sequence of KLIKK (Figure 7A). This is the
C-terminal sequence deduced by Meinnel and Bland®t (
(GenBank accession number X77091) and Schloesser et al.
(31) (GenBank accession number X52114) from their DNA
sequence. It differs from that reported by Blattner et al.
(submitted to the EMBL/GenBank/DDBJ databases in Janu-
ary 1997) whose DNA sequence encoded a 386-amino acid
protein with a C-terminal sequence of PAD, but is the same
as a correction posted in September/October 1997 by this
latter group. To determine the sequence definitively, we
performed direct C-terminal amino acid sequencing on the
overexpressed recombinant protein, since the DNA segment
cloned (nt—9 to 1339) was sufficient to include both
proposed sequences.

The recombinant protein was digested with endoproteinase
Lys-C and endoproteinase Glu-C; digests were analyzed by
liquid chromatographyelectrospray ionization (LEESI)
mass spectrometry, and experimental average molecular
masses of the eluting proteolytic peptides were recorded on-

pmol methyl bound/pmol RNA added

0. L L " " n

4 6
TIME (min)

FIGURE 6: Lack of a Mg" requirement for methylation. Methyl-

ation of synthetic 16S RNA was conducted as described in i th th he identi f th
Experimental Procedures except that the incubation mixture con-IN€ With the mass spectrometer. The identity of the pro-

tained 4 mM Mg+ (a), 10 mM Mg+ (O), or 1 mM EDTA @). teolytic peptides was established by comparison of the
The 16S RNA concentration was 100 nM, and the purified enzyme experimental values with theoretical molecular masses
protein concentration was 0.2&/mL. calculated from the known amino acid sequence. Figure 7A
loaded onto the column was found at th&position. These ~ shows the amino acid sequence of the longer form. Pro-
results confirm that the recombinant enzyme is af{Cm teolytic peptides that were identified on the basis of their
methyltransferase. Howevet, coli 16S RNA contains two ~ molecular mass are marked within Figure 7A. Some rather
m°C residues, one at position 967 and one at position 1407 large peptide fragments were produced in certain domains
(30). To determine which one was formed by the recombi- of the protein because the digestion was not complete.
nant enzyme, hybridizatierprotection studies were con- However, with both proteolytic enzymes, we did recover
ducted using deoxyoligomers which were complementary to peptides from the C-terminus. A Lys-C peptide with a
the RNA sequence spanning each of theCnsites (7). molecular mass of 1742 Da was found. The experimental
Oligomer 958 spanned the region from residue 958 to residuemolecular mass of this peptide is in very good agreement
977, and oligomer 1398 spanned the region from residuewith the theoretical value of the peptide GIn-Asn-Pro-Leu-
1398 to 1417. As shown in Figure 5, oligomer 958 was Gly-Ala-Glu-Glu-Gly-Asp-Gly-Phe-Phe-Tyr-Ala-Lys of 1742.9
capable of protecting the site of th#H]methyl group from Da (LC21 in Figure 7A). Although this peptide is very close
RNase T1 digestion whereas oligomer 1417 was completelyto the C-terminus, it did not include the last four amino acids.
ineffective. The inhibition of RNase T1 digestion by oligomer Digestion of the protein with endoproteinase Glu-C produced
958 was not due to some general inhibitory effect becausea peptide with an average molecular mass of 1387 Da. This
the same oligomer preparation failed to inhibit digestion of experimental molecular mass is in very good agreement with
an RNA labeled by methylation of A1518 and A15119). the calculated value of the peptide Gly-Asp-Gly-Phe-Phe-
The high baseline value even with excess RNase T1 and noTyr-Ala-Lys-Leu-lle-Lys-Lys of 1386.7 Da (V28 in Figure
protecting oligomer has been noted previoudly, (18) and 7A). Because the C-terminus of this peptide consists of two
is likely due to a partial binding of the RNase T1 digest to lysines and endoproteinase Glu-C cleaves at the C-terminal
the filter matrix. These data, taken together, demonstrate thatside of Glu, we conclude that this sequence indeed provides

10

the recombinant A€ methyltransferase, like the native
enzyme 17), is specific for C967 irE. coli 16S RNA.

Lack of a Mg+ Requirement for MethylatioTo test the
effect of Mg* on the rate of methylation, synthetic 16S RNA

the C-terminal end of the methyltransferase.

To unambiguously establish the identity of the amino acid
sequence, we subjected this Glu-C peptide to collision-
induced dissociation analysis. Briefly, doubly charged ions

was methylated using the recombinant enzyme at both 4 and(m/z 694.5) of the peptide were selected in the first
10 mM Mg?*. These results were compared with the rate of quadrupole of the triple-quadrupole instrument. These ions
methylation when EDTA was added to a concentration of 1 were then fragmented by subjecting them to collisions with
mM. Since without additions, the Mg concentration inthe  argon gas in the collision chamber. Molecular masses of
reaction was 0.03 mM, methylation with added 1 mM EDTA fragments were then determined in the third quadrupole. The
means reaction takes place in the absence of"Mgigure collision-induced dissociation mass spectrum is shown in
6 shows that neither the rate nor the extent of methylation Figure 7B. The experimental fragmentation pattern is in
was affected by these conditions. Although it is not possible excellent agreement with the amino acid sequence of the
to be certain that all the Mg had been removed since the peptide, confirming the identity of this C-terminal peptide.
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Ficure 7: C-Terminal sequencing of the recombinant methyltransferase by mass spectrometry. (A) Amino acid sequence of the
methyltransferase. Proteolytic peptides which were recovered and identified wittEECmass spectrometry are indicated on top
(endoproteinase Glu-C) and below (endoproteinase Lys-C) the amino acid sequence. The number of the peptide is indicated together with
the experimental average molecular mass in daltons. (B) Collision-induced dissociation mass spectrum of the C-terminal peptide Gly-Asp-
Gly-Phe-Phe-Tyr-Ala-Lys-Leu-lle-Lys-Lys obtained from a digest with endoproteinase Glu-C. lons gf Nz 694.5) were selected

for collision analysis. The sequence and the theoretical average molecular masses of possible fragments of type b and y are indicated on
the top of the figure.

DISCUSSION primary sequence rather than the secondary or tertiary
structure is the most important specificity parameter. How-
ever, since in our study the RNA preparation was not
preincubated with EDTA to remove all of the Ffg it is

still possible that the remaining traces of Mgvere sufficient

to confer enough secondary structure on that part of the RNA,
for example, on the surrounding stethop structure de-
scribed above, to allow recognition by the methyltransferase.

previously been showrl ) that the native enzyme did not gtrggﬁjsresgf ;nt;ﬁg%’/ ;?L\:\éf:g ’istr:%tt fexéﬁir;zlge secondary
react with an in vitro transcript of 23S RNA, or with poly- i '
(dI-dC), an excellent substrate for DNAS@ methyltrans- Gene and Protein Sequencehe gene that encodes the
ferases 32). It also did not react with isolated 16S or 235 M°C967 methyltransferase is formed by fusion of two ORFs,
RNAs, that is, with RNAs containing their normal comple- fmu and fmw, by correction of an error in the original
ment of modified bases, showing that no unnatural sites in Séquence ofmu We deduced that there must be such an
either rRNA were recognized. Methylation of tRNA or other €T0r, determined the window in which it should have
small RNAs has not been tested so that the possibility of a °ccurred, and found and positioned the missing C residue.
dual or multiple specificity has not been ruled out. Using Subsequently, the same correction was made by otB8ys (
native enzyme, the inactivity of ribosomal subunits was 29 and the fusion ORF given the namssenand listed in
shown to be due to the presence of a single ribosomal protein,tN€ Swissprot database with the accession number P36929.
S19 (L9). This protein makes close contact with the stem of 1h€ ORF contains a SAM-binding motif at residues 250
the stem-loop structure containing C967 as shown by 266 85). We now propose that the gene be renamsuB
footprinting using both base-specific reager®3) @nd Fe- for (r)lbosomal (s)mall subunit (m)ethyltrgnsfgr.ase since the
EDTA treatment 84). It is believed that S19 shuts down function of the gene product has been identified as & m
C967 methylation by altering the conformation of the stem C967 methyltransferase. B denotes that this is the second
loop structure containing C967 so that it is no longer can be 98ne sequence for an rRNA methyltransferase to be de-
recognized by the methyltransferad@)( It is reasonable to  Scribed, the first one beingsgA the gene for the A
suppose that the recombinant enzyme also shows thesdnethyltransferase2(). We therefore suggessmA as a
properties, but this has not been tested. suitable alternate name fésgA

The Mg?" dependence had not been tested previously. The The C-terminal sequence of the overexpressed recombinant
lack of a need for Mg§" was surprising, and implies that methyltransferase was directly determined to be GDGFFY-

Substrate Specificity and Mg Requirements of the
Enzyme.The substrate specificity of the cloned enzyme
mirrored that of the native one. It recognized protein-free
synthetic 16S RNA as a substrate, was inactive with
ribosomal particles made from the same synthetic RNA, and,
of the two known sites for AC, specifically methylated only
C967. Although not demonstrated in this work, it had
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AKLIKK by mass spectrometry methods. This direct analysis
confirms the sequence deduced from the DNA sequetite (
28, 31).

A search of the GenBank database using BLAST 2.0.4
(36) identified proteins that were highly significantly similar
to the n?C967 methyltransferase in 13 different organisms.
These included other prokaryotes such laemophilus
influenzaeandBacillus subtilis archaea such @&yrococcus
horikoshii Archaeoglobus fulgidysand Methanococcus
jannaschij and eukaryotes ranging from yeast to humans. It
would appear that the ancestor sequence from which the m
C967 methyltransferase was derived is very ancient. It is
also interesting that the C-terminal half of RsmB is a re-
markable 60% similar to the 184-amino acid central hydro-
phobic domain of a human proliferation-associated nucleolar
protein, P12037), as is YebU (Swissprot entry P76273), a
hypothetical 53.4 kD protein irE. coli. YebU is also
significantly similar (55% over 137 amino acids) to RsmB.
Perhaps YebU is the 181407 methyltransferase.

The protein most similar in sequence to RsmB according
to this analysis is fromH. influenzae (Swissprot entry
P44788). This protein is 451 amino acids long compared to
429 for RsmB. They were 49% identical and 65% similar
along 416 residues. With such a high level of similarity
between the two sequences, it is likely that this gene encodes
an equivalent methyltransferase kh influenzaeand thus
that this organism also has an equivalently locaté@ in
its SSU RNA However, there is no information available
about the presence of>@ at an equivalent site in the SSU
RNA of H. influenzaeor for that matter in other prokaryotes
or archaea. In eukaryotes, the equivalent site is occupied by
the highly modified nlacpU (9). Therefore, if the related
eukaryotic gene encodes art®@methyltransferase, it must
be for another site and/or another RNA. There are no known
m°C residues in the SSU RNA of yeast or humans, but there
are two possible sites in LSU RN/B).

Role of Methylation of C967 in the Ribosom@®C967 is
located next to #G966 in a small stemloop structure which
has been implicated in tRNA P site binding both by
protection of C967 from modifying agents by bound tRNA
(8) and by cross-linking of G966 to tRNA at position 32,
that is, near the anticodon bases-36 (39). Replacement
of this doubly modified loop in eukaryotes by'acpU
suggests a role for these modifications in tRNA binding, but
the proof and mechanism are still to be determined.

As stated in the introductory section, although completely
unmodified RNA can make a ribosome which is able to carry
out all of its known functions, the efficiency is reduced. The
purpose of this work was to identify the gene for the C967
methyltransferase in order to make it possible to delete the
gene so as to test the effect of the loss of a single methyl
group on ribosome biosynthesis and function. Now that the
gene has been identified, such experiments can proceed.
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