Identification of 8-methyladenosine as the modification
catalyzed by the radical SAM methyltransferase Cfr
that confers antibiotic resistance in bacteria
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ABSTRACT

The Cfr methyltransferase confers combined resistance to five different classes of antibiotics that bind to the peptidyl transferase
center of bacterial ribosomes. The Cfr-mediated modification has previously been shown to occur on nucleotide A2503 of 23S
rRNA and has a mass corresponding to an additional methyl group, but its specific identity and position remained to be
elucidated. A novel tandem mass spectrometry approach has been developed to further characterize the Cfr-catalyzed
modification. Comparison of nucleoside fragmentation patterns of A2503 from Escherichia coli cfr+ and cfr— strains with those
of a chemically synthesized nucleoside standard shows that Cfr catalyzes formation of 8-methyladenosine. In addition, analysis
of RNA derived from E. coli strains lacking the m?’A2503 methyltransferase reveals that Cfr also has the ability to catalyze
methylation at position 2 to form 2,8-dimethyladenosine. The mutation of single conserved cysteine residues in the radical SAM
motif CxxxCxxC of Cfr abolishes its activity, lending support to the notion that the Cfr modification reaction occurs via a
radical-based mechanism. Antibiotic susceptibility data confirm that the antibiotic resistance conferred by Cfr is provided by
methylation at the 8 position and is independent of methylation at the 2 position of A2503. This investigation is, to our

knowledge, the first instance where the 8-methyladenosine modification has been described in natural RNA molecules.
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INTRODUCTION

The peptidyl transferase center (PTC) on the large ribo-
somal subunit is mainly composed of the central loop of
domain V of 23S rRNA and contains binding sites for
various antibiotics of clinical and veterinary importance. It
is the site of peptide elongation, and therefore an efficient
place for drugs to block protein synthesis. Consequently,
the PTC is the target for alterations that prevent drug
binding and thereby cause antibiotic resistance. Although
the resistance mechanisms established so far in this region

*Present address: Department of Organic Chemistry, Biochemistry and
Biotechnology, Selisian University of Technology, Marcina Strzody 9, 44-100
Gliwice, Poland.

Reprint requestst to: Anders Michael Bernth Giessing, Department of
Biochemistry and Molecular Biology, University of Southern Denmark,
Campusvej 55, 5230 Odense M, Denmark; e-mail: giessing@bmb.sdu.dk;
fax: 45 65932661.

Article and publication date are at http://www.rnajournal.org/cgi/doi/
10.1261/rna.1371409.

are mostly RNA mutations, a newly discovered methylation
at the PTC mediated by the Cfr methyltransferase (Kehrenberg
et al. 2005) confers combined resistance to five different
classes of antibiotics that bind to the PTC (Long et al.
2006). The phenotype was named PhLOPS, for resistance
to phenicols, lincosamides, oxazolidinones, pleuromutilins,
and streptogramin A antibiotics (Long et al. 2006). The cfr
gene was originally discovered on a multiresistance plasmid
isolated during a surveillance study of florfenicol resistance
in Staphylococcus spp. isolates of animal origin (Schwarz
et al. 2000) and later shown to encode a methyltransferase
that methylates nucleotide A2503 of Escherichia coli 23S
rRNA (Kehrenberg et al. 2005).

In E. coli, there is a natural m”A methylation at A2503
(Kowalak et al. 1995) mediated by the RImN methyltrans-
ferase (Toh et al. 2008). Although the lack of the natural
methylation at A2503 confers a slight increase in suscep-
tibility to tiamulin, hygromycin A, sparsomycin, and line-
zolid (Toh et al. 2008), this methylation is considered to
be a housekeeping modification rather than a bona fide
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antibiotic resistance determinant. Cfr adds an additional
methyl group at A2503 and also, at least in the case of
E. coli, reduces the natural 2’-O-ribose methylation at
position C2498 (Kehrenberg et al. 2005). Cfr and RImN
contain regions of homology, including a cysteine-rich
motif that is characteristic of radical SAM enzymes (Sofia
et al. 2001; Toh et al. 2008), a superfamily whose members
catalyze a diverse set of reactions including unusual
methylations, isomerizations, sulfur insertions, and anaer-
obic oxidations. Based on the homology between Cfr and
RImN, it has recently been proposed that Cfr causes a
previously unobserved methylation of position 8 of A2503
(m®A2503), or alternatively converts m’A to a likewise
novel 2-ethyladenosine (Toh et al. 2008).

The aim of this study was to identify the adenosine
modification catalyzed by Cfr at position 2503 of 23S
rRNA. As A2503 is the substrate of both the Cfr and RImN
methyltransferase, the current study used four E. coli strains
that either lacked or contained one or both of these
methyltransferase genes to enable identification of the
product(s) of Cfr action on A2503. The complete charac-
terization of a novel modification is far from trivial, and
typically requires a combination of initial structural anal-
ysis by mass spectrometry followed by chemical synthesis of
candidate modified nucleosides. To properly characterize
the products of Cfr modification, we developed an online
nanoliquid chromatography electrospray ionization tan-
dem mass spectrometry (nano-LC-ESI-MS") approach on
an Agilent 6340 ion trap mass spectrometer. Mass spec-
trometry has successfully been employed in the structural
characterization of nucleobases and nucleosides (for
reviews, see Crain 1990a; Banoub et al. 2005). Mass
spectrometric studies of RNA nucleosides involve collision-
induced dissociation (CID) in multiple tandem MS steps
(MS"), which typically commences with neutral loss of

505 ribosomal subunit

ribose followed by a concerted ring opening and elimina-
tion of ammonia from the protonated nucleobase. Sub-
sequent fragmentation of the deaminated base produces
fragments of various masses dependent on individual
structure of the base in question (Nelson and McCloskey
1992, 1994; Dudley et al. 2005; Jensen et al. 2007). The
similarity in MS fragmentation behavior among the differ-
ent samples in this study made it necessary to perform up
to five tandem MS steps (MS’) in order to structurally
characterize the novel modifications. Chromatography on a
graphitized carbon column made it possible to separate the
differently modified, but isobaric adenosine nucleosides.

In this work, mass spectrometry is used to demon-
strate that methylation of position 8 is the main product
of Cfr action upon reaction with A2503, and that Cfr
also has a less pronounced capability to methylate posi-
tion 2 of A2503 to produce 2,8-dimethyladenosine. Muta-
genesis experiments are used to corroborate that Cfr is a
radical SAM methyltransferase by showing that mutations
of the cysteines in the presumed radical SAM motif
CxxxCxxC abolish Cfr activity. Moreover, it is confirmed
that antibiotic resistance is caused by methylation at
position 8 of A2503 23S RNA and is independent of the
m’A modification.

RESULTS

Analysis of a 23S RNA subfragment containing A2503
by reverse-phase HPLC

As both Cfr and RImN modify A2503 in 23S rRNA (Fig.
1C), ribosomes were isolated from four strains of E. coli with
and without the methyltransferase genes (Table 1). Nucleo-
sides from hydrolysis of a subfragment containing posi-
tions 2483-2527 of 23S rRNA (Fig. 1B) were characterized
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FIGURE 1. (A) The position of the PTC in the cleft of the 50S ribosomal subunit. (B) The secondary structure of the central loop of domain V of
23S rRNA flanking the methylated nucleotide A2503 that is positioned in the PTC. (C) Primer extension analysis of reverse transcriptase stops on
23S RNA from E. coli caused by modifications at A2503 and C2498. The region shown is limited to the nucleotides at and just proceeding A2503.
Lanes marked C, U, A, and G refer to dideoxysequencing reactions. Other labels refer to the strains used for ribosome isolation and the absence or
presence of methyltransferases. The slightly stronger bands in two lanes (the C112A and C115A mutants) are due to loading heterogeneities. The
presence or absence of the Cfr and RImN methyltransferases in the four strains used for MS analysis is indicated to the right, below the gel.
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TABLE 1. Minimal inhibitory concentrations (MIC) for the strains
investigated in the presence or absence of the Cfr and RImN
methyltransferases

E. coli cfr MIC MiC
strains/plasmids gene RImN' florfenicol valnemulin
DH1 = + 8 64
DH1/pCfrHisN + (induced)  + 128 256
DH1/pCfrHisNT10A  + (induced)  + 128 256
DH1/pCfrHisNT112A  + (induced)  + 16 64
DH1/pCfrHisNT116A  + (induced)  + 8 64
DH1/pCfrHisN119A  + (induced)  + 16 64
HB101/pBluescript - + 4 16
HB101/ pBgllI(Cfr) . o 64 64
JW2501-1/pBluescript - - 16 64
JW2501-1/pBglll(Cfr) + = 128 128

“(induced)” Indicates that expression of the cfr
gene was induced in these strains with IPTG.

using reverse phase liquid chromatography with UV
detection (RP-HLPC/UV) by gradient separation on a
standard C18 stationary phase at neutral pH (Fig. 2).
Nucleosides originating from both the isolated rRNA
fragment and the annealed DNA oligonucleotide used
during sample purification were successfully resolved in
the chromatogram. The majority of the nucleosides could
be identified by comparison of retention times of com-
mercially available standards analyzed under identical
chromatographic conditions (data not
shown). The observed elution order of
the nucleosides is similar to the elution
order observed by Pomerantz and
McCloskey (1990).

A series of small peaks appears in the
elution window between 23 and 29 min,
depending on the presence of the A2503-
targeting methyltransferases RImN and
Cfr (Fig. 2). In the wild-type (wt) sample
(¢fr—/rlmN+) the peak at ~23.5 min can
be identified as m°A based on its relative
retention time (Pomerantz and McClos-
key 1990). The addition of the cfr gene
(¢fr+/rlmN+) results in the disappear-
ance of the m°A signal and the appear-
ance of a peak eluting around 28.8 min s w
that likely corresponds to the hyperme-
thylated A2503. When only the cfr gene
is present (cfr+/rlmN—), a signal similar

Relative abszeonm

as m’A and a hypothesized m®A. A weak signal at 28.8 min is
also observed in the cfr+/rlmN— sample, indicating that Cfr
alone has the ability to hypermodify A2503. The cfr—/
rlmN— sample gives rise to the expected absence of
chromatographic characteristics of modified A2503 nucleo-
sides. As the chromatograms alone are only indicative of
possible structures, further analyses were necessary.

Analysis by graphite column LC-ESI-MS"

It is apparent from Figure 2 that a major problem in using
C18 reverse-phase chromatography to characterize the Cfr
A2503 product is its coelution with m*A formed by RImN.
We therefore developed a nano-LC-ESI-MS" method using
a porous graphitized carbon (PGC) two-column setup.
Nano-LC/MS applications generally use a two-column
setup with a short enrichment column placed in front of
the analytical column to reduce sample-loading time and to
desalt and focus analytes at the top of the analytical column
prior to gradient separation and MS analysis. The use of
C18-type stationary phases for enrichment is not likely to
succeed due to the hydrophilic nature of nucleosides.
Nucleosides such as pseudouridine and cytidine that elute
isocratically under aqueous conditions on C18 stationary
phases are not retained on the enrichment column and will
thus be lost during loading of the sample. PGC provides
different retention and separation properties compared

to the one from m”A appears at ~23.5
min. Based on the relative retention time
this peak may be interpreted as a mono-
methylated A2503. The similar retention
times of the peaks in the cfr+/rlmN—
and the cfr—/rlmN+ samples suggests
that they correspond to nucleosides of
a closely related chemical structure such
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FIGURE 2. HPLC-UV chromatograms of the four samples. The guanosine signal has the same
height in all chromatograms, wherefore the relative intensities of other signals are directly
comparable. Peaks marked with an asterisk are sample preparation artifacts present in an
enzyme-only hydrolysis, and the peaks marked with $ are unknown contaminants of
nonnucleoside nature. The peaks corresponding to the expected modified adenosines are
marked for visualization purposes.
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with C18-type stationary phases, and has been used to
separate highly polar compounds, geometric isomers,
and glucosides (Polyakova and Row 2005; Pereira 2008).
The rRNA nucleoside samples from the four strains
were reanalyzed by nano-LC-ESI-MS" on a PGC station-
ary phase and separated using a formic acid/acetonitrile
gradient.

The isobaric m*A and m®A nucleosides have an expected
pseudomolecular ion [M+H]" at m/z 282 using positive
electrospray ionization. The extracted ion chromatograms
(XIC) at m/z 282 clearly display two fully resolved and
intense peaks at 21.8 and 24.5 min in the ¢fr—/rlmN+ and
the ¢fr+/rlmN— samples, respectively (Fig. 3). A weak signal
at m/z 282 is also observed at 24.5 min in the cfr+/
rlmN+sample and as expected no peak at m/z 282 is
observed in the ¢fr—/rlmN— background. Thus, the altered
stationary phase chemistry provided by PGC is able to fully
resolve the Cfr A2503 product from m’A down to the
baseline (Fig. 3), whereas the C18 chromatography afforded
essentially no separation (Fig. 2).

We have recently demonstrated higher-order tandem
mass spectrometry on an ion trap instrument as a valuable
tool in characterizing isobaric modified nucleosides (Jensen
et al. 2007), and therefore this technique was implemented
to characterize the Cfr products. The tandem mass spectra
resulting from collision-induced activation at m/z 282 from
cfr+/rlmN— (unknown methylation of A2503) and cfr—/

rlmN+ (m*A2503), respectively, are presented in Figure 4.
For both compounds, initial fragmentation of the intact
nucleoside yields a single fragment ion at m/z 150 corre-
sponding to the characteristic neutral loss of ribose (132
Da). The dominant fragmentation of nucleoside molecular
ions in electrospray ionization is the CID of the N-C
glycosidic bond that leads to the replacement of the sugar
moiety with a hydrogen atom (Wilson and McCloskey
1975; Qian et al. 2007). Following isolation and fragmen-
tation of the nucleobase at m1/z 150, a second neutral loss of
17 Da is observed corresponding to the loss of NH; and a
minor peak at m/z 108 corresponding to the loss of
cyanamide (NH,CN). Neutral loss of ammonia is also a
characteristic of CID of nucleobases (Nelson and McClos-
key 1992; Jensen et al. 2007; Qian et al. 2007); hence, MS?
was insufficient to distinguish the two isobaric adenosine
derivatives.

Further fragmentation revealed different fragment ion
pattern for the two adenosine derivatives. In the c¢fr—/
rlmN+ m*A2503, fragmentation of m/z 133 in MS* yields
two intense peaks at m/z 106 and m/z 92 (Fig. 4, right
panel), indicating neutral loss of HCN and acetronitrile
(CH;CN). This is a marked difference from the analogous
analysis of the cfr+/rlmN— sample, where sequential HCN
losses generate peaks at m/z 106 and m/z 79 (Fig. 4, left
panel). The loss of HCN and CH;CN from 2-methyl
adenine has been explained by an initial opening of the

pyrimidine ring at N1-C2 as a result
of protonation at N1 of the adenine

Intens.
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2] cfr- rlmN-

substructure (Nelson and McCloskey
1992; Turecek and Chen 2005). Thus,
the observed losses of HCN or CH;CN
following ring opening at NI1-C2
revealed the methyl substitution at

cfr+ rimN+

0.5

C2 of A2503 as expected in the cfr—/
rlmN+ sample. Subsequent fragmenta-
tion of the dominant ion m/z 106
yields a single fragment ion at m/z 79
indicating a second loss of HCN. In the
fr+/rimN— (Fig. 4, left panel), MS*
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fragmentation of the deammoniated
nucleobase at m/z 133 yields two peaks
at m/z 106 and m/z 79 corresponding
to two sequential expulsions of HCN
(=27 Da). Sequential loss of HCN
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from adenines may be explained by
the opening of the pyrimidine ring
at N1-C2 as mentioned above. The
absence of CH3;CN-loss at this stage
shows that Cfr does not methylate C2
of A2503 (cf. spectrum 4 of Fig. 4, right
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FIGURE 3. Extracted ion chromatogram of monomethylated adenosine species (m/z 282).
Peaks were resolved using a PGC column on an Agilent Chip-LC electrospray ion trap tandem

mass spectrometer.
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FIGURE 4. Tandem collision induced dissociation mass spectra (MS®) of m/z 282 from cfr+/rlmN— (left panel) and cfr—/rlmN+ (right panel).

of 66 that corresponds to the loss of acetonitrile (CH3CN)
from m/z 106.

In summary, the adenosine methylations induced by Cfr
and RImN are different as deduced from MS (Fig. 4), the
PGC chromatographic retention time of the Cfr A2503
product is distinct from both m'A, m?A, and m°®A (data
not shown) and Cfr is homologous to RImN that methyl-
ates an aromatic carbon atom. Taken together, these
observations suggest that Cfr may catalyze formation of
m®A2503. In order to test this possibility, especially as m®A
has not previously been identified in natural RNA, a pure
m®A nucleoside was synthesized according to Van Aerschot
et al. (1993) and analyzed by PGC ion trap MS°. The
retention time of the synthetic m®*A was indistinguishable
from the Cfr-induced product of A2503, and the MS” series
of both species were identical (for tandem MS data on
synthetic m®*A and a graphical representation of the pro-
posed fragmentation patterns, see Supplemental Figs. S1,
S2, respectively). Hence, we conclude that the mono-
methylated product of Cfr in the absence of RImN is m®A2503.

Another compound of interest is the unknown peak
eluting at 27.8 min in both the ¢fr+/rlmN+ and cfr+/rlmN—
samples (Fig. 2). Based on the MS’ data for the mono-
methylated A2503, we suggest that the presence of both
enzymes together produces an m’m®A2503. In the cfr+/
rlmN+ sample, the XIC of m/z 296 (the mass of protonated,
dimethylated adenosine) displays an intense peak at 27.7
min (Fig. 5, top panel). As observed for the monomethy-
lated adenosines, the most intense peaks in the MS? and
MS? spectra correspond to the dominant loss of ribose (111/z
164) and ammonia (m/z 147), respectively (Fig. 5, bottom
panel). Minor losses of NH,CN (42 Da) as well as ammonia

and acetonitrile (17 Da + 41 Da) from m/z 164 are also
observed. Assuming that fragmentation of m/z 147 pro-
ceeds through an opening of the pyrimidine ring at N1-C2,
loss of acetonitrile (41 Da) to m/z 106 indicates a
methylation at C2 as described for m*A above. Subsequent
fragmentation of m/z 106 yields fragment ions at mm/z 79 and
a minor m/z 66 as observed for m®A. Taken together, this
fragmentation genealogy indicates that the peak at m/z 296
is from 2,8-dimethyladenosine present in the cfr+/rimN+
sample. A similar PGC LC-MS analysis of the m/z 296 from
the c¢fr+/rlmN— sample (Fig. 5, top panel and data not
shown) revealed identical behavior with respect to chro-
matographic retention time and MS" fragmentation, lead-
ing us to the conclusion that Cfr has an obscured ability to
methylate position 2 of A2503 after the primary methyla-
tion at position 8 is complete.

Classification of the Cfr methyltransferase
and its in vivo effect

Based on sequence homology, it has been proposed that Cfr
is a radical SAM enzyme (Kehrenberg et al. 2005; Toh et al.
2008). Although the MS data presented above show that
Cfr methylates an aromatic carbon atom, it does not
address whether the reaction has a radical-based mecha-
nism. To test whether Cfr is likely to be a true radical SAM
enzyme, the CxxxCxxC motif in Cfr, which is a character-
istic of radical SAM enzymes (Sofia et al. 2001), was
mutagenised. Each of the cysteines in the motif was
replaced by alanine, and the mutagenized Cfr expressed
in E. coli. The effect of each mutation was investigated by
primer extension analysis of 23S rRNA isolated from
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FIGURE 5. Extracted ion chromatogram (top panel) and tandem collision induced disso-
ciation mass spectra (MS?, lower panel) of m/z 296 from the cfr+/rlmN+ sample.

mutant E. coli strains (Fig. 1C) and via antibiotic suscep-
tibility testing of these strains (Table 1). The primer
extension analysis (Fig. 1C) clearly shows a strong reduc-
tion in band intensity for position A2503 in 23S rRNA
from cells with Cfr mutated in the radical SAM motif (at
amino acid position 115, 119, and 122) compared with cells
with wild-type Cfr. The intensities of the bands arising
from the primer extension stop at 23S rRNA position
A2503 in the strains with the above cysteine mutations
correspond to that observed for 23S rRNA isolated from a

332 RNA, Vol. 15, No. 2

by the different E. coli background
strains and by the fact that the RImN
knock out strain JW2501-1 is less sen-
sitive to the antibiotics than HB101.
Nevertheless, it is clear that Cfr is an
antibiotic resistance determinant and provides decreased
sensitivity regardless of the methylation status at position 2
of A2503. This is also in accordance with the small effect of
RImN on antibiotic sensitivity reported previously (Toh
et al. 2008).

DISCUSSION

During the last decade, it has been shown that Cfr confers
resistance to a series of antibiotics and that Cfr methylates



8-Methyladenosine: A novel adenosine modification

A2503 in E. coli 23S rRNA. However, the precise location of
the methylation in the nucleotide could not be deduced. The
present work demonstrated that Cfr methylates position 8 of
A2503, a hitherto unknown methylation in natural RNA
molecules, and that Cfr possesses a masked mA activity.
The full characterization of the Cfr-mediated modifica-
tion required the development of a novel LC-MS" setup,
where up to MS® was necessary for unambiguous determi-
nation of the methylated A2503 derivatives. The character-
ization of both unmodified and modified nucleosides is
desirable in many biological and pharmaceutical studies,
but the task is analytically challenging due to the high
polarity and structural similarity of the analytes. In this study,
the two isobaric adenosine modifications m*A and m®A were
successfully resolved using a PGC stationary phase, thereby
enabling structural characterization based on their MS’
fragmentation patterns. The retention mechanisms of PGC
stationary phase are different from those observed on C18
type stationary phases and provide markedly greater reten-
tion and selectivity for polar compounds (reviewed in
Pereira 2008). The overall retention on PGC is determined
by the balance of two factors: a hydrophobic interaction as
for C18 type stationary phases and charged-induced inter-
actions of a polar analyte with the polarizable surface of the
graphite particles (Lepont et al. 2001; Pereira 2008). In
accordance with our data, the use of a PGC stationary
phase coupled with MS detection to resolve mixtures of
nucleosides and their mono-, di-, and triphosphates sur-
passed a variety of C18 type stationary phases specifically
designed to retain polar compounds (Xing et al. 2004).
Tandem mass spectrometry has previously successfully
been employed in the structural characterization of nucle-
obases and nucleosides. Structural characterization on the
ion-trap type instrument used here is achieved by isolating
the ions of interest and submitting them to sequential
fragmentation by CID in MS". The molecular structure of
the parent ion is then reconstructed based on the MS"
fragmentation pattern. However, fragment ions produced
may vary significantly depending on the type of instrument
used for structural characterization. For example, Nelson
and McCloskey (1992) observed loss of NHj; (17 Da),
NH,CN (42 Da), and CH;CN (41 Da) from m/z 150 in the
CID spectrum of 2-methyladenine using high-energy colli-
sions in a Fast Atom Bombardment instrument. The
dominant fragment ion of 2-methyladenine in our study
is m/z 133, whereas other fragment ions are observed at
very low intensity in the fragment ion spectrum of 2-
methyladenine (Fig. 4, right panel). The difference may be
explained by the ion trap instrument’s preference for the
lowest energy fragmentation pathways. The online LC/MS’
identification of m®A and comparison with a synthetic
standard underscores the usefulness of an ion trap instru-
ment for characterization of an unknown compound
without the use of stable isotope labeling or NMR
approaches. The method is simple to implement and

provides the needed chromatographic selectivity to resolve
isobaric modifications in a single run.

The straightforward explanation for the antibiotic resis-
tance conferred by the methylation of position 8 on A2503
is a steric interaction between the added methyl group and
the antibiotic. A mechanism, in which C8 methylation
directly hinders drug binding, is supported by the recent
X-ray structure of linezolid bound to the Deinococcus
radiodurans 50S ribosomal subunit (Wilson et al. 2008).
Here, the C8 position of A2503 is abutting the drug in such
a manner that a methyl group at this position would point
into the drug binding site and interfere directly with drug
binding. A very similar positioning of A2503 is also
observed in the Haloarcula marismortui 50S-linezolid
complex (Ippolito et al. 2008). Moreover, a recently refined
model of the Deinococcus radiodurans 50S subunit without
bound antibiotic shows the same orientation of the A2503
base (Harms et al. 2008).

The orientation of A2503 in the above structures is
different from previously published X-ray crystallographic
data on the Deinococcus radiodurans 50S ribosomal subunit
complexed with chloramphenicol, clindamycin, or tiamulin
(Schlunzen et al. 2001; Schlunzen et al. 2004), where the
base is oriented away from the bound antibiotics. Thus, an
earlier conclusion about the Cfr-based modification having
an indirect effect on the drug binding pocket (Kehrenberg
et al. 2005) must be revised according to the new structural
models. We suggest that the methylation at the C8 position
has a direct effect on drug binding by placing a methyl
group in the drug binding pocket. However, the mecha-
nism behind the reduced C2498 ribose methylation upon
A2503 C8 methylation and the manner in which the latter
affects the RNA structure to inhibit RNase T1 cleavage at
G2502 remain unclear. These effects are both observed
independently of the C2 methylation of A2503 (data not
shown), and we speculate that the rRNA may adopt a more
rigid local structure upon synthesis of m*A2503.

The MIC data demonstrate that methylation of position
8 is the dominant antibiotic resistance determinant, but
indigenous modification at position 2 also contributes to
low-level resistance. This has been demonstrated by Toh
and coworkers who showed that the absence of rlmN
results in a modest increase in sensitivity toward selected
peptidyl transferase-targeting antibiotics (Toh et al. 2008).
The same phenomenon was observed when U2504 is not
converted to pseudouridine and when U2552 is not 2'-O-
methylated (Toh and Mankin 2008). We have indications
of a similar effect in an E. coli strain lacking the ribose
methylation on C2498 (data not shown). We have pre-
viously suggested that one function of post-transcriptional
modifications is to modulate intermolecular RNA-RNA
contacts, because most rRNA modifications are found in
such regions. It is, however, notable that A2503 and U2504
do not participate in intermolecular RNA-RNA interac-
tions, substantiating a “housekeeping” antibiotic resistance
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resulting from indigenous modifications at these two
nucleotides.

The cfr gene has been found on transposons and in
different geographical locations, suggesting that it can be
spread within the microbial community (Kehrenberg and
Schwarz 2006; Kehrenberg et al. 2007). It is alarming that
one methyltransferase confers resistance to five different
classes of clinically relevant antimicrobial agents. In addi-
tion, this mechanism of resistance functions in both Gram-
positive and Gram-negative bacteria (Long et al. 2006).
Although the mutagenesis data presented in this work
strongly suggests that Cfr is an enzyme belonging to the
Radical SAM family, its origin remains unresolved. The cfr
gene has recently been reported in Staphylococcus spp.
isolates from humans (Toh et al. 2007; Mendes et al.
2008), underlining its dissemination potential. The identi-
fication of the specific modification catalyzed by Cfr is an
important step forward in the development of approaches
to inhibit its undesired activity in pathogenic bacteria.

MATERIALS AND METHODS

Materials for nucleoside analysis

Commercially available nucleoside standards were purchased from
Sigma Aldrich. Ultrapure water (18.2 M) was produced using an
Elga Purelab Ultra Water System. LC/MS grade formic acid was
purchased from Merck, whereas other LC/MS-grade solvents were
purchased from Sigma Aldrich. Ammonium acetate was pur-
chased from J.T. Baker.

8-Methyladenosine was synthesized at the Nucleic Acid Center,
University of Southern Denmark, by palladium-catalyzed cross-
coupling of a tetraalkyltin with a halogenated purine nucleoside
according to Van Aerschot et al. (1993). The product was verified
by positive ion ESI/MS and 'H and ">C NMR spectroscopy (data
not shown).

Sample preparation

E. coli strains harboring all possible combinations of the rRNA
methyltransferase-encoding genes cfr and rlmN were grown and
ribosomes isolated according to Kehrenberg et al. (2005). DH1
and HBI101 are standard laboratory strains while JW2501-1 is a
Keiko Collection strain obtained from the E. coli Genetic Resource
Center. Isolation of a 48 nucleotide rRNA subfragment (CGACGG
CGGUGUUUGGCACCUCGAUGUCGGCUCAUCACAUCCUGGG
GC) encompassing positions 2480-2527 of 23S rRNA by specific
hybridization, PAGE purification, and single-strand digestion with
mung bean nuclease was performed as described by Andersen et al.
(2004). The isolated RNA subunit was hydrolyzed to nucleosides
using nuclease P1, phosphodiesterase I, and alkaline phosphatase
according to Crain (1990b).

HPLC/UV-analysis

Reverse-phase chromatography was performed on a GE Health-
Care Ettan LC using a Phenomenex Luna C18(2) column
(2 X 250 mm, 5 pm particles, 100 A pores). Nucleosides were
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separated using a linear gradient of (A) 40 mM ammoniumace-
tate, adjusted to pH 6 with glacial acetic acid, and (B) 40%
acetonitrile at a flowrate of 250 pw.L/min at 40°C using UV signal at
260 nm for detection. The gradient was 0% B isocratic at 2 min
followed by a linear increase to 25% B at 27 min and 60% B at 37
min. Prior to each analysis, the column was preconditioned with
100% A for 15 min.

Nano Chip ESI-ITMS

Mass analysis was performed using an Agilent Chip Cube nano-
LC/ESI Ton-Trap system. Online enrichment and analysis was
performed using an Agilent 1100 HPLC system consisting of a
loading pump operating at 4 pwL/min and an analytical pump
operating at 300 nL/min. The automated chip handler, the “chip-
cube,” is mounted directly in front of an Agilent XCT Ultra 6340
ion trap with a microvalve for flow-path switching, providing ultra
low dead volume. The chip consists of an integrated 9 mm, 160 nL
PGC 5 pm particles enrichment column, a 150 mm X 75um PGC
5 wm particles analytical column and a nanospray emitter. Samples
were loaded onto the enrichment column in 0.1% formic acid
(FA). Gradient separation was achieved using (A) 0.1% FA and
(B) 90% acetonitrile, 0.1% FA. Gradient was initially at 10% B,
increase to 20% B at 10 min, 50% B at 20 min, 90% B at 25 min,
and held for 3 min; then the system returned to 10% B and was
allowed to reequilibrate for 5 min prior to the next injection.
Spectra were recorded in positive ion mode by scanning in the
range m/z 220—400 with a scan rate of 8000 p/sec, an ion current
count set at 400,000, and maximum accumulation time of 200
msec. The following MS settings, optimized by infusion of 8-
methyladenosine at 10 pmol/pL, were used for all experiments:
drying gas, 4 L/min; dry gas temperature, 325°C; skimmer, 40 V;
capillary exit, 112.2; lens 1, —50 V; and lens 2, —60 V; and the
voltage applied to the chip emitter was set at 1850 V, drawing a
current of 50-60 nA. To obtain CID fragment spectra in the low
m/z range, the fragmentation amplitude was manually adjusted to
0.4 V for MS and 0.6 V for MS" to secure a potential well deep
enough to avoid ejection of fragment ions from the ion trap.

Construction of plasmids encoding Cfr mutants

Plasmids encoding Cfr mutants with single cysteine to alanine
mutations at Cys113, Cysl15, Cys119, and Cys122 were con-
structed in two steps using overlap extension PCR. The plasmid
pCfrHisN, containing the wild-type cfr gene cloned into the Ndel
and HindIII sites of plasmid pLJ102 (Johansen et al. 2006), was
used as a template. In the first step, two overlapping fragments
were made where each was amplified with an outer primer
complementary to sequences flanking the 5" or 3’ end of the cfr
gene and a mutagenic primer in the opposite orientation
containing the appropriate mutations. In the second step, the
two outer primers were used to amplify fragments containing full-
length mutant cfr genes, where the two overlapping fragments
from the first step were used as the template. The fragments were
cloned into the Ndel and HindIII sites of plasmid pLJ102 to form
plasmids pCfrHisN110A, pCfrHisN112A, pCfrHisN116A, and
pCfrHisN119A. These plasmids and pCfrHisN were used to
transform E. coli strain DHI1. Full details of primers and
procedures will be published elsewhere.
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Primer extension analysis

Ribosomes were extracted with phenol and ribosomal RNA was
precipitated with ethanol, resuspended in water, and monitored
by primer extension analysis with AMV reverse transcriptase
(Finnzymes, Espoo, Finland). The Cy5-labeled deoxyoligonucleotide
primer (5'-GAACAGCCATACCCTTG-3"), complementary to
nucleotides 2540-2556 of E. coli 23S rRNA, was used. The cDNA
extension products were separated on 6% polyacrylamide sequenc-
ing gels. The positions of the stops were visualized by fluorescence
scan and identified by referencing to dideoxynucleotide sequencing
reactions on 23S rRNA that were electrophoresed in parallel.

Drug susceptibility testing

Drug susceptibility testing was done in a microtiter plate format
by measuring optical density values at 450 nm with a Victor 3
spectrophotometer (Perkin-Elmer). LB medium was inoculated
with single colonies and incubated overnight. The cultures were
diluted to OD,50 = 0.01 and 100 pL diluted culture was mixed
with 100 pL of antibiotic solutions in a series with twofold
concentration steps. Strains marked in Table 1 were induced by
adding 1 mM IPTG.

The tested concentration ranges were: florfenicol 1-128 pg/mL
and valnemulin 16-256 wg/mL. The MIC was defined as the drug
concentration at which the growth of the cultures was completely
inhibited after 48 h incubation at 37°C.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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