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ABSTRACT

S-adenosylmethionine (SAM) is an essential metabo-
lite and a methyl group donor in all living organ-
isms. The intracellular SAM concentration is tightly
regulated, and depletion causes hypomethylation of
substrates, growth defects and pathological conse-
quences. In the emerging field of epitranscriptomics,
SAM-dependent RNA methylations play a critical role
in gene expression. Herein, we analyzed the methy-
lation status of ribosomal RNAs (rRNAs) and trans-
fer RNAs (tRNAs) in Escherichia coli �mtn strain in
which cellular SAM was down-regulated, and found
hypomodification of several methylation sites, in-
cluding 2′-O-methylation at position 2552 (Um2552)
of 23S rRNA. We observed severe growth defect of
the �mtn strain with significant accumulation of 45S
ribosomal precursor harboring 23S rRNA with hypo-
modified Um2552. Strikingly, the growth defect was
partially restored by overexpression of rlmE encod-
ing the SAM-dependent methyltransferase responsi-
ble for Um2552. Although SAM is involved not only
in rRNA methylation but also in various cellular pro-
cesses, effects on ribosome biogenesis contribute
substantially to the observed defects on cell prolifer-
ation.

INTRODUCTION

S-adenosylmethionine (SAM) is a central metabolite in-
volved in various cellular processes. SAM functions as a
methyl donor for macromolecules and metabolites in re-
actions catalyzed by a wide variety of methyltransferases
(1). SAM is also used in various cellular reactions uti-
lizing a methylene group for fatty acid synthesis, a sul-
fur group for biotin synthesis, a ribosyl group for transfer
RNA (tRNA) modification, an aminocarboxypropyl group
for RNA modifications and an aminopropyl group for
polyamine synthesis (1–7). SAM-dependent methylation is

involved in epigenetic regulation through DNA and histone
methylations, and affects diverse cellular processes from an-
imal development and differentiation to brain functions (8–
13). In addition, recent studies reveal that SAM-dependent
methylation plays a critical role in RNA methylations in di-
verse biological contexts. The concept of the ‘epitranscrip-
tome’ highlights the importance of RNA methylation as a
regulatory element in gene expression (14–17).

The ribosome is an essential ribonucleoprotein complex
that translates genetic information from messenger RNA
(mRNAs) into proteins in all living organisms. In bac-
teria, the mature 70S ribosome consists of small subunit
(30S) and large subunit (50S), each composed of riboso-
mal RNAs (rRNAs) and ribosomal proteins (r-proteins).
These subunits can be non-enzymatically reconstituted in
vitro from their individual components, albeit slowly under
non-physiological conditions (18–20). However, in cells, ri-
bosomes are synthesized rapidly and efficiently under phys-
iological conditions because ribosome assembly is coupled
with rRNA transcription, and the process is assisted en-
zymatically by various non-ribosomal ‘assembly factors’
including RNA helicases, GTPases, rRNA-modifying en-
zymes and protein chaperones (21–23). Since ribosome bio-
genesis is an energy-consuming process, it is tightly reg-
ulated by cellular growth and stress conditions (24). Un-
der amino acid starvation conditions, fewer rRNAs and r-
proteins are produced due to transcriptional regulation trig-
gered by the alarmones, (p)ppGpp in bacteria (25,26). In
addition to transcriptional regulation, it is proposed that ri-
bosome biogenesis is also regulated in complex processes of
ribosome assembly (27), but the precise mechanism remains
to be elucidated.

In Escherichia coli, late stages of 50S subunit assem-
bly require several assembly factors including RNA he-
licases (DeaD and DbpA), a GTPase (ObgE and Der)
and a rRNA methyltransferase (RlmE) (21). RlmE is a
SAM-dependent methyltransferase responsible for 2′-O-
methylation of U2552 (Um2552) of Helix 92 in domain V
of 23S rRNA (28). RlmE is a highly conserved methyltrans-
ferase in all domains of life, as well as in organelles, indicat-
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ing the functional importance of this enzyme. Deletion of
rlmE results in a severe growth defect with cold sensitivity
and accumulation of the 45S precursor (29). The precursor
sediments at 45S at low Mg2+ concentrations, gradually in-
creases in density with increasing Mg2+, and almost comi-
grates with the 50S subunit at high Mg2+ concentration, be-
cause the 45S precursor has structurally flexible regions that
undergo conformational changes upon Mg2+ binding (30).
Structural probing of 23S rRNA in the 45S precursor re-
vealed that domains III and IV are flexible at low Mg2+

concentration. Biochemical analyses revealed that the 45S
precursor lacks several r-proteins including L16, L18, L25,
L31, L33, L35 and L36 that reside in the upper region of
the interface side of 50S, including the central protuberance
(CP) (30). Curiously, we observed a strong genetic inter-
action between rlmE and rpmJ (encoding L36). Moreover,
we partially reconstituted the 50S subunit in vitro from the
45S precursor triggered by RlmE-mediated Um2552 for-
mation in the presence of the wash fraction of crude ribo-
somes (30). This was the first demonstration of the enzy-
matic formation of a ribosomal subunit in vitro from its pre-
cursor via the action of an assembly factor. Mechanistically,
RlmE-mediated Um2552 formation promotes interdomain
interactions between helices 71 and 92, because Um2552 fa-
vors C3′ endo ribose puckering and stabilizes the Um2552-
C2556-U1955 base triple, followed by recruitment of L36
via correct positioning of helix 91. L36 stabilizes surround-
ing helices, thereby facilitating incorporation of late binders.
This finding let us to speculate that late steps of 50S assem-
bly may be regulated by RlmE-mediated Um2552 forma-
tion under some physiological conditions.

In the present study, we analyzed the methylation sta-
tus of rRNAs and tRNAs in an E. coli strain in which the
cellular SAM concentration is down-regulated, and identi-
fied hypomodification of several methylation sites, includ-
ing Um2552 of 23S rRNA. We observed a severe growth
defect of this strain, with significant accumulation of the
45S precursor with hypomodified Um2552. Notably, rlmE
overexpression partially reversed this defect, and reduced
accumulation of the 45S precursor. SAM depletion signif-
icantly impacts on ribosome biogenesis and effects on ri-
bosome biogenesis contribute substantially to the observed
defects on cell proliferation, though SAM is involved not
only in rRNA methylation but also in various cellular pro-
cesses.

MATERIALS AND METHODS

Strains and plasmid construction

Single-deletion strains with kanamycin resistance markers
(Keio collection) (31) and their parental strain BW25113
were obtained from the Genetic Stock Research Center, Na-
tional Institute of Genetics, Japan. Escherichia coli DY330
strains [W3110, �lacU169, gal490, pgl8 and �c1857(cro-
bioA)] used for expression of RlmE-SPA were obtained
from Thermo Scientific Open Biosystems. We disrupted
rlmE in BW25113 using the chloramphenicol acetyltrans-
ferase (cat) cassette by one-step gene inactivation (32) to
yield strain �rlmE::Cmr. Single-colony isolation was re-
peated twice for all strains constructed in this study. Geno-
typing of knockout strains was conducted by colony poly-

merase chain reaction (PCR). To construct the double
knockout strain �mtn/�rlmE, �rlmE::Cmr was introduced
into the �mtn::Kmr strain by P1 transduction. The double
knockout strain �rna/�rlmE was prepared as previously
described (30). To generate expression plasmids for RNA
methyltransferases, each open reading frame was PCR-
amplified from the E. coli genome using a set of primers
listed in Supplementary Table S1. Amplified products were
inserted into the XhoI/PstI sites of the pBAD/myc-HisA
vector (Invitrogen). For expression of these constructs, 1
mM L-arabinose and 100 �g/ml ampicillin were added be-
fore inoculation of the preculture.

Analysis and preparation of ribosomes and ribosomal sub-
units by SDG

For profiling ribosomal fractions, E. coli strains were cul-
tivated in 200 ml LB medium with vigorous shaking un-
til the absorbance at 600 nm (A600) reached 0.4–0.6. Cells
were then quickly chilled on ice for 10 min, and 30ml cul-
ture was harvested by centrifugation. Extraction and anal-
ysis of ribosomal fractions was carried out as previously
described (30). The cell pellet from a 30 ml culture was re-
suspended in 1 ml of Ribosomes (RBS) buffer A [0.5 mM
Mg(OAc)2, 200 mM NH4Cl, 20 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES)-KOH (pH 7.6)
and 6 mM �-mercaptoethanol] or RBS buffer B [10 mM
Mg(OAc)2, 100 mM NH4Cl, 20 mM HEPES-KOH (pH
7.6) and 6 mM �-mercaptoethanol] and lysed by lysozyme
treatment (1.5 mg/ml) followed by three rounds of freezing
and thawing. The cell lysate was cleared by centrifugation at
20 000 × g for 15 min at 4◦C. The supernatant was layered
on top of a sucrose gradient (10–40%, w/v) in RBS buffer
A or B and separated by ultracentrifugation in a Beckman
SW-28 Rotor at 20 000 rpm for 14 h at 4◦C, or in a Beck-
man SW-41 Rotor at 37 000 rpm for 5 h at 4◦C. Separated
ribosomal subunits were fractionated using a Piston Gradi-
ent Fractionator (BIOCOMP), and the A260 was measured
using an AC-5200 UV monitor (ATTO).

For preparation of ribosomal subunits and precursors,
E. coli strains were cultivated in 1 L LB medium and har-
vested by centrifugation as described above. The cell pellet
was ground with alumina (weighing two to three times as
much as the cell pellet) in a mortar and pestle for 10 min
at 4◦C. The ground cell pellet was resuspended in 20 ml of
RBS buffer C [10 mM Mg(OAc)2, 30 mM NH4Cl, 20 mM
HEPES-KOH (pH 7.6) and 6 mM �-mercaptoethanol] and
centrifuged at 4400 × g for 30 min at 4◦C. The supernatant
was ultracentrifuged in a Beckman 70 Ti rotor at 19 500 rpm
for 45 min at 4◦C to remove cell debris. The supernatant
was then ultracentrifuged in a 70 Ti rotor at 35 000 rpm
for 4 h at 4◦C to obtain crude ribosomes. These were resus-
pended in RBS buffer A, layered on top of a sucrose gra-
dient (10–50%, w/v) in RBS buffer A and ultracentrifuged
in a Beckman SW-28 Rotor at 25 000 rpm for 15 h at 4◦C.
The sucrose gradient was fractionated using a Piston Gra-
dient Fractionator, and the A260 of each fraction was mea-
sured using a SpectraMax Microplate Reader (Molecular
Devices). The fractions corresponding to 30S and 50S sub-
units or 45S precursor were pooled and recovered by ultra-
centrifugation in a Beckman 70 Ti rotor at 40 000 rpm for
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24 h at 4◦C in RBS buffer B. The pellet was resuspended in
RBS buffer D [0.5 mM Mg(OAc)2, 100 mM NH4Cl, 20 mM
HEPES-KOH (pH 7.6) and 6 mM �-mercaptoethanol] and
stored at –80◦C.

Tricine SDS PAGE

Ribosomal proteins were extracted from each ribosomal
molecule with acetic acid and precipitated in acetone
as previously described (33). Proteins were subjected to
Tris-tricine/urea 18% polyacrylamide gel electrophoresis
(PAGE) at 90 V for 13 h (34). The gel was stained with
SYPRO Ruby (Molecular Probes) and visualized on an
FLA-7000 imaging analyzer (FujiFilm).

Mass spectrometry of rRNA modifications

rRNAs were extracted from ribosomal molecules with TRI-
zol LS reagent (ThermoFisher Scientific). For site-specific
analysis of rRNA methylations, synthetic DNAs comple-
mentary to rRNA segments surrounding the target mod-
ification were designed (Supplementary Table S1). The
rRNAs (20 pmol) extracted from each molecule were mixed
with synthetic DNA (200 pmol) in 50 mM HEPES-KOH
(pH 7.6) and 100 mM KCl. The mixture was heated at 90◦C
for 5 min, then gradually cooled to 37◦C (−1◦C/min) to
allow DNA to form a heteroduplex with rRNA. Uncov-
ered regions of rRNA were then digested with 50 units of
RNase T1 (ThermoFisher Scientific) and 50 ng of RNase
A for 60 min on ice. The heteroduplex was extracted with
phenol/chloroform (pH 7.9), precipitated with ethanol and
resolved by 15% denaturing PAGE, followed by staining
with SYBR Gold (Molecular Probes). The heteroduplex
was excised from the gel, eluted from the gel piece for
5 h at 37◦C in elution buffer [1 mM ethylenediaminete-
traacetic acid, 0.1% sodium dodecyl sulphate (SDS) and
0.4 M NaOAc (pH 5.2)], and precipitated with ethanol.
The heteroduplex (500 fmol) was digested with 10 units of
RNase T1 in 20 mM NH4OAc (pH 5.3) or 10 ng of RNase A
in 20 mM NH4OAc (pH 7.0) at 37◦C for 60 min. Digested
RNA was mixed with an equal amount of 0.1 M triethy-
lamine acetate and subjected to capillary LC/nano ESI-MS
on an LTQ Orbitrap mass spectrometer (Thermo Scientific)
equipped with a splitless nanoflow high-performance LC
(HPLC) system (DiNa, KYA Technologies) as previously
described (35).

Mass spectrometry of tRNA modifications

Escherichia coli cells from a 5 ml culture were suspended in
300 �l RBS buffer A containing 1 mg/ml lysozyme and in-
cubated on ice for 15 min. The cell lysate was mixed with 900
�l of TRIzol LS reagent (ThermoFisher Scientific), lysed
by three rounds of freezing and thawing, mixed with 240 �l
chloroform and precipitated with isopropanol. Total RNA
(5 �g) was resolved by 15% denaturing PAGE and visu-
alized by staining with SYBR Gold (Molecular Probes).
The tRNA fraction was excised from the gel, eluted from
the gel piece for 5 h at 37◦C in elution buffer and precipi-
tated with ethanol. To digest tRNAs into nucleosides, the
tRNA fraction (1.0 �g) was incubated at 37◦C for 60 min

in a 20 �l solution with 0.1 unit nuclease P1 (Wako Pure
Chemical Industries), followed by addition of 1 �l of 1 M
ammonium bicarbonate (pH 8.2) and 0.2 unit Phosphodi-
esterase I (Worthington) and incubated at 37◦C for 60 min,
then 0.1 unit of bacterial alkaline phosphatase (BAP from
E. coli C75, Wako Pure Chemical Industries) was added,
and incubated at 37◦C for 60 min. Nucleosides were dried
in vacuo, dissolved in 90% acetonitrile (10% water), and
subjected to hydrophilic interaction liquid chromatogra-
phy (HILIC) coupled ESI-MS using a Q Exactive hybrid
Quadrupole-Orbitrap mass spectrometer (Thermo Fisher
Scientific) equipped with an ESI source and an Ultimate
3000 liquid chromatography system (Dionex) (36). To sep-
arately detect m1G and Gm, nucleosides were analyzed by
RPC/ESI-MS condition using a polymer-coated core shell
column containing resin with adamantyl group (CAPCELL
CORE ADME column, 2.7 �m particle size, 2.1 × 150
mm, Osaka soda). LC/MS condition was the same as de-
scribed (35). The relative abundance of each nucleoside was
normalized against the respective unmodified nucleoside. In
the case of ms2i6A, frequency was measured from the pro-
portion of the ms2i6A peak area to the total peak areas of
ms2i6A and i6A, because the ionization efficiencies of these
nucleosides were almost identical in our measurement(37).

To analyze modification status in individual tRNAs, we
isolated tRNAs for Phe, His, Arg2, Arg3, Lys, Met and
Val2B from both WT and �mtn strains by reciprocal cir-
culating chromatography (38). The isolated tRNAs were di-
gested by RNase T1 and analyzed by RNA-MS as described
above.

Reverse transcription-quantitative PCR

Total RNA (25 ng) was treated with RNase-free DNase
(RQ1 DNase, Promega) then converted to complementary
DNAs (cDNAs) via reverse transcription with a Transcrip-
tor First Strand cDNA Synthesis Kit (Roche). cDNAs were
mixed with KAPA SYBR (KAPA Biosystems) and 2 pmol
primers (Supplementary Table S1). Quantitative PCR anal-
ysis was carried out with a sets of primers (Supplementary
Table S1) using a Light Cycler 480 instrument (Roche) and
KAPA SYBR (KAPA Biosystems). idnT was used as a ref-
erence gene as described (39).

In vitro methylation assay

Recombinant RlmE was prepared as previously described
(30). The 45S precursor and 50S subunit were prepared
from the �rna/�rlmE strain as described above. Ten pmol
of the 45S precursor or 50S subunit was incubated for 2 h
at 37◦C with 2 pmol RlmE in the presence of various con-
centration of SAM in 20 �l reaction mixture containing 50
mM Hepes-KOH (pH7.6), 50 mM KCl, 5 mM MgCl2 and 1
mM dithiothreitol (DTT). The SAM concentration ranged
from 3 to 3000 �M. After the reaction, the rRNAs were
extracted from the mixture with TRIzol LS reagent (Ther-
moFisher Scientific), followed by the site-specific analysis
of rRNA methylations as described above. We also car-
ried out a time-course analysis in the presence of 3000 �M
SAM, and confirmed the reaction was not saturated even
after 2 h.
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RESULTS

SAM depletion impacts on ribosomal 50S subunit assembly

In our previous study, we showed that late steps of 50S as-
sembly are triggered by a single 2′-O-methylation at U2552
of 23S rRNA mediated by RlmE. Given that RlmE is a
SAM-dependent methyltransferase, we hypothesized that
50S assembly may be regulated by the cellular SAM con-
centration. To evaluate the effect of SAM depletion on ri-
bosome biogenesis, we manipulated the SAM metabolic cy-
cle. As shown in Supplementary Figure S1, SAM is sup-
plied by both de novo synthesis and a recycle pathway. SAM
is synthesized de novo from adenosine triphosphate (ATP)
and methionine (Met), catalyzed by MetK. Met is obtained
from the medium as a nutrient, and also synthesized de
novo through homocysteine (Hcy). SAM is then used by
various methyltransferases as a methyl donor for produc-
tion of S-adenosylhomocysteine (SAH). In the SAM re-
cycle pathway, SAH is then metabolized to Met via three
consecutive reactions. Initially, SAH is converted to S-
ribosylhomocysteine (SRH) by SAH nucleosidase (Mtn).
Deletion of the mtn gene in E. coli decreased the cellular
SAM concentration to one-third that in WT cells (40). Thus,
we used �mtn as a model strain with a low SAM concen-
tration.

The �mtn strain grew slower than the WT strain, and ex-
hibited a cold sensitive phenotype (Figure 1A), indicating
that SAM depletion affects various cellular processes. To
confirm that this phenotype is caused by mtn deletion, we
rescued the �mtn strain using plasmid-encoded mtn, and
the slow growth phenotype was indeed recovered (Figure
1B). The result ruled out the possibility that the phenotype
was caused by polar effects of flanking genes affected by mtn
deletion.

Next, we analyzed ribosomal subunits in the �mtn strain
cultured at 22◦C using sucrose density gradient (SDG) cen-
trifugation. Strikingly, in this strain, we found a curious
molecule that sedimented at 45S at low Mg2+ concentra-
tion, but increased in density and co-migrated with the 50S
subunit at high Mg2+ concentration (Figure 1C). Given that
mature 50S is able to associate with 30S to form the tightly
coupled 70S ribosome at 10 mM Mg2+, the molecule sed-
imenting at 50S in this Mg2+ concentration cannot asso-
ciate with the 30S subunit (Figure 1C). We also confirmed
the absence of L36 in the molecule (Figure 1D), which is a
characteristic feature of the 45S precursor. Based on these
findings, we concluded that the molecule accumulated in the
�mtn strain is the 45S precursor. When the �mtn strain was
rescued by plasmid-encoded mtn, the 45S precursor less-
accumulated and the 50S subunit increased (Supplementary
Figure S2).

We then examined accumulation of the 45S precursor in
the �mtn strain in response to culture temperature (Figure
1E and Supplementary Figure S3). The 45S precursor ac-
cumulated at low temperature, and gradually decreased at
higher temperature, with concomitant accumulation of the
50S subunit. Judging from the optical density ratio of ri-
bosomal subunits, an equimolar ratio of 50S and 30S sub-
units was maintained in the �mtn strain cultured at differ-
ent temperatures, indicating that the 45S precursor is effi-

ciently converted to 50S subunit at higher culture tempera-
ture.

We next examined whether SAM depletion directly influ-
ences the growth phenotype of the �mtn strain. In the �mtn
strain, SAM is not recycled, but supplied by de novo syn-
thesis from Met and ATP catalyzed by MetK. We cultured
WT and �mtn strains in M9 medium supplemented with
amino acids, and compared their growth with or without
Met (Figure 1F). The �mtn strain grew much slower than
the WT strain in the absence of Met, presumably because de
novo synthesis of SAM was impaired due to Met starvation.
When Met was added to the medium, growth of the �mtn
strain was restored, indicating that Met addition increased
the cellular SAM concentration. Under these culture con-
ditions, ribosomes were profiled by SDG analysis (Figure
1G). The 45S precursor accumulated in the absence of Met
was reduced in the presence of Met. Therefore, 45S precur-
sor accumulation resulted from SAM depletion in the �mtn
strain.

Hypomodification of rRNA modifications in SAM-depleted
cells

Escherichia coli 16S and 23S rRNAs contain 36 residues
modified post-transcriptionally, of which 24 are methylated
(Supplementary Figure S4) (21). To identify the methyla-
tion sites in rRNAs that are down-regulated upon SAM
depletion, we employed capillary liquid chromatography
(LC)-nano-electrospray ionization (ESI)-mass spectrome-
try (RNA-MS) to analyze all methylation sites in both 16S
and 23S rRNAs isolated from the �mtn strain. The 30S,
45S and 50S ribosomal subunits from both WT and �mtn
strains were separately isolated from the SDG fractions, and
rRNAs from each molecule were extracted. RNA fragments
containing each methylation site were detected by RNA-
MS, and a modification frequency for each site was pre-
cisely measured from the mass chromatographic peak in-
tensity ratio of methylated versus unmethylated fragments.
We successfully determined the modification frequency of
all known methylation sites; 10 sites in 16S rRNA (Table 1
and Supplementary Figure S5) and 14 sites in 23S rRNA
(Table 2 and Supplementary Figure S6). In the 16S rRNA
of WT 30S subunit, the methylation frequencies of the 10
sites ranged from 40 to 100%. Upon SAM depletion in the
�mtn strain, two sites, 5-methylcytidine (m5C) at position
1407 and 3-methyluridine (m3U) at position 1498, were sig-
nificantly decreased in frequency from 89 ± 2.6% and 72
± 13% to 41 ± 4.7% and 42 ± 4.6%, respectively (Table
1 and Figure 2A). In the 23S rRNA of the WT 50S sub-
unit, the methylation frequencies of all 14 sites were >90%.
In the �mtn 45S species, four sites, 5-methyluririne (m5U)
at position 747, 3-methylpseudouridine (m3�) at position
1915, m5U at position 1939 and Um at position 2552, were
markedly decreased in frequency (Table 2 and Figure 2B).
For m5U747, its frequency in �mtn 45S (60%) remained
unchanged in �mtn 50S (61%), whereas the frequency of
m3�1915 in �mtn 45S (30%) was increased in �mtn 50S
(86%). Because RlmH recognizes the 70S ribosome and in-
troduces m3�1915 (41), this modification is not introduced
in the 45S precursor that cannot associate with the 30S sub-
unit. The frequency of m5U1939 was slightly lower in �mtn
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Figure 1. The ribosomal 45S precursor accumulates in �mtn strain. (A) Growth properties of WT and �mtn strains. (Left) Overnight full-growth cultures
were serially diluted (OD600 from 10−1 to 10−6), spotted onto LB plates and cultivated at 37, 30 or 22◦C. (Right) The doubling time at each temperature was
measured. Data represent average values ± SD from biological triplicates. Asterisks indicate the P-value from two-tailed t-tests (*P < 0.01, **P < 0.001).
(B) Growth curves of WT (open squares), �mtn (closed circles), and the �mtn strain complemented with plasmid-encoded mtn (open circles) cultured at
22◦C in LB medium. (C) Sucrose density gradient (SDG) profiles of ribosomes from WT, �mtn and �rlmE strains performed at low Mg2+ concentration
(0.5 mM) and high Mg2+ concentration (10 mM). All strains were cultured at 22◦C in LB medium. The y-axis represents milli-absorbance units at 260
nm. (D) Ribosomal proteins of the 45S precursor and the 50S subunit from WT, �rlmE and �mtn strains resolved by Tricine-SDS-PAGE. The gel was
stained with SYPRO Ruby. L36 is indicated by an arrow. All strains were cultured at 22◦C in LB medium. (E) Absorbance ratio of 30S (gray squares), 45S
(open circles) and 50S (closed circles) species relative to total ribosomes at various temperatures. Ratios were calculated from the peak area in the SDG
profiles described in Supplementary Figure S3. (F) Growth curves of WT (open circle) and �mtn (close circle) strains cultured at 30◦C in M9 medium
supplemented with 18 amino acids (without Met and Cys) (Left panel) or 19 amino acids (without Cys) (Right panel). (G) SDG profiles of ribosomes from
the �mtn strain cultured at 30◦C in M9 medium supplemented with 18 amino acids (without Met and Cys) (Left panel) or 19 amino acids (without Cys)
(Right panel).



Nucleic Acids Research, 2019, Vol. 47, No. 8 4231

A

B

Figure 2. Status of rRNA methylations upon SAM depletion. (A) MS analyses of m5U1407 (upper panels) and m3U1498 (lower panels) in 16S rRNA
from WT 30S (left panels) and �mtn 30S (right panels). Extracted ion chromatograms (XICs) of the indicated negative ions of the RNase T1-digested
fragments with (red lines) or without (black lines) target methylation are shown. (B) MS analyses of four methylations in 23S rRNA from WT 50S (left
panels), �mtn 45S (center panels) and �mtn 50S (right panels). XICs of the indicated negative ions of the RNase T1-digested fragments with (red lines)
or without (black lines) target methylation are shown.
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45S than in �mtn 50S, because RlmD introduces m5U1939
during late stages of 50S assembly (42). Regarding Um2552,
we observed a significant reduction in frequency to 28 ±
16% in �mtn 45S, and a recovery to 81 ± 8.7% in �mtn
50S. Because hypomethylation of Um2552 is a structural
characteristic of the 45S precursor, accumulation of the 45S
precursor in the �mtn strain can be explained by the low
Um2552 frequency of 23S rRNA.

If expression level of rlmE is affected by SAM depletion,
the 45S precursor should accumulate. We therefore mea-
sured the steady-state level of rlmE mRNA in the �mtn
strain by reverse transcription-quantitative PCR. The rel-
ative ratio of rlmE mRNA in �mtn versus WT was 1.1 ±
0.1, suggesting that rlmE mRNA was not affected by SAM
depletion in the �mtn strain. Therefore, RlmE is a methyl-
transferase sensitive to cellular SAM concentration, and
regulates 50S assembly.

Alteration of tRNA modifications in SAM-depleted cells

Escherichia coli tRNAs contain 32 different types of mod-
ified nucleosides, including 16 species of methylmodifica-
tions (43–45). We investigated whether tRNA modifica-
tions are also affected by SAM depletion in the �mtn
strain by subjecting tRNA fractions obtained from WT and
�mtn strains to total nucleoside analysis using LC/MS.
We detected 28 tRNA modifications species and two pre-
cursors, and compared the relative abundance of each
modification in the two strains (Figure 3A; Supplemen-
tary Figures S7 and S8). Several methyl modifications, in-
cluding 7-methylguanosine (m7G), 2′-O-methylguanosine
(Gm), m5U, 5-methylaminomethyluridine (mnm5U) and 2-
methylthio-N6-isopentenyladenosine (ms2i6A), were down-
regulated upon SAM depletion in the �mtn strain, whereas
other methyl modifications remained unchanged, suggest-
ing that tRNA methylations are differentially regulated by
cellular SAM concentration. In response to a reduction
of ms2i6A, N6-isopentenyladenosine (i6A), a precursor of
ms2i6A, accumulated in the �mtn strain (Figure 3B), in-
dicating that 2-methylthiolation of ms2i6A, catalyzed by
MiaB (46), is affected under low SAM concentrations in
the cell. We also observed low levels of queuosine (Q) and
its precursor epoxyqueuosine (oQ) in the �mtn strain. By
contrast, 7-aminomethyl-7-deazaguanosine (preQ1), a pre-
cursor of oQ, accumulated in the �mtn strain (Figure 3C).
In the biogenesis of Q, SAM is used as a ribosyl donor, and
QueA transfers the ribosyl group of SAM to preQ1 to syn-
thesize oQ (47). Thus, accumulation of preQ1 in this strain
indicates that the QueA-mediated ribose transfer reaction
is sensitive to cellular SAM concentration.

Here, we show distribution of tRNA modifications that
were decreased in the �mtn strain (Supplementary Table
S2). Among 6 tRNA modifications down-regulated in the
�mtn strain, only m5U54 is present in all tRNA species,
whereas other modifications are present in specific tRNA
species. To confirm the hypomodification of individual
tRNA species, we isolated seven tRNA species from the
�mtn strain, and analyzed the modification status by RNA-
MS, and actually confirmed hypomodification of m5U54,
ms2i6A37 and Q34 in these tRNAs (Supplementary Figure
S9A and B). Intriguingly, m5U54 is differently regulated in

these tRNAs. In the six tRNA species, m5U54 was slightly
reduced to 73–84%, whereas it was severely down-regulated
to 5% in tRNAHis (Supplementary Figure S9A), indicat-
ing that m5U54 is tRNAHis is highly sensitive to cellular
SAM concentration. This additional experiment prompts
us to further investigate tRNA modification status under
low SAM level in the cell.

Overexpression of rlmE alleviates the defective growth phe-
notype of SAM-depleted cells

We observed that several methyl modifications in rRNAs
and tRNAs were down-regulated in the �mtn strain. Given
that accumulation of the 45S precursor is a prominent fea-
ture of this strain, we examined whether RlmE-mediated
Um2552 formation promotes 50S assembly and restores the
slow growth phenotype of the �mtn strain. To this end,
we attempted to rescue the slow growth of the �mtn strain
by overexpressing a series of RNA-modifying enzymes
for which target modifications were down-regulated in the
�mtn strain. When rlmE was overexpressed, the doubling
time of the �mtn strain was reduced significantly (Figure
4A and B), whereas overexpression of other genes including
rlmC (m5U747), rsmE (m3U1498), rsmF (m5C1407), miaB
(ms2i6A in tRNA) and queA (oQ in tRNA) did not re-
store the growth phenotype of this strain (Figure 4A). We
next profiled ribosome in these constructs, and found that
rlmE overexpression completely diminished 45S accumula-
tion and increased 50S subunit, whereas other genes exam-
ined did not affect the ribosome profiles of the �mtn strain
(Figure 4C). We next analyzed Um2552 frequencies in 23S
rRNAs of the 45S precursor and 50S subunit isolated from
the �mtn strain overexpressing rlmE. Upon overexpression
of rlmE, Um2552 sites of the 45S and 50S were significantly
increased in frequency from 28 ± 16% and 81 ± 8.7% (Ta-
ble 2) to 51 and 95%, respectively (Figure 4D), indicating
that rlmE overexpression efficiently introduces Um2552 and
promotes 50S assembly. To confirm overexpression of rsmF
and rlmC, we analyzed m5C1407 and m5U747 in the �mtn
strain overexpressing rsmF and rlmC, respectively (Supple-
mentary Figure S10). m5C1407 was restored from 41 to 86%
by rsmF overexpression, whereas m5U747 was fully restored
in both 45S and 50S subunit by overexpressing rlmC.

DISCUSSION

SAM is used as a methyl group donor for a wide vari-
ety of methyltransferases, and is involved in many essen-
tial biological processes (1). In DNA methylation, Dam
methylase introduces N6-methyldeoxyadenosine (m6dA) in
GATC motif, and this methylation plays a critical role in
DNA replication initiation, methyl-directed mismatch re-
pair and transcriptional regulation (48,49). In eukaryote,
5-methyldeoxycytidine (m5dC) is a major epigenetic mark
responsible for various processes including differentiation
and reprogramming (13). SAM is also a methyl group donor
for methylation of proteins and RNAs. In translational
machineries, translational factors, tRNAs, rRNAs and r-
proteins are methylated at numerous sites (43,50,51).

In the present study, to reduce the SAM concentration
in the cell, we employed the E. coli �mtn strain which has
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Figure 3. Status of tRNA methylations upon SAM depletion. (A) The relative abundance of tRNA modifications in the �mtn strain (light gray) versus
the WT strain (dark gray) were measured by MS analysis of nucleosides. All modifications except for m1G and Gm were analyzed by HILIC/ESI-MS,
while m1G and Gm were analyzed by RPC/ESI-MS using a polymer-coated core shell column containing resin with adamantyl groups (see ‘Materials and
Methods’ section). The relative abundance of each nucleoside was normalized against the respective unmodified nucleoside. Data represent average values
± SD from biological triplicates. Asterisks indicate modifications for which the frequency was statistically decreased in the �mtn strain (*P < 0.025, **P <

0.01, ***P < 0.001). (B) XICs of the proton adducts of nucleosides for ms2i6A and i6A in WT and �mtn strains. Asterisks represent unrelated fragments
with the same m/z values. Frequency of ms2i6A was measured from the proportion of the ms2i6A peak area to the total peak areas of ms2i6A and i6A,
because the ionization efficiencies of these nucleosides were almost identical in our measurement (37). (C) XICs of the proton adducts of nucleosides for
queuosine and its precursors in WT and �mtn strains. The relative abundance was normalized by the abundance of guanosine.
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Figure 4. Overexpression of rlmE restores the growth phenotype of the �mtn strain. (A) Doubling time of WT and �mtn strains overexpressing different
RNA-modifying enzymes. All strains were cultured at 22◦C. Data represent average values ± SD from biological triplicates. Asterisks indicate P-values
from two-tailed t-tests. (B) Growth curves of the �mtn strain overexpressing a mock gene (closed circles) and rlmE (open circles) cultured at 22◦C in LB
medium. (C) SDG profiles of ribosomes from �mtn strains overexpressing different RNA-modifying enzymes as indicated. All strains were cultured at
22◦C. (D) Mass spectrometric analyses of Um2552 in 23S rRNAs in the 45S precursor (left panel) and 50S subunit (right panel) from the �mtn strain
overexpressing rlmE. XICs of the indicated negative ions of the RNase T1-digested fragments with (red lines) or without (black lines) Um2552.
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Table 1. Modification frequencies of all methylated residues in 16S rRNA from wild-type and �mtn strains

Modification Enzyme WT 30S �mtn 30S

m7G527 RsmG 100 100
m2G966 RsmD 100 100
m5C967 RsmB 49 ± 9.9 50 ± 9.7
m2G1207 RsmC 87 ± 2.8 82 ± 7.3
m4Cm1402 RsmH, RsmI 40 ± 4.3 31 ± 4.0
m5C1407 RsmF 89 ± 2.6 41 ± 4.7
m3U1498 RsmE 72 ± 13 42 ± 4.6
m2G1516 RsmJ 95 ± 3.4 97 ± 5.2
m6,6A1518 1519 RsmA (KsgA) 90 ± 2.8 86 ± 9.3

The frequency of each modification as indicated on the right was calculated from the extracted ion chromatogram (XIC) peak intensity ratio between
methylated and unmethylated RNA fragments. Data represent average values ± standard deviation (SD) from biological triplicates. Bold text represents
modification frequencies that are decreased by a statistically significant amount in the �mtn strain (P < 0.05).

Table 2. Modification frequencies of all methylated residues in 23S rRNA from wild-type and �mtn strains

Modification Enzyme WT 50S �mtn 45S �mtn 50S

m1G745 RlmA 100 100 100
m5U747 RlmC 100 60 ± 16 61 ± 13
m6A1618 RlmF 100 100 100
m2G1835 RlmG 100 100 100
m3�1915 RlmH 96 ± 1.4 30 ± 14 86 ± 2.9
m5U1939 RlmD 98 ± 0.3 81 ± 3.5 98 ± 0.8
m5C1962 RlmI 100 100 100
m6A2030 RlmJ 97 ± 0.9 94 ± 1.4 94 ± 0.2
m7G2069 RlmKL 100 96 ± 1.7 96 ± 2.3
Gm2251 RlmB 99 ± 0.4 96 ± 2.2 93 ± 0.5
m2G2445 RlmKL 100 100 100
Cm2498 RlmM 97 ± 0.2 96.1±0.4 98 ± 0.2
m2A2503 RlmN 100 100 100
Um2552 RlmE 91 ± 5.2 28 ± 16 81 ± 8.7

The frequency of each modification as indicated on the right was calculated from the XIC peak intensity ratio between methylated and unmethylated RNA
fragments. Data represent average values ± SD from biological triplicates. Bold text represents modification frequencies that are decreased by a statistically
significant amount in �mtn strains (P < 0.05).

an intracellular SAM concentration of ∼100 �M, approx-
imately one-third of that in WT cells (∼250 �M) (40). The
�mtn strain exhibited slow growth and cold sensitive phe-
notypes because SAM is involved in many cellular pro-
cesses, and SAM depletion impacts on various cellular pro-
cesses. As expected, we observed that several methyl mod-
ifications in rRNAs and tRNAs were down-regulated in
the �mtn strain. Most intriguingly, the growth phenotype
and 45S accumulation of the �mtn strain was substantially
restored by rlmE overexpression, but not by overexpres-
sion of any other methyltransferase genes examined in this
study. This result clearly demonstrated that SAM deple-
tion impacts on ribosome biogenesis via hypomethylation
of Um2552, and regulates cell proliferation, even though
SAM is involved not only in rRNA methylation but also
in various cellular processes. Alternatively, there is another
possibility that other assembly factors may sense cellular
SAM concentration, and regulate RlmE-mediated Um2552
formation.

In addition to hypomethylation of Um2552, we found
two sites in 16S rRNA and two sites in 23S rRNA that
were hypomethylated in the �mtn strain. Since m5C1407
and m3U1498 are located in helix 44 of 16S rRNA, they
likely contribute to P site function and/or intersubunit as-
sociation with the 50S subunit. RsmF and RsmE introduce

m5C1407 and m3U1498, respectively. Hypomethylation of
m3U1498 was also found in the 30S subunit isolated from
the �rlmE strain (Supplementary Figure S11), indicating
that RsmE-mediated m3U1498 formation was affected by
impaired 50S assembly in �rlmE strain, not by SAM deple-
tion. By contrast, RsmF-mediated m5C1407 formation was
sensitive to SAM concentration, and passively regulated un-
der SAM depletion. Lack of m5C1407 in the �rsmF strain
results in growth retardation (52), and lack of m3U1498 in
�rsmE strain causes a mild phenotype but loss in compe-
tition with the WT strain in co-culturing experiment (53).
Thus, hypomethylation of these sites in the �mtn strain
might directly affect ribosome quality and function, and
thereby regulate translation under certain stress conditions.
In 23S rRNA, in addition to Um2552, m5U747 was also
hypomethylated in the �mtn strain, implying that RlmC
is sensitive to SAM concentration. Although m5U747 is
positioned in peptide exit tunnel and may have a role in
translation fidelity, no obvious phenotype was evident for
the �rlmC strain (54), suggesting m5U747 hypomethylation
has a limited influence on ribosome function. The low fre-
quency of m3�1915 in the 45S precursor was restored in
the 50S subunit, because m3�1915 is a 70S-specific modi-
fication introduced by RlmH. This observation can be ex-
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Figure 5. The regulatory role of SAM in 50S assembly. (A) Mechanistic model for late assembly of 50S subunits triggered by Um2552 formation. The 45S
precursor is a flexible molecule that lacks Um2552 and several r-proteins including L36. RlmE-mediated Um2552 formation promotes the interaction of
helices H92 and H71, and incorporation of L36 and other r-proteins. This process triggers 50S maturation in the peptidyl transferase center (PTC) and
central protuberance (CP). The chemical scheme of Um2552 formation is shown in the lower figure. SAH, S-adenosyl-L-homocysteine. (B) Regulatory
mechanism of 50S assembly mediated by Um2552 modification via sensing of the intracellular SAM concentration. When SAM is abundant, RlmE
introduces Um2552 into the 45S precursor, which promotes 50S assembly and thereby maintains efficient translation. When SAM is less abundant, Um2552
remains hypomodified and the 45S precursor accumulates, leading to less efficient translation. As the 45S precursor is stably present in cells, 50S subunits
can be generated when SAM levels in the cell recover.
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plained by 45S accumulation due to Um2552 hypomethyla-
tion in the �mtn strain.

Regarding tRNA modifications, several methyl modifica-
tions including m5U, mnm5U, ms2i6A, Gm and m7G were
down-regulated in the �mtn strain, indicating that tRNA
methyltransferases responsible for these modifications are
sensitive to cellular SAM concentration. The modifications
m5U, Gm and m7G are present at positions 54, 18 and
46, respectively, corresponding to the tRNA core struc-
ture. Although gene deletion strains of these methyltrans-
ferase exhibited mild phenotypes (55–57), hypomethylation
of these sites might influence the stability of tRNA ter-
tiary structure. MiaB is a radical SAM enzyme responsi-
ble for methylthiolation of ms2i6A at position 37, 3′ adja-
cent to the tRNA anticodon (58). Because the radical SAM
domain utilizes SAM to generate 5′-deoxyadenosyl radi-
cal species required for the reaction (59), SAM depletion
might affect the radical formation or the methylthiolation
as a substrate. The methylthio group of ms2i6A37 stacks on
the codon–anticodon helix in the decoding center of the ri-
bosome (60), facilitating reading frame maintenance dur-
ing decoding (61). A decrease in methylthio modification
upon SAM depletion might therefore affect the decoding
accuracy of tRNAs bearing ms2i6A37. In addition to al-
tered methyl modifications, we observed low level of Q and
oQ in the �mtn strain, and accumulation of their precur-
sor preQ1, because SAM is used as a ribosyl donor for Q
catalyzed by QueA (62). This observation is consistent with
the fact that ribosylation of Q is sensitive to the intracellu-
lar SAM concentration (63). Supporting to this finding, the
Km value of SAM in this reaction is 98 �M (64), indicating
that QueA-mediated oQ formation is regulated by intracel-
lular SAM concentration.

The Um2552 frequency was decreased upon SAM deple-
tion in the �mtn strain. However, the steady-state level of
rlmE mRNA was not altered, suggesting that RlmE is a
methyltransferase sensitive to cellular SAM concentration.
In a previous kinetic study of Um2552 formation using the
50S subunit as a substrate (65), the Km value of SAM was
3.7 �M. Given that the SAM concentration ranges from
∼100 �M in the �mtn strain to ∼250 �M in WT strain
(40), the SAM-sensitive methylation of Um2552 cannot be
explained by this in vitro kinetic study. This could reflect dif-
ferences in the reaction conditions in vitro and in vivo. In
addition, the fully assembled 50S subunit was used for ki-
netic measurement of RlmE in vitro (65), even though the
45S precursor is the probable substrate of RlmE in vivo (30).
To examine this issue, we carried out an in vitro methyla-
tion assay to compare Um2552 formation of 45S precur-
sor and 50S subunit as substrates. We measured Um2552
frequency by rRNA fragment analysis using RNA-MS. As
shown in Supplementary Figure S12, Um2552 efficiently
occurred in 50S subunit under low concentration of SAM,
whereas Um2552 was not efficiently introduced in 45S pre-
cursor under low SAM concentration, and increased with
higher SAM concentration. This additional data clearly
shows high SAM dependency for Um2552 formation in 45S
precursor, and supports our speculation that Um2552 for-
mation is metabolically regulated by cellular SAM concen-
tration.

RlmE is widely conserved in all three domains of life,
as well as organelles. In Saccharomyces cerevisiae, Spb1p
and Mrm2p are homologs of RlmE, and are responsible for
rRNA methylation at the corresponding site of cytoplasmic
and mitochondrial ribosomes, respectively. Spb1p is an es-
sential protein (66) and the mutation of its SAM-binding
site results in a severe cold-sensitive phenotype (67). Dele-
tion of Mrm2p causes thermosensitive respiration and leads
to rapid loss of mitochondrial DNA (68). Similar to E. coli
RlmE, these homologs function during the late stages of
ribosome assembly (67,68). In human, FTSJ3 and FTSJ2
are homologs of Spb1p and Mrm2p, respectively (69,70). A
loss-of-function mutation in FTSJ2 (MRM2) was detected
in a patient displaying MELAS-like mitochondrial dysfunc-
tion (71), indicating importance of the rRNA methylation
in mitochondrial activity. Given that SAM is an essential
metabolite in eukaryotes, and depletion of SAM affects var-
ious cellular activities (11,72), SAM-sensitive regulation of
ribosome assembly mediated by RlmE homologs might be
conserved in eukaryotics. Various phenotypes observed in
eukaryotic cell under SAM depleted conditions could there-
fore be explained by defective ribosome assembly.

Based on our results, we propose that 50S assembly is reg-
ulated by Um2552 modification via sensing of the cellular
SAM concentration. The 45S precursor is structurally flexi-
ble molecule and lacks Um2552 modification, as well as sev-
eral r-proteins including L36. RlmE-mediated Um2552 for-
mation promotes interdomain interactions via association
between helices 92 and 71, and incorporation of L36 and
other r-proteins, triggering the final steps of 50S subunit as-
sembly (Figure 5A). When the SAM concentration is high in
cells, RlmE facilitates Um2552 modification of the 45S pre-
cursor and promotes 50S assembly, generating ribosomes
required for efficient translation (Figure 5B). When SAM
levels are insufficient, the Um2552 frequency drops and the
45S precursor accumulates, leading to less efficient trans-
lation due to lower quantities of the 50S subunit (Figure
5B). Since the 45S precursor is stably accumulated in cells,
the 50S subunit can be generated rapidly from the 45S pre-
cursor once the intracellular SAM concentration increases.
This represents a rapid mechanism for regulating protein
synthesis via sensing of the intracellular SAM concentra-
tion. Considering that SAM is a central metabolite required
for various cellular processes, SAM-sensitive regulation of
ribosome biogenesis would be a prerequisite strategy to co-
ordinate cellular activity with translational efficiency.
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