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Abstract
N2-Methylguanine 966 is located in the loop of Escherichia coli 16 S rRNA helix 31, forming a part
of the P-site tRNA-binding pocket. We found yhhF to be a gene encoding for m2G966 specific 16 S
rRNA methyltransferase. Disruption of the yhhF gene by kanamycin resistance marker leads to a
loss of modification at G966. The modification could be rescued by expression of recombinant
protein from the plasmid carrying the yhhF gene. Moreover, purified m2G966 methyltransferase, in
the presence of S-adenosylomethionine (AdoMet), is able to methylate 30 S ribosomal subunits that
were purified from yhhF knock-out strain in vitro. The methylation is specific for G966 base of the
16 S rRNA. The m2G966 methyltransferase was crystallized, and its structure has been determined
and refined to 2.05 Å. The structure closely resembles RsmC rRNA methyltransferase, specific for
m2G1207 of the 16 S rRNA. Structural comparisons and analysis of the enzyme active site suggest
modes for binding AdoMet and rRNA to m2G966 methyltransferase. Based on the experimental data
and current nomenclature the protein expressed from the yhhF gene was renamed to RsmD. A model
for interaction of RsmD with ribosome has been proposed.

Ribosomal RNAs form the main functional core of the ribosome, a universal molecular
machine for protein synthesis. It is believed that primordial ribosome was initially composed
entirely of RNA (1) and proteins were added later in evolution. A set of four ribonucleotides
used in rRNA is rather limited for the full range and fine tuning of ribosomal functions
especially when compared with 20 amino acids the proteins are composed of. The diversity in
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RNA could be increased through the usage of a set of modified nucleotides (2). A number of
such nucleotides have been found in functional ribosomal RNA molecules (as well as other
RNA). It was also shown that nucleotide modification is an important component of the
ribosome maturation process (3). The nucleotide modifications can involve bases and ribose.
The most common in bacteria is base methylation, but other substitutions have also been
reported (4). The specific functional role of nucleotide modifications is not always obvious,
but their clustering in the ligand-binding and catalytic centers (5) suggests their involvement
in the vital ribosome functions. Even more striking is the fact that many of the nucleotide
methylations are performed by site-specific RNA methyltransferases, at a rather significant
metabolic cost to the cell.

The surrounding of the P-site of the ribosome is particularly rich in modified bases. Several
RNA small patches consisting entirely of modified bases have been found. For example, helix
31 of 16 S rRNA contains two modified bases in a row: m2G966 and m5C967 (Fig. 1A).
m2G966 is in direct contact with P-site-bound tRNA as revealed by a footprinting assay (6)
and later structural studies (7,8). It is located in the head of the small ribosomal subunit, above
the P-site-bound tRNA and forms a direct contact with the tip of the anticodon loop (7,8) (Fig.
1B). Interestingly, despite the lack of conservation of the nucleotide 966 among the kingdoms
of life (9), and phenotypically silent character of its mutants (10), the modified nature of this
base is conserved (11,12). A protein with RNA methyltransferase activity, specific for m2G966,
was partially purified from Escherichia coli extracts (13). It was shown to act on assembled
30 S subunits but not protein-free 16 S rRNA as substrate. Together ribosomal proteins S7 and
S19 were shown to be sufficient to render 16 S rRNA a substrate for the (guanine-N2)-
methyltransferase (13). Both proteins affect helix 31 folding, as was shown by footprinting
(14). On the contrary, RNA methyltransferase, specific for C967 methylation, was shown to
modify naked 16 S rRNA but not 30 S subunits (13). The addition of S7 and S19 together is
sufficient to impede C967 methylation.

While a gene coding for m5C967 methyltransferase, rsmB, was identified twice independently
(15,16), an enzyme specific for m2G966 modification, rsmD, was suggested to be encoded by
the ygjO gene on the basis of sequence similarity (17) with m2G1207 methyltransferase (18).
Here we present evidence that in E. coli the yhhF gene, not ygjO, is encoding for m2G966
specific methyltransferase RsmD.

We have also determined the crystal structure of RsmD at 2.05 Å resolution. The structure of
RsmD is highly similar to that of RsmC protein (19), whose modification target m2G1207 is
located very close in the spatial structure of the small ribosomal subunit. Comparison of the
RsmD structure to that of the RsmB methyltransferase (20), specific for the methylation of
adjacent residue with different base specificity (m5C967), made it clear why RsmB modify
protein-free 16 S rRNA, while RsmD acts on the assembled 30 S subunit.

EXPERIMENTAL PROCEDURES
rRNA Preparation and Reverse Transcription

E. coli cells of the strain harboring replacements of the rsmD(yhhF) gene by the kanamycin
resistance gene, the same strain carrying the plasmid expressing rsmD (yhhF), and the parental
BW25141 strain (21–23) were harvested at the mid-log growth phase. After ultrasonic
disruption and sedimentation of debris, ribosomes were pelleted by ultracentrifugation in the
Ti70 rotor at 30,000 rpm, for 3 h. The ribosomal pellet was resuspended in the high salt buffer
(HepesK, pH 7.8, 10 mM MgCl2, 500 mM NH4Cl) and centrifuged through the 20% sucrose
cushion at 40,000 rpm, for 18 h. 30 S ribosomal subunits were prepared by ultracentrifugation
through the 10–30% sucrose density gradient in SW28 rotor at 20,000 rpm for 18 h. 30 S peak
was collected, and the subunits were sedimented by ultracentrifugation in Ti70 rotor at 30,000
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rpm, for 18 h. Ribosomal RNA was prepared from the ribosomes by SDS/phenol extraction
and ethanol precipitation. Reverse transcription was performed as described (24). The same
procedure was used for preparation of rRNA from ygjO and ycbY knock-out strains. The primer
used for reverse transcription was complementary to the 16 S rRNA nucleotides 995–1011.
Products of reverse transcription were separated by electrophoresis in the 10% denaturing
polyacrylamide gel and visualized with a phosphorimager.

Protein Expression and Purification, in Vivo Methylation Assay
Recombinant RsmD protein was prepared from M15 E. coli cells, harboring pCA24N plasmid
with the rsmD(yhhF) gene cloned under control of T5lac promoter (23). Cells were grown in
LB medium at 37 °C until A600 0.5 and induced by isopropyl isopropyl β-D-
thiogalactopyranoside, 0.5 mM f.c. After induction, cells were grown for an additional 3 h and
lysed by sonication in a buffer of 50 mM TrisCl pH 7.5, 10 mM MgCl2, 100 mM NH4Cl.
Protein purification on nickel-nitrilotriacetic acid-agarose (Qiagen) was done in the same
buffer, containing 10 mM imidazole. After washing three times with the same buffer containing
30 mM imidazole, the protein was eluted by increasing imidazol concentration up to 200 mM.
To eliminate endogenous AdoMet4 molecule the protein was incubated with 2 mM SAH in
the 50 mM Tris-Cl, pH 7.5, 10 mM MgCl2, 100 mM NH4Cl for 1 h at 37 °C. Then RsmD
protein was dyalized, and its purity was proven by SDS-PAGE. In vitro methylation assay was
performed in a buffer containing 50 mM HepesK, pH 7.6, 2.5 mM Mg(OAc)2, 20 mM
NH4Cl, 100 mM KCl, 8 mM β-mercaptoethanol, 0.2 mM AdoMet. We used 0.1 pmol of RsmD
protein and 15 pmol of either rRNA or 30 S subunits for 50-μl reaction mixture. The reaction
was stopped after 1 h at 37 °C.

Growth Rate and Growth Competition
Growth rate measurement was performed in LB medium at 37 °C. Three colonies of either the
BW25141 parental strain or the rsmD(yhhF) deletion strain were used for inoculation of three
independent 5-ml overnight cultures. The next day, each of these cultures was used for
inoculation of separate 500-ml containers of fresh LB medium. Initial density of the cultures
after inoculation was A600 0.01. Cell growth was monitored by spectrophotometer until
stationary phase.

A growth competition experiments were performed using LB medium at 30, 37, and 42 °C or
in M9 medium at 37 °C. Equal amounts of kanamycin-sensitive BW25141 parental strain and
kanamycin-resistant rsmD(yhhF) deletion strain cells were used for simultaneous inoculation
of the same 1 ml of LB or M9 medium. At each 24-h growth cycle the medium was diluted
1000-fold, so that 1 ml of the medium with bacteria was transferred into a tube with 1 ml of
fresh medium. At the same time, serial dilutions of the bacterial culture were made until a
dilution of 1:10−7 was reached. Equal 10-μl aliquots from the diluted cultures were plated to
LB agar and LB agar supplemented with kanamycin (50 μg/ml). Plates were incubated at 37 °
C overnight, and the colonies were counted and compared.

Protein Cloning Expression and Purification for Crystallization
The open reading frame of the rsmD(yhhF) gene was amplified by polymerase chain reaction
from E. coli genomic DNA (ATCC). The gene was cloned into the NdeI and BamHI sites of
a modified pET15b cloning vector (Novagen) in which the tobacco etch virus protease cleavage
site replaced the thrombin cleavage site and a double stop codon was introduced downstream
from the BamHI site. This construct provides for an N-terminal His6-tag separated from the
gene by a tobacco etch virus protease recognition site (ENLYFQG). The fusion protein was

4The abbreviations used are: AdoMet, S-adenosylomethionine; SAD, single-wavelength anomalous diffraction; PDB, Protein Data Bank.
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overexpressed in E. coli BL21-Gold (DE3) (Stratagene) harboring an extra plasmid encoding
three rare tRNAs (AGG and AGA for Arg, ATA for Ile). The cells were grown in LB medium
at 37 °C to an A600 of 0.6 and protein expression induced with 0.4 mM isopropyl β-D-
thiogalactopyranoside. After induction, the cells were incubated with shaking overnight at 15
°C. The harvested cells were resuspended in binding buffer (500 mM NaCl, 5% glycerol, 50
mM Hepes, pH 7.5, 5 mM imidazole), flash-frozen in liquid N2, and stored at −70 °C. The
thawed cells were lysed by sonication after the addition of 0.5% Nonidet P-40 and 1 mM each
of PMSF and benzamidine. The lysate was clarified by centrifugation (30 min at 27,000 × g)
and passed through a DE52 column pre-equilibrated in binding buffer. The flow-through
fraction was then applied to a metal chelate affinity column charged with Ni2+. The His6-tagged
protein was eluted from the column in elution buffer (500 mM NaCl, 5% glycerol, 50 mM
Hepes, pH 7.5, 250 mM imidazole) and the tag then cleaved from the protein by treatment with
recombinant His-tagged tobacco etch virus protease. The cleaved protein was then resolved
from the cleaved His6-tag and the His6-tagged protease by flowing the mixture through a
second Ni2+ column.

The RsmD protein was dialyzed in 10 mM Hepes, pH 7.5, 500 mM NaCl, and concentrated
using a BioMax concentrator (Millipore). Before crystallization, any particulate matter was
removed from the sample by passing through a 0.2-μm Ultra-free-MC centrifugal filter
(Millipore). Selenomethionine-enriched protein was produced according to previously
described procedure (25–28) and purified under the same conditions as the native protein. The
reducing reagent tris(2-carboxyethyl)phosphine (0.5 mM) was added to all purification buffers.

Protein Crystallization
The protein was crystallized by the vapor diffusion method in hanging drops by mixing 2 μl
of the protein solution with 2 μl of 0.2 M sodium tartrate, 20% polyethylene glycol 3350, and
equilibrated at 20 °C over 500 μl of this solution. Before data collection, crystals were soaked
for 20 s in a cryoprotectant consisting of 10% glycerol, 10% sucrose, and 10% ethylene glycol
in the crystal mother liquor and then flash-frozen in liquid nitrogen.

Data Collection
Diffraction data were collected at 100 K at the 19ID beamline of the Structural Biology Center
at the Advanced Photon Source, Argonne National Laboratory. Single-wavelength anomalous
diffraction (SAD) data to 2.05 Å were collected at selenium-peak wavelength from a selenome-
thionine substituted protein crystal as described earlier by Walsh et al. (27). One crystal was
used for data collection at 100 K, and a total oscillation range of 360° was obtained using
inverse beam geometry. Data were integrated, reduced, and scaled with the HKL2000 suite
(28). Data statistics are summarized in Table 1.

Structure Determination and Refinement
The structure was determined by SAD phasing using HKL2000_ph suite (29) incorporating
SHELXD (30), MLPHARE (31), DM (31), and SOLVE/RESOLVE (32) programs. The initial
model was further improved by ARP/wARP autobuilding (33). The final model was refined
using the Refmac 5 program (34) of the CCP4 program suite (31). The crystallographic
structure was built, analyzed, and validated using programs Coot (35) and PROCHECK (36).
Final analysis of the structure was performed by SSM (37), DALI (38), and ProFunc (39)
servers. Final refinement statistics are presented in Table 2.

Protein-rRNA Docking
GRAMM program (40) was used for geometric docking of 16 S RNA fragment (PDB code
2AW7, residues 940–985) to the RmsD protein structure. The parameters of the grid step,
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repulsion, and attraction double range were equal to 3.4, 10, and 0.5, respectively. The
projection was black and white. The best docking model served as a guideline for manual
docking of RmsD protein to the entire 16 S RNA molecule using program Coot (35).

RESULTS
Identification of the Methyltransferase, Specific for G966 of the 16 S rRNA

N2-Methylguanosine specifically interrupts the primer-extension by avian myeloblastosis virus
reverse transcriptase by impairing the m2G-C Watson-Crick base pair formation in the reverse
transcriptase active site. We used the primer-extension method for the detection of the
methylation at position G966 of 16 S RNA. Reverse transcription of the 16 S rRNA extracted
from the wild type strain stops after the template residue 967 (Fig. 2, lane 1), unable to
incorporate dC opposite to the G966, when G966 is methylated at the 2-amino group.
Ribosomes were prepared from the strains, carrying disruption of the candidate genes for the
G966 methylation: yhhF, ygjO, and ycbY. Ribosomal RNA was isolated and served as a
template for reverse transcription. A complete loss of the primer-extension stop correspondent
to the m2G966 was observed only for the rRNA, extracted from the strain, harboring the
yhhF gene disruption (Fig. 2, lane 2). In contrast to the prediction (17), the ygjO gene of E.
coli encodes methtyltransferase that is not responsible for m2G966 formation (Fig. 2, lane 3).
Recently, the true ygjO target was identified to be m2G1835 of the 23 S rRNA (41). The G966
modification also remained intact in the rRNA extracted from the ycbY knock-out strain (Fig.
2, lane 4). ycbY encodes another ribosomal m2G methyltransferase, responsible for the 23 S
rRNA m2G2445 formation (42). We propose that, according to the accepted nomenclature
described in a recent publication on identification of m5C1407 specific methyltransferase
(43) and previous characterization of partially purified enzymatic activity (13), the yhhF gene
is now to be renamed to rsmD.

In Vivo Complementation of the rsmD Gene Inactivation by Supplying the rsmD Gene on the
Plasmid

It might be imagined that multiple genes can be inactivated during the PCR-based gene
replacement by the kanamycin resistance cassette, surrounded by the homology regions, similar
to the ones flanking rsmD gene, or change in the genomic context might influence the
surrounding genes. To eliminate a possibility that the change in the DNA region other than
rsmD could lead to the loss of G966 methylation, we carried out in vivo complementation
experiments. A plasmid, carrying rsmD gene under control of the isopropyl β-D-
thiogalactopyranoside-inducible T5lac promoter (23), was introduced to the strain with the
chromosome copy of the rsmD gene replaced by the kanamycin resistance gene. Expression
of the rsmD gene from the plasmid efficiently complemented chromosomal rsmD gene
disruption (Fig. 2, lane 5).

Recombinant RsmD Protein Can Methylate G966 in Vitro
Although it was shown that the rsmD gene product is necessary for m2G966 formation, there
is still a chance that other genes are also required. To establish that the rsmD gene product is
solely responsible for the methylation of the 16 S rRNA G966 residue, we performed in
vitro methylation of either 16 S rRNA or 30 S ribosomal subunits by purified recombinant
RsmD protein. RsmD protein carrying C-terminal His6 tag was expressed in E. coli and purified
by affinity chromatography on nickel-nitrilotriacetic acid-agarose. The protein was >95% pure
according to the SDS-polyacrylamide gel electrophoresis. Its molecular mass corresponded to
the predicted 22 kDa.

Both protein-free ribosomal RNA and ribosomal subunits purified from the strain, defective
in the rsmD gene, were tested as in vitro substrates for G966 methylation. The products of
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methylation were analyzed by reverse transcription. Recombinant RsmD protein efficiently
methylated G966 of the assembled 30 S subunits in vitro in the presence of AdoMet (Fig. 2,
lane 6). No reverse transcription stop was observed in the absence of AdoMet (Fig. 2, lane
7), giving additional proof that the stop was caused by the methylation but not nucleolytic
cleavage. As was shown earlier for partially purified enzymatic activity (13), protein-free 16
S rRNA was not a substrate for RsmD (Fig. 2, lane 8).

Influence of the 16 S rRNA G966 Methylation on the Growth of E. coli Cells
Doubling time of the strain JW3430 (21), carrying the inactive rsmD gene (42 ± 1 min), was
essentially the same as that of the parental (22) E. coli strain BW25141 (41 ± 1 min). To
distinguish slight variations in the growth characteristics, we performed a growth competition
assay. Equal numbers of the kanamycin-sensitive parental strain cells and kana-mycin-resistant
rsmD knock-out strain cells (A600 0.001) were mixed and incubated for 24 h at 30, 37, and 42
°C in rich LB or minimal M9 medium (37 °C only). At the end of the growth cycle 1/1000th
of the medium containing the mixture of the cells was used for inoculation of the fresh portion
of LB or M9 at 1000 times dilution. The cells amplify 1000-fold at each growth cycle or undergo
~10 doublings. After each growth cycle, the cells were serially diluted and plated on either LB
agar or LB agar plates supplemented with kanamycin. Kanamycin-resistant cell titer related to
the total cell titer is presented (Fig. 3). The decrease of rsmD knock-out cell proportion in the
mixture was very slow, but detectable, and suggests that G966 modification modestly affects
cell fitness. In M9 minimal medium no disadvantage of the yhhF knock-out strain was detected
over 80 cell doublings.

Structure of RsmD rRNA Methyltransferase
The structure of RsmD protein (198 amino acids) (Fig. 4, A and B) has been determined by the
SAD method and refined to 2.05 Å (Table 1). The protein crystallizes with six molecules in
the asymmetric unit, providing a total of 18 selenium sites for use in phasing. Twelve of these
selenium sites were located using SHELXD program (30) implemented in HK2000_ph suite
(29). SAD phases were calculated with the program MLPHARE of the CCP4 program suite
(31) with parameters of phasing power and figure of merit equal to 1.53 and 0.368, respectively.
Solvent flattening was performed with the program DM of the CCP4 program suite (31)
improving FOM to 0.700 value. The initial structure model was built with SOLVE/RESOLVE
(32) program and completed with ARP/wARP program (33).

The RsmD protein closely resembles numerous methyltransferases, including rRNA
methyltransferases, m2G1207 RsmC (Z-score and root mean square deviation equal to 17.5
and 2.8 Å, respectively) (Fig. 5A) and C-terminal domain of m5C967 RsmB (Z-score and root
mean square deviation equal to 13.3 and 2.6 Å, respectively) (Fig. 5B). The overall structure
consists of 8-stranded β-sheet flanked on both sides by α-helices (Fig. 4A). The superimposition
of methyltransferase structures (PDB codes 1I9G, 1T43, 1VE3, 1VID, and 1WY7), containing
AdoMet or its analogs, identified a cavity formed by loops β4-α4, β5-α5, and β6-α6 as AdoMet-
binding sites (Fig. 6A). The main part of AdoMet fits very well in the RsmD cavity, suggesting
a universal binding mode of AdoMet in this class of methyltransferases. The upper ridge of
the cavity is formed by DPPF motif (residues 127–130) matching perfectly conserved motif
D/N/S-P-P-Y/F (44) (Fig. 6A). This motif is known to be involved in AdoMet binding, forming
methyltransferase active sites (44), and is involved in catalysis. The main part of the methionine
side chain of AdoMet overhangs into a large cavity, which is most likely a binding site for
substrate, guanine 966 (Fig. 6A). The cavity is large enough to accommodate a guanine ring
and position its amino group next to the active site residues. The AdoMet sulfur atom and
reactive methyl group are located on the edge between AdoMet- and guanine-binding pockets
(Fig. 6A).
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Proposed Model of rRNA/RsmD Interactions in the Active Site
The GRAMM program (37) was used for geometric docking of E. coli 16 S RNA (45) (PDB
code 2AW7) to the RsmD protein structure. Various lengths of rRNA, ranging from 5 to about
200 residues, were tested. We also examined different protein models including each of the
protein chains from PDB deposits as well as models with deleted parts of N terminus (residues
10–35). We assumed that a flexible protein N terminus could obstruct access to the active site
in the structure. The best result was obtained for 940–985 fragment of rRNA and the protein
with deleted 35 N-terminal residues (model consisting of residues 36–192). Very similar results
were also achieved with protein lacking residues 22–35. The best model places the G966
guanine ring partially submerged inside the substrate-binding pocket and positions the target
N2 atom inside the protein active center (Fig. 6, A and B). The N2 atom is located within a
distance of 1.9–4.7 Å from atoms essential for catalysis: AdoMet Cε atom, Asp-127 side chain
oxygen and Pro-128 carbonyl group. These values are in the acceptable range for approximate
presentation of molecular interactions. There are no significant collisions in the obtained
model. However, after including all N-terminal residues, potential collisions are observed for
residues 10–13 and 20–29. We believe that protein N terminus, especially the mentioned
residues, must acquire different conformation for RNA binding. Moreover, positive surface
electrostatic potential of N terminus and α3-helix (residues 85–97) should be crucial for
effective rRNA binding (Fig. 6A).

The whole 16 S RNA molecule was superposed over the rRNA fragment used in the docking
to show a hypothetical RsmD protein-ribosome complex (Fig. 6C). In this model, the protein
is positioned between two major domains of 16 S rRNA, head and body, next to 16 S rRNA
neck, at a place of the P-site-bound tRNA. In our model, there are some overlaps of surface
protein residues with rRNA residues of head and body. Nevertheless, due to known flexibility
of the neck (45–47), more room for the enzyme is likely to be provided by opening space
between the head and body. At the same time, small shifts of the helix 31 could allow better
fit of the RsmD without loss of the G966 positioning in the protein active site.

DISCUSSION
In our study we discovered that the yhhF gene (renamed rsmD, according to Ref. 43) of E.
coli is encoding a methyltransferase responsible for the m2G966 formation in the 16 S rRNA
of 30 S. The structure of RsmD protein was determined and the putative complex of RsmD
protein and 30 S subunit was modeled. The model shows how AdoMet and guanine could fit
into the active site of the RsmD methyltransferase (Fig. 6. A and B). The location of the methyl
group donor appears to be well conserved among the different methyltransferases, while the
position of guanine moiety places the N2 atom in the direct proximity of the methyl group of
AdoMet (Fig. 6, A and B). This may imply that base flipping of the target residue, occurring
in the case of DNA methyltransferases (48), is not crucial for activity of RsmD
methyltransferase. This assumption is supported by the observed solvent accessibility of G966
guanine ring, resulting from three-dimensional conformation of the region adjacent to the base
observed in 30 S subunit structures deposited in the PDB. Another feature of DNA
methyltransferases, the flipping of active site loop, may explain the minor collisions of rRNA
with the N-terminal part of the RsmD protein. The flipping of the 21-residue loop and locking
target base in the active center was observed by NMR studies of HhaI DNA methyltransferase
in solution (49). If the N-terminal part of the protein (approximately residues 1–36) is flexible,
then this loop may move and convert protein into the open form, which does not block access
of rRNA to the active center. After binding substrate, the loop may flip back and turn into the
closed form ready for the methyl transfer reaction.

The biological function of many modified bases in rRNA is rather poorly understood. However,
it is absolutely clear that modified nucleotides form clusters within the functional centers of
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the ribosome (5) and are extremely scarce in the regions outside the enzymatic and ligand-
binding sites. Modifications are often highly conserved among the species, and many
organisms maintain modification function at significant metabolic expense. The 16 S rRNA
nucleotide m2G966 is located in the very important functional region. Together with its
adjacent m5C967, it is in direct contact with the very tip of the anticodon loop of the P-site-
bound tRNA (7,8) (Fig. 1B). It is protected from chemical modification by tRNA bound to the
P-site (6). Surprisingly, 16 S rRNA residue 966 is not very conserved. It shows a preference
to be guanosine in bacteria and chloroplasts. In archaea and eukaryotes it is usually uridine,
while it is mainly adenosine in mitochondria (9). According to NCBI (50), E. coli RsmD protein
is a member of COG0742, nearly universal among bacteria but completely absent in archaea
and eukarya. RsmD ortholog distribution agrees with conservation of its target nucleotide. In
agreement with the lack of conservation mutations of m2G966 in E. coli, this does not lead to
significant growth retardation (10). Mutant 30 S subunits are normally incorporated into the
70 S ribosome pool and show no functional defects. The base 966 is modified in a wide range
of organisms and was shown to be acp3U in archaea (11) and m1acp3ψ in eukaryotes (12). In
the case of m2G966, lack of modification leads to a small decrease in the cell fitness, as
evidenced from growth competition assays (Fig. 3). It is unlikely that any vital function of the
ribosome is affected. Remarkably, all of these modifications influence Watson-Crick positions
within the modified bases. One can imagine that such modifications might be useful to prevent
the formation of some unwanted alternative secondary or tertiary structures. Alternatively, the
hydrophobic modification at nucleotide 966 might be more important than the nature of the
nucleotide it is attached to. This small hydrophobic patch could make a hydrophobic interaction
with the anticodon of the P-site-bound tRNA.

A set of enzymes, such as RsmB, responsible for m5C967 modification could utilize protein-
free rRNA as a substrate (13). In contrast, the other modification enzymes, such as the RsmD
identified here, could use assembled subunits as a substrate. In vivo, the real substrates are
likely to be represented by a set of early and late assembly intermediates. However, it is notable
that rRNA methyltransferases could not usually recognize both protein-free rRNA and
assembled subunits. There is also a shortage of information regarding methyltransferases that
recognize exclusively assemble intermediates and fail to recognize either rRNA or fully
assembled particles. The cause and purpose of such a division is not clear, although comparison
of different methyltransferase structures (Fig. 5) with location of their target nucleotides (Fig.
1B) may offer a chance to solve this puzzle. At present, all three methyltransferases acting on
the nucleotide residues located in the head of the small subunit are solved. RsmC is responsible
for m2G1207 formation in the helix 34 (18). It also utilizes assembled 30 S subunits as a
substrate (18) and has a structure highly similar to that of RsmD (Fig. 5A). RsmB (Fig. 5B)
modifies nucleotide C967 (15,16), adjacent to m2G966 modified by RsmD. However, it uses
protein-free 16 S rRNA as a substrate (13). Careful examination of G1207, G966, and C967
location in the three-dimensional structure of the subunit (7,8,45) reveals that both G1207 and
G966 are exposed to solvent, although they are located in a deep cavity harboring mRNA and
tRNA anticodons in the course of translation (Fig. 1B). Usually an enzyme binds its substrate
in a cavity to achieve good substrate recognition. Here the enzyme is bound in the cavity of
the substrate (Fig. 6C). Such arrangement allows good enzyme-substrate recognition while
keeping enzymes themselves minimal. In contrast, C967 residue in the 30 S structure is less
accessible for the methyltransferase, since it is shielded by its neighboring nucleotide G966
(Fig. 1B). Consequently, m5C967 formation could more easily be accomplished at an earlier
stage, before the head of the 30 S subunit is assembled. Recognition of protein-free RNA target
imposes a requirement for more sophisticated RsmB enzyme. RsmB is likely to accommodate
16 S rRNA helix 31 substrate to the positively charged cleft in the enzyme (20). RsmB
methyltransferase possess an additional NusB-like N-terminal domain, which is most likely to
recognize other 16 S rRNA elements to reach necessary substrate specificity. At the same time,
existence of this very N-terminal domain in RsmB would cause a clash with the major mass
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of the 30 S subunit head upon attempt of RsmB to fit to the assembled subunit. RsmD protein
does not have N-terminal extension and could easily fit into the cleft, occupied by a P-site-
bound tRNA (Fig. 6C). It might be, however, that 16 S rRNA secondary structure changes
upon assembly, rather than nucleotide accessibility, could influence the RsmB and RsmD
substrate selectivity.

A remarkable structure similarity is evident from the comparison of RsmD and RsmC (19)
tertiary structures (Fig. 5A). It is easy to understand, since both enzymes utilize the same
binding cleft of the assembled 30 S subunit. Their target residues, m2G1207 and m2G966, are
located close in the tertiary structure (Fig. 1B). Surprisingly, there is a relatively low level of
sequence similarity between RsmC and RsmD. It prevented the rsmD(yhhF) gene from being
computationally predicted as encoding for G966 methyltransferase RsmD, while YgjO protein,
highly similar to RsmC by the sequence comparison, was mistakenly suggested to modify
G966 (17).
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FIGURE 1. Location of the m2G966 in the 30 S subunit
A, secondary structure of E. coli 16 S rRNA part (9) encompassing helices 31, 32, and 34
(H31, H32, H34). Location of the modified bases m2G966, m5C967, and m2G1207 is marked.
B, structure of the E. coli 16 S rRNA (PDB code 2AW7). Methylated residues m2G966,
m5C967, and m2G1207 are shown as oversized van der Waals spheres and colored green,
red, and orange accordingly (in this view, residue 967 is located behind residue 966).
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FIGURE 2. Reverse transcription analysis of G966 methylation
“A, U, G, and C” correspond to sequencing lanes. For the sequence clarity rDNA was used as
a template for sequencing. Primer extension products in lanes 1–9 correspond to: the wild-type
rRNA (lane 1), rRNA extracted from rsmD(yhhF) knock-out strain (lane 2); rRNA extracted
from rlmG(ygjO) knock-out strain (lane 3), rRNA extracted from rlmL(ycbY) knock-out strain
(lane 4), rRNA extracted from rsmD knock-out strain transformed by rsmD expression plasmid
(lane 5), 30 S subunits from rsmD(yhhF) knock-out strain modified by RsmD protein in
vitro in the presence of AdoMet (lane 6); 30 S subunits from rsmD(yhhF) knock-out strain
modified by RsmD protein in vitro in the absence of AdoMet (lane 7), 16 S rRNA from rsmD
(yhhF) knock-out strain modified by RsmD protein in vitro in the presence of AdoMet (lane
8), and 16 S rRNA from rsmD(yhhF) knock-out strain modified by RsmD protein in vitro in
the absence of AdoMet (lane 9). Primer complementary to positions 995–1011 of the 16 S
rRNA was used.
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FIGURE 3. Growth competition between the wild type strain and rsmD knock-out strain
Shown are a proportion of the rsmD knock-out strain cells in the mixture to the wild type calls.
Each point corresponds to a 24-h growth cycle. One cycle encompasses ~10 cell doublings.
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FIGURE 4. Structure of the RsmD protein
A, the RsmD protein monomer structure shown as a schematic in rainbow colors with N
terminus and C terminus marked in blue and red, respectively (only chain A of the PDB code
2FPO deposit is shown). B, stereo view of representative electron density map showing the
RsmD active-site region.
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FIGURE 5.
Structure alignment of RsmD protein (shown in “blue”) to related rRNA methyltransferases
RsmC (shown in orange) (A) and RsmB (shown in magenta) (B).
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FIGURE 6. Docking of the substrates to RsmD protein
A, overview of docked AdoMet and helix 31 of the 16 S rRNA inside the substrate-binding
site of RsmD protein. B, stereo view of AdoMet and Gr966 RNA residue positions inside the
active site of the methyltransferase. The atoms involved in reaction are marked, N2 atom of
G966 rRNA residue, side chain oxygen atom of Asp-127, and main chain carboxyl oxygen of
Pro-128. C, overview of RsmD protein docked in the tRNA-binding cleft of the E. coli 30 S
ribosomal subunit (45) (PDB code 2AW7).
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TABLE 1

Data collection statistics

X-ray wavelength 0.97956

Space group C2

Unit cell dimensions a = 70.504 Å, b = 96.912 Å, c = 193.961Å; α = γ = 90°, β = 92.21°

Resolution 38.76-2.05 Å (2.11-2.05 Å)

No. of unique reflectionsa 80096 (5233)

Completenessa 97.5% (76.8%)

R-mergea 0.077 (0.623)

Mean I/σ(I)a 26.2 (1.89)

B value from Wilson plot 42.0 Å2

Protein molecules per asymmetric unit 6

No. of protein residues per molecule 198

a
The numbers in parentheses correspond to the highest resolution shell.
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TABLE 2

Refinement statistics

Resolution range (Å) 38.76-2.05 Å

Reflections 79,903

σ cutoff None

R-value (R-work) (%) 18.3

Free R-value (%) 21.7

R-value (all) (%) 18.4

Root mean square deviations from ideal geometry

 Bond length (Å) 0.017

 Angle (degrees) 1.480

 Chiral (Å) 0.103

No. of atoms

 Protein 8445

 Chloride ion 6

 Ethylene glycol 1

 Water 390

Mean B-factor (Å2)

 Protein atoms 33.6

 Protein main chain 32.7

 Protein side chain 34.6

 Solvent 39.0

Ramachandran plot statistics

 Residues in most favored regions (%) 89.8

 Residues in additional allowed regions (%) 10.0

 Residues in generously allowed regions 0.2

 Residues in disallowed region (%) 0.0
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