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ABSTRACT

RlmG is a specific AdoMet-dependent methyltransferase (MTase) responsible for N2-methylation of G1835 in 23S rRNA of
Escherichia coli. Methylation of m2G1835 specifically enhances association of ribosomal subunits and provides a significant
advantage for bacteria in osmotic and oxidative stress. Here, the crystal structure of RlmG in complex with AdoMet and its
structure in solution were determined. The structure of RlmG is similar to that of the MTase RsmC, consisting of two
homologous domains: the N-terminal domain (NTD) in the recognition and binding of the substrate, and the C-terminal domain
(CTD) in AdoMet-binding and the catalytic process. However, there are distinct positively charged protuberances and
a distribution of conserved residues contributing to the charged surface patch, especially in the NTD of RlmG for direct binding
of protein-free rRNA. The RNA-binding properties of the NTD and CTD characterized by both gel electrophoresis mobility shift
assays and isothermal titration calorimetry showed that NTD could bind RNA independently and RNA binding was achieved by
the NTD, accomplished by a coordinating role of the CTD. The model of the RlmG-AdoMet-RNA complex suggested that RlmG
may unfold its substrate RNA in the positively charged cleft between the NTD and CTD, and then G1835 disengages from its
Watson-Crick pairing with C1905 and flips out to insert into the active site. Our structure and biochemical studies provide novel
insights into the catalytic mechanism of G1835 methylation.
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INTRODUCTION

In all living organisms, post-transcriptional modifications
of ribosomal RNA (rRNA) nucleotides are a common
mechanism fine-tuning the process of protein synthesis
(Grosjean 2005). The majority of these modifications are
phylogenetically conserved and located in and around the
conserved decoding and peptidyltransferase active sites of
the ribosome. These modifications play an important role
for modifications in ribosome activity, such as the fine-
tuning of local rRNA structure, 30S subunit assembly, and
antibiotic resistance (Ofengand and Fournier 1998; Decatur
and Fournier 2002; Douthwaite et al. 2005; Chow et al.
2007; Connolly et al. 2008; Xu et al. 2008).

In recent years, several complete modification maps of
bacteria, such as Escherichia coli and Thermus thermophilus
have been determined, and the modifying enzymes are
quite conserved (Ofengand and Del Campo 2004; Guymon
et al. 2006; Purta et al. 2009). This suggests that there are
common recognition mechanisms and common functional
requirements conserved since divergence from their last
common ancestor (Demirci et al. 2010). Though many
structures of the rRNA methyltransferases (MTases) have
been solved, little is known about the process in which they
bind the methyl group donor AdoMet and specifically
recognize certain nucleotides and then transfer a methyl
group to the nucleotide. Only the structures of 5-methyl-
uridine MTase RumA_(m5U1939) and pseudouridine syn-
thase RluA (c746), in complex with their respective rRNA
substrates, clearly demonstrate the specific process (Lee
et al. 2005; Hoang et al. 2006).

N2-methylation of guanosine residues is the second most
abundant rRNA modification pattern after pseudouridyla-
tion in E. coli, and four of five m2G nucleotides have been
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determined in the 16S rRNA (modified by RsmC and
RsmD) and 23S rRNA (modified by RlmG and RlmL)
(Sergiev et al. 2007). RlmG is a specific AdoMet-dependent
MTase responsible for N2-methylation of G1835 in 23S
rRNA (Sergiev et al. 2006). The methylated G1835 is located
in the 50S side of intersubunit bridge B2, which is a func-
tionally extremely important region of the ribosome. Recom-
binant RlmG is able to methylate in vitro naked 23S rRNA
but not assembled 50S subunits purified from the rlmG-
knockout (DrlmG) strain. Growth competition assays reveal
that the lack of the G1835 methylation causes growth retar-
dation, especially at temperatures higher than optimal, and
in poor media (Sergiev et al. 2006). Recently, methylation of
G1835 was found to specifically enhance association of ribo-
somal subunits and provide a significant advantage for bac-
teria in osmotic and oxidative stress (Osterman et al. 2011).

The structures of RsmC in both E. coli (RsmC-Ec, the
apo-form) and T. thermophilus (RsmC-Tt, in complex with
cofactor and putative substrate guanosine) have been solved
(Sunita et al. 2007; Demirci et al. 2008). Their structures are
very similar and reveal two homologous domains with nearly
identical folds tandemly duplicated within a single poly-
peptide, and one of the domains is important for the folding
of the other. The structure of RlmG has been predicted to be
closely related to RsmC and also composed of two domains
(Bujnicki and Rychlewski 2002; Sunita et al. 2007). However,
the real substrate of RsmC in vivo is the 30S subunit as-
sembly intermediate, while RlmG can only recognize protein-
free 23S rRNA (Tscherne et al. 1999; Sergiev et al. 2006).
Therefore, their different substrate specificity combined
with the different location of target bases in the ribosome
may cause distinct structure and functional characteriza-
tion especially in their substrate-recognizing domains.

To gain insights into the substrate RNA recognition
mechanism, we determined the crystal structures of the RlmG
monomer in a binary complex with AdoMet and character-
ized its RNA-binding properties, thereby providing insights
into its catalytic mechanism. Although the overall structure
is similar to RsmC, there are distinct positively charged
protuberances and a distribution of conserved residues
contributing to the charged surface patch especially in the
N-terminal domain (NTD) of RlmG for direct binding of
protein-free rRNA. The RNA-binding experiments showed
the recognition and binding of the target G1835 and its
surrounding nucleotides was achieved by the NTD, accom-
plished by a coordinating role of the C-terminal domain
(CTD). The model of the RlmG-AdoMet-RNA complex for
substrate recognition has been proposed.

RESULTS

Overall structure of RlmG-AdoMet complex

The crystal structure of RlmG in complex with AdoMet was
solved by the single-wavelength anomalous dispersion (SAD)

method from synchrotron data using Se-Met-labeled pro-
tein and was refined to a final R/Rfree factor of 0.20/0.25 at
2.3 Å. The asymmetric unit contains one RlmG molecule
with overall dimensions of z67 3 42 3 72 Å, comprising
365 residues from Arg9 to Lys373 and a total of 130 water
molecules. The residues from 309 to 315 located in the RlmG
b13-a9 loop near the active site (Fig. 1A), which may be
flexible in the absence of substrate, were not observed in the
electron density map and not included in the current model.
RlmG is composed of two structurally related domains of
a mixed a/b fold, with amino acids 8–180 and 191–373
forming the N-terminal domain and C-terminal domain, re-
spectively, connected by a short linker region (Fig. 1B), prob-
ably the result of a gene duplication event followed by domain
subfunctionalization. The NTD beginning with a long loop
(residues 8–29) consists of eight helices (five a- and three h-)
and seven b-sheets, and the CTD domain consists of six
helices (five a- and one h-) and nine b-sheets. Both domains
contain an additional b-hairpin forming a highly conserved
hydrophobic interface with the core domain similar to other
MTases.

The NTD is a putative RNA-binding domain where the
protein-free RNA substrate was recognized and bound. A
similar domain has been predicted as the substrate-binding
region in RsmC-Tt and RsmC-Ec (Sunita et al. 2007; Demirci
et al. 2008). The CTD contains all of the common SpoU
sequence and structural motifs that define the global struc-
ture of these enzymes. There is one AdoMet molecule bound
to the CTD domain, as well as two PEG molecules from the
precipitant used for crystallization. Although there is only
15% amino acid identity between the NTD and CTD, the
secondary structure elements generally align very well with
a least squares root mean square deviation (RMSD) of 2.4 Å
for 142 Ca atoms, and both of them form a canonical
Rossmann-like MTase fold. Meanwhile, some distinct vari-
ations are observed, especially in the loop regions flanking
the cofactor- and substrate-binding sites of the catalytic do-
main (Fig. 1C). According to DALI structure searches (http://
ekhidna.biocenter.helsinki.fi/dali_server), the closest homolog
of the NTD is the putative MTase MT0146 from Methano-
bacterium thermoautotrophicum (PDB entry 1l3b) with a DALI
Z-score of 17.0 and with a RMSD of 2.6 Å for 157 Ca atoms,
but the closest homolog of the CTD is the putative MTase
MJ0882 from Methanococcus jannaschii (PDB entry 1dus) with
a DALI Z-score of 23.3 and a RMSD of 1.5 Å for 163 Ca atoms.

Monomer status of RlmG in solution

The SAXS experiment was applied to study the solution
structure of RlmG, and the results are shown in Supple-
mental Fig. S1. The fit of the theoretical curve of the crystal
structure of RlmG to the experimental data is very good
with a discrepancy value of 1.712 (Supplemental Fig. S1,
curve2), indicating that the crystal structure is consistent
with the SAXS data. A low resolution model is also built by
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FIGURE 1. (A) Structure-based sequence alignment for RlmG family including E. coli (Ec), Salmonella choleraesuis (Sc), Klebsiella pneumoniae
(Kp), Pseudomonas aeruginosa (Pa), Streptomyces avermitilis (Sa), Erwinia tasmaniensis (Et), and Vibrio fischeri (Vf), performed using clustal X
(version 1.81) and ESPript 2.2. The conserved residues are boxed in blue, identical conserved and low conserved residues are highlighted in red
background and red letters, respectively. (B) Cartoon representation showing the domain architecture of RlmG. The discrete NTD and CTD are
connected through a short linker. The NTD (putative RNA-binding domain: residues 8–180) is depicted in blue and the CTD (AdoMet-binding
domain: residues 191–373) in magenta. One AdoMet molecule and two PEG molecules are shown as green and yellow sticks, respectively. (C)
Least squares superposition of the NTD (blue) and CTD (magenta) and their backbones are shown as Ca trace.
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the SAXS data (Supplemental Fig. S1, left, below inset a),
and the dummy atom model practically coincides with the
crystal structure (Supplemental Fig. S1, left, below inset b).
These two methods of SAXS were used independently, and
both are consistent with RlmG being a monomer in solu-
tion. The monomer status determined by SAXS is also con-
sistent with observations from the gel filtration column
(data not shown), as well as the analysis of intermolecular
contacts in the crystal. We can conclude that the active bio-
logical unit of RlmG is very possibly a monomer in vivo.

AdoMet binding in the active site of the CTD domain

Similar to class I MTases RsmC-Ec and RsmC-Tt, com-
posed of two homologous domains (Sunita et al. 2007;
Demirci et al. 2008), the AdoMet molecule is bound tightly
in a canonical conformation in the pocket mainly consist-
ing of the loops b10–a7, b12–b13, b13–a9 and b11 of the
conserved CTD domain, forming a negative-deep groove
(Figs. 1A, 2A). The main part of the methionine side chain
of AdoMet overhangs into a large cavity, which is most likely
a binding site for the substrate, guanine 1835 (Fig. 2A). The
cavity is large enough to accommodate a guanine ring and
position its amino group next to the active site residues. The
directly interacting amino acids surrounding the AdoMet
binding region (within 3.8 Å) include the side chains of G236,
D259, N288, N289, N305, and P306 (Fig. 2A,B), and most of
them are conserved residues in RlmG orthologs (Fig. 1A).
The side chains of F208, D234, N239, and I242 contact
with AdoMet indirectly via well-ordered water molecules
(Fig. 2A).

N305 in the identical conserved proline-rich motif NPPF
(N305–F308) located in the loop between b13 and a9 among
m2G MTases, interacts strongly with the guanine N2 atom of

the reactive methyl group (3.0 Å), carboxyl group (3.0 Å), and
hydroxyl group (3.5 Å) of methionine of AdoMet. This motif
is known to be involved in AdoMet binding, forming MTase
active sites (Sergiev et al. 2007), and is involved in catalysis.
G236, in the conserved glycine-rich DXGXGXG MTase sig-
nature motif (D234–G240) located in the loop b10-a7,
directly interacts with the amino group of methionine of
AdoMet, which also interacts with D234 and I242 via solvent
water molecules. F208 in the loop b9-a6 is conserved among
RlmG orthologs and approaches the AdoMet sulfur atom,
providing a hydrophobic aromatic stacking, which may be
important to stabilize the substrate of AdoMet. Both ribose
hydroxyl groups form hydrogen bonds (2.8 Å) to D259 in the
consensus sequence 259D*S261. The N6 and N1 atoms of the
adenine group are coordinated by the hydrogen bonds to
N289 (3.2 Å) and N288 (3.6 Å), respectively.

In vitro expression of the NTD and CTD
and their interactions with RNA

To characterize and confirm the predicted role in substrate
binding based on our RlmG structure, we designed and
constructed two deletion mutants corresponding to the
isolated NTD and CTD (amino acids 1–180 and 191–373,
respectively). Initially, the CTD expressed in the pET21a
vector could not be well-purified (some molecular chaper-
ones were unable to be removed), and it degraded easily.
Therefore, we attempted to express it in pET28a-SUMO
with cleavable ubiquitin-like-specific protease 1 to improve
its proper folding of fusion partners and the solubility. The
result showed the SUMO-CTD was purified well but
unstable after the SUMO tag was cleaved. Our results
suggest that the apo-form CTD has lost the ability to fold
on its own and requires a prefolded ‘‘intramolecular

FIGURE 2. AdoMet binding in the active site. AdoMet is shown in green sticks, a-helix and b-sheet are shown in blue and magenta, respectively.
Solvent water molecules are shown as red spheres. (A) Interaction between AdoMet and the residues in binding pocket. (B) Stereo view of the
electron density of AdoMet and its interacting side chains of the residues from a 2Fo-Fc map contoured at 2.0 s.
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chaperone’’ localized at its N terminus like the NTD or
another well-folded domain such as SUMO, similar to the
status of the CTD in RsmC-Ec (Sunita et al. 2007), while
the NTD was expressed and purified well in pET21a.

Electrophoresis mobility shift assays (EMSA) were used
to examine the RlmG-rRNA interaction using the 21-nt
hairpin structure containing the G1835 target site (Fig. 3A).
As expected, we observed a major complex with a 1:1
protein:rRNA stoichiometry for the 21-nt rRNA fragment
in full-length and the NTD, and the functional complex is
formed by RlmG monomer and equal amount of target
rRNA (Fig. 3B). The SUMO-CTD could not bind RNA
under this condition. Meanwhile, no obvious shift differ-
ence of the enzyme-RNA complexes with increasing protein
concentration (from 1:1 to 10:1) was observed. These results
proved that RlmG could efficiently bind substrate RNA
in vitro, as was reported previously (Sergiev et al. 2006),
and more importantly, NTD could bind substrate RNA
independently.

The binding affinities (Ka) of RlmG-rRNA were further
quantitatively analyzed by isothermal titration calorimetry
(ITC), and these experiments indicate a single binding site
for all the samples. Both native RlmG (Ka = 1.68 3 105 M�1)
and NTD (Ka = 4.40 3 104 M�1) could efficiently bind
substrate RNA, while SUMO-CTD could not (Supplemen-
tal Fig. S2), consistent with the EMSA results above. The
control experiment for apo-form SUMO binding the RNA
fragment also showed there was no interaction between
them (Supplemental Fig. S2). Considering the lower Ka of
NTD than that of the full-length, we propose that the CTD
can also bind the RNA fragment only in the presence of
the NTD, although it is still stable after being fused with the
other chaperones such as SUMO.

We are unable to get sigmoidal bindings, as the RNA may
not be very stable under this condition, and therefore, the

enthalpy (DH) and entropy (DS) cannot be reliably estimated.
However, our results were obtained under the same condition
and could reflect their difference on binding affinities of the
substrate RNA to a great degree.

Proposed model of RlmG-rRNA interactions

To gain structural insight into how RlmG might recog-
nize its specific target RNA, we constructed a model of the
RlmG-AdoMet-rRNA complex using the 10-nt rRNA (G1831–
G1840) from the structure of E. coli 50S subunit (PDB entry
2AW4) as the substrate (Fig. 4A). Molecular dynamics re-
sults indicated that the model was both structurally feasible
and energetically stable. The minimized model demonstrated
that the RNA stem–loop would easily fit into the cleft with
the electropositive surface mainly generated by the NTD
(Fig. 4B,C), consistent with the EMSA and ITC experiment
results that NTD plays the dominant role in RNA binding.
In this model, the distance between the AdoMet methyl
group and the substrate N2 atom is 3.5 Å, which is essential
for catalysis. The conserved motif NPPF (N305–F308) is in-
volved in forming the MTase active site pocket. Similar to
the interactions of those residues with the putative sub-
strate GMP in RsmC-Tt (Demirci et al. 2008), P306 and P307
interact with the substrate guanosine, and F308 may provide
the base stacking interaction for the substrate guanine in
RlmG (Fig. 4D).

DISCUSSION

Functional characterization of the NTD and CTD
of RlmG in substrate binding

Although the methylation of G1835 was observed when
protein-free 23S rRNA was used as a substrate by reverse

FIGURE 3. rRNA binding experiment. (A) A schematic of the secondary structure of segmental helix 66–68 of E. coli 23S rRNA from the Center
for Molecular Biology of the RNA website (http://www.http://rna.ucsc.edu/rnacenter). m2G1835 is indicated by an ellipse and the 21-nt RNA
(1827–1847) is labeled with a box as the substrate in this study. (B) Binding of the full-length, NTD, and SUMO-CTD to substrate RNA
determined by EMSA. The RNA samples (2 mM final concentration) were annealed at 50°C for 10 min and then cooled at room temperature for
another 10 min to form a hairpin structure. Protein(full-length, NTD, and CTD)-RNA complexes were prepared by adding protein at 0, 2, 6, 10,
and 20 mM final concentration and incubated for 30 min at room temperature.
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transcription experiments (Sergiev et al. 2006), there is still
no direct evidence on its binding to the substrate RNA
fragment. In this study, from EMSA results, both RlmG and
NTD could bind to the RNA fragment containing G1835,
providing direct evidence that RlmG can efficiently bind
rRNA and that NTD is necessary in recognition and binding
of the target and its surrounding nucleotides as an RNA-
binding domain during the methylation of G1835. More-
over, the binding affinity of NTD is obviously weaker than
that of full-length, indicating that the CTD may play a co-
ordinated role to help the NTD bind substrate RNA in vivo,
even it may not be directly involved in RNA recognition.
Besides, the instability of the CTD and the lower binding
affinity of the NTD also suggested a physical linkage, such as
the possibility that the loop connecting them is also required
for their cooperation. To our surprise, the DNA fragment
(corresponding to the 21-nt RNA, except that U is replaced
with T) could also be bound efficiently by RlmG (data not
shown), a property that may be utilized under specific con-

ditions such as higher temperatures and poor media during
cellular growth. This property has only been observed in
the RsmD-like MTase Rv2966c from M. tuberculosis recently
(Kumar et al. 2011).

Comparisons of the NTD and CTD between RlmG
and RsmCs with different substrate specificity

The tertiary structures alignment between RlmG and RsmCs
from E. coli and T. thermophilus showed that their overall
architectures look very similar (Fig. 5A), although they share
only 22% amino acid identity. The DALI structure searches
also showed that the structure most closely related to RlmG
is RsmC-Tt with a Z-score of 33.6 and a RMSD of 2.5 Å for
331 Ca atoms and RsmC-Ec with a Z-score of 31.4 and a
RMSD of 2.8 Å for 319 Ca atoms, respectively, in addition
to MJ0882 (PDB entry 1dus) with a Z-score of 25.8 and a
RMSD of 2.0 Å for 184 Ca atoms, which has been predicted
as the RsmC homolog (Sunita et al. 2007).

FIGURE 4. Docking model of the RlmG-AdoMet-rRNA complex. The NTD, CTD, and 10-nt RNA backbone containing G1835 are shown in
blue, magenta, and yellow, respectively. (A) Tertiary structure of the substrate rRNA fragment (G1831–G1840) and the pairing fragments (C1902–
C1905 and G1972–C1974) from the structure of the E. coli 50S subunit (PDB entry 2AW4). G1835 and its pairing C1905 are shown as green
sticks. (B) The stereo diagram showing a schematic representation of the model for RlmG binding to the substrate RNA. (C) A molecular surface
representation of RlmG, colored by its local electrostatic potential (blue, +7KT; red, �7KT) with the substrate RNA. The portion of the active site
cleft that directly contacts the modeled RNA is predominantly electropositive. (D) The interacting residues with G1835. AdoMet and G1835 are
shown in green and cyan sticks, respectively. The distance between the AdoMet methyl group and the N2 atom of G1835 is 3.5 Å.
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However, there are still many distinct differences, espe-
cially in the NTD, between RlmG and RsmCs. There are the
positively charged protuberances both in the NTD and CTD
seen from electrostatic potential mapped onto the RlmG
surface, while the two RsmCs are almost uniformly nega-
tively charged except that there is only a small positive patch
on the conserved the NTD protuberance (Fig. 5C). The pos-
itively charged protuberance shows that differential conser-
vation between RlmG and RsmCs (Fig. 1A; Supplemental
Fig. S3) and in other MTase families of different specificity is
likely closely related to the recognition and binding of their
different rRNA substrates. Moreover, the catalytic pocket
composed of negative charges located in the CTD of RlmG
is larger than those of RsmCs, which may be used to accom-
modate a guanine ring and position its amino group next
to the active site residues in the cavity. Conservation of the
pocket suggests that the CTD of RsmC and RlmG is im-
portant for binding of the SAM cofactor and the catalysis of
the methyl transfer reaction. In this context, it is interesting
to note that the NTD of the RlmG structure places a pos-
itively charged surface area close to the active site and sug-
gests a functional contribution of the NTD domain for
substrate rRNA binding directly (Fig. 5C).

Moreover, the residues contributing to the charged surface
patch are conserved among RlmG homologs, and this obser-
vation is consistent with the functional requirements (Fig. 1A).

In RsmCs structures, although there is also positively charged
surface area close to the active site (Fig. 5C), the residues
contributing to the charged surface patch are not conserved
from different organisms (Supplemental Fig. S3). This dif-
ference may be due to their different substrate patterns and
substrate recognition mechanism. It is interesting to note
that the 29-nt loop in the leading NTD domain is a unique
secondary structure element, where there is a unique helix
aa1 in RsmC-Tt predicted to contribute to the cofactor-
binding site but missing in RsmC-Ec (Sunita et al. 2007;
Demirci et al. 2008). In our RlmG structure, the flexible
loop is conserved among RlmG homologs with positive
charges (Fig. 1A) and may contribute to the RNA-binding
site and create a better-defined binding pocket.

Not surprisingly, the comparison of RlmG with RsmC-
Tt on the binding pattern of AdoMet showed that they
share similar orientation in the conserved AdoMet-binding
pocket of the CTD, and their interacting residues are also
very similar. The AdoMet is located in conserved motifs be-
tween 305NPPF308 and 234DLGCGNG240 in RlmG corre-
sponding to 305NPPF308 and 234DLGAGYG240 in RsmC-Tt
(Fig. 5B), and 268NPPF271 and 202DVGCGAG208 in RsmC-
Ec (Sunita et al. 2007; Demirci et al. 2008). Both hydrophobic
F208 in RlmG and the corresponding F207 in RsmC-Tt
approach the AdoMet sulfur atom and might contribute to
the enzymatic function by destabilizing the cofactor; however,

FIGURE 5. Structure comparisons between RlmG and RsmCs. (A) Tertiary structures alignment of RlmG-AdoMet shown in magenta (AdoMet
was shown in green sticks), RsmC-AdoMet-guanosine from T. thermophilus shown in cyan (AdoMet and guanosine were shown in magenta and
blue sticks, respectively, PDB entry 3DMH) and RsmC from E. coli shown in blue (PDB entry 2PJD). Their backbones are shown as Ca trace. (B)
Comparison of RlmG with RsmC-Tt in AdoMet binding region. (C) The molecular surface representation of RlmG (blue, +7KT; red, �7KT),
RsmC-Tt (blue, +6KT; red, �6KT), and RsmC-Ec (blue, +7KT; red, �7KT), colored by their local electrostatic potential.
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the location of the corresponding RsmC-Ec F176 in the
flexible loop cannot be modeled and is removed from the
AdoMet-binding site. Mutation of key residues in the AdoMet-
binding pocket of RsmC-Ec showed that the mutants D202A
and D227A in the potential SAM-binding site in the CTD
showed complete inability to bind the cofactor, while the
N268A mutant in the predicted catalytic motif NPPF that
coordinates interactions between SAM and the target guano-
sine showed almost fivefold reduction in the SAM-binding
affinity (Sunita et al. 2007).

Implications for substrate RNA binding to RlmG
in methylation of G1835

Comparisons of the structure of the RNA fragment (G1831–
G1840) from the wild-type 50S subunit and that in the
model showed that a significant conformational change oc-
curs when the substrate is bound to RlmG (Fig. 4A,B) and
an induced-fit mechanism may be required to form the ac-
tive complex structure. RlmG may unfold its substrate RNA,
which forms base pairs with neighboring nucleotides (the
fragments C1902–C1905 and G1972–C1974) in 23S rRNA,
into a single-stranded conformation. Then the target G1835,
which has disengaged from its Watson-Crick pairing with
C1905, will flip out of the helix to insert into the active site
(Fig. 4D). Similar to RlmG, the target G1207 of RsmC-Tt has
to disengage from the interaction with C1051 and flip out
into the active site prior to its modification (Demirci et al.
2008). Such base flipping has been extensively reported in
both RNA and DNA MTases. The single-stranded substrate
is ‘‘refolded’’ on RumA into a compact conformation with
six key intra-RNA interactions, and a second base is ‘‘flipped
out’’ from the core loop to stack against the adenine of
AdoMet in addition to the target (Lee et al. 2005). The
methylcytosine base at the hemi-methylated site is flipped
out of the DNA helix in the mouse UHRF1 SRA-DNA
complex and fits tightly into a protein pocket on the con-
cave surface (Arita et al. 2008). Meanwhile, the 10-nt RNA
fragment used in this model may be not long enough to
represent the complete interaction between the substrate
RNA and RlmG, and more interacting residues should be
confirmed by mutagenesis.

An additional RNA binding domain in RlmG has been
predicted to be necessary to reach substrate specificity (Sergiev
et al. 2006). In RsmC-Tt structure, consistent with previous
suggestions that RsmC can only recognize a subunit assem-
bly intermediate (Tscherne et al. 1999), access to G1207 was
occluded in the native structure by helix 18 and would
require either rotation of the 30S head around the neck
region or a substantial backward motion toward the solvent
side of the subunit (Demirci et al. 2008). On the contrary,
RlmG is supposed to directly accommodate the protein-
free 23S rRNA substrate fragment to its positively charged
cleft (Sergiev et al. 2006), which is confirmed by our RlmG
structure and consistent with the location of the RNA fragment

in the model (Fig. 4C). Therefore, the different substrate
specificity may lead to distinct structure and functional
characterization especially in their substrate-recognizing
domains.

In this study, we carried out structure and functional
characterization of RlmG and provided evidence for its di-
rect recognition and binding of protein-free rRNA. Based
on these results, we propose the hairpin rRNA fragment
containing G1835 is initially recognized by the NTD, and
then the specific target will be bound to the active site in
the CTD to trigger catalysis. Consequently, the catalysis pro-
cess is carried out by coordinating roles of the NTD and
CTD in vivo. The structure of RlmG provides the atomic-
level picture of such RNA-modification enzymes of differ-
ential functional specialization in two domains apparently
derived from a common ancestor.

MATERIALS AND METHODS

Protein purification and crystallization

The rlmG gene was PCR-amplified from E. coli K-12 genomic
DNA and cloned into the expression vector pET21a with a non-
cleavable C-terminal His6 tag (Novagen) and expressed in BL21
(DE3) cells. The NTD variant was constructed by recloning the
single domain into pET21a by removing the CTD in the PCR
reaction. The CTD variant was constructed by recloning the CTD
into the modified pET28a-SUMO (Novagen) in which the cleav-
able ubiquitin-like-specific protease 1 (ULP1) fused with an
N-terminal His6 tag was introduced upstream of the BamHI site.
These proteins were purified as previously described (Li et al. 2011).
Prior to crystallization, RlmG was concentrated to 16 mg/mL.

The initial crystallization condition of RlmG-His was obtained
under the crystallization conditions of 36# in Crystal Screen
(Hampton Research) with the sitting drop vapor diffusion method
at room temperature after 6 d. The crystals with typical size did not
have good diffraction quality. In order to further improve the dif-
fraction quality and resolution, several truncations of RlmG and the
mixture of these truncations with cofactor AdoMet were applied for
crystallization optimization. The mixture of RlmG and its trunca-
tions with AdoMet (Sigma) at a molar ratio of 1:10 were prepared
and incubated on ice for 6 h before performing crystallization ex-
periments. The best crystal was obtained from the mixture of RlmG
(R9-K373) with AdoMet in solution 0.2 M Tris (pH 7.5), and 5%
(w/v) PEG 8000 with the addition of 1% (w/v) protamine sulfate
and 0.02 M HEPES sodium (pH 6.8) from Silver Bullets (Hampton
Research) after 3–4 d.

Data collection, structure determination,
and refinement

Single wavelength anomalous data from seleno-RlmG crystals were
collected on the beamline station 3W1A of the Beijing Synchrotron
Radiation Facility (BSRF). Before data collection, crystals were
soaked for 5 sec in a cryoprotectant consisting of 20% (v/v) glyc-
erol in the crystal mother liquid and then flash-frozen in liquid
nitrogen. The temperature was held at 100 K by liquid nitrogen
during data collection.
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All data were processed using the program package HKL2000
(Otwinowski and Minor 1997), and collection statistics were sum-
marized in Table 1. Selenium atoms in five methionines were iden-
tified using the program SOLVE (Terwilliger and Berendzen
1999). The initial phase was improved by maximum likeli-
hood solvent-flattening density modification using the program
RESOLVE (Terwilliger 2003), producing experimental electron
density maps of excellent quality. Automated model building was
performed with the program ARP/wARP (Perrakis et al. 1999).
The structure was refined with the program COOT (Emsley and
Cowtan 2004). The qualities of the final models were checked with
the program PROCHECK (Laskowski et al. 1993). Refinement
statistics and model parameters are given in Table 1. The program
PyMOL (http://www.pymol.sourceforge.net/) was used to prepare
structural figures.

Gel electrophoresis mobility shift assays

The 23S rRNA fragment (1827–1847) UGACGCCUGCCCGGU
GCCGGA was chemically synthesized by Beijing AuGCT Bio-
technology Co., Ltd. RNA samples (2 mM final concentration)
were annealed at 50°C for 10 min in the buffer (prepared by DEPC-
sterilized water) containing 50 mM NaCl, 50 mM Tris (pH 8.0),
2 mM MgCl2 and 1mM DTT, and then cooled at room temperature
for another 10 min to form hairpin structure. RlmG-RNA complexes
were prepared by adding RlmG (full-length, NTD, and CTD) at 0, 2,
6, 10, and 20 mM final concentration and incubated for 30 min at
room temperature. For each sample, free RNA and complexes
were separated on a 10% acrylamide native gel run for 1 h at 200 V
and 5 W at 4°C and visualized by Golden View (Biotium) staining.

Isothermal titration calorimetry

ITC was applied to quantitatively determine the binding affinity of
full-length, NTD, and CTD of RlmG to the RNA fragment above.
For the titration experiments, the protein was purified with the
same method as above and was dialyzed against the buffer con-
taining 50 mM Na-HEPES (pH 7.5), 0.15 M NaCl, 5% (v/v) glyc-
erol, 2 mM MgCl2, and 2 mM b-mercaptoethanol for 24 h. RNA
was dissolved in the same buffer as above. The ITC experiments
were carried out using a high-sensitivity iTC-200 microcalorim-
eter from Microcal (GE Healthcare) at 20°C using 100 mM of
RNA in the injector and 5–10 mM of the protein in the sample
cell. All samples were thoroughly degassed and then centrifuged to
remove precipitates. Injection volumes of 2 mL per injection were
used for the different experiments, and for every experiment, the
heat of dilution for each ligand was measured and subtracted from
the calorimetric titration experimental runs for the protein.
Consecutive injections were separated by 2 min to allow the peak
to return to the baseline. Integrated heat data obtained for the
ITCs were fitted in a single site model using a nonlinear least-
squares minimization algorithm to a theoretical titration curve,
using the MicroCal-Origin 7.0 software package.

Molecular modeling of RlmG-AdoMet-rRNA complex

The coordinates for the 21-nt hairpin rRNA were taken from the
structure of the wild-type E. coli 50S subunit (PDB entry 2AW4),
and the structure of RlmG-AdoMet was used as the receptor
molecule and calculated with AutoDock 3.0.5 (Morris et al. 1998).
Considering that some conformation changes of RlmG may take

place after being bound to substrate RNA,
the receptor was treated as a flexible mole-
cule (e.g., side chains of Phe208 and Asp214
are flexible regions), while the ligand (the
RNA backbone) was kept rigidly oriented
toward the cleft formed by the NTD and
CTD of RlmG. In order to refine the com-
plex model to satisfy a proposed catalytic
mechanism, the N2 atom of G1835 was re-
strained to 3.6 Å of the methyl group on
AdoMet. The grid size is 50 3 50 3 50 Å,
and the grid step is 3 Å. Subsequently, both
shape-only and shape-electrostatics correla-
tion algorithms were used with a search radius
of n = 30, and the top 10 docking solutions
were inspected visually in Coot (Emsley and
Cowtan 2004). Solutions from each round of
docking were subsequently ranked, according
to the proximity between the residues impli-
cated in RNA binding to the G1835 nucleoside
and affinity scores that describe clashes of the
ligand with the receptor molecule, and best-
scoring poses were regarded as the most likely
models. However, no reasonable solutions
were obtained when the 21-nt RNA was con-
strained in the vicinity of the activated methyl
group of AdoMet. Then, the truncations of
the RNA were tried and the best packed model
(estimated free energy of binding = +9.20 3

104 kcal/mol) was obtained by docking 10-nt

TABLE 1. Data collection and refinement statistics

Data collection Peak

Wavelength (Å) 0.9794
Space group P21

Unit-cell parameters a = 67.19 Å, b = 42.13 Å, c = 72.43 Å, b = 104.5°
Resolution (Å) 2.30 (2.34–2.30)a

Number of unique reflections 17,821 (914)
Completeness (%) 99.9 (100)
Redundancy 7.2 (7.0)
Mean I/õ (I) 39.71 (5.62)
Molecules in asymmetric unit 1
Rmerge (%) 6.0 (53.0)

Structure refinement
Resolution range (Å) 29.98–2.30
Rwork/Rfree (%) 20.3/25.2
Average B factor (Å2)
Main chain 27.09
Side chain 32.66
Ligand (SAM/PEG) 28.18/46.82
Waters 30.14

Ramachandran plot (%)
Most favored 97.5
Allowed 2.2
Disallowed 0.3 (P17)

RMSDs
Bond lengths (Å) 0.006
Bond angles (°) 0.978

aThe values in parentheses are those for the highest resolution shell.
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RNA (1831–1840) containing G1835, without any large confor-
mational changes of the protein.

DATA DEPOSITION

The atomic coordinates and structure factors have been deposited
in the Protein Data Bank (accession code 4DCM).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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