
Critical residues in the aminoglycoside-resistance 16S rRNA (m7G1405) methyltransferase RmtC play 
distinct roles in 30S substrate recognition 

 
Meisam Nosrati, Debayan Dey, Sarah E. Strassler, Natalia Zelinskaya and Graeme L. Conn* 

 
From the Department of Biochemistry, Emory University School of Medicine, Atlanta, GA 30322, USA; 
 
Running title:  30S substrate recognition by RmtC 
 
* To whom correspondence should be addressed: Graeme L. Conn:  Department of Biochemistry, Emory 
University School of Medicine, 1510 Clifton Road NE, Atlanta, GA, 30322. Email: gconn@emory.edu  
 
Keywords: antibiotic resistance, ribosomal RNA (rRNA), ribosome, RNA methylation, RNA 
methyltransferase. 
 
 

ABSTRACT 

Methylation of the small ribosome subunit 
rRNA in the ribosomal decoding center results 
in exceptionally high-level aminoglycoside 
resistance. Enzymes that methylate 16S rRNA 
on N7 of nucleotide G1405 (m7G1405) have been 
identified in both aminoglycoside-producing 
and clinically drug-resistance pathogenic 
bacteria. Using a fluorescence polarization 30S 
binding assay and a new crystal of the 
methyltransferase RmtC, we report a structure-
guided functional study of 30S substrate 
recognition by the aminoglycoside-resistance 
16S rRNA (m7G1405) methyltransferases. We 
find that the 30S binding site for these enzymes 
directly overlaps that of a second family of 
aminoglycoside-resistance 16S rRNA (m1A1408) 
methyltransferases, suggesting both groups of 
enzymes may exploit the same conserved rRNA 
tertiary surface for docking on the 30S. Within 
RmtC we define an amino-terminal domain 
surface, comprising basic residues from both the 
N1 and N2 subdomains, that directly contribute 
to 30S binding affinity. In contrast, additional 
residues lining a contiguous adjacent surface on 
the CTD are found to be critical for 16S rRNA 
modification but do not directly contribute to 
binding affinity. Thus, our studies define the 
critical features of m7G1405 methyltransferase-
substrate recognition and distinguish at least 
two distinct, functionally critical contributions 
of the tested enzyme residues: 30S binding 
affinity and stabilizing a binding-induced 16S 
rRNA conformation necessary for G1405 
modification. Our study sets the scene for future 

high-resolution structural studies of the 30S-
methyltransferase complex and potential 
exploitation of unique aspects of substrate 
recognition for future therapeutic purposes. 

Methylation of 16S rRNA has been identified as a 
prominent mechanism of self-protection in 
aminoglycoside-producing bacteria and is 
emerging as a new threat to the clinical efficacy of 
aminoglycoside antibiotics (1,2). Both the intrinsic 
methyltransferases of drug producers and acquired 
enzymes of human and animal pathogens 
chemically modify the aminoglycoside binding site 
in the decoding center of the bacterial 30S subunit 
to block drug binding and confer exceptionally 
high-level resistance. Regarding the acquired 
enzymes specifically, of most concern is that these 
resistance determinants have been identified on 
various mobile genetic elements, often in 
conjunction with other resistance enzymes (2-4). 
As such, the aminoglycoside-resistance 
methyltransferases can make the bacteria 
expressing them pan-resistant to entire subclasses 
of aminoglycosides (2,5), including even the most 
recent generation drugs like plazomicin (6,7). More 
broadly, given the extensive modification of 
bacterial rRNAs, especially in functionally critical 
regions like the decoding center, understanding 
rRNA methyltransferase-ribosome subunit 
interactions has relevance to both fundamental 
bacterial physiology as well as mechanisms of 
antimicrobial resistance.  

The aminoglycoside-resistance 16S rRNA 
methyltransferases are functionally divided into 
two subfamilies that modify the ribosome at either 
the N7 position of 16S rRNA nucleotide G1405 
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(m7G1405) or the N1 position of A1408 
(m1A1408). While enzymes from both subfamilies 
are found in aminoglycoside-producing bacteria, 
the m7G1405 methyltransferases (Fig. 1A) are far 
more clinically prevalent than their m1A1408 
methyltransferase counterparts (2,8). In contrast, to 
the single m1A1408 methyltransferase, NpmA, that 
was clinically isolated from E. coli strain ARS in 
Japan (9), the m7G1405 methyltransferases are 
globally disseminated and have been found in 
multiple different human pathogens (2).  

Both free and 30S-bound m1A1408 
methyltransferases, including NpmA, have been 
extensively characterized, revealing the molecular 
basis of their specific substrate recognition and 
modification mechanisms (10-15). These enzymes 
exploit a conserved 16S rRNA tertiary surface 
adjacent to helix 44 (h44) to dock on the 30S, 
explaining the requirement for intact 30S as their 
substrate. Two extended regions that connect the 
fifth/ sixth and sixth/ seventh b-strands of the 
methyltransferase core fold (b5/6 and b6/7 linkers, 
respectively) position key residues for recognition 
and stabilization of A1408 in a flipped 
conformation for methylation (10,13).  

Structures of the m7G1405 
methyltransferases RmtB (16), which has been 
identified in multiple Gram-negative pathogens, 
and Sgm (17), from the producer of sisomicin 
derivative G52, Micromonospora zionensis, have 
revealed a distinct methyltransferase architecture. 
Specifically, these enzymes possess a significantly 
larger N-terminal extension but no extended 
sequences within the methyltransferase core fold 
comparable to those in the m1A1408 
methyltransferases. A likely role for the unique N-
terminal domain and some functionally critical 
residues have been identified for 30S interaction by 
the m7G1405 methyltransferases (16,18,19). 
However, to date, no direct binding analysis to 
allow dissection of important residues in binding or 
stabilization of a catalytically competent state of the 
enzyme-substrate complex has been performed. As 
such, there is a critical gap in our understanding of 
m7G1405 methyltransferases 30S substrate 
recognition, despite the potential threat these 
enzymes pose for clinical aminoglycoside 
resistance.  

Here,  we have extended the use of a 30S 
binding assay previously developed in our lab for 
studies of NpmA (13) to the m7G1405 

methyltransferases. From these direct 30S binding 
measurements and a structure-guided mutagenesis 
strategy based on a new structure of a m7G1405 
methyltransferase family member (RmtC), we 
develop a new model for 30S substrate recognition 
m7G1405 methyltransferases. We identify a 
molecular surface in the N-terminal domain that is 
critical for 30S docking, while numerous residues 
on an adjacent surface of the CTD do not contribute 
to binding affinity but likely control critical 
conformational changes necessary for catalysis of 
rRNA modification.  
 
RESULTS 

m7G1405 methyltransferases bind 30S with 
similar affinity and at a site overlapping that of the 
m1A1408 methyltransferases—We previously 
developed a competition fluorescence polarization 
(FP) assay to measure the binding affinity of wild-
type and variant NpmA proteins to define this 
methyltransferase’s mechanism of 30S substrate 
recognition and m1A1408 modification (13). We 
speculated that the close proximity of nucleotides 
A1408 and G1405 in h44 (Fig. 1B) might also make 
this assay applicable to direct quantification of 
m7G1405 methyltransferase-30S interactions. In 
this assay, a fluorescein-labeled, single-Cys variant 
of NpmA (NpmA-E184C*) is pre-bound to 30S 
(high FP state) and a range of concentrations of 
unlabeled competitor protein added to displace the 
NpmA-E184C* probe (shown schematically in Fig. 
1C), allowing determination of the 
methyltransferase 30S-binding affinity (Ki). We 
first applied the assay to analysis of 30S-RmtC 
interaction and observed a RmtC-concentration 
dependent decrease in FP. The resulting data were 
fit obtain a Ki of 89.5 nM (Fig. 1C,E). This value is 
comparable to the 60 nM affinity previously 
measured for the m1A1408 methyltransferase 
NpmA (13). Binding measurements were also 
performed with RmtA, RmtB, RmtD and RmtD2, 
which together with RmtC, represent each of the 
three subclades in the m7G1405 methyltransferase 
phylogenetic tree (Fig. 1A). All binding affinities 
for these methyltransferases were comparable 
within a ~2.5-fold range from 48 to 118 nM (Fig. 
D,E). 

These results confirm our established assay 
using the NpmA-E184C* probe as suitable for 
direct binding measurements of m7G1405 
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methyltransferases to 30S and thus as a tool to 
provide a deeper analysis of their substrate 
recognition mechanism. These data also reveal that 
the binding site of the m7G1405 methyltransferases 
on the 30S subunit does indeed overlap with that of 
the m1A1408 methyltransferases, suggesting they 
may also exploit the same conserved rRNA tertiary 
surface for specific substrate recognition. We chose 
to use RmtC for further structural and functional 
studies of 30S-m7G1405 methyltransferase 
interaction for several reasons. Most importantly, 
there has been no such analysis of RmtC to date and 
this enzyme is both in the same subclade as ArmA 
and most distant from RmtB (Fig. 1A), two 
commonly observed pathogen-acquired m7G1405 
methyltransferases. The selection of RmtC thus 
offers the opportunity to identify conserved features 
of the 30S recognition mechanism across all 
m7G1405 methyltransferases. 
 
Structure of the RmtC-SAH complex—The X-ray 
crystal structure of RmtC bound to S-
adenosylhomocysteine (SAH), the methylation 
reaction by-product, was determined and refined at 
3.25 Å resolution (Table 1). RmtC adopts a fold 
consistent with those of other m7G1405 
methyltransferases RmtB and Sgm (16,17), as 
expected. Specifically, RmtC possesses a large 
amino-terminal domain (NTD) appended to its 
carboxy-terminal domain (CTD) methyltransferase 
fold (Fig 2A,B). The NTD is structurally divided 
into two subdomains, N1 and N2, each comprised 
of three ⍺-helices. N1 forms a globular three-helical 
bundle, while the three helices of N2 are extended 
across the N-terminal half of the CTD (Fig. 2A). 
The CTD adopts a canonical Class I 
methyltransferase fold with a seven-stranded b-
sheet core containing a central topological switch 
point that forms the SAM binding pocket (Fig. 2B).  

In the RmtC-SAH complex, the SAH is 
bound in a pocket lined by numerous conserved 
residues, with numerous hydrogen binding and 
hydrophobic interactions. Two highly conserved 
residues, Arg111 and Asp160, anchor the SAH 
carboxylate group and ribose hydroxyl groups, 
respectively (Fig. 2C), while Asp188 and Gln212 
position the base via hydrogen bonds to the adenine 
amino group and ring N7. The SAH ribose and 
adenine moieties are also surrounded by a 
collection of hydrophobic side chains on each side 
that define the shape of the binding pocket. Overall, 

the interactions made by RmtC with SAH in the 
SAM binding pocket are consistent with previous 
structures of RmtB and Sgm bound to cosubstrate 
(16,17). During the course of this work, a structure 
of apo RmtC (PDB ID: 6CN0) was also deposited 
by the Center for Structural Genomics of Infectious 
Diseases. Comparison of the RmtC-SAH complex 
with this structure reveals the interactions within 
the SAM binding pocket to be mostly maintained. 
However, some potential conformational flexibility 
is apparent in residues Tyr60 and Ser107. These 
residues line the opening to the SAM binding 
pocket and may assist in positioning G1405 close 
to the SAM methyl group for modification (17).  

Structural alignment of our RmtC structure 
with those of RmtB and Sgm confirms these 
proteins are structurally similar overall (average 
RMSDs of 2.62 and 3.05 Å, respectively). 
However, a substantial difference in the orientation 
of the N1 subdomain relative to the remainder of 
the protein is apparent in alignments made using 
only the CTD of each structure (Fig. 2D), reducing 
the average RMSDs to 1.59 and 1.50 Å, 
respectively. Additionally, at least two residues in 
all four copies of RmtC in the crystal are disordered 
in the sequence that links N1 and N2 (between 
positions 62 and 64). Together, these observations 
suggest the potential for flexibility in N1 
subdomain position relative to the remainder of the 
protein and the sequence between N1 and N2 may 
act as a hinge that allows movement of this 
subdomain (Fig. 2D). Given the essential role of the 
N1 domain in substrate binding (see below), such 
mobility between the N1 and N2 domains that may 
be an important aspect of specific 30S substrate 
recognition.   
 
Identification of potential 16S rRNA-binding 
residues in RmtC—Previous studies of Sgm, 
ArmA and RmtB identified the importance of the 
m7G1405 methyltransferase NTD in substrate 
recognition and have also suggested a specific role 
in 30S binding for some residues within both 
protein domains (16-19). The likely importance of 
conserved positive surface charges in the NTD are 
further supported by our structure of RmtC in which 
residues of the N1 and N2 subdomains form an 
extended, contiguous positively charged surface 
that could interact with 16S rRNA (Fig. 3A). 
Previous structure-guided mutagenesis of RmtB 
coupled with tobramycin minimum inhibitory 
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concentration (MIC) assays identified several 
residues potentially important for 30S binding (16), 
including highly conserved residues within a 
structurally disordered loop (corresponding to 
RmtC residues 237-246; Loop237-246). In the SAH-
bound structure of RmtC, like the previously 
determined structures of RmtB and Sgm (16,17), 
there is weak or no density visible for most Loop237-

246 residues, including the highly conserved Lys236 
and Arg241. The functional importance of these 
and other conserved residues in the absence of an 
obvious role in Rmt protein structure or SAM 
binding is suggestive of an important contribution 
to 30S substrate recognition. However, to date, no 
measurements of 30S binding have been made for 
any m7G1405 methyltransferase to directly test the 
roles of these important residues. 

To gain deeper insight into 30S recognition 
by RmtC and other m7G1405 methyltransferases, 
we therefore selected nine individual residues for 
site-directed mutagenesis, based on insights from 
both our RmtC structure and the previous studies of 
other enzymes (Table 2 and Fig. 3B). Four basic 
residues in the N1 and N2 domains were substituted 
with Glu to assess the contribution of the positive 
surface they collectively form (Fig. 3A). Lys236 in 
the CTD is conserved in all intrinsic and acquired 
enzymes, while the remaining residues tested, 
His54 in the N1 domain and Arg211, Arg241 and 
Met245, were previously identified in RmtB (16), 
except. Finally, since Arg241 and Met245 were 
previously tested only as part of a variant in which 
the Loop237-246 was replaced by four Ala residues 
(16), we prepared each individual residue 
substitution as well as the equivalent loop 
alteration. All variant RmtC proteins were 
expressed and could be purified as for wild-type 
RmtC. To further ensure residue substitutions did 
not substantially impact protein folding and 
stability, the unfolding inflection temperature (Ti) 
was measured for all purified proteins (Table 3). 
Almost all Ti values for both apparent unfolding 
transitions were < 2.5 ˚C different from wild-type 
RmtC, indicative of retained structural integrity. 
The only exception was for the RmtC-K20E/R50E 
double variant which exhibited slightly larger  DTi 
values (4.0 and 4.5 ˚C). As described in the 
following sections, each RmtC variant was assessed 
for 30S binding using the established FP assay and 
resistance (MIC) against kanamycin and 
gentamicin in bacteria expressing the enzymes 

(Table 3). 
 
Residues in N1 and N2 primarily contribute to 
RmtC-30S binding affinity—Single substitutions 
with Glu of each basic residue in either the N1 
(K20E and R50E) or N2 (R68E or K72E) domain 
reduces 30S binding affinity of the protein in FP 
assays (Fig. 4A,B and Table 3). The extent of the 
reduction in binding affinities range from ~5-fold 
for K72E to ~11-13-fold for R50E and R68E, while 
no binding was measurable for K20E. Consistent 
with these observations, double substitutions of 
each pair of residues in N1 or N2 also resulted in 
affinities below the detectable limit in the assay 
(Fig. 4A,B and Table 3), revealing the collective 
contributions of the two N2 residues (Arg68 and 
Lys72) to binding in addition to the N1 domain 
(Lys20 and Arg50). 

The RmtC proteins with N2 substitutions 
R68E, K72E or R68E/K72E were next tested for 
their ability to confer resistance to kanamycin or 
gentamicin. Intermediate MICs were determined 
for the single substitutions indicating a partial loss 
of conferred resistance, while resistance was 
completely abolished in the double variant (Table 
3). The activities of these RmtC variants in bacteria 
thus correlated well with the measured in vitro 
binding affinities. The effects of substitutions in the 
N1 domain were also largely consistent in their 
impact on binding and activity (MIC), though it is 
noteworthy that the R50E substitution completely 
restored susceptibility to both antibiotics despite 
only partially reducing the enzyme’s 30S affinity 
(Table 3). This distinction may reflect a more 
complex role for Arg50 involving both a 
contribution to 30S binding affinity and a 
functionally critical conformational change in 
enzyme or substrate. For example, Arg50 might 
promote or stabilize a movement of the N1 
subdomain relative to the CTD, as suggested by 
structural comparisons between RmtC and other 
enzymes (as noted above). 
 Finally, among the N1 subdomain variants, 
substitutions at His54 (to either Ala or Glu) produce 
the most striking results. For both variants, the 
enzyme is completely inactive, with MICs for both 
antibiotics at the same level as in the absence of 
enzyme, and yet neither substitution impacts 30S 
binding affinity (Fig. 4C and Table 3). Thus, while 
clearly critical for RmtC activity, H54 does not 
directly contribute to 30S binding, but instead must 
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play a distinct, critical role within the substrate 
recognition mechanism. This observation, along 
with the impacts of K20E and R50E, also further 
points to the primary importance of the N1 
subdomain in specific 30S recognition. 

 
Conserved CTD residues surrounding the SAM-
binding pocket are functionally critical but do not 
contribute to 30S binding affinity—The RmtC 
CTD contains several residues and a structurally 
disordered loop region (Loop237-246) that are 
potentially critical for 30S binding. These residues 
line the protein surface adjacent to His 54 of the N1 
domain and surrounding the opening to the SAM-
binding pocket (Table 2 and Fig. 3B). Consistent 
with prior analyses of RmtB (16), replacement of 
the RmtC loop with four Ala residues (Loop237-

246®A4) ablated the enzyme’s ability to confer 
resistance to kanamycin and gentamicin, with the 
same result also observed for the single substitution 
M245A within the loop (Table 3). Single 
substitutions to either Ala to Arg were also made 
for three basic residues: one within Loop237-246 
(Arg241), one immediately preceding the loop 
(Lys236) and a third more distant in primary 
sequence but on the adjacent protein surface 
(Arg211). Each substitution had the same impact on 
protein activity in all three cases. Substitution with 
Ala resulted in a partial reduction in resistance 
conferred by the RmtC variant to kanamycin and/ 
or gentamicin (intermediate MICs), while 
substitution with Glu fully ablated resistance for all 
three variant enzymes (Table 3). 
 These results confirm the functional 
importance of the four tested residues, which line a 
continuous surface with H54 and the other critical 
residues of the N1 domain (Fig. 3B). The relative 
effects of Ala and Glu substitutions for each of the 
three basic residues, R2111, K236 and R241, 
further suggest direct contact with the negative 
phosphate backbone of 16S rRNA given the greater 
defect with the charge reversal. Remarkably, 
however, none of the substitutions nor the loop 
swap (Loop237-246®A4) resulted in a measurable 
change in 30S binding affinity (Fig. 5 and Table 3). 
Thus, like the N1 residue His54, these residues do 
not directly contribute to 30S binding affinity, and 
instead must play a distinct but critical role in 
substrate recognition, such as promoting or 
stabilizing a conformationally altered state of the 
enzyme and/ or substrate necessary for catalysis of 

m7G1405 modification. 
 
DISCUSSION 

The bacterial ribosome is a major target for 
antibiotics such as aminoglycosides, which 
typically interfere with the fidelity of mRNA 
decoding (20,21). Although side effects have 
limited aminoglycoside use to treatment of serious 
infections, increasing resistance to other widely 
used antibiotics has led to a reevaluation of their use 
in clinical practice (21-23). Additionally, progress 
in mitochondrial ribosome structural biology 
(24,25) and semi-synthesis of novel 
aminoglycosides (26,27) can support future efforts 
to design new aminoglycosides with fewer side 
effects. As such, this important class of 
antimicrobials has the potential to be exceptionally 
useful in the treatment of serious hospital-based 
infections, especially those caused by Gram 
negative pathogens. Unfortunately, however, the 
clinical emergence over the last decade of 
aminoglycoside-resistance 16S rRNA (m7G1405) 
methyltransferases (ArmA or Rmt A-H) (2,5) pose 
a new threat to the efficacy of both current and new 
aminoglycosides, such as plazomicin (6,7). 
Detailed studies, such as those described here, of 
the resistance methyltransferases that incorporate 
these rRNA modification are thus needed to support 
development of strategies to counter the effects of 
these resistance determinants. 

Previous studies of m7G1405 
methyltransferases of pathogenic (RmtB) or 
aminoglycoside-producer (Sgm) bacterial origin, 
have begun to reveal some details of 30S substrate 
recognition by this enzyme family (16-19). 
However, prior studies have typically relied on 
enzyme activity (e.g. MIC) measurements to 
indirectly infer the importance of specific residues 
in 30S binding. Without direct analysis of specific 
contributions of key residues to 30S binding 
affinity or other distinct roles in the process of 
specific substrate recognition, our understanding of 
the mechanism of 30S recognition and modification 
by the m7G1405 methyltransferases remained 
incomplete. We therefore adapted a previously 
developed FP assay (13) and used it here to more 
fully define substrate recognition by the m7G1405 
methyltransferase enzymes. 

The applicability of our FP assay using a 
probe based on the m1A1408 methyltransferase 
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NpmA to the analysis of m7G1405 
methyltransferase-30S interaction clearly 
demonstrates that the 30S binding site of these two 
groups of enzymes must substantially overlap. Both 
the m1A1408 and m7G1405 methyltransferases 
require the intact 30S subunit as their minimal 
substrate and the molecular basis for this 
requirement was revealed for the former enzyme 
subfamily by the structure of the 30S-NpmA 
complex. NpmA interacts exclusively with 16S 
rRNA and docks onto a conserved rRNA tertiary 
surface comprising helices 24, 27 and 45, adjacent 
to the h44 target site (10). This surface is bound by 
a group of positively charged resides, Lys66, 
Lys67, Lys70 and Lys71, that line a single helical 
region on the β2/β3 linker of the core 
methyltransferase fold (13). Our results with RmtC 
suggest that the m7G1405 methyltransferases likely 
exploit the same conserved rRNA tertiary surface 
for specific substrate recognition and that this is 
likely accomplished via interactions made by 
residues of the N1 and N2 domains. Specifically, a 
group of basic residues, Lys20, Arg50, Arg68 and 
Lys72, form a single positively charged surface and 
each contributes directly to 30S binding affinity. 
Lys20 and Arg50 in the N1 subdomain are highly 
conserved in all m7G1405 methyltransferases 
further underscoring their importance in 30S 
binding. In contrast, Arg68 and Lys72 in the first a-
helix of the N2 domain are conserved only within 
the subclade comprising RmtC enzymes. However, 
in other m7G1405 methyltransferases, alternative 
basic residues positioned on the same surface of the 
protein may provide equivalent interactions with 
16S rRNA, such as Lys76/Lys85 of the second a-
helix of the N2 domain RmtB or Arg97/Arg106 of 
the second and third a-helices of the N2 domain 
Sgm. Thus, while some specific details may vary 
among different representatives of the m7G1405 
methyltransferase subfamily, the extended positive 
surface created by residues of the N1/N2 domain is 
likely a critical first step in enzyme-substrate 
interaction. 

Our results also reveal that multiple 
residues on the adjacent protein surface that 
surrounds the SAM-binding pocket, including 
His54 of the N1 subdomain and several others in 
the CTD, do not contribute to 30S binding affinity 
despite being critical for RmtC activity. These 
residues play no obvious direct role in RmtC 
protein structure and do not interact with SAM; in 

fact, despite their functional importance, Lys236, 
Arg241 and Met245 are in or adjacent to Loop237-

246 which is disordered in the free protein. These 
observations and our findings that alteration of 
these residues abrogates activity but has no effect 
on 30S binding affinity suggest that they must play 
a distinct but essential role in substrate recognition. 
In NpmA, a single residue, Arg207, exhibits similar 
properties. Despite making no contribution to 30S 
binding affinity, Arg207 is nonetheless critical as it 
directly stabilizes the rRNA backbone of the 
flipped A1408 nucleotide. Our results suggest 
similar roles for these conserved residues in RmtC. 
The three basic residues, Arg211, Lys236, Arg241, 
likely contact the 16S rRNA backbone to stabilize 
a binding induced change in its structure. These 
residues and His54 and Met245 may also directly 
contact the G1405 nucleotide to position it for 
catalysis of methyltransfer. Why multiple residues 
are required in this way is unclear, but it is 
noteworthy that G1405 is much less directly 
accessible at the top of h44 than A1408 and may 
require greater distortion of the native 16S rRNA 
structure to create a conformation compatible with 
methylation by the enzyme. The likely need for 
significant reorganization of 16S rRNA for G1405 
methylation was also suggested by previous 
attempts to dock  Sgm on the 30S subunit resulting 
in no models with the target base within 15 Å of the 
SAM methyl group (17). 

In summary, our model for m7G1405 
methyltransferase action on the 30S parallels that 
previously developed for the m1A1408 
methyltransferase NpmA: initial binding to 30S is 
mediated by multiple residues of the N1 and N2 
subdomains (analogous to the NpmA β2/β3 linker), 
and an extended surface adjacent to this docking 
point is necessary to promote and/ or stabilize a 
novel, binding-induced 16S rRNA conformation. In 
particular, we speculate that one or more of the 
functionally critical residues on this surface is 
likely essential for stabilizing G1405 in a flipped 
conformation for methylation, as commonly 
observed for other RNA modifying enzymes 
(10,28-30). A high-resolution structure of a 
30S:m7G1405 methyltransferase will be necessary 
to define these specific molecular details. However, 
our findings suggest that multiple aspects of 
m7G1405 methyltransferase-substrate binding and 
specific recognition will emerge that may present 
suitable molecular targets to interfere with the 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 30, 2019. ; https://doi.org/10.1101/712810doi: bioRxiv preprint 

https://doi.org/10.1101/712810
http://creativecommons.org/licenses/by-nc-nd/4.0/


  30S substrate recognition by RmtC 

 7 

action of these resistance determinant in pathogenic 
bacteria. 
 
EXPERIMENTAL PROCEDURES 
Sequence analysis—m7G1405 methyltransferases 
sequences were retrieved by BLAST search using 
RmtB (UniProt ID: Q76G15) as the query sequence. 
Sequence redundancy was removed using CD-HIT 
(31) with a cut off of 98% sequence identity and 
aligned using CLUSTAL omega. A neighbour 
joining phylogenetic tree was constructed using 
MEGA 6.0 (32) and the residue propensities were 
calculated using BioEdit (33). 

 
Protein expression and purification—Constructs 
for expression of RmtA, RmtB and RmtC from a 
modified pET44 plasmid (“pET44-HT”) were 
generated using synthetic E. coli codon-optimized 
genes (GenScript) as described previously (34). 
Equivalent expression constructs for RmtD and 
RmtD2 were previously reported (35). Variants of 
RmtC were prepared using the megaprimer whole-
plasmid PCR method (13,36) and confirmed by 
automated DNA sequencing. Expression of all 
wild-type methyltransferases and variant RmtC 
proteins from the modified pET44 vector produced 
proteins with an N-terminal 6xHis tag and thrombin 
protease recognition sequence. For all experiments 
other than structural studies, proteins were used 
directly as the presence of the N-terminal sequence 
did not affect methyltransferase activity. For 
crystallization of RmtC, a construct for expression 
of tag-free wild-type RmtC (pET44-RmtC) was 
also generated, essentially as described previously 
(34). 

Recombinant proteins were expressed and 
purified to near homogeneity using Ni2+-affinity 
and gel filtration chromatographies, as described 
previously (35). Purified proteins were 
concentrated to ~1 mg/ml, and flash frozen for 
storage at -80 °C before use. Tag-free wild-type 
RmtC was expressed similarly except that terrific 
broth was used as the bacterial growth medium. 
Purification was accomplished using heparin-
affinity chromatography in 20 mM HEPES buffer 
pH 7.6, containing 150 mM NaCl, 10% glycerol 6 
mM b-mercaptoethanol. After washing with eight 
column volumes of buffer, the protein was eluted 
using a 0.15-1 M NaCl gradient in the same buffer. 
Fractions containing RmtC were pooled, 
concentrated and the protein further purified by gel 

filtration chromatography on a Superdex 75 16/60 
gel filtration column preequilibrated with the same 
buffer but containing no glycerol. Tag-free wild-
type RmtC was stored as noted above or used 
directly for crystallization experiments (see below). 
 
Ti measurements—The thermal stability of wild-
type and variant RmtC proteins was assessed using 
a Tycho NT.6 instrument (NanoTemper) to ensure 
protein quality between different preparations of 
proteins and before/after freezing. In this assay, 
protein unfolding over a 35 to 95 °C temperature 
ramp is monitored via intrinsic fluorescence at 350 
and 330 nm and the “inflection temperature” (Ti) 
determined for each apparent unfolding transition 
from the change in the ratio of these fluorescence 
measurements. All RmtC proteins unfolded in two 
equivalent apparent transitions; Ti values reported 
in Table 3 are the average of two measurements 
and all replicates were the same within 0.5 ºC.  
 
FP assay (Ki determination)—Preparation of 30S 
ribosomal subunits from E. coli (MRE600), 
generation of the fluorescein-labeled NpmA probe 
(NpmA-E184C*) and measurement of 30S-Rmt 
binding were accomplished essentially as 
previously described (13). Briefly, FP 
measurements were made using a Biotek Synergy 
Neo2 instrument with each 100 μl binding reaction 
containing 30S (50 nM), NpmA-E184C* (50 nM) 
and Rmt protein (2 nM-10 µM) in 20 mM HEPES 
buffer, pH 7.0, containing 75 mM KCl, 5 mM 
Mg(OAc)2, 2 mM NH4Cl and 3 mM b-
mercaptoethanol. Solutions containing 30S and 
NpmA-E184C* were mixed first, incubated for 10 
minutes at room temperature, aliquoted into the 96 
well plate and FP measured to ensure uniform and 
stable FP signal prior to addition of the competing 
protein and final FP measurement. Data handling, 
curve fitting to determine Ki using the one-binding-
site competition binding equation and error 
calculations were performed in GraphPad Prism8. 
All binding measurements were made in at least 
three independent experiments for wild-type Rmt 
enzymes and at least two independent experiments 
for all RmtC variants, with each comprising 
technical triplicates or quadruplicates (technical 
replicates were averaged prior to plotting in 
GraphPad Prism). Control experiments with the 
established competitor NpmA (13) or wild-type 
RmtC were included in all experiments to measure 
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binding of the different Rmt enzymes and RmtC 
variants, respectively. 
 
Crystallization, X-ray data collection and 
structural refinement of the RmtC-SAH 
complex—Tag-free wild-type RmtC was 
concentrated to 12 mg/ml in the final purification 
buffer and mixed with a two-fold molar excess of 
SAH for 10 minutes at room temperature prior to 
screening for crystallization conditions on a Crystal 
Phoenix (Art Robbins Instruments). Initial crystals 
were obtained at 20 ˚C using a 1:1 mixture of 
protein solution and 0.1 M HEPES pH 7.0 buffer 
containing 2 M ammonium sulfate. An additive 
screen was used to further optimize crystal size and 
diffraction with the best diffracting crystal coming 
from a condition containing 3 mM mellitic acid. X-
ray data were collected remotely at the Southeast 
Regional Collaborative Access Team (SER-CAT) 
22-ID beamline at the Advanced Photon Source, 
Argonne National Laboratory. Data were processed 
and scaled in Mosflm (37) in space group P61. The 
structure was determined by molecular replacement 
in Phenix (38) using a structure of apo RmtC (PDB 
ID: 6CN0) that was deposited into the PDB during 
the course of this study. The ligand docking and 
model optimization was accomplished using 
multiple rounds of refinement and model 
adjustment in Phenix (38) and Coot (39), 
respectively. PDB-Redo (40) was also used to 

optimize the quality of the final model. Complete 
X-ray data collection and refinement statistics are 
provided in Table 1.   
 
Kanamycin and gentamicin MIC assays—Fresh 
lysogeny broth (5 ml) containing 100 µg/ml 
ampicillin was inoculated (1:100 dilution) with 
saturated overnight culture of E. coli BL21(DE3) 
harbouring pET-HT plasmid encoding wild-type or 
variant RmtC. Cells were grown to OD600 ~0.1 at 
37 ̊ C with vigorous shaking. Cells from 1 ml of this 
culture were collected by centrifugation, washed 
twice with phosphate buffered saline solution (0.5 
ml) and resuspended in cation-adjusted Mueller-
Hinton (CA-MHB) medium to an OD600 of 0.1 (5 x 
107 cfu/ml). Cells were further diluted 50-fold with 
CA-MHB and 100 µl used to inoculate (1 x 105 cfu/ 
well) an equal volume of CA-MHB media 
containing 10 μM IPTG and 4-2048 μg/ml 
antibiotic that was predispensed on a 96 well plate. 
For each RmtC protein, four to six individual 
colonies were tested from at least two independent 
transformations of bacterial cells with plasmid. 
Wells with no antibiotic or no cells served as 
controls in each replicate. Plates were incubated at 
37 °C with shaking and OD600 measurements taken 
after 24 hours. The MIC was defined as the lowest 
concentration of antibiotic that inhibited growth 
(OD600 of <0.05 above background).
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TABLES 
 
Table 1. X-ray data collection and structure 
refinement statistics 

 RmtC+SAH 

PDB ID 6PQB 
Space group P61 
Resolution (Å) 92-3.25 (3.45-3.25)a 
Cell dimensions  
 a, b, c (Å) 163.1, 163.1, 121.7 
 a, b, g  (˚) 90, 90, 120 
Molecules a.s.u. 4 
Wavelength, Å 0.987 
Rpim 0.101 (1.246) 
CC1/2 0.99 (0.24) 
I /sI 7.6 (1.6) 
Completeness (%) 100 (100) 
Redundancy 8.4 (8.2) 
Total reflections  243,094 
Unique reflections 29,099 
Rwork / Rfree

b 19.9/25.5 
Atoms 
 Protein 
 SAH 
 Water 

 
8566 
104 
12 

Average B-factor 95.3 
Ramachandran, % 
 Favored/ allowed 
 Disallowed 

 
99.41 
0.59 

R.m.s. deviations  
 Bond lengths (Å) 0.011 
 Bond angles (˚) 1.306 

aValues in parenthesis are for the highest resolution shell. 
bRwork = Shkl½ Fo (hkl) – Fc (hkl)½/ Shkl½ Fo (hkl), where Fo and Fc 
are observed and calculated structure factors, respectively. Rfree, 
applies to the 5% of reflections chosen at random to constitute the test 
set 
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Table 2. Conservation of putative residues for 30S binding. 

Residue 
(in RmtC) 

% Conservation (residue) 
Tested in Refs. All 

m7G1405a Intrinsic Acquired 

K20 88 (K/R) 100 (R) 91 (K) RmtC This work 
R50 100 (R/K) 100 (K) 100 (R/K) Sgm (17) 
H54 96 (H) 100 (H) 100 (H) RmtB (16) 
R68b nc nc nc RmtC This work 
K72b nc nc nc RmtC This work 
R211 40 (R)/40 (Q) nc 73 (R)/18 (Q) RmtB (16) 
K236 72 (R/K) 100 (K) 100 (R/K) RmtC This work 
R241 96 (R/K) 100 (R) 100 (R/K) Sgm, RmtB (16-18)c 
M245 96 (M) 100 (M) 100 (M) RmtB (16)c 
aIncluding sequences from aminoglycoside-producing bacteria (Intrinsic), pathogen-acquired enzymes 
(Acquired) and uncharacterized homologs in the chloroflexi. 
bResidues are conserved only in within the RmtC subclade (7 of 8 sequences). “nc” indicates not conserved 
within the larger groups of sequences indicated. 
cResidues previously only tested indirectly as part of a loop deletion variant (residues 237-246). 
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Table 3. RmtC variant activity and stability.  

RmtC 
Antibiotic MIC (µg/ml) 30S binding, 

Ki (nM)a 
Unfolding Ti (°C)b 

Kanamycin Gentamicin 1st 2nd 
Wild-type > 1024 1024 89.5 [72, 112] 51.3 (-) 58.0 (-) 

K20E < 2 < 2 NB 52.4 (1.1) 59.1 (1.1) 
R50E < 2 < 2 977 [651, 1497] 49.5 (1.8) 57.1 (0.9) 

K20E/R50E < 2 < 2 NB 46.8 (4.5) 54.0 (4.0) 
H54A < 2 < 2 75 [28, 203] 51.4 (0.1) 58.5 (0.5) 
H54E < 2 < 2 90 [47, 169] 53.5 (2.2) 60.3 (2.3) 
R68E 256-512 <2 1163 [545, 2969] 53.3 (2.0) 60.4 (2.4) 
K72E 256-1024 64-256 469 [225, 1005] 53.0 (1.7) 60.2 (2.2) 

R68E/K72E < 2 < 2 NB 52.2 (0.9) 59.5 (1.5) 
R211A 1024 128 75 [28, 196] 52.0 (0.7) 59.0 (1.0) 
R211E 4 < 2 62 [21, 188] 52.8 (1.5) 59.6 (1.6) 
K236A > 1024 256-512 54 [47, 156] 50.4 (0.9) 57.5 (0.5) 
K236E 8 < 2 85 [40, 146] 49.8 (1.5) 56.9 (1.1) 
R241A 1024 128 104 [79, 137] 51.3 (0.0) 58.3 (0.3) 
R241E 8 < 2 99 [39, 252] 49.7 (1.6) 56.8 (1.2) 
M245A < 2 < 2 55 [31, 99] 51.1 (0.2) 58.0 (0.0) 

Loop237-246-A4 < 2 < 2 63 [35, 114] 50.9 (0.4) 58.1 (0.1) 
aValues in parenthesis are 95% CI for the fit Ki. NB indicates “no binding”.  
bValues in parenthesis are the absolute difference in Ti compared to wild-type RmtC. 
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FIGURE LEGENDS 
 

 
 

 
 
Figure 1. The m7G1405 methyltransferase family and binding site on 30S subunit. A. Phylogenetic 
tree of m7G1405 methyltransferase enzymes including acquired genes in gammaproteobacterial and Gram-
negative pathogenic bacteria, aminoglycoside producing bacteria and uncharacterized homologs belonging 
to the chloroflexi. Pathogen-associated genes (color-coded regions) are further divided into three subclades 
represented in this work by RmtA/ RmtB, RmtD/ RmtD2 and RmtC. B. Structure of the bacterial 30S 
subunit bound to NpmA (purple) (PDB ID: 4OX9) showing the proximity of nucleotides G1405 (red) and 
A1408 (orange) at the top of h44 (yellow) in the ribosome decoding center. C. Schematic of the competition 
FP assay for 30S-methyltransferase binding using the NpmA-E184C* probe (purple) and application to 
RmtC binding (red). At low competitor concentration (left of plot) high FP signal arises due to NpmA-
E184C* interaction with 30S; displacement of the probe by RmtC results in lower FP signal from the free 
probe (right of plot). D, E. Competition FP binding experiments with NpmA-E184C* and five different 
unlabeled wild-type Rmt enzymes. The RmtC curve in panel D (red dotted line) is the same as in panel C 
and is shown for comparison. Binding affinities (Ki) and associated 95% confidence interval were obtained 
from fits to the data shown in panels C and D; Error bars represent SD of the measurements. 
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Figure 2. Structure of the RmtC-SAH complex. A. Crystal structure of the RmtC-SAH highlighting (red) 
the extended N-terminal domain characteristic of the aminoglycoside-resistance 16S rRNA (m7G1405) 
methyltransferases. The N-terminal domain is divided into two subdomains, N1 and N2. The locations of 
the bound SAH (yellow sticks) and a partially disordered loop (Loop237-246) adjacent to the opening to the 
SAM-binding pocket, are also indicated. B. The same view of the RmtC structure as panel A (right) but 
highlighting the seven b-strand core (red) of the C-terminal methyltransferase fold (with N1 and N2 shown 
as semi-transparent cartoon). C. Two orthogonal detailed views of the interactions made with SAH in the 
SAM-binding pocket. D. Alignment of RmtC (red) with the structures of RmtB (PDB ID: 3FRH; orange) 
and Sgm (PDB ID: 3LCV; blue), shown in two orthogonal views, top, reveal potential flexibility in the 
position of the N1 domain relative to the N2/CTD domains via a hinge region between N1 and N2 (zoomed 
view). 
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Figure 3. Selection of mutants defining the 30S interaction surface.  A. The electrostatic surface 
potential of the RmtC structure reveals the N1 and N2 domains to be rich in positively charged residues 
(blue). B. Locations of positively charged residues in the N1 and N2 domain and other conserved or putative 
functionally critical residues for 30S interaction. All residues shown as sticks with semi-transparent spheres, 
as well as R241 located in the partially disordered Loop237-246) were substituted to test their role in 30S 
recognition (see main text and Tables 2 and 3 for details).  
 
 
 
 
 

 
 
Figure 4. Functionally critical residues in the NTD contribute primarily to 30S binding affinity. 
Competition FP binding experiments with unlabeled RmtC proteins with single or double substitutions of 
basic (Arg/ Lys) residues with Glu in the A. N1 subdomain (K20E and R50E) or B. N2 subdomain (R68E 
and K72E). C.  Competition FP binding experiment with RmtC-H54E. In all panels, the wild-type RmtC 
fit shown for comparison (dotted black line) is the same as that shown in Fig 1C,D. Error bars represent the 
SEM. Binding affinity (Ki) for each variant protein derived from these data are shown in Table 3. 
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Figure 5. Functionally critical CTD residues do not contribute to 30S binding affinity. Competition 
FP binding experiments with unlabeled RmtC CTD variant proteins. A. Analysis of RmtC with Loop237-246 
®A4 (red) or M245A single substitution with the loop. B. Analysis of RmtC proteins with single 
substitutions of basic (Arg/ Lys) residues with Glu within the CTD. In both panels, the wild-type RmtC fit 
shown for comparison (dotted black line) is the same as that shown in Fig 1C,D. Error bars represent the 
SEM. Binding affinity (Ki) for each variant protein derived from these data are shown in Table 3. 
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