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Abstract 

 

RNA and Protein Features Controlling Bacterial Translational Fidelity 

By Jacob Mattingly 

 

 Translation is the essential process by which all cells use information encoded in messenger 
RNA (mRNA) to direct the synthesis of proteins. To perform translation, cells use large complexes 
of RNA and protein known as ribosomes, which coordinate with transfer RNAs (tRNAs) and 
proteins known as translation factors to extend growing polypeptides through sequential addition 
of amino acids. The translational machinery has evolved mechanisms to protect the accuracy 
(fidelity) of protein synthesis, and studying these mechanisms can give us a clearer understanding 
of the processes underlying protein synthesis and assist in development of translation-targeting 
antibiotic drugs. To begin translation, ribosomes select a dedicated tRNA used only for initiation 
(called tRNAfMet in bacteria) and begin synthesizing proteins at a specific mRNA sequence 
(typically AUG, but sometimes GUG or UUG in bacteria). During initiation, tRNAfMet is recognized 
against all other cellular tRNAs through features including a series of three consecutive G-C base 
pairs in its anticodon stem, which interact with the ribosomal RNA (rRNA). Altering the sequence 
of the middle G-C base pair to C-G (yielding a mutant variant known as tRNAfMet M1) weakens 
interactions with the ribosome and appears to reduce the fidelity of initiation. The initiation factor 
IF2 restores normal initiation behavior to tRNAfMet M1, suggesting a previously unknown quality 
control role for IF2. Structural studies of initiation using tRNAfMet M1 demonstrate that IF2 
strengthens the interaction of the tRNA with 16S rRNA nucleotide G1338, which may explain its 
ability to restore normal initiation in vitro. After initiation, ribosomes enter the elongation step of 
translation, where the growing protein is extended. Errors in elongation can be induced by 
aminoglycoside antibiotics, a critical class of ribosome-targeting antibiotics which are used in the 
treatment of severe or chronic infections that often respond poorly to other antibiotic classes. 
Aminoglycoside resistance via modification of their rRNA target threatens the efficacy of this class 
of drugs, although some aminoglycosides evade this mode of resistance better than others. 
Structural and simulation studies of the interaction of aminoglycosides with aminoglycoside-
resistant ribosomes suggest several drug design principles that may be used to overcome 
resistance and preserve aminoglycoside efficacy. 
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Chapter 1: Introduction - Overview of Translation and Translational Fidelity 

 Proteins are biopolymers composed of amino acids that serve as critical structural and 

functional components of all living cells. Cells use information encoded in genetic material to direct 

the synthesis of new protein molecules through sequential addition of amino acids to a growing 

polypeptide chain1. Because of the importance of proteins in all aspects of cellular function, the 

maintenance of protein synthesis accuracy (fidelity) is an issue of great scientific interest. Better 

understanding how cells maintain the accuracy of protein synthesis can reveal unknown functions 

of the machinery cells use to synthesize new proteins and can better inform the design of 

antibiotics targeting protein synthesis in bacterial pathogens. 

 

1.1: Architecture and function of translational machinery 

 Translation is the essential, conserved process by which cells in all domains of life decode 

messenger RNA (mRNA) information to direct proteins synthesis. It is carried out by ribosomes, 

megadalton-scale ribonucleoprotein machines consisting of two subunits designated by their 

sedimentation coefficients: a large subunit (50S in bacteria and archaea and 60S in eukaryotes) 

and a small subunit (30S in bacteria and archaea and 40S in eukaryotes), which join during the 

initiation step of translation to form complete ribosomes (70S in bacteria and archaea and 80S in 

eukaryotes) (Fig. 1A)1. Ribosomes feature two conserved functional centers composed entirely 

of RNA, with accessory proteins aiding in ribosome biogenesis and function1, 2. 

 Ribosomes use adaptor molecules called transfer RNAs (tRNAs) to assemble new 

polypeptides. tRNAs carry amino acids at their 3’ ends (acceptor ends) and decode mRNA 

information during translation to direct selection of the appropriate amino acids3. Information in  

mRNA is encoded in three-nucleotide units called codons, which base pair with a corresponding 

three-nucleotide tRNA anticodon during translation4. Ribosomes contain three tRNA binding sites 
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which interact with tRNAs throughout the translation cycle. The aminoacyl site (A site) binds new 

aminoacyl-tRNAs (aa-tRNAs), which are delivered by a dedicated elongation factor and add 

corresponding amino acids to the growing peptide chain1, 5. The peptidyl site (P site) holds the 

peptidyl-tRNA, which carries the growing peptide chain prior to its release during translation 

termination1, 5. Finally, ribosomes contain an exit site (E site), which binds deacylated tRNAs as 

they leave the ribosome after their peptidyl chains have been transferred to new tRNAs (Fig. 1B)1, 

5, 6. During the translation cycle, individual tRNAs enter the ribosome at the A site and are 

translocated through the ribosome by a dedicated elongation factor during each cycle of 

elongation of the nascent peptide until reaching the E site1. 

Ribosomes possess two evolutionarily conserved functional centers composed entirely of 

ribosomal RNA (rRNA) which are crucial for their function of directing protein synthesis. The 

peptidyl transferase center is housed on the large ribosomal subunit, resides near the acceptor 

ends of the A- and P-site tRNAs, and catalyzes the transpeptidation reaction between peptidyl-

tRNA molecules residing in the P site and aminoacyl-tRNA molecules residing in the ribosomal A 

site. These reactions yield deacylated P-site tRNAs and A-site peptidyl-tRNAs which have 

extended the growing peptide by one amino acid7. These tRNAs are moved through the ribosome 

(into the E and P sites, respectively) during the translocation step of the translation cycle to permit 

delivery of new tRNAs to the ribosome and further elongation of the nascent polypeptide1, 8. 

Disruption of the peptidyl transferase center arrests protein synthesis, which can stall cell growth 

or result in cell death9-13. The second conserved functional center of ribosomes, the decoding 

center, resides on the small subunit and uses 16S rRNA nucleotides which inspect the base 

pairing between the mRNA and newly delivered aa-tRNAs to direct the selection of the 

appropriate aa-tRNA during each cycle of elongation4, 14-17. Because of its function in determining 

accurate tRNA selection, disruption of the decoding center can produce errors in protein 

sequence, which can lead to cell death through the accumulation of nonfunctional or toxic mis-
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translated protein products18-20. Both the peptidyl transfer and decoding functions of the ribosome 

are common targets of translation-disrupting antibiotics, which bind near the ribosome’s functional 

centers and alter their local rRNA conformations13. 

 

1.2: Steps of the bacterial translation cycle 

 To produce proteins from an mRNA message, ribosomes must execute a series of steps 

coordinated by mRNA features and translation factors. The translation factors help to regulate the 

speed and fidelity of the steps of the translation cycle, with several using GTP as an energy source 

to drive these processes forward8, 21. The translation cycle begins with initiation, beginning with 

the association of mRNA, initiation factors, and a dedicated initiator tRNA on the bacterial 30S 

ribosomal subunit and culminating with the recruitment of the 50S subunit and formation of the 

mature 70S initiation complex22. During initiation, the bacterial small ribosomal subunit base pairs 

with a purine-rich region of the mRNA upstream of the start codon, termed the Shine-Dalgarno 

(SD) sequence, using its complementary anti-Shine-Dalgarno sequence at the 3’ end of its 16S 

rRNA23. The SD sequence precedes an mRNA spacer which positions the mRNA start codon 

(typically AUG, with GUG and UUG serving as less common canonical start codons in bacteria) 

in the P site of the 30S subunit23. Concurrently, and without a required order of assembly, the 30S 

subunit associates with the initiation factors IF1, IF2 (a GTPase), and IF3 and a dedicated initiator 

tRNA, tRNAfMet, which carries an N-formyl methionine moiety at its acceptor end, to form the 30S 

initiation complex (30S IC). The initiation factors aid in tRNA and start codon selection, with IF3 

assisting in the rejection of non-start mRNA codons and elongator tRNAs and IF2 helping to select 

initiator tRNAfMet through direct inspection of the N-formyl methionine moiety24-26. A series of three 

G-C base pairs in the anticodon stem loop of tRNAfMet also assist in its selection by the 30S 

subunit during initiation through the formation of interactions between the 16S rRNA and the tRNA 

minor groove (referred to as A-minor interactions)27-31. Following association of the mRNA, initiator 
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tRNA, and initiation factors on the small ribosomal subunit, IF1 and IF3 dissociate and the large 

ribosomal subunit is recruited by IF2, which is ejected from the assembled 70S initiation complex 

(70S IC) following GTP hydrolysis (Fig. 2A)25, 32. Initiation is typically the rate-limiting step of 

translation in bacteria and determines how efficiently a given mRNA is translated21. For this 

reason, both its speed and fidelity are crucial for translation, with inefficient initiation leading to 

low levels of protein expression and dysregulation of start codon or initiator tRNA selection 

potentially leading to spurious initiation at non-start mRNA codons. 

 Following assembly of the 70S IC and dissociation of initiation factors, the translating 

ribosome complex becomes competent for elongation, during which the nascent polypeptide is 

extended through the sequential addition of amino acids. The GTPase elongation factor EF-Tu 

delivers new aa-tRNAs to the ribosomal A site (in the form of EF-Tu∙aa-tRNA∙GTP ternary 

complex), where 16S rRNA nucleotides A1492 and A1493 (E. coli numbering) of the decoding 

center inspect the tRNA-mRNA pairing, with cognate tRNAs (i.e., tRNAs with anticodon 

sequences complementary to the mRNA codon) being selected for amino acid incorporation into 

the nascent polypeptide15, 33. The decoding center is crucial for accurate selection of tRNAs during 

elongation, with disruption of its function leading to selection of incorrect tRNAs and production 

of inaccurately synthesized proteins13, 18-20. Cognate pairings with the mRNA codon permit full 

accommodation of aa-tRNAs onto the ribosome, which is followed by peptidyl transfer from the 

P-site tRNA to the new A-site aa-tRNA, yielding a nascent polypeptide which is one amino acid 

longer than before peptidyl transfer15, 34. Following peptidyl transfer, the tRNAs undergo a change 

in position on the 50S subunit, with the acceptor end of the A-site peptidyl-tRNA moving toward 

the P site and the acceptor end of the deacylated P-site tRNA moving toward the E site35, 36. These 

shifts in tRNA position are coupled with a ratcheting movement in the 30S subunit, after which 

the GTPase elongation factor EF-G binds the ribosome to translocate the tRNA anticodon stems 

and their associated base paired mRNA codons into the adjacent tRNA binding site37, 38. Following 
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translocation, EF-G dissociates, yielding a ribosome complex competent for receiving another aa-

tRNA in the A site to begin another cycle of elongation (Fig. 2B)39, 40. 

 Ribosomes continue translating mRNA into protein until reaching mRNA codons which 

signal the ribosome to terminate translation. These stop codons (with sequence UAG, UGA, or 

UAA) are not natively decoded by tRNAs and are instead decoded by the release factors RF1 

(which recognizes UAG and UAA codons) and RF2 (which recognizes UGA and UAA codons)41. 

Upon recognition of a stop codon presented at the ribosomal A site, release factors use their 

characteristic GGQ amino acid motifs to deliver an ordered water molecule to the peptidyl 

transferase center, which is used to hydrolyze the peptidyl-tRNA linkage of the P-site tRNA, 

releasing the completed protein (Fig. 2C)41, 42. Following peptide release, ribosomes are split into 

their component subunits in a process involving ribosome recycling factor (RRF) and EF-G, where 

they can subsequently participate in initiation of new translation (Fig. 2D)43. 

 

1.3: Maintenance and disruption of translational fidelity 

 Both the initiation and elongation stages of the translation cycle require the coordination 

of rRNA and tRNA features along with translation factors to prevent errors and maintain the 

accuracy of protein synthesis (Fig. 3A-B). Proper selection of translation start sites, start codons, 

and initiator tRNAs is essential for production of proteins, with start codon sequence and 

mutations weakening the interaction between the 16S rRNA and tRNAfMet anticodon stem 

affecting the efficiency of initiation27, 29, 31, 44. In bacteria, AUG is typically used as the start codon, 

with GUG and UUG serving as less common canonical start codons31, 44. The initiation factor IF3 

aids in the rejection of incorrect start codons to maintain the fidelity of initiation22, 45, 46; however, it 

is still unclear why CUG codons are used only rarely for translation initiation given that AUG, 

GUG, and UUG are each used for canonical translation initiation in bacteria. Additionally, 
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interactions between the initiator tRNA and the ribosome are crucial for accurate and efficient 

initiation. 16S rRNA nucleotides A1339 and G1338 (E. coli numbering for rRNA nucleotides is 

used for thoughout this chapter) form tandem type I and type II A-minor interactions, respectively, 

with a series of three consecutive G-C base pairs in the tRNAfMet anticodon stem30. Mutation of 

the middle G-C base pair to C-G (yielding a tRNAfMet variant referred to as “tRNAfMet M1”) or 

mutations in other components of the anticodon stem decrease the efficiency of initiation, 

presumably through the disruption of interactions between the initiator tRNA and the ribosome31. 

Likewise, mutations of A1339, which weaken A-minor interactions between the ribosome and 

tRNA anticodon stem at this position, yield ribosomes with decreased translational activity (Fig. 

3C)28, 29. Conversely, the 16S rRNA G1338A mutation, which leads to the formation of stronger 

type II A-minor interactions between the rRNA and tRNAfMet during initiation, yields ribosomes with 

higher translational activity than wild type but results in spurious initiation at non-start codons (Fig. 

3D)27. This suggests that initiation may be tuned for an intermediate mix of efficiency and 

accuracy, requiring strong but not excessively tight interactions between tRNAfMet and the rRNA 

for rapid and high-fidelity initiation, with tighter interactions reducing accuracy and looser 

interactions reducing efficiency. 

 Following initiation, the ribosome must also maintain fidelity during the elongation cycle of 

translation through accurate selection of tRNAs. During tRNA selection, the 16S rRNA directly 

inspects the base pairing of the mRNA and tRNA in the A-site through the formation of A-minor 

interactions between nucleotides A1492/A1493 and the codon-anticodon helix15, 33. These 

nucleotides are components of 16S rRNA helix 44 (h44) and are typically oriented toward the 

interior of h44 at the decoding center of the ribosome. Cognate mRNA-tRNA pairings stabilize a 

conformation of A1492 and A1493 where they flip out of h44 to interact with the codon-anticodon 

helix minor groove, which serves as a signal permitting full accommodation of the tRNA into the 

ribosomal A site and subsequent incorporation of a new amino acid into the nascent polypeptide 
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15, 34. Miscoding errors, where the ribosome fails to reject a non-cognate tRNA during tRNA 

selection, can therefore result from stabilization of the flipped-out conformation of the decoding 

center nucleotides in the presence of a non-cognate mRNA-tRNA pairing13, 18-20, 47. Stabilization 

of this state is the primary function of aminoglycosides, natural product aminosugar antibiotics 

which bind h44 of the 16S rRNA and displace nucleotides A1492 and A1493, forcing them to 

occupy a flipped-out conformation and increasing the miscoding rate of the bacterial ribosome 

(Fig. 4)13, 18-20, 47. 

 

1.4: Aminoglycoside antibiotics disrupt bacterial translational fidelity 

As potent disruptors of bacterial translation fidelity, aminoglycosides serve a crucial 

medical function as antibiotics of last resort, where they are used to treat complicated or chronic 

Gram-negative infections or infections which are resistant to treatment with other antibiotic 

classes48, 49. The presence of aminoglycosides in the environment via their production by certain 

bacterial species (e.g., Streptomyces and Micromonospora spp.) and their use in both human and 

animal medical treatment presents selective pressures which encourage the development of 

resistance systems that protect the fidelity of bacterial translation50-54. These mechanisms include 

changes in cell membrane permeability to prevent aminoglycoside uptake, drug efflux using 

membrane spanning pumps, drug modification using aminoglycoside modifying enzymes, and 

target modification in the form of rRNA methylation (Fig. 5)55, 56. Aminoglycoside resistance rRNA 

methylations occur on the nucleobases of either G1405 or A1408 of 16S rRNA h44, each of which 

interacts with 4,6-deoxystreptamine (4,6-DOS) aminoglycosides, a common class of 

aminoglycosides containing the drugs kanamycin, gentamicin, and their derivatives57, 58. G1405 

methylation is conferred by ArmA/Rmt family methyltransferases (RmtA through RmtH) and is 

sufficient to cause pan-resistance to 4,6-DOS aminoglycosides59-62. Conversely, 4,6-DOS 

aminoglycosides display a range of susceptibility to resistance via A1408 methylation (conferred 
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by the 16S rRNA methyltransferases NpmA and NpmB), with some aminoglycosides displaying 

only a small increase in minimum inhibitory concentration (MIC) in E. coli when A1408 is 

methylated while others have their activity nearly totally abolished63, 64. Given increasing 

prevalence of A1408 methylation-mediated aminoglycoside resistance in clinical bacterial 

isolates, understanding the features determining the susceptibility of 4,6-DOS aminoglycoside 

drugs to A1408 methylation mediated resistance will prove valuable for the rational improvement 

of aminoglycoside drugs.  

 

1.5: Goals of this work 

While prior studies have established the importance of RNA-RNA interactions between 

tRNAfMet and the 16S rRNA for proper selection of the initiator tRNA and that bacterial IF2 appears 

to rescue the efficiency and fidelity of initiation on non-canonical CUG start codons when these 

interactions are disrupted, the mechanism by which IF2 performs its quality control function 

remains unclear. Additionally, given that AUG, GUG, and UUG codons are used as canonical 

start codons for translation initiation in bacteria, it is unclear why bacteria have evolved to select 

CUG as a start codon extremely rarely. The study presented in Chapter 2 attempts provides on 

these outstanding questions by using high-resolution single-particle electron cryomicroscopy 

(cryo-EM) to determine the molecular structures of E. coli 70S ribosomes initiating translation 

using tRNAfMet M1 on AUG, GUG, UUG, and CUG start codons. Structures of 70S ICs assembled 

without initiation factors and containing each of the four NUG start codons (where N corresponds 

to any RNA nucleotide) allow the detection of any start codon-specific differences in interactions 

among tRNAfMet, the 16S rRNA, and the mRNA start codon which would give rise to the previously 

observed apparent loss of fidelity during initiation with tRNAfMet M1 and a CUG start codon. Finally, 

a fifth cryo-EM structure of an enzymatically assembled 70S IC containing tRNAfMet M1, a CUG 

start codon, and IF2 permits determination of IF2-dependent structural changes in the IC which 
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give rise to its ability to maintain fidelity during initiation. These structures reveal that the 

interactions of tRNAfMet M1 with the 16S rRNA are weakened due to the tRNA’s altered anticodon 

stem sequence, explaining its reduced ability to initiate translation compared to wild type tRNAfMet. 

Additionally, no large-scale differences in the interaction of tRNAfMet M1 with the 16S rRNA were 

observed among complexes assembled with the four NUG start codons, suggesting that the 

tRNA-rRNA and tRNA-mRNA interactions do not engage in direct crosstalk with one another and 

that the efficiency of initiation is instead regulated by the strength of both sets of interactions 

independently. CUG codons interact the most weakly with the tRNAfMet anticodon among the four 

NUG start codons, potentially explaining why bacteria have evolved to use it for initiation only very 

rarely. Finally, the interaction of IF2 with tRNAfMet M1 during initiation positions the tRNA in a 

unique initiation orientation (called the P/I orientation) which allows 16S nucleotide G1338 to 

position itself more deeply in the tRNA minor groove when IF2 is bound compared to when it is 

absent. This strengthens the interaction of the tRNA with the ribosome and can explain the quality 

control function of IF2 during initiation. 

Translation-targeting antibiotics are a critical element of modern medical practice, with 

aminoglycoside antibiotics serving as essential drugs of last resort for the treatment of severe and 

chronic bacterial infections. Aminoglycoside resistance through 16S rRNA modification presents 

a particularly pressing threat to this class of antibiotics, as it can confer resistance to a wide 

spectrum of aminoglycoside drugs. While N7-methylation of 16S nucleotide G1405 yields pan-

resistance to the 4,6-DOS subclass of aminoglycosides (including the kanamycin, gentamicin, 

and sisomicin drug scaffolds), N1-methylation of 16S nucleotide A1408, an increasingly prevalent 

mode of resistance, yields a spectrum of resistance to 4,6-DOS aminoglycosides. If the chemical 

features which allow some 4,6-DOS aminoglycosides to effectively evade resistance conferred 

by m1A1408 could be determined, these principles could be used to rationally improve 
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aminoglycoside design and preserve their efficacy as resistant infections become increasingly 

common; however, past studies have not systematically determined these chemical features.  

The work presented in Chapter 3 of this dissertation uses a combined cryo-EM and 

molecular dynamics (MD) approach to systematically characterize drug features which improve 

aminoglycoside binding to bacterial ribosomes in the presence of the m1A1408 resistance 

modification. First, drug features which improve the flexibility of 4,6-DOS aminoglycoside Ring I, 

which interacts with A1408 in unmethylated ribosomes, improve aminoglycoside binding in the 

presence of m1A1408 as long as these features do not also abolish crucial interactions with the 

rRNA. Second, aminoglycosides possessing uncharged or bulky chemical groups at or near the 

6’ position of Ring I (e.g., -OH, secondary amines, or additional aliphatic groups at the adjacent 

7’ position) tend to accommodate m1A1408 better than drugs with 6’-NH3
+ groups, which appear 

to be especially susceptible to electrostatic repulsion from the positively charged m1A1408 base. 

Finally, the addition of chemical groups to Ring II of 4,6-DOS aminoglycosides can enhance 

binding in the presence of m1A1408 by anchoring drugs to h44. 

Together, the studies presented in Chapters 2 and 3 of this dissertation contribute to the 

field’s understanding of translational fidelity during initiation and elongation by further detailing the 

means by which disruption of crucial RNA-RNA interactions negatively affects the efficiency and 

accuracy of translation. Prior to the study presented in Chapter 2, no published bacterial ribosome 

structures existed in the literature showing how altering the sequence of the tRNAfMet anticodon 

stem (as in tRNAfMet M1) leads to decreases in the efficiency and (apparent) accuracy of initiation. 

These structures show how swapping the sequence of the tRNA 30-40 base pair weakens 

interactions with the ribosome, which is consistent with prior biochemical studies of tRNAfMet M1 

and of 16S rRNA variants with substitutions at positions G1338 and A1339. Additionally, the 

structure of an IF2-bound 70S IC initiating translation on a CUG codon reveals that IF2 positions 

16S rRNA nucleotide G1338 more deeply within the tRNA minor groove, strengthening the tRNA-
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ribosome interactions and explaining its quality control function. Finally, our results suggest that 

tRNA-ribosome and tRNA-mRNA interactions independently control the efficiency of initiation 

rather than engaging in direct crosstalk. This can explain why CUG is used only rarely as a start 

codon in bacteria, as prior biochemical studies have shown that CUG interacts with tRNAfMet more 

weakly than AUG, GUG, or UUG start codons, leading to lower thermodynamic and kinetic 

stability in 30S and 70S ICs. The study presented in Chapter 3 provides a series of systematic 

aminoglycoside design principles intended to maximize aminoglycoside binding to ribosomes in 

the presence of the m1A1408 resistance modification. Our cryo-EM structures and MD simulations 

allow for the correlation of differences in aminoglycoside structure, often at a single position, to 

differences in observed MICs in the presence of m1A1408-modified ribosomes. These principles 

may be used in the rational improvement of aminoglycoside design by narrowing the space of 

drug structures to be produced and tested against m1A1408-expressing pathogens to the 

structures most likely to have their antibiotic activity maintained in the presence of the resistance 

methylation. 
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Figure 1. Overall structure and functional centers of the bacterial ribosome. A). The 

bacterial ribosome is composed of two ribonucleoprotein subunits: a large (50S, light blue) subunit 

and a small (30S, light gray) subunit. The mRNA path (slate gray) resides on the small subunit, 

and each subunit has partially-formed tRNA binding sites (dark gray, dashed outline). B). Upon 

assembly of the complete (70S) ribosome, tRNAs may bind at the A site (red) to participate in 

peptidyl transfer with the tRNA bound at the P site (purple). A-site tRNA selection is performed 

through inspection of the codon-anticodon pairing by the ribosome’s decoding center (dark blue), 

composed of 16S rRNA nucleotides G530, A1492, and A1493, along with 23S rRNA nucleotide 

A1913. The ribosome’s peptidyl transferase center (green) catalyzes extension of the nascent 

polypeptide through transfer of the nascent peptide from the P-site peptidyl-tRNA to the A-site 

aminoacyl-tRNA. 
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Figure 2. Bacterial translation is a coordinated, multi-step cycle directing the synthesis of 

new proteins. A). (I) To initiate translation, a free 30S (small) ribosomal subunit must associate 

an with mRNA molecule, the dedicated initiator tRNA fMet-tRNAfMet, and the three initiation factors 

IF1, IF2, and IF3 to form the (II) 30S initiation complex (30S IC). IF1 and IF3 then dissociate and 

IF2 recruits the 50S (large) ribosomal subunit (III). This is followed by GTP hydrolysis by IF2 and 

its subsequent dissociation from the ribosome, yielding the mature 70S initiation complex (70S 

IC, IV). B). A 70S IC competent for elongation can receive aa-tRNA∙EF-Tu∙GTP ternary 

complexes at its A site (I), with tRNA-mRNA pairing being inspected by the decoding center of 

the 30S subunit. Cognate tRNAs are fully accommodated onto the ribosome and undergo peptidyl 
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transfer (II), receiving fMet from the P-site fMet-tRNAfMet and extending the nascent polypeptide 

chain by one amino acid. The elongation factor EF-G translocates the two tRNAs into their 

adjacent tRNA binding sites (III; PE; AP) and dissociates from the ribosome following GTP 

hydrolysis, leaving a 70S complex containing E- and P-site tRNAs and an empty A site (IV). The 

deacylated E-site tRNA exits the ribosome and the 70S complex (V) repeats the elongation cycle 

to extend the nascent polypeptide until a stop codon is presented at its A site. C). Upon 

presentation of a stop codon at the A site, one of two release factors (RF1 for UGA and UAA stop 

codons; RF2 for UGA and UAA stop codons) binds the ribosomal A site (I) and releases the 

polypeptide chain from the P-site tRNA. The GTPase release factor RF3 binds the ribosome and 

dissociates RF1/2 from the ribosomal A site, then exits the ribosome following GTP hydrolysis 

(II). D). 70S complexes from which polypeptides have been released are recycled into their 

constituent subunits in a manner catalyzed by the recycling factor RRF and EF-G (I), yielding 

GDP-bound EF-G, free tRNA and RRF, and enabling the ribosomal subunits to participate in new 

rounds of translation initiation. 
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Figure 3. Translation initiation efficiency and fidelity are regulated by the strength of tRNA-

mRNA and tRNA-ribosome interactions. A). During translation initiation in bacteria, the 

ribosomal small (30S) subunit must reversibly bind an mRNA molecule, the dedicated initiator 

tRNA (fMet-tRNAfMet), and three initiation factors (IF1, IF2, and IF3) to form the 30S initiation 

complex (30S IC), with components of the 30S IC able to bind without a required order. The 

strength of interactions between fMet-tRNAfMet and both the mRNA and 30S subunit affects the 
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stability of the 30S IC, which consequently affects the efficiency of initiation and accuracy of 

mRNA start codon selection. B). Efficient and accurate translation initiation is achieved by 

interaction of tRNAfMet with any of the three canonical bacterial start codons (AUG, GUG, and 

UUG) and by moderately strong interaction of wild type tRNAfMet with wild type 16S rRNA at the 

ribosomal P site, which makes two conserved A-minor interactions with the tRNA anticodon stem 

(a suboptimal interaction between 16S nucleotide G1338 and tRNAfMet nucleotide C41 and an 

optimally strong interaction between 16S nucleotide A1339 and the tRNA G30-C40 base pair). 

C). Initiation efficiency is diminished on mRNA molecules utilizing non-canonical start codons 

such as CUG, ACG, and AUC, which exhibit weakened pairing with tRNAfMet. Mutating conserved 

16S nucleotide A1339 or flipping the tRNAfMet G30-C40 base pair to C30-G40 (known as tRNAfMet 

M1) also decreases initiation efficiency by rendering the A-minor interaction between the 16S 

position 1339 nucleotide and the tRNAfMet 30-40 base pair suboptimal. D). Mutating conserved 

16S nucleotide G1338 to A renders its interaction with tRNAfMet nucleotide C41 optimally strong, 

increasing the efficiency of initiation but also resulting in spurious initiation at non-canonical start 

codons including CUG, ACG, and AUC. 
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Figure 4. Aminoglycoside antibiotics disrupt translation by increasing the error rate of 

decoding. A). Aminoglycoside antibiotics (purple) bind the small (30S) subunit of bacterial 

ribosomes at the ribosome’s decoding center (dark blue; 16S rRNA nucleotides G530, A1492 and 

A1493, 23S rRNA nucleotide A1913), which is involved in the selection of new aminoacyl-tRNAs 

at the ribosomal A site based on their interactions with the messenger RNA (slate gray). B). In 

the absence of aminoglycosides, ribosomes will typically select only cognate tRNAs (left) 

corresponding to the mRNA codon presented at the ribosomal A site (e.g., tRNALys, which can 

decode AAA mRNA codons encoding the amino acid lysine). In the presence of aminoglycosides, 
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the error rate of the decoding center is increased, permitting the accommodation of near-cognate 

(middle) and non-cognate (right) tRNA-mRNA pairings, leading to misincorporation of amino acids 

into nascent polypeptides and eventual cell death (U* = 5-methylaminomethyl-2-thiouridine). C.) 

Aminoglycoside binding at 16S rRNA h44 displaces 16S nucleotides A1492 and A1493 into the 

minor groove of the codon-anticodon helix, a conformation of these nucleotides which typically 

signals a correct mRNA-tRNA pairing. This decreases the ability of the ribosome to discriminate 

against near- or non-cognate tRNA-mRNA pairings, causing miscoding errors. 
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Figure 5. Mechanisms of aminoglycoside resistance. A). In the absence of resistance 

systems, aminoglycoside antibiotics are taken up into bacterial cells, where they bind the small 

subunit of translating ribosomes, inducing miscoding and subsequent cell death. B). Reductions 

in membrane permeability prevent aminoglycosides from entering cells preventing their 

bactericidal activity. C). Expression of membrane-spanning efflux systems can allow bacteria to 

remove aminoglycosides which cross their membranes into the cytoplasm. D). Antibiotic 

modification by aminoglycoside modifying enzymes (AMEs) prevents aminoglycosides from 

binding to their target on the small ribosomal subunit. AMEs can deposit modifications on a variety 

of locations on the aminoglycoside scaffold, preventing crucial interactions with 16S rRNA helix 

44. E). Target modification at 16S rRNA nucleotides G1405 or A1408 by resistance-associated 

16S rRNA methyltransferases yields aminoglycoside-resistant ribosomes (30S*, 70S*) which fail 

to make important interactions for antibiotic binding, often yielding broad resistance to many 

aminoglycosides of a similar class or chemical scaffold. 
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ABSTRACT 

Translation initiation is a highly regulated, multi-step process which is critical for efficient and 

accurate protein synthesis. In bacteria, initiation begins when mRNA, initiation factors, and a 

dedicated initiator fMet-tRNAfMet bind the small (30S) ribosomal subunit. Specific binding of fMet-

tRNAfMet in the peptidyl (P) site is mediated by the inspection of the fMet moiety by initiation factor 

IF2 and of three conserved G-C base pairs in the tRNA anticodon stem by the 30S head domain. 

Tandem A-minor interactions form between 16S ribosomal RNA nucleotides A1339 and G1338 

and tRNA base pairs G30-C40 and G29-C41, respectively. Swapping the G30-C40 pair of 

tRNAfMet with C-G reduces discrimination against the noncanonical start codon CUG in vitro, 

suggesting crosstalk between gripping of the anticodon stem and recognition of the start codon.  

Here, we solved electron cryomicroscopy structures of E. coli 70S initiation complexes containing 

an fMet-tRNAfMet G30-C40 variant paired to noncanonical CUG start codon, in the presence or 

absence of IF2 and the non-hydrolyzable GTP analog GDPCP, alongside structures of 70S 

initiation complexes containing this tRNAfMet variant paired to the canonical bacterial start codons 

AUG, GUG, and UUG. We find that the M1 mutation weakens A-minor interactions between 

tRNAfMet and 16S nucleotides A1339 and G1338, with IF2 strengthening the interaction of G1338 

with the tRNA minor groove.  These structures suggest how even slight changes to the recognition 

of the fMet-tRNAfMet anticodon stem by the ribosome can impact start codon selection. 
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INTRODUCTION 

Protein synthesis is a highly dynamic and delicately coordinated process involving the ribosome, 

mRNA, tRNAs and many translation factors. In bacteria, the start of translation (initiation) is 

generally the rate-limiting step that determines the translation efficiency of an mRNA (1). There 

are two major steps in initiation. The first step is the assembly of a 30S initiation complex (30S 

IC), involving base-pairing of the dedicated initiator tRNA, N-formyl-methionyl-tRNAfMet (fMet-

tRNAfMet), with the mRNA start codon in the peptidyl (P) site, accompanied by three initiation 

factors (IF1, IF2, IF3) (Fig. 1A). The second step involves the recruitment of the 50S ribosomal 

subunit, GTP hydrolysis by IF2, and dissociation of all three IFs to form a 70S IC, ready for 

elongation (2). The IFs act synergistically to regulate both the kinetics and fidelity of these steps 

(reviewed in (3,4)). The GTPase IF2 ensures the correct selection of fMet-tRNAfMet through 

recognition of the N-formyl moiety on the methionyl group at the tRNA acceptor end. IF2 mediates 

recruitment of the 50S ribosomal subunit to form the 70S IC, and its subsequent dissociation is 

driven by GTP hydrolysis (5-9). IF3 prevents the premature joining of the 50S subunit and allows 

for accurate start codon selection, while IF1 augments the activities of IF2 and IF3 (10). 

In many bacteria, translation initiation entails recognition of a purine-rich mRNA region 

known as the Shine-Dalgarno (SD) sequence, located 7-10 nucleotides upstream of the AUG 

start codon of the mRNA (11). During initiation, the mRNA SD sequence pairs to the 

complementary anti-SD (ASD) sequence located at the 3’ end of the 16S ribosomal RNA (rRNA) 

of the 30S subunit. Formation of this SD-ASD helix helps to position the start codon in the P site 

(12,13). The dedicated initiator tRNAfMet contains distinctive features that specify its use in 

initiation rather than elongation (14). tRNAfMet is aminoacylated with methionine and then 

formylated to yield N-formyl-methionyl-tRNAfMet (fMet-tRNAfMet). Formylation depends on a unique 

C1•A72 base pair in the acceptor stem of tRNAfMet and is critical for IF2 recognition (5,15,16). 

tRNAfMet also has three conserved G-C base pairs (G29-C41, G30-C40, and G31-C39) in the 
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anticodon stem that are important for P-site binding and efficient initiation in vivo (Fig. 1B) (17-

21).  

AUG, GUG, and UUG are considered canonical start codons in bacteria, accounting for 

82%, 14%, and 4% of natural start codons, respectively, in a set of 69 representative genomes 

(22). The CAU anticodon sequence of tRNAfMet forms a codon-anticodon pairing with the AUG 

start codon. First-position mismatches, e.g., between tRNAfMet and GUG and UUG start codons, 

are tolerated during initiation, in contrast to decoding that occurs in the A site (23,24). In the A 

site, codon-anticodon base pairing is directly probed by 16S rRNA nucleotides for selection of the 

correct tRNA. After peptidyl transfer and movement of the tRNA to the P site, the codon-anticodon 

helix of the tRNA is minimally inspected and instead the 16S rRNA that surrounds the P-site tRNA 

grips its anticodon stem to ensure its correct positioning (13,17,25,26). The gripping of the 

peptidyl-tRNA by the ribosome is critical for mRNA reading frame maintenance (27,28). 

Interactions of the ribosomal P site with the tRNA include 16S rRNA nucleotides m2G966 and 

C1400 that pack beneath the third nucleotide of the anticodon (nucleotide 34; anticodon 

nucleotides are numbered 34, 35, 36) and A790, which contacts the tRNA backbone at nucleotide 

position 38. Conserved 16S nucleotides A1339 and G1338 of the 30S head domain form tandem 

type I and type II A-minor interactions with base pairs 30-40 and 29-41 of the tRNA in the P site 

during both initiation and elongation (18,25,29,30). G30-C40 and G29-C41 are two of the three 

critical G-C base pairs in the anticodon stem of fMet-tRNAfMet needed for efficient initiation (17-

19) (Fig. 1B).  

While GUG and UUG can act as alternate start codons, it is not clear why there is a sharp 

decrease in the frequency of usage of CUG as a start codon (0.024% of bacterial initiation codons) 

despite the tolerance of first-position codon-anticodon mismatches at the ribosomal P site (22). 

Start codon frequencies (AUG>GUG>UUG>>CUG) also correlate with translation efficiencies 

from each of the start codons compared to the AUG start codon, where GUG and UUG result in 

much higher levels of protein production (58.4% and 29.8% relative to AUG, respectively) than 
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CUG (0.86% relative to AUG) (22). Both the thermodynamic and kinetic stability of fMet-tRNAfMet 

binding to these start codons on the ribosome also depend on the identity of the first-position 

nucleotide (AUG>GUG≈UUG>CUG) (21). Interestingly, when the series of three G-C base pairs 

in the anticodon stem is disrupted, translation efficiency is reduced, with a single base pair change 

of G30-C40 to C30-G40 (called tRNAfMet M1) decreasing translation by 20-fold in vivo (20) (Fig. 

1B). The M1 variant loses the ability to discriminate against CUG, exhibiting P-site codon 

recognition properties similar to elongator tRNAMet. In contrast, wild type tRNAfMet has a marked 

preference for GUG and UUG over CUG (21). The C30-G40 base pair of the M1 variant is identical 

to that of elongator tRNAMet, suggesting a potential interplay between the tRNA anticodon stem 

and codon recognition in the 30S P site (21) (Fig. 1B). Recent studies using ribosome toeprint 

analysis, which measures the position of ribosomes on mRNAs, also indicate that complexes 

formed on model mRNAs with a CUG start codon show imprecise mRNA positioning, 

hypothesized to involve either a change in mRNA conformation in the ribosomal A site or 

frameshifting during translation initiation (21). This mRNA mispositioning is exacerbated by the 

tRNAfMet M1 variant. IF2 restores normal mRNA positioning in these complexes, revealing a 

previously unknown quality control role for this initiation factor (21).  

To determine how the ribosome interacts with the fMet-tRNAfMet M1 variant, we solved five 

electron cryomicroscopy (cryo-EM) structures of E. coli ribosome complexes containing fMet-

tRNAfMet M1: four complexes prepared without IF2 containing tRNAfMet M1 paired with the AUG, 

GUG, UUG, or CUG start codons, and a fifth prepared with a CUG start codon and IF2 containing 

the non-hydrolyzable GTP analog GDPCP. We find that the G30-C40 to C30-G40 change 

weakens A-minor interactions formed by 16S rRNA nucleotides G1338 and A1339 in the absence 

of IF2, which could contribute to the apparent mRNA mispositioning reported previously. The A-

minor interaction between 16S nucleotide G1338 and the tRNA anticodon stem appears to be 

strengthened in the presence of IF2, consistent with the ability of IF2 to restore mRNA positioning 
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in analogous noncanonical initiation complexes. Finally, we find that 70S ICs prepared with 

tRNAfMet M1 and a CUG start codon appear to occupy the normal reading frame and present their 

A-site mRNA codons in a conformation similar to functional 70S complexes, suggesting aberrant 

toeprint banding previously observed in 70S ICs containing tRNAfMet M1 and a noncanonical CUG 

start codon likely arises from a change in mRNA conformation 3’ of the ribosomal A site. 

 

RESULTS 

Variant M1 of tRNAfMet exhibits weakened interactions with 16S rRNA nucleotides G1338 

and A1339. In 70S ICs containing fMet-tRNAfMet paired with an AUG start codon, 16S rRNA 

nucleotides A1339 and G1338 dock into the minor groove of the anticodon stem, making A-minor 

interactions with G30-C40 and G29-C41 (17-19). In the M1 variant, which contains C30-G40 

rather than G30-C40, this recognition may be altered. To determine the structural effects of this 

base pair change, we determined the structures of E. coli 70S ICs containing the fMet-tRNAfMet 

M1 variant in the P site paired to mRNA with the noncanonical start codon CUG (2.6 Å overall 

resolution) and the canonical bacterial start codons AUG (2.8 Å overall resolution), GUG (2.6 Å 

overall resolution), and UUG (2.6 Å overall resolution) (Fig. 2A; Figs. S1-S3, Tables S1-S4). As 

expected, fMet-tRNAfMet nucleotides C30 and G40 form a Watson-Crick base pair, and this base 

pair change does not affect the pitch or width of the anticodon stem loop compared to wild type 

tRNAfMet (Fig. S4A). Instead, the C30-G40 pair reorganizes its interactions with 16S rRNA 

nucleotides G1338 and A1339, which project into the tRNA minor groove (Fig. 2B). The type I A-

minor motif interaction between the C30-G40 base pair and A1339 is weakened through reduction 

of the hydrogen bond angle between the A1339 and G40 nucleobases. This interaction typically 

involves a nearly linear hydrogen bond between atom N3 of A1339 and the minor groove face of 

G30 in wild type tRNAfMet, but the reorientation of hydrogen bond donor and acceptor groups in 

the tRNAfMet minor groove due to the M1 mutation substantially reduces this hydrogen bond angle 

(WT: 169°; M1: 134°), weakening this interaction (Fig. 2C, 3A) (PDB code 5MDZ). Additionally, 
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the interaction distance between the A1339 2’-OH and its nearest hydrogen bond acceptor on the 

position 40 base (atom O2 of C40 in wild type tRNAfMet; atom N3 of G40 in tRNAfMet M1) is 

increased roughly 0.4 Å from 3.0 Å to 3.4 Å in complexes formed with tRNAfMet M1 compared to 

those formed with WT tRNAfMet (Fig. 3B) (31) (PDB code 5MDZ). Hydrogen bonding distances in 

the A1339-C30-G40 A-minor interaction are not substantially different in the presence of UUG, 

GUG, or AUG start codons compared to the CUG start codon, suggesting the strength of the 

interaction between tRNAfMet M1 nucleotide G40 and 16S rRNA nucleotide A1339 is not 

dependent upon the identity of the mRNA codon first-position nucleotide (Fig. S5). Adjacent to 

this A-minor interaction is the wild type G29-C41 base pair, which forms a type II A-minor 

interaction with G1338. Specifically, the 2’-OH of tRNAfMet M1 nucleotide C41 forms hydrogen 

bonds with the N3 atom and 2’-OH group of G1338 (Fig. 2D). Compared to a 70S ribosome 

complex prepared with wild type tRNAfMet, the interaction distance between the G1338 and C41 

2’-OH groups is increased from 3.1 Å to 3.5 Å, suggesting a slight weakening of hydrogen 

bonding, while the interaction distance between the G1338 base and C41 2’-OH group remains 

unchanged (2.8 Å) (Fig. 3C). Like the adjacent interaction of A1339 with the tRNA anticodon stem, 

the interaction between G1338 and C41 does not show meaningful differences in hydrogen 

bonding distances with canonical UUG, GUG, or AUG start codons compared to the non-

canonical CUG start codon (Fig. S6). These results indicate that the simple swapping of G30-C40 

to C30-G40 in the tRNAfMet M1 variant weakens the ability of 16S rRNA nucleotides G1338 and 

A1339 to grip the tRNA at its minor groove through the disruption of important interactions with 

the anticodon stem. 

 

Weakened interactions between the tRNAfMet M1 anticodon and the noncanonical CUG start 

codon. When tRNAfMet M1 interacts with the CUG start codon, toeprint analysis indicates 

abnormal positioning of the mRNA, consistent with ribosome complexes appearing to occupy the 

0 (normal), +1, and +2 reading frames, with the major product band consisting of apparent +2 
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frame complexes (21). This suggests a destabilization of mRNA which may allow the initiation 

complex to sample different positions. In our structure, we find that the CAU anticodon of tRNAfMet 

M1 interacts with the CUG start codon in the normal reading frame, with map density in the tRNA 

exit (E) and P sites suggestive of 0-frame AAA and CUG codons, respectively (Fig. S7A-B). 

However, the first-position codon-anticodon base pair between C+1 of the mRNA and U36 of fMet-

tRNAfMet M1 is weak (mRNA nucleotide numbering begins at the P site as +1, +2, and +3) (Fig. 

4A). While their nucleobases are oriented with their Watson-Crick faces to pair, the hydrogen 

bond donor-acceptor distances observed are 3.5 Å and 3.9 Å, indicating only weak interactions 

between these nucleotides are possible (Fig. 4B). The second and third positions of the codon-

anticodon interaction (U+2:A35 and G+3:C34, respectively) display hydrogen bonding distances 

and geometry consistent with typical Watson-Crick base pairing, ranging from 2.7 Å to 3.0 Å in 

donor-acceptor distances (Figs. 4C-D). Because 70S ICs formed with tRNAfMet M1 and canonical 

AUG, GUG, or UUG start codons display primarily 0 frame toeprint band formation, do not differ 

in their tRNA-ribosome interactions compared to CUG in our structures, and differ from CUG start 

codon complexes only in the identity of their P-site mRNA codon first-position nucleotides, it 

appears that mRNA mispositioning in ICs containing tRNAfMet M1 and CUG start codons is 

mediated by differences in base pairing strength between CUG and the canonical start codons 

rather than by codon-specific differences in tRNA-ribosome interaction strength. 

 

70S ICs containing tRNAfMet M1 paired to a CUG start codon present their A-site codons in 

the 0 reading frame. To further investigate whether 70S complexes containing tRNAfMet M1 

interacting with a CUG start codon undergo +2 frameshifting during initiation in the absence of 

IF2, the cryo-EM sample containing mRNA with a CUG start codon and lacking IF2 was prepared 

in the presence of an excess of tRNAIleX, which decodes the AUA codon which would be presented 

at the A site in the event of a +2 frameshift. Notably, toeprint analysis studies have previously 

shown that apparent +2 frame toeprint bands comprise the major product in 70S ICs containing 
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tRNAfMet M1 and a CUG start codon (21). Therefore, if these 70S ICs undergo +2 frameshifting, 

a major population of particles should be observed which contains tRNAIleX at the ribosomal A 

site. Interestingly, each cryo-EM dataset collected in the absence of IF2 contains a minor 

population of particles containing both P- and A-site tRNAs (CUG: 10.7% of 70S particles; UUG: 

8.9% of 70S particles; GUG: 8.6% of 70S particles; AUG: 8.8% of 70S particles) (Figs. S1 and 

S2). In the datasets containing UUG, GUG, and AUG start codons, where only tRNAfMet M1 was 

provided to the reactions, any A-site occupancy must be due to tRNAfMet M1, representing a 

background level of A-site tRNA binding. The cryo-EM dataset prepared with a CUG start codon 

and excess tRNAIleX displays only a slight enrichment in A-site tRNA-containing particles 

compared to UUG, GUG, or AUG datasets prepared without tRNAIleX, further suggesting that 

these complexes do not present +2 frame AUA codons at the ribosomal A site and primarily 

occupy the 0 reading frame. 

 An alternative explanation for previously observed toeprint band shifts in 70S ICs 

containing tRNAfMet M1 paired to a CUG start codon is that the A-site codon is presented in an 

atypical, nonfunctional conformation which alters mRNA accessibility to reverse transcriptase 

downstream of the ribosome while not shifting the mRNA reading frame. This hypothesis is 

consistent with the observation that these 70S ICs are deficient in peptide bond formation activity, 

displaying reduced rate and extent of dipeptide formation when the tRNA decoding the 0 frame 

A-site codon is added (21). The map quality for the mRNA in the A site of 70S ribosome 

complexes is typically poor in the absence of an A-site tRNA, but map density suggests three 

mRNA nucleotides occupy the A site in our structure in a conformation resembling that of a 70S 

complex competent for both initiation and subsequent elongation (31) (Fig. S7C) (PDB code 

7K00). These results suggest that mRNA mispositioning observed in 70S ICs containing tRNAfMet 

M1 paired with a CUG codon occurs downstream of the ribosomal A site rather than proceeding 

through frameshifting or aberrant presentation of the A-site mRNA codon. 
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IF2 partially restores tRNAfMet M1 interactions with the ribosomal P site. When the 50S 

ribosomal subunit is recruited during initiation, fMet-tRNAfMet is constrained in the P/I orientation 

through its interaction with IF2 (“P” refers to position on the 30S subunit and “I” refers to a unique 

initiation orientation on the 50S subunit, adjacent to the P site) (25). IF2 can suppress aberrant 

toeprint band formation in complexes containing tRNAfMet M1 and a CUG start codon, suggesting 

that stabilization of tRNAfMet M1 in the P/I orientation by IF2 may improve contacts between the 

16S rRNA and tRNAfMet anticodon stem (21). To determine the structural basis of IF2’s rescue 

activity, we determined a 2.6-Å cryo-EM structure of an E. coli 70S IC containing a P-site fMet-

tRNAfMet M1, mRNA with a P-site CUG start codon, and IF2 containing the non-hydrolyzable GTP 

analog GDPCP (Fig. 5A; Figs. S8, S9, Table S5). As in our structure without IF2, we observe no 

effect on tRNA width or pitch due to the M1 mutation (Fig. S4B). Domain C1 of IF2 interacts with 

the GTPase center of the ribosome, and its C terminus spans the A and the P sites to directly 

bind the fMet moiety located in the 50S P site (32). In our structure, when IF2 is present, fMet-

tRNAfMet M1 continues to form interactions with the 16S rRNA nucleotides G1338 and A1339 (Fig. 

5B). As in the absence of IF2, A1339 projects into the tRNA minor groove alongside the C30-G40 

base pair, but poor hydrogen bonding geometry between G40 and A1339 precludes formation of 

strong type I A-minor interactions such as those observed with wild type tRNAfMet (Fig. 5C, Fig. 

S10) (13). In contrast, IF2 strengthens interactions of G1338 with the adjacent G29-C41 base pair 

of tRNAfMet M1. Compared to when IF2 is absent, we observe an approximately 2 Å displacement 

of the tRNAfMet M1 anticodon stem loop (ASL) and the adjacent 16S rRNA loop containing G1338 

and A1339 toward the ribosomal 30S head domain (Fig. S11A). We also observe that the position 

of G1338 in the tRNA minor groove is altered, with the G1338 base and 2’-OH group displaced 

1.2 Å and 0.8 Å upward along the tRNA minor groove, respectively, and the 2’-OH of nucleotide 

C41 displaced 0.8 Å toward G1338 (relative to the C30-G40 base pair) compared to when IF2 is 

absent (Fig. S11B). This movement reduces hydrogen bond distances between G1338 and C41, 

permitting the N3 atom and 2’-OH of G1338 to form tighter A-minor interactions with the 2’-OH 
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group of C41 (Figs. 5D and S11B). Together, these results indicate that IF2 constrains tRNAfMet 

M1 in the P/I orientation and that this constraint is sufficient to strengthen interactions between 

the 30S head domain (in particular, G1338) and tRNAfMet M1. This would, in turn, improve the 

ability of the ribosome to grip the P-site tRNAfMet M1 and may contribute to the productive 

engagement of the CUG codon. These small movements that stabilize critical interactions could 

help explain how IF2 restores normal mRNA positioning in noncanonical complexes analyzed 

previously (21). 

IF2 does not influence pairing between the anticodon of tRNAfMet M1 and the CUG start 

codon. We reasoned that if IF2 constrains the positioning of the tRNA at the CUG start codon 

such that the distance between the first position C+1 and anticodon nucleotide U36 is reduced, 

instability in mRNA positioning could be prevented through strengthening of the codon-anticodon 

interaction (Fig. 6A). However, in the presence of IF2, we find that there is no reduction of 

hydrogen bonding distance at the first position of the codon-anticodon interaction compared to 

when IF2 is absent (Fig. 6B). Additionally, as in the absence of IF2, the second and third positions 

of the codon-anticodon interaction maintain typical Watson-Crick base pairing distance and 

planarity (Figs. 6C-D). Together, these results suggest that IF2’s ability to suppress apparent 

mRNA mispositioning does not seem to involve enhancement of codon-anticodon pairing strength 

in the ribosomal P site. 

70S ICs containing tRNAfMet M1 paired to a CUG start codon present their A-site codons in 

the 0 reading frame. Given the ability of IF2 to rescue normal mRNA positioning in toeprint 

analysis studies of 70S ICs containing tRNAfMet M1 and CUG start codons and given that 

analogous 70S ICs formed without IF2 appear to occupy the 0 reading frame and present their A-

site codons in a conformation resembling other elongation-competent 70S complexes (21), we 

predicted similar observations for 70S ICs containing tRNAfMet M1, a CUG start codon, and IF2. 

As expected, these complexes display map density in the E and P sites consistent with AAA and 
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CUG codons, respectively, and map density in the A site suggests the mRNA codon is presented 

similarly to 70S complexes productively engaging an A-site tRNA (31) (Fig. S7D-F) (PDB code 

7K00).  

 

DISCUSSION 

In this work, we sought to gain insight into initiation fidelity by determining structures of 

noncanonical complexes carrying the fMet-tRNAfMet M1 variant paired with the noncanonical CUG 

start codon and canonical AUG, GUG, and UUG start codons (21). Changing the G-C base pair 

at position 30-40 of tRNAfMet to C-G weakens the A-minor interactions formed between 16S rRNA 

nucleotides A1339 and G1338 and the tRNA minor groove, which manifests in a reduced ability 

to discriminate against CUG start codons compared to wild type tRNAfMet. While the change in the 

positions of G1338 and A1339 projecting into the tRNA minor groove is small, the functional 

implications are substantial given that these changes reduce discrimination by decreasing the 

stability of canonical GUG and UUG complexes by 10-fold but not further destabilizing CUG 

complexes relative to ICs formed with wild type tRNAfMet (21). 

  The observation that tRNAfMet M1 displays weakened A-minor interactions with the 16S 

rRNA is consistent with prior analysis of the thermodynamics and prevalence of A-minor motifs in 

structured RNAs (33). Type I A-minor motifs are strongest when the interaction consists of an 

adenosine buried in the minor groove of a G-C base pair with the A- and C- containing strands 

antiparallel to one another, as is the case for the interaction of 16S nucleotide A1339 with the 

G30-C40 base pair in wild type tRNAfMet. In the P4-P6 domain of the Tetrahymena group 1 intron, 

there is a roughly 25% decrease in the free energy of formation of type I A-minor motifs formed 

with G-C base pairs where the A- and G- containing RNA strands are antiparallel (relative to 

interactions with the A- and C-containing strands antiparallel). This example is similar to the 

interaction of 16S rRNA nucleotide A1339 with tRNAfMet M1. The stabilizing impact of strong type 

I A-minor interactions may be further exemplified by the widespread nature of type I interactions 
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with antiparallel A- and C- strands as seen in a phylogenetic analysis of 23S rRNA from H. 

marismortui and T. thermophilus (33). In this analysis, 89% of observed type I A-minor motifs 

consisted of G-C base pairs with antiparallel A- and C-containing strands (as observed with wild 

type tRNAfMet), while only 6% consisted of G-C pairs with antiparallel A- and G-containing strands 

(as observed with tRNAfMet M1). This prevalence among highly structured RNAs is suggestive of 

the importance of strong type I A-minor interactions for structural stability. The thermodynamic 

stability of the interaction of type I A-minor motif interaction between A1339 and wild type tRNAfMet 

provides additional context for why weakening this interaction in the tRNAfMet M1 variant disrupts 

normal translation initiation by loosening the ribosome’s grip on the tRNA. 

Interestingly, E. coli ribosomes containing the 16S rRNA mutation G1338A, which 

strengthens the interaction of the 16S rRNA with the tRNAfMet ASL minor groove, undergo 

spurious initiation at noncanonical start codons, including CUG, more frequently than wild type 

ribosomes (19). Conversely, mutations of position A1339, which weaken the tRNA-ribosome 

interaction at this position, yield ribosomes with greatly reduced translation activity (17,18). These 

results suggest that translation initiation may be fine-tuned for both efficiency and accuracy in a 

manner that depends on the strength of interactions of the initiator tRNA with both the mRNA 

codon and the ribosome. Excessively strong ribosome-tRNA interactions cause initiation at 

incorrectly selected start codons while weak ribosome-tRNA or tRNA-mRNA interactions, as 

observed for tRNAfMet M1 initiating translation on the start codon CUG, cause inefficient initiation 

or nonproductive engagement of the start codon. Given the apparent lack of a direct effect of the 

first-position codon-anticodon interaction on the strength of tRNA-rRNA interactions between 16S 

nucleotides A1339 and G1338 and the tRNA minor groove, the ribosome may independently 

require sufficiently strong rRNA-tRNA and mRNA-tRNA interactions for productive initiation. 

Previous competition binding assays demonstrate that 30S and 70S ICs assembled with CUG 

start codons are less thermodynamically and kinetically stable than those formed with AUG, GUG, 

or UUG start codons irrespective of whether they contain wild type tRNAfMet or tRNAfMet M1 (21); 
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however, the discrepancy between the stability of ICs containing a CUG start codon and those 

containing a canonical start codon is smaller when they are formed with tRNAfMet M1. This 

reduction in the discrepancy may help account for the reduction in the ability of tRNAfMet M1 to 

discriminate against CUG start codons, which in previous experiments results from a reduction in 

preference for the canonical but near-cognate start codons GUG and UUG rather than an 

increase in preference for pairing with CUG, on which neither wild type tRNAfMet nor the M1 variant 

efficiently initiate translation (21).  

 One previously observed consequence of the C30-G40 base pair change in tRNAfMet M1 

is mRNA mispositioning, as assessed by toeprint analysis (21). In these assays, initiation 

complexes containing the tRNAfMet M1 variant and mRNA containing the noncanonical CUG start 

codon appear to occupy the 0 (normal), +1, and +2 reading frames, with the apparent +2 frame 

band forming the major product. This toeprint heterogeneity is only observed with tRNAfMet M1 

engaging a CUG codon, not with AUG, GUG, or UUG (21). The +1 or +2 frame would indicate a 

movement of the ribosome toward the 3’ end of the mRNA, presumably moving the C+1 or U+2 

nucleotide into the E site with a change of the nucleotides that are positioned in the P site. Another 

interpretation is that the mRNA conformation in the ribosomal A site is altered in some way that 

exposes the next codon in a shifted downstream register without changing the codon presented 

in the P site (21). We conclude from our structure of 70S ICs containing tRNAfMet M1 paired with 

the CUG start codon that tRNAfMet M1 engages the CUG codon in the 0 reading frame, based on 

map density for the P-site mRNA codon and our observation that adding an excess of tRNAIleX, 

which decodes the +2 frame AUA codon, causes only a very slight enrichment in the proportion 

of picked 70S particles displaying tRNA occupancy at the ribosomal A site compared to AUG, 

GUG, and UUG start codon datasets prepared only with tRNAfMet M1. Additionally, the 

conformation of the A-site mRNA codon appears similar to that observed in 70S complexes 

productively engaging tRNAs at the A site (31) (PDB code 7K00). Therefore, while prior 

biochemical assays show an apparent change in mRNA register or conformation at the P or A 
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site, our structural data suggest that the mRNA is normal in the context of the P and A sites and 

that prior toeprint analysis assays are reporting on features of these ICs other than the mRNA 

reading frame or A-site codon conformation. Another possibility is that the mRNA path is altered 

3’ of the A-site codon, giving rise to the shorter toeprints, although the mRNA was not resolved 3’ 

of the A site in the cryo-EM maps and thus this possibility cannot be evaluated from our structures 

alone. 

 Prior ribosome structural studies have focused on understanding single base pair 

mismatches between the codon and the anticodon at the P site in both initiation and elongation 

contexts (34,35). Several of these elongation structures contain pyrimidine-pyrimidine 

mismatches at the P site and while the mismatched nucleotides present their Watson-Crick faces 

for pairing, observed hydrogen bond donor-acceptor distances are not within accepted ranges 

and are suggestive of weak interactions. For example, in a structure with a third position C+3-C34 

mismatch, the closest donor-acceptor distance is 3.6 Å and in a structure of a first-position U+1-

U36 mismatch, the donor-acceptor distances are 4.0 Å and 4.5 Å (34,35). In our 70S IC structures 

containing a first-position C+1-U36 mismatch, we observe hydrogen bond donor-acceptor 

distances of 3.5 Å and 3.9 Å, also suggesting weak interaction. Crucially, G-U and U-U base pairs, 

which are both tolerated at the first position of the codon-anticodon interaction during initiation, 

may both form two hydrogen bonds in studies of model RNA duplexes, while C-U pairs have been 

observed to form either one or two hydrogen bonds in model RNAs (36,37). Additionally, it is 

known empirically that 30S and 70S ICs formed with CUG start codons are less stable than those 

formed with the canonical bacterial start codons AUG, GUG, and UUG (21). If base pairing 

strength at the first position of the start codon is important for efficient translation initiation in 

addition to strong interactions between the initiator tRNA and 16S rRNA, this may help explain 

why CUG is not used as a common non-AUG start codon in bacteria, in contrast to GUG and 

UUG start codons (22).  
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 IF2 imposes physical constraints on fMet-tRNAfMet that appear to rescue mRNA positional 

instability in the context of CUG start codons and contribute to productive initiation (21). We find 

that IF2 adopts a normal open conformation with domain C2 recognizing the fMet moiety of the 

initiator tRNA (Fig. S11A). This recognition, and the subsequent constraining of tRNAfMet in the 

P/I orientation by IF2, also appears to allosterically regulate how the 30S head domain nucleotide 

G1338 grips the anticodon stem of tRNAfMet M1, strengthening the type II A-minor interaction 

between G1338 and tRNAfMet nucleotide C41 by permitting G1338 to project more deeply into the 

tRNA minor groove. While it is not clear if reestablishing the type II A-minor contacts between 

G1338 and tRNAfMet M1 in the presence of IF2 is itself directly responsible for stabilizing the mRNA 

placement, these findings are consistent with prior biochemical studies demonstrating that IF2 is 

sufficient to restore wild type-like codon discrimination behavior in ICs formed with tRNAfMet M1 

and mRNA containing a CUG start codon (21). 

 

EXPERIMENTAL PROCEDURES 

Ribosome purification. Ribosomes were purified from E. coli MRE600 cells as previously 

described (38,39). Briefly, cells were grown in lysogeny broth (LB) to OD600 0.7 at 37 °C in a 

shaking incubator then cooled on ice for 20 min. Cells were pelleted by centrifugation, washed 

with buffer 1 (10 mM HEPES-KOH, pH 7.6, 10 mM MgCl2, 1M NH4Cl, 6 mM β-mercaptoethanol 

(β-Me)) twice then resuspended in buffer 2 (buffer 1 with 100 mM NH4Cl) and lysed using the 

Emulsiflex-C5 high-pressure homogenizer (Avestin). The lysate was clarified by centrifugation at 

27,000 × g for 30 min, followed by another spin at 42,000 × g for 17 h to pellet ribosomes. The 

pellet was resuspended in buffer 2 and layered over a 10-40% (w/v) sucrose gradient (buffer 2) 

and centrifuged at 70,000 × g for 12 hr with no break for deceleration. The gradients were then 

fractionated using a Brandel gradient fractionator monitoring absorbance at 254 nm, and fractions 
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corresponding to the 70S peak were pooled and concentrated to 11 µM via pelleting. 70S aliquots 

were flash frozen and stored at -80 °C. 

IF2 purification. The alpha form of IF2 was purified using the pET24b-IF2-His6 plasmid through 

overexpression in BL21 (DE3) Gold cells. Cells were grown in a shaking incubator at 37 °C at 

230 rpm. IF2 overexpression was induced by the addition of 1 mM IPTG at OD600 of 0.6 for 3.5 

hr. All subsequent centrifugation steps were performed at 4 °C. Flasks were placed on ice for 5 

min, then pelleted by centrifugation at 4000 x g for 20 min. Cell pellets were then washed by 

resuspension in 20 mM Tris-HCl, pH 8.0, and pelleted again by centrifugation. Cells were lysed 

in 50 mM Tris-HCl pH 7.5, 60 mM NH4Cl, 0.7 mM MgCl2, 5 mM imidazole, 15% glycerol, 10 µM 

GDP, and 2 mM DTT using three passes through the Emulsiflex-C5 high-pressure homogenizer 

(Avestin). The lysate is then clarified by centrifugation at 16,600 x g for 30 min. The supernatant 

is loaded on to a 5 ml HisTrap™ HP column (Cytiva) using an ÄKTA FPLC system. IF2 was eluted 

using a 5-500 mM imidazole gradient and dialyzed into 50 mM Tris-HCl pH 7.5, 60 mM NH4Cl, 

0.7 mM MgCl2, 15% glycerol, 5 µM GDP, and 2 mM DTT. IF2 purity was estimated by SDS-PAGE 

and its concentration determined using a Bradford assay. Samples were aliquoted and flash 

frozen in liquid nitrogen to be stored at -80 °C. 

tRNAfMet2 M1 purification and aminoacylation. tRNAfMet2 with the M1 mutations (G30C, C40G) 

were cloned and purified at previously described (21). The mutations were introduced into pUC13-

trnfM by QuikChangeTM mutagenesis and overexpressed in E. coli B105 cells grown in LB with 

100 µg/ml ampicillin at 37 °C. Cells were pelleted and washed with PBS (10 mM phosphate 

pH 7.4, 137 mM NaCl, 3 mM KCl), then resuspended in 20 mM Tris-HCl pH 7.6, 20 mM MgCl2. 

The lysate was phenol extracted using phenol saturated with 25 mM NaOAc pH 5.2, 50 mM NaCl, 

then 3 M NaOAc pH 5.2 (1/10 volume) and isopropanol (equal volume) were added and incubated 

for 2 hr at 4 °C to precipitate crude tRNA. RNA was pelleted by centrifugation at 8,500 rpm for 

30 min at 4 °C in a tabletop microfuge and washed with 70% ethanol, dissolved in 200 mM Tris-
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acetate pH 9.0, and incubated at 37 °C for 30 min, followed by another round of ethanol 

precipitation. The resulting RNA pellet is then dissolved in water, mixed with loading dye (50% 

glycerol with bromophenol blue), and tRNAfMet2 M1 was separated on a 12% native PAGE gel 

overnight at 80 V until dye reaches the bottom of the gel. The band corresponding to tRNAfMet2 

was identified by UV shadowing and excised from the gel. The RNA was extracted using the 

crush-and-soak method, and then eluted in 300 mM NaOAc pH 5.2, 0.1% SDS, 1 mM EDTA 

overnight at 4 °C. The eluate solution was then extracted with water-saturated phenol followed 

with chloroform-isoamyl alcohol (24:1). tRNAfMet2 M1 was precipitated overnight at -20 °C by the 

addition of 3 M NaOAc pH 5.2 (1/10 volume) and ice-cold ethanol (3x volume). The final tRNAfMet2 

M1 pellet was obtained by centrifugation at 8,800 rpm for 30 min at 4 °C in a microfuge, washed 

with 70% ethanol, dissolved in water, and stored at -80 °C. RNA concentration was determined 

using absorbance at 260 nm. Aminoacylation by methionyl-tRNA synthetase (MetRS) and 

formylation by methionyl-tRNA formyltransferase (MTF) to generate fMet-tRNAfMet2 M1 was 

performed as previously described (40). MetRS and MTF activity were confirmed by acid gel 

electrophoresis stained with methylene blue and TLC using [35S]-methionine as previously 

described (40). 

70S complex assembly. 70S initiation complexes (ICs) were prepared by stepwise 5 min 

incubations of 1.6 µM E. coli 70S, 3.2 µM mRNA (IDT, Table S6), and 4.8 µM fMet-tRNAfMet2 M1 

in buffer 2 (5 mM HEPES-KOH pH 7.5, 50 mM KCl, 10 mM NH4Cl, 6 mM β-Me) at 37 °C. The 

mRNA sequence is 5'- GGC AAG GAA AUA AAA NUG GUA UAC UUU -3' (P-site codon 

underlined, N can be A, U, G, or C). For the CUG start codon complex, 6.4 µM tRNAIleX was 

additionally added to the reaction to monitor for presentation of a +2 frame AUA codon at the 

ribosomal A site. For the complex containing a CUG start codon, IF2, and the non-hydrolyzable 

GTP analog GDPCP, a 70S initiation complex was prepared similarly (without tRNAIleX), and IF2 

was incubated for 20 minutes with GDPCP in a 1:100 molar ratio before being added to the 70S 
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IC (10 µM IF2 and 1 mM GDPCP final concentrations). Following assembly, 70S IC samples were 

briefly placed on ice until preparing grids for cryo-EM. 

Cryo-EM sample preparation and data collection. To prepare samples for cryo-EM, C-Flat™ 

holey carbon gold grids (R1.2/1.3, 300 mesh) were glow discharged in a PELCO easiGlow™ glow 

discharger (Ted Pella) for 30 seconds. Grids were prepared in a Vitrobot Mark IV (FEI) at 4 °C 

and 100% humidity. 3 µL of the prepared 70S IC sample was applied to grids and allowed to 

stand for 15 seconds before blotting and plunging into liquid ethane to vitrify.  

Cryo-EM processing and model building. E. coli 70S-NUG mRNA-fMet-tRNAfMet (no IF2) 

structures (Figs. S1-S3). Prior to processing cryo-EM data, movie frames were aligned using 

Patch Motion Correction and contrast transfer function (CTF) parameters were estimated using 

Patch CTF Estimation in cryoSPARC 4.5.3 (41). Micrographs displaying poorer than 5 Å 

estimated maximum resolution were discarded. Following pre-processing, an initial round of 

automated particle picking was performed on a random subset of 100 micrographs using the 

reference-free Blob Picker in cryoSPARC 4.5.3. Extracted particles were subjected to reference-

free two-dimensional classification to generate a set of 2D reference images, which were then 

used as templates to repick particles from the 100 micrograph subset. Template-picked particles 

were extracted and 2D-classified, then ribosome-like classes were selected to generate an 

optimized particle set to train a Topaz particle picking model (42). The trained Topaz model was 

used to pick particles from all retained micrographs. Picked particles were extracted with 4X 

binning and 2D-classified and ribosome-like 2D classes were selected. Three ab initio 3D 

reconstructions (70S ribosomes, 50S subunits, and junk) were generated from selected particles 

and used as references for heterogeneous 3D refinement, with 70S ribosome particles being 

selected for further processing and 50S subunit and junk particles being discarded. Selected 70S 

particles were re-extracted without binning and subjected to initial homogeneous 3D refinement 

and CTF refinement to correct for microscope aberrations and per-particle defocus estimation. 
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Particles were then subjected to two rounds of iterative reference-based motion correction (43), 

homogeneous 3D refinement, and CTF refinement (44) to generate an optimized high-resolution 

particle set. Focused 3D classification was then performed using a mask of the ribosomal A, P, 

and E sites generated from the A-, P-, and E-site tRNA chains of PDB code 5JTE (45) in UCSF 

ChimeraX (46). Particles containing P-site tRNAs and either no (UUG, GUG, and AUG mRNA 

datasets) or minimal (CUG mRNA dataset) E-site tRNA density were subjected to final 

homogeneous 3D refinement to generate high-resolution 3D reconstructions. The resultant maps 

were sharpened for modeling using sharpening B-factors automatically estimated from the Guinier 

plots for each final homogeneous refinement job. A local resolution map was generated for each 

reconstruction using cryoSPARC’s local resolution estimation implementation with a local FSC 

cutoff of 0.5. 

E. coli 70S-CUG mRNA-fMet-tRNAfMet-IF2 structure (Figs. S8, S9). Micrographs were 

preprocessed in RELION-3.1 (47) using RELION’s motion correction implementation and 

CTFFIND-4 for CTF estimation (48). Micrographs displaying poorer than 8 Å estimated maximum 

resolution were discarded and following pre-processing, particles were picked using the RELION-

3.1 Laplacian-of-Gaussian and template-based autopickers (similar to the prior dataset) to 

generate an optimized particle set for Topaz model training (42). Topaz was then trained and 

used to pick particles from all retained micrographs, which were extracted with 4X binning, 2D 

classified, used to generate an initial 3D reconstruction with the stochastic gradient descent 

method (41), and 3D classified for selection of 70S ribosome particles. Selected particles were 

re-extracted without binning, subjected to initial 3D auto-refinement, and 3D classified without 

alignment using a focus mask of the ribosomal A and P sites and GTPase center generated from 

the tRNA and IF2 chains of PDB code 6O9K (49) in UCSF ChimeraX (46). Particles containing 

P-site fMet-tRNAfMet and IF2 were subjected to CTF refinement (44,47) and 3D auto-refinement. 

Particles were sorted by E-site tRNA content via two additional rounds of focused classification, 
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first using a mask generated from the P- and E-site tRNA chains of PDB code 5JTE and then 

using a mask generated from the E-site tRNA chain of PDB code 5JTE alone (45). Particles 

containing P- and E-site tRNAs and IF2 were subjected to two rounds of iterative CTF refinement, 

Bayesian polishing (43), and 3D auto-refinement, then post-processed without sharpening using 

a solvent mask generated from a 10 Å lowpass filtered copy of the 3D refinement map to yield a 

final 2.6 Å reconstruction. The resultant map was sharpened for modeling using the Autosharpen 

tool in PHENIX (50). A local resolution map was generated using RELION’s local resolution 

estimation implementation. 

To build a model of 70S-IC containing fMet-tRNAfMet M1, UCSF ChimeraX was used to 

rigidly dock coordinates from an existing E. coli 70S structure containing P-site fMet-tRNAfMet 

(PDB code 7K00) (31) into the final 3D refinement map. For the 70S-IC containing IF2 and fMet-

tRNAfMet M1, an existing IF2-containing E. coli 70S-IC structure was rigidly docked in UCSF 

ChimeraX (PDB code 6O9K) (49) into the final 3D refinement map. Ligand coordinates and 

restraints for GDPCP were generated using eLBOW in PHENIX (51) before manually fitting 

GDPCP coordinates into the nucleotide binding site of IF2 using COOT (52). PDB code 7K00 was 

used to obtain initial A-site GUA codon coordinates and initial magnesium ion coordinates for all 

structures (31). The docked coordinates were subjected to real space refinement in PHENIX using 

the final sharpened maps and validated using MolProbity (53,54). 
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Figure 1. tRNAfMet has unique features for translation initiation. A. Translation initiation begins 

with initiation factors (IF1, IF2, IF3) binding to the 30S subunit in a defined order to guide fMet-

tRNAtRNA to the P site (called the 30S IC). 50S joins, GTP is hydrolyzed by IF2, and all factors are 

released. The resulting 70S IC is ready for the elongation phase. B. Mutation of the conserved G-

C base pairs of the anticodon stem of tRNAfMet M1 affect the ability of the ribosome to initiate 

translation on mRNA. Zoomed in view of the anticodon stem loop (ASL) of tRNAfMet showing the 

anticodon (blue) and three conserved G-C base pairs (bold). The tRNAfMet M1variant containing 

the C30-G40 mutation (red). The tRNAfMet M1 30-40 base pair is identical to that of elongator 

tRNAMet. 
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Figure 2. One base pair change in the anticodon stem of tRNAfMet alters how the 16S rRNA 

recognizes initiator tRNA. A. Map of 70S ribosome complexes containing P-site fMet-tRNAfMet 

with the M1 mutation (substitution of G-C with C-G at position 30-40). Map and model of tRNA 

are superimposed to enhance visibility. B. The tRNAfMet M1 ASL interacts with 16S rRNA 

nucleotides G1338 and A1339. C. In the presence of the M1 mutation, the C30-G40 base pair 

forms weakened A-minor interactions with the base of conserved 16S rRNA nucleotide A1339. 

D. In the presence of the M1 mutation, tRNAfMet nucleotide C41 forms A-minor interactions with 

the base of conserved 16S nucleotide G1338. 
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Figure 3. The M1 mutation alters interactions with 16S rRNA nucleotides G1338 and A1339. 

A. In the absence of IF2, the tRNAfMet M1 mutation tightens the hydrogen bonding angle between 

atom N3 of 16S rRNA nucleotide A1339 and hydrogen atom (denoted in blue) of the G of the 30-

40 base pair, leading to poorer hydrogen bonding geometry compared to wild type tRNAfMet. B. 

Compared to a structure containing wild type tRNAfMet (PDB code 5MDZ), hydrogen bonds 

between A1339 and the tRNAfMet M1 C30-G40 base pair are lengthened, reflecting weaker 

interaction. C. Compared to wild type tRNAfMet, the 2’-OH of tRNAfMet M1 engages in more distant 

interactions with the G1338 2’-OH group, but its interaction with the G1338 base is unchanged. 
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Figure 4. Codon-anticodon interactions between tRNAfMet M1 and the CUG start codon in 

the absence of IF2. A. The CAU anticodon of tRNAfMet M1 interacts with the noncanonical CUG 

start codon at the ribosomal P site (map threshold 0.21; map value range -0.877 to 1.41). B. 

Hydrogen-bond donors and acceptors are too distant for strong base pairing at the first position 

of the codon-anticodon interaction. C. Base pairing at the second position of the codon-anticodon 

interaction displays typical hydrogen bonding distances. D. Base pairing at the third position of 

the codon-anticodon interaction displays typical hydrogen bonding distances. 
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Fig. 5. IF2 partially restores gripping of tRNAfMet M1 by the 16S rRNA. A. Map of 70S initiation 

complexes containing the IF2∙GDPCP∙fMet-tRNAfMet M1 complex in the P site (tRNA and IF2 

models and map segments superimposed for visibility). B. The tRNAfMet M1 ASL containing the 

C30-G40 base pair interacts with 16S rRNA nucleotides A1339 and G1338 while maintaining base 

pairs with the CUG start codon. C. In the presence of IF2, the C30-G40 base pair is unable to form 

A-minor interactions with the nucleobase of A1339 (map threshold 5.0; map value range -11.3 to 

28.2). D. In contrast, G1338 is oriented properly to form A-minor interactions with nucleotide C41 

of the adjacent tRNA base pair (map threshold 4.6; map value range -11.3 to 28.2). 
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Figure 6. IF2 does not appear to strengthen the interaction between the tRNAfMet M1 

anticodon and the noncanonical CUG start codon. A. When IF2 is present, the CAU anticodon 

of tRNAfMet M1 interacts with the P-site noncanonical CUG start codon (map threshold 4.5; map 

value range -11.3 to 28.2). B. IF2 interaction with tRNAfMet M1 does not orient the first position 

codon-anticodon nucleotides closely enough for strong base pairing. C. Base pairing at the 

second position of the codon-anticodon interaction displays typical hydrogen bonding distances. 

D. Base pairing at the third position of the codon-anticodon interaction displays typical hydrogen 

bonding distances. 
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Fig S1. Cryo-EM data processing pipeline (E. coli 70S + tRNAfMet M1 + CUG mRNA, no IF2). 

A. Micrograph preprocessing, particle picking, and reference-free two-dimensional classification. 

B. Ab initio 3D reconstruction of 2D-classified ribosome-like particles, heterogeneous refinement, 

and initial 3D refinement of selected 70S ribosome particles. C. Iterative reference-based motion 
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correction, homogeneous refinement, and CTF refinement steps to yield a resolution-optimized 

particle set. Focus mask creation (covering the ribosomal A, P, and E sites) D. Focused 3D 

classification followed by final homogeneous refinement of selected particles with P-site tRNA 

and minimal E-site density and B-factor sharpening of the resultant map. 
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Fig. S2. Cryo-EM data processing pipeline (E. coli 70S + tRNAfMet M1 + UUG/GUG/AUG 

mRNA, no IF2 datasets; UUG dataset shown as examples). A. Micrograph preprocessing, 

particle picking, and reference-free two-dimensional classification. B. Ab initio 3D reconstruction 

of 2D-classified ribosome-like particles, heterogeneous refinement, and initial 3D refinement of 

selected 70S ribosome particles. C. Iterative reference-based motion correction, homogeneous 
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refinement, and CTF refinement steps to yield a resolution-optimized particle set. Focus mask 

creation (covering the ribosomal A, P, and E sites) D. Focused 3D classification followed by final 

homogeneous refinement of selected particles with only P-site tRNA and B-factor sharpening of 

the resultant map. 
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Fig. S3. Data quality metrics (E. coli 70S + tRNAfMet M1, no IF2 datasets). A. Data quality 

metrics for CUG start codon dataset; local resolution maps correspond to 70S front view (left), 

clipped view for visibility of tRNA binding sites (middle), and zoomed view of P-site fMet-tRNAfMet 

M1 (right); Fourier shell correlation plot (upper) and orientation distribution plot (lower) from final 
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homogeneous 3D refinement. B. Data quality metrics for UUG start codon dataset. C. Data quality 

metrics for GUG start codon dataset. D. Data quality metrics for AUG start codon dataset.  
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Fig. S4. The M1 mutation does not alter tRNAfMet ASL width or pitch. A. tRNAfMet M1 from 70S 

ICs prepared without IF2 and WT tRNAfMet from PDB 5MDZ with phosphorus-phosphorus 

distances measured between nucleotides 30 and 40 (ASL width) and nucleotides 30 and 44 (ASL 

pitch). B. A. tRNAfMet M1 from 70S ICs containing IF2∙GDPCP and WT tRNAfMet from PDB 3JCJ 

with phosphorus-phosphorus distances measured between nucleotides 30 and 40 (ASL width) 

and nucleotides 30 and 44 (ASL pitch). 
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Fig. S5. A-minor interactions between 16S rRNA nucleotide A1339 and the tRNAfMet M1 30-

40 base pair are similar in the presence of all NUG start codons. A. A-minor interaction of 

A1339 with the tRNAfMet M1 30-40 base pair (CUG start codon, map threshold 0.26, map value 

range -0.877 to 1.41). B. A-minor interaction of A1339 with the tRNAfMet M1 30-40 base pair (UUG 

start codon, map threshold 0.26, map value range -0.785 to 1.38). C. A-minor interaction of A1339 

with the tRNAfMet M1 30-40 base pair (GUG start codon, map threshold 0.26, map value range -

0.745 to 1.33). D. A-minor interaction of A1339 with the tRNAfMet M1 30-40 base pair (AUG start 

codon, map threshold 0.20, map value range -0.527 to 1.03). 
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Fig. S6. A-minor interactions between 16S rRNA nucleotide G1338 and tRNAfMet M1 

nucleotide C41 are similar in the presence of all NUG start codons. A. A-minor interaction of 

G1338 with tRNAfMet M1 nucleotide C41 (CUG start codon, map threshold 0.28, map value range 

-0.877 to 1.41). B. A-minor interaction of G1338 with tRNAfMet M1 nucleotide C41 (UUG start 

codon, map threshold 0.26, map value range -0.785 to 1.38). C. A-minor interaction of G1338 

with tRNAfMet M1 nucleotide C41 (GUG start codon, map threshold 0.26, map value range -0.745 

to 1.33). D. A-minor interaction of G1338 with tRNAfMet M1 nucleotide C41 (AUG start codon, map 

threshold 0.22, map value range -0.527 to 1.03). 
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Fig. S7. 70S complexes are observed in the 0 reading frame with functionally presented A-

site mRNA codons. A. E-site mRNA codon map and model (no-IF2, CUG start codon structure; 

map threshold 0.13, map value range -0.877 to 1.41). B. P-site mRNA codon map and model (no-

IF2, CUG start codon structure; map threshold 0.3). C. A-site mRNA codon model and alternative 

sharpened map generated using PHENIX Autosharpen (no-IF2, CUG start codon structure with 

A-site codon from PDB 7K00 superimposed; global sharpening B-factor of 24.41 Å2, map 

threshold 2.9, map value range -13.7 to 29.8). Models were aligned on their 16S rRNA platform 

domains for measurement of an all-atom RMSD for their A-site codons. D. E-site mRNA codon 

map and model (+IF2 structure; map threshold 2.9, map value range -11.3 to 28.2). E . P-site 

mRNA codon map and model (+IF2 structure; map threshold 4.5). ). F. A-site mRNA codon map 

and model (+IF2, CUG start codon structure A-site mRNA codon from PDB 7K00 superimposed; 
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map threshold 2.4). Models were aligned on their 16S rRNA platform domains for measurement 

of an all-atom RMSD for their A-site codons. 

 

 

 

 



67 
 

 

Fig. S8. Cryo-EM data processing pipeline (E. coli 70S + tRNAfMet M1 + IF2). A. Micrograph 

preprocessing, particle picking, and reference-free two-dimensional classification. B. Initial 3D 

reconstruction of 2D-classified ribosome-like particles, three-dimensional classification with 

particle alignment, and initial 3D refinement of selected 70S ribosome particles. C. Mask creation 

(covering the IF2 binding site and ribosomal P site), followed by focused three-dimensional 
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classification without particle alignment and 3D refinement of selected IF2-containing particles. 

D. Mask creation (covering the ribosomal P and E sites), focused 3D classification without 

alignment, additional focused classification with a mask covering the ribosomal E site, and final 

CTF refinement, Bayesian particle polishing, 3D refinement, and postprocessing steps to yield a 

2.6 Å 3D reconstruction. 
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Fig. S9. Data quality metrics (E. coli 70S + tRNAfMet M1 + IF2). A. Local resolution map (external 

view) generated using RELION-3.1’s local resolution estimation implementation. B. Local 

resolution map with clipping plane applied for visibility of bound P-site fMet-tRNAfMet M1 and IF2. 

C. Local resolution of fMet-tRNAfMet M1 and IF2 map fragments extracted from final 3D 

reconstruction displayed in (A). D. Angular distribution plot of 42,825 IF2-containing particles 

generated using AngDist. E. Fourier shell correlation plot from RELION-3.1 postprocessing job 

yielding a resolution of 2.6 Å at the FSC=0.143 cutoff upon application of a solvent mask. 
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Fig. S10. The M1 mutation appears to weaken tRNAfMet interaction with 16S nucleotide 

A1339 by reducing hydrogen bonding angles with the 30-40 base pair. IF2 binding to 

complexes containing tRNAfMet M1 does not improve the linearity of hydrogen bonding between 

A1339 and the 30-40 base pair. 
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Fig. S11. IF2 improves the interaction between 16S rRNA and the tRNAfMet M1 minor groove. 

A. When IF2 is present, the acceptor stem of tRNAfMet M1 is displaced ~12 Å toward the ribosomal 

E site while the anticodon stem loop is displaced roughly 2 Å toward the ribosomal 30S head 

domain. The single-stranded 16S rRNA loop containing NTs 1335-1339 is displaced roughly 2 Å 

along with the tRNAfMet M1 ASL when IF2 is present (structures aligned on the 16S rRNA platform 

domain). B. The interaction of IF2 with tRNAfMet M1 during initiation displaces the 2’-OH of ASL 

nucleotide C41 roughly 0.8 Å toward the 16S rRNA, the 16S nucleotide G1338 base roughly 1.2 

Å upward along the tRNA minor groove, and G1338 2’-OH 0.8 Å upward along the minor groove 

relative to the C30-G40 base pair, slightly strengthening tRNA gripping by the ribosomal P site 

(structures aligned on the tRNAfMet M1 C30-G40 base pair). 
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Table S1. Cryo-EM data collection and model statistics for the E. coli 70S + tRNAfMet M1 + 
CUG start codon dataset (no IF2). 

EMDB accession EMD-43929 
PDB ID 9AX7 
Name 70S IC (tRNAfMet M1 + CUG start codon) 
Data collection     
Microscope  FEI Talos Arctica 
Detector  Gatan K3 Bioquantum 
Voltage (keV)  200 
Electron exposure (e-/Å2)  58.4 
Pixel size (Å)  1.045 
Defocus range (µm) -0.6-1.8 
Frames per movie  40 
Micrographs (#)  3,155 
Initial particles (#) 835,144 
Final particles (#) 132,954 
Model refinement and validation statistics 
Composition (#)     
Atoms 140,102 
Residues Protein: 5,585; Nucleotide: 4,472 
Ligands Mg: 394 

Zn: 2 
Bonds (RMSD)  
Length (Å) (# > 4σ) 0.003 (0) 
Angles (°) (# > 4σ) 0.651 (2) 
MolProbity score 1.59 
Clash score 7.43 
Ramachandran plot (%)     
Outliers 0.04 
Allowed 3.00 
Favored 96.97 
Rotamer outliers (%) 0.28 
Cβ outliers (%) 0.00 
Peptide plane (%)     
Cis proline/general 2.2/0.0 
Twisted proline/general 0.0/0.0 
CaBLAM outliers (%) 1.80 
ADP (B-factors) min/max/mean 
Protein 0.00/109.35/43.20 
Nucleotide 0.00/152.32/34.10 
Ligand 0.22/82.03/24.98 
Resolution Estimates (Å) Masked Unmasked 
d FSC (half maps; 0.143) 2.8 2.9 
d 99 (full/half1/half2) 2.9/2.1/2.1 2.8/2.1/2.1 
d model 2.9 2.9 
d FSC model (0/0.143/0.5) 2.6/2.6/2.8 2.6/2.6/3.0 
Map min/max/mean -0.88/1.41/0.01 
Model vs. Data     
CC (mask) 0.85 
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Table S2. Cryo-EM data collection and model statistics for the E. coli 70S + tRNAfMet M1 + 
UUG start codon dataset. 

EMDB accession EMD-45569 
PDB ID 9CG5 
Name 70S IC (tRNAfMet M1 + UUG start codon) 
Data collection     
Microscope  FEI Talos Arctica 
Detector  Gatan K3 Bioquantum 
Voltage (keV)  200 
Electron exposure (e-/Å2)  58.4 
Pixel size (Å)  1.045 
Defocus range (µm) -0.6-1.8 
Frames per movie  40 
Micrographs (#)  2,441 
Initial particles (#) 579,544 
Final particles (#) 133,568 
Model refinement and validation statistics 
Composition (#)     
Atoms 140,102 
Residues Protein: 5,585; Nucleotide: 4,472 
Ligands Mg: 309 

Zn: 2 
Bonds (RMSD)  
Length (Å) (# > 4σ) 0.008 (2) 
Angles (°) (# > 4σ) 0.834 (4) 
MolProbity score 1.66 
Clash score 7.00 
Ramachandran plot (%)     
Outliers 0.11 
Allowed 3.87 
Favored 96.02 
Rotamer outliers (%) 0.94 
Cβ outliers (%) 0.00 
Peptide plane (%)     
Cis proline/general 2.2/0.0 
Twisted proline/general 0.0/0.0 
CaBLAM outliers (%) 1.91 
ADP (B-factors) min/max/mean 
Protein 0.00/107.75/39.90 
Nucleotide 0.00/125.66/32.79 
Ligand 0.00/76.48/23.21 
Resolution Estimates (Å) Masked Unmasked 
d FSC (half maps; 0.143) 2.7 2.9 
d 99 (full/half1/half2) 2.8/2.1/2.1 2.7/2.1/2.1 
d model 2.9 2.9 
d FSC model (0/0.143/0.5) 2.6/2.6/2.8 2.6/2.6/2.9 
Map min/max/mean -0.78/1.38/0.01 
Model vs. Data     
CC (mask) 0.87 
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Table S3. Cryo-EM data collection and model statistics for the E. coli 70S + tRNAfMet M1 + 
GUG start codon dataset. 

EMDB accession EMD-45572 
PDB ID 9CG6 
Name 70S IC (tRNAfMet M1 + GUG start codon) 
Data collection     
Microscope  FEI Talos Arctica 
Detector  Gatan K3 Bioquantum 
Voltage (keV)  200 
Electron exposure (e-/Å2)  58.4 
Pixel size (Å)  1.045 
Defocus range (µm) -0.6-1.8 
Frames per movie  40 
Micrographs (#)  2,440 
Initial particles (#) 737,680 
Final particles (#) 149,231 
Model refinement and validation statistics 
Composition (#)     
Atoms 140,105 
Residues Protein: 5,585; Nucleotide: 4,447 
Ligands Mg: 309 

Zn: 2 
Bonds (RMSD)  
Length (Å) (# > 4σ) 0.007 (2) 
Angles (°) (# > 4σ) 0.797 (11) 
MolProbity score 1.64 
Clash score 6.85 
Ramachandran plot (%)     
Outliers 0.15 
Allowed 3.73 
Favored 96.13 
Rotamer outliers (%) 1.01 
Cβ outliers (%) 0.00 
Peptide plane (%)     
Cis proline/general 2.2/0.0 
Twisted proline/general 0.0/0.0 
CaBLAM outliers (%) 2.08 
ADP (B-factors) min/max/mean 
Protein 0.00/110.95/41.08 
Nucleotide 0.00/123.13/33.55 
Ligand 0.61/78.92/24.25 
Resolution Estimates (Å) Masked Unmasked 
d FSC (half maps; 0.143) 2.7 2.9 
d 99 (full/half1/half2) 2.9/2.2/2.2 2.8/2.1/2.1 
d model 2.9 2.9 
d FSC model (0/0.143/0.5) 2.6/2.6/2.8 2.6/2.6/2.9 
Map min/max/mean -0.74/1.33/0.01 
Model vs. Data     
CC (mask) 0.87 
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Table S4. Cryo-EM data collection and model statistics for the E. coli 70S + tRNAfMet M1 + 
AUG start codon dataset. 

EMDB accession EMD-45573 
PDB ID 9CG7 
Name 70S IC (tRNAfMet M1 + AUG start codon) 
Data collection     
Microscope  FEI Talos Arctica 
Detector  Gatan K3 Bioquantum 
Voltage (keV)  200 
Electron exposure (e-/Å2)  58.4 
Pixel size (Å)  1.045 
Defocus range (µm) -0.6-1.8 
Frames per movie  40 
Micrographs (#)  2,265 
Initial particles (#) 492,576 
Final particles (#) 101,538 
Model refinement and validation statistics 
Composition (#)     
Atoms 140,104 
Residues Protein: 5,585; Nucleotide: 4,447 
Ligands Mg: 309 

Zn: 2 
Bonds (RMSD)  
Length (Å) (# > 4σ) 0.007 (7) 
Angles (°) (# > 4σ) 0.776 (4) 
MolProbity score 1.64 
Clash score 6.43 
Ramachandran plot (%)     
Outliers 0.11 
Allowed 4.06 
Favored 95.83 
Rotamer outliers (%) 0.37 
Cβ outliers (%) 0.00 
Peptide plane (%)     
Cis proline/general 2.2/0.0 
Twisted proline/general 0.0/0.0 
CaBLAM outliers (%) 2.10 
ADP (B-factors) min/max/mean 
Protein 0.00/111.21/43.18 
Nucleotide 0.00/114.69/40.32 
Ligand 4.42/83.88/25.80 
Resolution Estimates (Å) Masked Unmasked 
d FSC (half maps; 0.143) 2.9 3.0 
d 99 (full/half1/half2) 3.0/2.1/2.1 2.9/2.1/2.1 
d model 3.0 2.9 
d FSC model (0/0.143/0.5) 2.7/2.7/2.9 2.7/2.7/3.0 
Map min/max/mean -0.53/1.03/0.01 
Model vs. Data     
CC (mask) 0.87 
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Table S5. Cryo-EM data collection and model statistics for the E. coli 70S + tRNAfMet M1 + 
IF2∙GDPCP + CUG start codon dataset. 

EMDB accession EMD-43930 
PDB ID 9AX8 
Name 70S IC (tRNAfMet M1, IF2∙GDPCP + CUG start codon) 
Data collection     
Microscope  TFS Krios 
Detector  TFS Falcon 4i 
Voltage (keV)  300 
Electron exposure (e-/Å2)  50 
Pixel size (Å)  0.814 
Defocus range (µm) -0.5-2.5 
Frames per movie  29 
Micrographs (#)  4,216 
Initial particles (#) 304,113 
Final particles (#) 42,825 
Model refinement and validation statistics 
Composition (#)     
Atoms 145,067 
Residues Protein: 5,904; Nucleotide: 4,597 
Ligands Mg: 287 

GDPCP: 1 
Bonds (RMSD)  
Length (Å) (# > 4σ) 0.003 (7) 
Angles (°) (# > 4σ) 0.661 (19) 
MolProbity score 2.29 
Clash score 6.90 
Ramachandran plot (%)     
Outliers 0.76 
Allowed 7.95 
Favored 91.29 
Rotamer outliers (%) 3.32 
Cβ outliers (%) 0.00 
Peptide plane (%)     
Cis proline/general 0.0/0.0 
Twisted proline/general 0.0/0.0 
CaBLAM outliers (%) 5.83 
ADP (B-factors) min/max/mean 
Protein 10.51/182.48/66.46 
Nucleotide 0.00/356.69/80.36 
Ligand 9.69/79.47/34.34 
Resolution Estimates (Å) Masked Unmasked 
d FSC (half maps; 0.143) 2.6 2.9 
d 99 (full/half1/half2) 3.1/1.8/1.8 3.0/1.7/1.7 
d model 2.9 2.9 
d FSC model (0/0.143/0.5) 2.4/2.6/2.9 2.6/2.7/3.0 
Map min/max/mean -11.34/28.17/0.15 
Model vs. Data     
CC (mask) 0.86 
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Table S6. Sequences of nucleic acids used in this study. 

Name Nucleotide sequence (5’  3’) Source 
mRNA (CUG) GGCAAGGAAAUAAAACUGGUAUACUUU Chemically synthesized (IDT) 
mRNA (UUG) GGCAAGGAAAUAAAAUUGGUAUACUUU Chemically synthesized (IDT) 
mRNA (GUG) GGCAAGGAAAUAAAAGUGGUAUACUUU Chemically synthesized (IDT) 
mRNA (AUG) GGCAAGGAAAUAAAAAUGGUAUACUUU Chemically synthesized (IDT) 
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Abstract 

Aminoglycosides disrupt the fidelity of protein synthesis by the bacterial ribosome, but their potent 

antibacterial activity is threatened by multiple resistance mechanisms, including methylation of 

their ribosomal RNA (rRNA) binding site. However, the impact of one such resistance-conferring 

methylation on N1 of helix 44 nucleotide A1408 (m1A1408) is highly variable with some 

aminoglycosides retaining significant potency. Here, we examine bacterial susceptibility to a panel 

of diverse aminoglycosides, high-resolution electron cryomicroscopy structures of m1A1408-

modified 70S ribosome-aminoglycoside complexes, and molecular dynamics simulations to 

decipher the key determinants of such “resistance evasion”. Collectively, these analyses reveal 

how aminoglycosides adapt their conformation to accommodate m1A1408, including the roles of 

specific ring substituents, balancing ligand strain and maintaining favorable interactions, and 

additional functional groups that make compensatory interactions for those disrupted by the 

modification. This work provides new design principles that can guide future rational development 

of aminoglycosides refractory to resistance conferred by rRNA modifications. 

 

Introduction 

Aminoglycosides are broad spectrum ribosome-targeting antibiotics with activity against both 

Gram-negative and Gram-positive bacteria1,2. Currently, aminoglycosides are in clinical use as 

last resort antibiotics for patients with severe or complicated infections (e.g. sepsis, infective 

endocarditis) including multidrug-resistant (MDR) Gram-negative infections, and for long-term 

treatment of chronic Pseudomonas aeruginosa lung infections associated with cystic fibrosis 

(CF)3,4. Broader application has been limited by aminoglycoside toxicity relative to other treatment 

options, but increasing resistance to these other drug classes has led to a reevaluation of 

aminoglycoside use5-7. However, continued use of aminoglycosides is also threatened by multiple 

resistance mechanisms including efflux and chemical modification of either the drugs or their 

ribosomal binding site8-11. 
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Aminoglycosides bind 16S ribosomal RNA (rRNA) helix 44 (h44) at the aminoacyl-tRNA 

site (A site) within the conserved decoding center of the bacterial ribosome and typically induce 

mRNA misreading to disrupt the fidelity of protein synthesis, eventually resulting in cell death1. 

Aminoglycosides are polycationic oligosaccharides, with most containing a common 2-

deoxystreptamine (2-DOS) ring (Ring II) appended with additional aminosugar rings (Fig. 1). The 

2-DOS ring is connected at position 4 via a glycosidic bond to a modified α-glucose unit (Ring I) 

to form the disaccharide core that comprises the minimal fragment specifically able to bind to h44. 

Different classes of aminoglycosides are then distinguished based on the additional sugar 

linkages to the 2-DOS unit2. A second modified α-glucose unit (Ring III) at position 6 of the 2-DOS 

ring forms the 4,6-DOS aminoglycosides, including kanamycin and the clinically important drugs 

amikacin (Amk), tobramycin (Tob), gentamicin C1A (Gen), and plazomicin (Plz). Alternatively, 

appending position 5 of the 2-DOS ring with a β-D-ribosyl moiety forms the scaffold of the 4,5-

DOS class of aminoglycosides, including the trisaccharides ribostamycin and butirosyn, 

tetrasaccharides neomycin (Neo) and paromomycin (Par; Fig. 1), and the pentasaccharide 

lividomicin.  

Despite their potency and broad-spectrum activity, emergence of aminoglycoside 

resistance among pathogenic bacteria has critically impacted the clinical efficacy of this drug 

class. Prevalent resistance mechanisms include efflux mediated by resistance-nodulation-division 

family transporters in Gram-negative bacteria, drug modification by aminoglycoside-modification 

enzymes (AMEs), and ribosomal drug binding site mutation or chemical modification by the 

aminoglycoside-resistance 16S rRNA methyltransferases9,11-13. Countering the action of 

widespread AMEs has been the major focus of synthetic strategies to date, with alterations 

designed to restore aminoglycoside activity, such as in the recently approved Plz which is based 

on the sisomicin scaffold14,15. However, like established drugs of this class such as Tob and Amk, 

Plz–and likely future aminoglycoside variants developed using similar approaches–remain 

vulnerable to the action of aminoglycoside-resistance 16S rRNA methyltransferases which have 
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more recently emerged as another major clinical threat10,14. These rRNA modification enzymes 

methylate either the N1 position of residue A1408 (m1A1408; NpmA and NpmB) or N7 position of 

G1405 (m7G1405; ArmA and RmtA to RmtH) to render large groups of aminoglycosides 

ineffective12,13,16. Members of the m7G1405 methyltransferase family have also been identified on 

plasmids encoding the NDM-1 β-lactamase, thus contributing to MDR in pathogenic bacteria 

including Pseudomonas aeruginosa and Klebsiella pneumoniae17,18.  

While m7G1405 and m1A1408 can confer near pan-aminoglycoside resistance, some 

aminoglycosides can, to varying extents, escape the effects of these two rRNA modifications. For 

example, the 4,5-DOS aminoglycosides are unaffected by m7G1405 as Ring III does not project 

towards the modification site in this arrangement. Additionally, multiple reports of drug activity in 

bacteria expressing these enzymes have also suggested a propensity for certain aminoglycosides 

of both structural classes to partially evade the effect of the m1A1408 modification13,19,20. Further, 

Kanazawa et al.21 showed that G418 (also known as geneticin) and Par, both of which have a 6’-

OH group, could bind to a model RNA helix that mimics the A site of the ribosome containing 

m1A1408. In this context, the N1-methyl group of m1A1408 and the 6′-OH group of Ring I of G418 

and Par are close, suggesting better electrostatic and steric accommodation compared to Gen, 

which has a 6′-NH3
+ group.  

Fully defining the basis for the differential impacts of resistance rRNA modifications on the 

activity of structurally similar aminoglycosides could yield critical insights to guide rational 

redesign of this drug class to fully evade the rRNA modification resistance mechanism. However, 

we currently lack the necessary understanding of the structural and dynamic attributes of 

aminoglycosides upon interaction with modified, aminoglycoside-resistant ribosomes compared 

to their unmodified, fully drug sensitive counterparts. Here, we develop an experimental and 

computational framework to provide such information to thereby define the mechanistic basis of 

evasion of m1A1408-mediated resistance by specific aminoglycosides. We find that strong 

evasion requires a combination of favorable interactions of specific ring substituents, ring 
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flexibility, and stabilization of drug-rRNA interaction by additional substituents such as the L-4-

amino-2-hydroxybutyryl (L-HABA) moiety. Our studies also reveal why analogous evasion of the 

more clinically prevalent m7G1405 resistance modification is not observed and provide a platform 

from which new aminoglycoside-based drugs could be designed to fully evade rRNA modification-

mediated aminoglycoside resistance.  

 

Results 

Aminoglycosides exhibit a range of susceptibilities to m1A1408 rRNA 

methylation. 

Structurally and chemically diverse aminoglycosides were tested for activity in E. coli using 

minimum inhibitory concentration (MIC) assays in the absence or presence of m1A1408 

modification, i.e., without or with expression of the aminoglycoside-resistance methyltransferase 

NpmA, respectively. As anticipated based on prior observations with a more limited set of 

aminoglycosides13,19,20, a wide range of changes in drug sensitivity are observed in the presence 

of the modification (MIC range from 8 to >1024 µg/ml) compared to unmodified ribosomes (MICs 

0.5-1.0 µg/ml, except Par = 4 µg/ml), indicative of a range of capacities to evade resistance due 

to m1A1408 (Fig. 1 and Supplementary Table 1). These differences must arise due to the distinct 

drug scaffolds, specific substituents presented on each ring, and/or their impact on the ability of 

a given aminoglycoside to adapt its bound conformation to the presence of the methylated 

nucleobase of A1408.  

The activities of some aminoglycosides based on the kanamycin scaffold are among the 

most strongly impacted by m1A1408 modification: kanamycin A (Kan), bekanamycin (Bek) and 

dibekacin (Dbk) are at least 1000-fold less effective with expression of NpmA (Fig. 1). Tob is also 

strongly impacted by the m1A1408 modification but retains some activity (reduced 250- to 500-

fold) compared to these three drugs. However, in sharp contrast, Amk and arbekacin (Abk), both 
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of which have a L-HABA group attached to the 2-DOS ring (Ring II), exhibit strong retained activity 

against the m1A1408 modification (MICs of 8 µg/ml compared to 0.5 µg/ml in the absence of 

NpmA; Fig. 1).  

Aminoglycosides with a gentamicin scaffold, including Gen, micronomicin (Mcr), and 

G418, exhibit generally greater retained activity. Of these three drugs, G418, which uniquely has 

a 6’-OH in Ring I, shows the greatest ability to evade the impact of m1A1408 modification (Fig. 

1). On the other hand, netilmicin (Net), an analog of sisomicin, which has a conformationally 

restricted Ring I, has the highest measurable MIC with NpmA expression (>1024 µg/ml; Fig. 1), 

highlighting a potential contribution of Ring I conformational flexibility to evasion of the m1A1408 

resistance modification. 

Finally, for the two 4,5-DOS aminoglycosides tested, Neo and Par, distinct sensitivities to 

the m1A1408 modification are again observed with a 32-fold difference in the impact of the 

resistance modification between the two drugs (Fig. 1). Neo and Par differ only in their Ring I 6’ 

substituents (NH3
+ vs OH, respectively) and, consistent with the observation for G418, these 

results suggest that the identity of the 6’ substituent contributes significantly to the observed 

differences in sensitivity to m1A1408. 

Together, these results highlight the potential impacts of aminoglycoside features 

including specific ring substituents, polarity, and ring flexibility on drug sensitivity to m1A1408-

mediated aminoglycoside resistance. Additionally, these features encompass elements of 

aminoglycoside structure both near (e.g., Ring I substituents at the 6’ position) and distant from 

A1408 (e.g., addition of a L-HABA group to Ring II).  

 

Structural basis for Abk and G418 evasion of the m1A1408 aminoglycoside-

resistance modification 
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To determine the structural basis for the ability of some aminoglycosides to strongly evade 

m1A1408-mediated resistance, we determined electron cryomicroscopy (cryo-EM) structures of 

three E. coli 70S ribosome-drug complexes. Ribosome complexes were independently prepared 

with two aminoglycosides with distinct scaffolds and ring substituents (Abk and G418) that each 

exhibit retained activity in the presence of the m1A1408 modification, and used to determine their 

structures bound to the  m1A1408-modified 70S ribosome (hereafter referred to as “70S 

(m1A1408)”; Supplementary Figs. 1 and 2, and Supplementary Table 2). The structure of the 

unmodified 70S (A1408)–Abk complex was also determined to enable direct comparison to the 

corresponding m1A1408-containing structure (Supplementary Fig. 3 and Supplementary Table 

2). Both 70S (m1A1408)–drug complexes were prepared in the presence of mRNA and cognate 

tRNAs which are included in the final model, while the 70S (A1408)-Abk complex were empty. 

The three final high-resolution cryo-EM maps, 70S (A1408)-Abk (2.7 Å), 70S (m1A1408)-Abk (2.2 

Å) and 70S (m1A1408)–G418 (2.4 Å) (Fig. 2a-c), show clear density at h44 corresponding to the 

bound aminoglycosides, permitting comparison of drug-ribosome interactions in the presence and 

absence of A1408 methylation (Supplementary Fig. 4). 

Comparison of Abk bound to the ribosome with and without the m1A1408 modification 

reveals discernible differences in both aminoglycoside and rRNA conformations, and their 

interactions (Fig. 2a,b and Supplementary Fig. 5a,b). In the 70S (A1408)-Abk complex, Abk 

engages with the phosphate backbone of 16S nucleotides A1493 and G1494 and the 

nucleobases of G1494 and U1495 through its 2-DOS ring (Ring II), while the L-HABA group 

interacts with C1496 and G1497, and Ring III interacts with G1405 and C1407. The Ring I 6’ 

substituent (NH3
+) is positioned to hydrogen bond with atom N1 of A1408 (2.6 Å distance) and is 

4.9 Å from the phosphate backbone of A1493 (Supplementary Fig. 5b). Without any 

conformational adjustment of the rRNA or Abk, addition of the N1 methyl group to generate 

m1A1408 would result in a clash with the Ring I 6’-NH3
+

 (Fig. 2d,e). Thus, although many drug-

rRNA interactions are retained in the 70S (m1A1408)-Abk complex structure (Supplementary 
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Table 3), the distance between the Abk Ring I 6’-NH3
+

 and m1A1408 N1 is increased by 2.7 Å to 

5.3 Å due to A1408 methylation. Movements of both the m1A1408 base (shifted by ~1.5 Å) and 

adjustment of the Ring I and II glycosidic bond orientation (dihedral angle ΦI/II rotated by ~19°) 

are necessary to accommodate the base methylation at A1408 (Fig. 2f, and Supplementary Fig. 

5c and Supplementary Table 4). Other changes around A1408 include an increase in the 

distance between Abk Ring I O3 and N6 of A1408 from 3.6 to 5.4 Å, such that this interaction is 

disrupted when A1408 is methylated. Unique to the 70S (m1A1408)-bound Abk, the methyl group 

of A1408 is oriented towards the O3 atom of Abk located 3.4 Å away, and thus positioned to 

potentially make a weak C-H...O hydrogen bond (Supplementary Fig. 5b and Supplementary 

Table 3). The Abk Ring I pucker also differs between the 70S (A1408)- and 70S (m1A1408)-bound 

structures, with puckering phase angles of -21.0° and 60.2°, respectively; this change appears 

necessary to allow adjustment of the interatomic distance between the Ring I 6’-NH3
+ and N1 of 

A1408 (Fig. 2g and Supplementary Table 4). This change in ring pucker also alters the Ring I 

ω dihedral angle (O-C-C-6’-N/O, from 26° to 57°), though both remain closest to the gauche/trans 

(gt) configuration. Collectively, these changes in the glycosidic dihedral angles between Rings I 

and II, the ω dihedral angle, and the puckering phase angle of Ring I allow adaptation of Abk 

binding in the presence of the methyl group on m1A1408.  

Differences in RNA base step and base pair helical parameters and pseudo-torsional 

angles for base rotation are observed between the ribosome structures with unmethylated and 

methylated A1408. In the immediate vicinity of the bound Abk and m1A1408, roll, twist and tilt 

angle differ for three consecutive base steps of 16S rRNA including C1407~A1408, 

A1408~C1409 and C1409~A1410, with additional changes in shift and slide for C1407~A1408 

and A1408~C1409, respectively (Supplementary Fig. 5d). On the opposite strand, except for 

the unpaired and highly mobile nucleotides A1492 and A1493, no other base step parameters 

change significantly. Similarly, adjacent to A1408, changes in buckle, propeller twist, and opening 

angles are observed for base pairs C1407-G1494 and C1409-G1491, and base pair shear is also 
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altered for C1407-G1494 (Supplementary Fig. 5e). Finally, pseudo-dihedral angles η′′ and θ′′, 

which measure the twist and bending in the RNA backbone, are most changed for nucleotides 

close to the modified m1A1408 base (Supplementary Fig. 5f). These analyses reveal that 

conformational changes in the rRNA occur to accommodate binding of Abk when A1408 is 

modified, but that these changes are localized around m1A1408 with no distant, large scale 

conformational changes being required. Comparison of the two 70S–Abk structures thus highlight 

the coordinated changes in both the drug conformation and its rRNA binding site that are 

necessary to maintain interaction and effectively evade resistance conferred by m1A1408. 

Many analogous drug-RNA interactions are also observed in the 70S (m1A1408)-G418 

complex structure (Fig. 2c,h and Supplementary Table 4). However, as both the 3’ and 4’ 

positions of the G418 Ring I are substituted with a hydroxyl group, additional interactions are 

possible with the phosphate backbone of A1492. Additionally, in contrast to Abk, the 6’ position 

of G418 has both 6'-OH and 7'-CH3 groups which are positioned 4.0 Å and 3.5 Å from the methyl 

group of m1A1408, respectively (Fig. 2h). The position of the 6'-OH is adjusted compared to a 

previously determined crystal structure of G418 bound to a model A-site RNA (PDB code 1MWL), 

in which it is oriented to hydrogen bond with atom N1 of A1408 (2.7 Å distant), with the 7'-CH3 

located 3.3 Å away from the N1 atom. Despite this reorientation of the G418 6’-OH, it is positioned 

closer to atom N1 of m1A1408 compared to the 6’-NH3
+ of Abk (Supplementary Fig. 5b and 

Supplementary Table 3), which suggests the formation of a weak C-H…O hydrogen bond that 

might favor aminoglycosides like G418 containing a 6’-OH substituent. The G418 Ring I/II 

glycosidic linkage dihedral angles are intermediate between the values for Abk with A1408 vs. 

m1A1408 for ΦI/II, and similar to both values for ψI/II (Supplementary Table 4). The G418 Ring I 

has a puckering phase angle of -5.7°, which is most similar to Abk bound to 70S (A1408) 

(Supplementary Table 4). These findings indicate that Abk, with its 6'-NH3
+, must move further 

from the partially charged m1A1408 to avoid unfavorable interactions, necessitating a change in 

ring pucker that is not required for G418, for which smaller changes are necessary to adapt to the 
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presence of the methyl group. Collectively, these structures reveal key adaptations by specific 

aminoglycosides and their h44 binding site that allow them to maintain sufficient interaction with 

the rRNA to evade the impact of m1A1408-mediated resistance.  

 

Aminoglycoside conformational adaptation facilitates evasion of the m1A1408 

resistance modification 

To fully define how evasion of m1A1408 is achieved, analysis of a larger panel of aminoglycosides 

is needed, including those that evade resistance very poorly and for which empirical structural 

studies are therefore not possible. To accomplish this, we turned to molecular dynamics (MD) 

simulations with both m1A1408-modified and unmodified A-site rRNA (hereafter referred to as 

modified and unmodified rRNA) and conducted all-atom MD simulations of a 25-nucleotide A-site 

rRNA model fragment (nucleotides C1403-U1414 and G1486-U1498) in complex with 12 different 

aminoglycosides (listed in Fig. 1 and Supplementary Table 1). Starting coordinates for these 

simulations were taken from crystal structures of model A-site rRNA-aminoglycoside complexes 

where available or generated by docking based on the closest aminoglycoside structural analog 

(see Methods for details). 

A partially restrained approach was used in which rRNA flexibility was limited with a 

harmonic constant, k = 0.2. This approach was selected based on observations from the structural 

studies above, wherein the A-site rRNA exhibited smaller conformational changes compared to 

the larger shifts in aminoglycoside conformation between unmodified and m1A1408-modified 

ribosomes. Another consideration was to also avoid potential unrealistic binding scenarios that 

might arise from fully unrestrained simulation of the model rRNA in isolation. Each aminoglycoside 

was simulated bound to both modified and unmodified rRNAs in three 100 ns replicates, each 

following a 10 ns equilibration period, resulting in a total simulation period of 300 ns per 

aminoglycoside-rRNA complex. All simulations were assessed to ensure convergence of potential 
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energy of the complex, temperature, pressure and root mean square deviation (RMSD) of the 

aminoglycosides during the equilibration and production runs. To compare the rRNA-bound and 

free conformations of aminoglycosides, 100 ns MD simulations were also conducted for each 

aminoglycoside in its unbound state. To gain additional insight into free aminoglycoside flexibility, 

conformational scanning with the Optimized Potentials for Liquid Simulations 4 (OPLS4) force 

field was used to scan glycosidic and ω dihedral angles and thereby identify their energy 

landscape regions corresponding to favorable (low energy) and unfavorable (high energy) 

conformations. 

We first analyzed the Ring I/II dihedral angles (ΦI/II and ΨI/II), and Ring I ω angle as these 

were observed to change in our structures for drugs able to evade the modification (Abk and 

G418; Fig. 2). ΦI/II and ΨI/II are continuously sampled in the simulations and do not show distinct 

clustering for all eleven aminoglycosides tested (Fig. 3a,b). In contrast, two distinct 

conformational clusters are observed for ω for aminoglycosides bound to modified rRNA (Fig. 

3c). Conformational scanning of ω in free aminoglycosides (Kan, Bek, Tob and Dbk) reveals three 

energy minima corresponding to the gt (30 to 90°), trans/gauche (tg; 150 to 180° and -180 to -

150°) and gauche/gauche (gg; -30 to -90°) conformations, with gt and tg being the most and least 

favorable, respectively (Supplementary Fig. 6a). In the simulations of rRNA-bound 

aminoglycosides, the most favorable gt conformation is exclusively observed with unmodified 

rRNA, while distinct clusters of gt and tg conformations are predominantly observed when bound 

to modified rRNA (Fig. 3c). However, the adoption of each ω conformation when bound to 

modified rRNA depends upon distinct changes in ΦI/II and ΨI/II compared to the corresponding 

complexes with unmodified rRNA. We therefore refer to these distinct conformational states as 

"gt adaptation" and "tg adaptation," respectively, reflecting the distinct structural adjustments 

required to accommodate the modified rRNA. In the gt adaptation, ω is maintained in the favorable 

gt conformation and changes in ΦI/II and ΨI/II are primarily responsible for necessary movement 

of the Ring I 6' substituent (NH3
+ or OH) away from the methyl group of m1A1408 to minimize 
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clashes. In contrast, in the tg adaptation, the major reorientation of ω is primarily responsible for 

moving the Ring I 6’ group away from m1A1408.  

Comparison of gt/tg conformation populations when bound to modified rRNA reveals that 

the 4,6-DOS gentamicin scaffold aminoglycosides Mcr and G418, and the 4,5-DOS Par exhibit a 

higher prevalence of the energetically favorable gt adaptation compared to their close analogs 

Gen and Neo, respectively (Fig. 3d and Supplementary Table 1). These aminoglycosides also 

show smaller increases in MIC upon m1A1408 modification suggesting that retained ability to bind 

modified rRNA in the gt conformation correlates with more effective evasion of the resistance 

modification (Fig. 1). Notably, unlike all the other aminoglycosides examined which possess a 6’-

NH3
+ group, Mcr, G418 and Par have either a 6'-OH (G418 and Par) or N-methylamine (6’-

NH2CH3; Mcr) group. The predominance of the gt adaptation thus appears to be driven by 

electronic stabilization at the interface between Ring I and m1A1408 (discussed further in the 

following section). 

While the extent of tg adaptation appears to be a component of m1A1408 evasion, this 

feature alone cannot explain all the observed differences in MIC changes between unmodified 

and modified ribosomes. For example, Kan exhibits a greater extent of gt adaptation (35%) 

compared to Bek (8%) (Fig. 3d), despite differing only in their Ring I 2' substituent, but still exhibits 

among the highest MICs with m1A1408 modification (Fig. 1). Further, the activities of Amk and 

Abk are least impacted by the resistance modification, but these aminoglycosides do not exhibit 

a particularly high population of the gt adaptation when bound to the modified rRNA. Amk and 

Abk differ from two of the poorest evaders of the m1A1408 modification, Kan and Dbk, 

respectively, by only the addition of a L-HABA group to Ring II. These observations suggest that 

additional factors beyond the polarity at the Ring I 6' position, such as the identity of other Ring I 

substituents or addition of the Ring II L-HABA moiety also play a crucial role in determining the 

overall capacity for a given aminoglycoside to evade the m1A1408 resistance modification.  
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Role of the Ring I 6′ substituent on adaptation to the modified A site 

To further explore how the polarity of the Ring I 6' substituent affects aminoglycoside conformation 

when bound to m1A1408 modified rRNA, we compared the simulated conformations of three 

aminoglycosides of the gentamicin scaffold, Gen (6’-NH3
+), Mcr (6’-NH2

+CH3) and G418 (6'-OH 

and 7'-CH3), as well as the 4,5-DOS aminoglycosides Par (6'-OH) and Neo (6'-NH3
+).  

When bound to modified rRNA, the Gen Ring I is found in two populations corresponding 

to the gt (20%) and tg (80%) adaptations (Fig. 3d). As noted previously, these conformations 

require distinct shifts in ΦI/II/ΨI/II compared to the favored gt conformation that is observed when 

bound to unmodified rRNA, and these shifts affect the positioning of the charged 6'-NH3
+ group 

relative to the N1 of A1408. In the gt adaptation, rotations around ΦI/II/ΨI/II (11.1° and 5.1°, 

respectively) position the Gen 6'-NH3
+ ~5 Å from the N1 of A1408, placing the methyl group of 

m1A1408 at a distance of ~3.5 Å, which is an energetically unfavorable arrangement (Fig. 4a). In 

contrast, the tg adaptation involves smaller ΦI/II/ΨI/II shifts (6 and 2.6°, respectively; Fig. 4b) but 

positions the 6'-NH3
+ ~6 Å from N1 of A1408 due to the additional rotation around ω, placing the 

methyl group of m1A1408 at a distance of ~5.2 Å. This difference also results in an overall average 

6'-NH3
+-A1408 N1 interatomic distance of ~6 Å when bound to the modified rRNA, as tg is the 

predominant conformation (Fig. 4c). As such, Gen can avoid making highly unfavorable 

interactions or clashes with the modification by predominantly adopting a less favorable tg 

conformation, which is necessitated by the presence of the NH3
+ group. 

In contrast to Gen, Mcr has a 6' secondary amine with an additional 7’-methyl group and 

predominantly (~81%) binds to modified rRNA in the gt conformation (Fig. 3c,d and 

Supplementary Table 5). Small rotations around ΦI/II/ΨI/II (both 3°) result in an average 

interatomic distance of ~5 Å between the 6'-NH2
+ and N1 of A1408 and place the methyl group of 

m1A1408 at a distance of ~3.8 Å in the modified rRNA (Fig. 4c,d). The 7’-methyl group of Mcr 

and the methyl group of m1A1408 are also ~4.6 Å, placing them at a distance that can support 

favorable van der Waals interactions, likely stabilizing this interaction and making the gt 
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adaptation more favorable in this context. The third gentamicin scaffold aminoglycoside, G418, 

binds to the modified rRNA almost exclusively in the more favorable gt conformation (~99%) 

attained through rotations about ΦI/II/ΨI/II of 1.5 and 9.1°, respectively, compared to its 

conformation when bound to unmodified rRNA (Fig. 3d and 4e). Similar to Mcr, the interatomic 

distance between the 6'-OH and N1 of A1408 is ~5 Å, placing the 7’-methyl group of m1A1408 at 

a distance of ~4.2 Å to allow more favorable interactions, including a weak C-H...O hydrogen bond 

between the 6'-OH and the methyl group of m1A1408 (Fig. 4e). Given that they have identical 

Ring II and III structures, these differences in Ring I 6’ substituent positioning, and the resultant 

interactions with the methyl group of m1A1408, must give rise to the observed differences in MIC 

change (Gen > Mcr > G418) between bacteria with unmodified and modified rRNA. 

Similar comparisons of the 6’ substituents of Ring I are possible with Par and Neo which 

have 6'-OH and 6'-NH3
+ groups, respectively, but otherwise identical Ring I substituents. Neo 

primarily adopts a tg adaptation (~81%), with additional small adjustments in ΦI/II/ΨI/II (2.1 and 

4.1°, respectively), resulting in a larger interatomic distance (>6 Å) between the 6'-NH3
+ and N1 

of A1408 (Fig. 4c,f). In contrast, Par binds the modified rRNA exclusively in the more favorable 

gt conformation with only small adjustments of ΦI/II/ΨI/II (2.3 and 1.2°, respectively) and 

maintaining an interatomic distance of ~5 Å between the 6'-OH and N1 of A1408 (Fig. 4c,g and 

Supplementary Table 5). Again, the impact of m1A1408 on activity (change in MIC: Neo > Par) 

must result from the relatively unfavorable versus favorable interactions made by the 6’-NH3
+ or 

6’-OH substituent, respectively. Collectively, these findings highlight the important role of the 6' 

position in determining Ring I conformational preferences when binding to the m1A1408 and 

reveal that a 6’-OH facilitates better adaptation to the methylated target site and thus evasion of 

the resistance conferred by the modification. 

 

Influence of other Ring I substituents on adaptation to the m1A1408 modified A site 
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The four kanamycin scaffold aminoglycosides without a Ring II L-HABA group–Kan, Bek, Tob, 

and Dbk–share a common Ring I 6'-NH3
+ substituent (Supplementary Fig. 6b) but are otherwise 

distinct in terms of the number and polarity of their other Ring I substituents (Fig. 1), allowing us 

to explore the role of these substituents in resistance evasion. Kan and Bek exhibit a similarly low 

ability to evade the effect of m1A1408 modification, with both exhibiting among the largest 

changes in MIC with NpmA expression (Fig. 1). The population of conformations corresponding 

to the gt adaptation in Kan (35%) and Bek (8%) differs, with shifts in ΦI/II and ΨI/II of 5.8°/9.2° for 

Kan compared to 11.5°/1.1° for Bek (Fig. 5a and Supplementary Table 5). These shifts position 

Ring I 6'-NH3
+ ~5 Å from the N1 of A1408 in both Kan and Bek (Fig. 5a,e). The more prevalent tg 

adaptation, Kan (50%) and Bek (80%), require larger shifts in ΦI/II and ΨI/II of 11°/3.6° in Kan 

compared to 8.8°/0.6° in Bek, but similarly position the Ring I 6'-NH3
+ group ~6.2 Å from A1408 

for both aminoglycosides (Fig 5b-e). However, despite the apparent greater capacity of Kan to 

adopt the gt adaptation and its greater flexibility around ΨI/II, it nonetheless fails to evade the 

resistance conferred by m1A1408 with a change in MIC identical to Bek. 

To assess the availability of conformations of Kan and Bek that can bind to the ribosomal 

A site, we performed 100 ns MD simulations of the free states of these aminoglycosides. The ΨI/II 

angle range for aminoglycosides is categorized into syn-Ψ (-30° to -90°) and anti-Ψ (150° to 180° 

and -150° to -180°). Syn-Ψ corresponds to the ribosomal A site-bound conformation, whereas the 

anti-Ψ conformation is incompatible with binding to the A site22. Kan exhibits two distinct clusters 

corresponding to syn-Ψ and anti-Ψ conformation angle ranges while, in contrast, Bek is 

exclusively observed in the syn-Ψ conformation (Supplementary Fig. 6c). In the syn-Ψ 

conformation, the Kan 2'-OH and 5-OH of Ring II interact favorably (Fig. 5f), while in Bek a 

hydrogen bond forms between the 2'-NH3
+ and 5-OH of Ring II (Fig. 5g). In the anti-Ψ 

conformation, the Kan 2'-OH interacts favorably with a different Ring II substituent, 3-NH3
+ (Fig. 

5h), whereas in Bek the anti-Ψ conformation results in electrostatic repulsion between 2'-NH3
+ 

and 3-NH3
+, making this conformation disallowed (Fig. 5i). We further observed that Tob and Dbk 
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also exclusively adopt a syn-Ψ conformation due to their 2’-NH3
+. These results are also 

consistent with previous MD simulations using NMR-derived time-averaged restraints of the Ring 

I/II disaccharide fragment of a more limited set of aminoglycosides and for a shorter time (5 ns) 

which showed adoption of both syn-Ψ and anti-Ψ for Kan but only syn-Ψ for Tob22. Thus, the 

sensitivity of Kan to m1A1408 than expected may be explained by its greater propensity to adopt 

a conformation (anti-Ψ) that is incompatible with binding to the A site binding without first 

converting to the syn-Ψ conformation. Such conversion of the "inactive" drug fraction in the free 

state may be less readily accomplished in the context of the less favorable interaction with the 

m1A1408-modified A site. 

 Tob, Dbk and Bek exhibit a range of MIC changes upon m1A1408 modification in the order 

Bek > Dbk > Tob (Fig. 1 and Supplementary Table 1). As these aminoglycosides have a 

common 2’-NH3
+ and differ only in the presence or absence of 3’-OH/4’-OH, they offer an 

opportunity to assess the impact of these additional Ring I substituents on adaptation to m1A1408. 

We first compared the tg adaptations of Bek (3'-OH and 4'-OH), Tob (4’-OH only), and Dbk (no 

OH at either site) which are accomplished through ΦI/II/ΨI/II changes of ~9°/1°, ~17°/5° and ~6°/1°, 

respectively (Fig. 5c,d,j,k and Supplementary Table 5). The largest shifts are observed for Tob, 

allowing its 4'-OH group to reorient and interact with the phosphate backbone of A1492 (Fig. 5j). 

This new favorable interaction likely contributes significantly to its greatest ability among this 

group to evade the impact of the modification. In contrast, while Bek appears to exhibit a greater 

ability to change in ΦI/II as compared to Dbk (i.e. Bek > Dbk), the order of activity in the presence 

of m1A1408 is reversed (Dbk > Bek). However, from analysis of the dihedral energy landscape of 

these three free aminoglycosides, Dbk appears to have the greatest flexibility around ΦI/II/ΨI/II 

(Supplementary Fig. 6e), consistent with the absence of the both bulky Ring I 3’-OH and 4’-OH 

substituents. Thus, inherent flexibility around the Ring I dihedrals alone does not determine 

resistance evasion. 
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We next used RMSD-based clustering to select representative frames from the 

simulations of Bek, Tob, or Dbk bound to m1A1408-modified rRNA for calculation of ligand strain 

energy using molecular mechanics-generalized Born surface area (MM-GBSA). This analysis 

revealed ligand strain energy in the order Bek > Tob > Dbk (Supplementary Table 6), where 

higher strain energy in the bound state indicates a greater energetic cost of adaptation between 

the free and rRNA-bound states. Thus, the smaller change in ΦI/II for Dbk results in lower strain 

(5.9 kcal/mol) compared to Bek which experiences the highest strain of the three aminoglycosides 

(13.0 kcal/mol). Tob, which exhibits the largest ΦI/II shift and additional change in ΨI/II, exhibits an 

intermediate strain (9.4 kcal/mol), and thus appears to achieve an optimal balance between 

minimizing steric hindrance and maintain a favorable interaction via its 4'-OH. These trends are 

also reflected in the small change in average rRNA-aminoglycoside hydrogen bond count 

calculated over the full 300 ns simulation for Tob (8.8 in unmodified rRNA vs. 8.5 in modified 

rRNA) compared to the more significant decreases for Dbk (7.9 to 6.4 hydrogen bonds) and Bek 

(9.7 to 8.7 hydrogen bond), which indicate a loss of interaction energy that negatively impacts 

adaptability (Supplementary Table 7). Thus, while the absence of both 3'- and 4'-OH substituents 

results in lower ligand strain energy, Dbk lacks the ability to form interactions needed to adjust its 

glycosidic dihedral angles and engage with the rRNA phosphate backbone. Bek, despite having 

3'- and 4'-OH groups, encounters high ligand strain energy and steric hindrances, making its 

interactions with the phosphate backbone unfavorable. In contrast, Tob, with only the 4'-OH 

substituent, exhibits greater flexibility to engage the phosphate backbone without incurring high 

strain energy, making it more adaptable to the modified rRNA. 

 Finally, when comparing MICs against modified rRNA, the sisomicin-scaffold 

aminoglycoside Net exhibits a significantly higher value (>1024 µg/mL) compared to Dbk and Gen 

(Fig. 1 and Supplementary Fig. 7a). These three aminoglycosides have identical Ring I 

substituents, but Net differs in the presence of a carbon-carbon double bond in its Ring I. Our MD 

simulations reveal that after the 10 ns system equilibration, Net dissociates from the modified 
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rRNA, likely due to unfavorable interactions, as indicated by the higher RMSD of the rRNA-

aminoglycoside complex (Supplementary Fig. 7a,b). In contrast, all other aminoglycosides 

remain bound throughout the 100 ns simulations. Conformational scans of the ΦI/II/ΨI/II and ω of 

free Net and Gen reveal similar energetic landscapes and thus do not provide any insight the 

basis for differences in MIC or behavior in the simulation (Supplementary Fig. 7c-e). However, 

a severe restriction in Net Ring I pucker flexibility, resulting from the unsaturated bond, was 

confirmed through a conformational scan of Ring I dihedral angles θ3 and θ4, showing limited 

pucker flexibility close to -60º and 60º in Net compared to Gen (Supplementary Fig. 7f,g). This 

restriction can explain the inability of Net to adapt to the modified RNA and highlights the 

additional crucial role of Ring I pucker in aminoglycoside adaptability, as observed in our 

structures of the 70S-Abk complexes.  

 

Impact of Ring II L-HABA on aminoglycoside-rRNA interaction and resistance 

evasion 

Amk and Abk have a kanamycin scaffold but are distinguished by the addition of an L-HABA group 

at their Ring II N1 position (Fig. 6a). Analysis of representative structures from RMSD-based 

clustering of these MD simulations reveals that the L-HABA group consistently maintains stable 

interactions with the rRNA, regardless of the methylation status at A1408. The L-HABA group 

forms three direct hydrogen bonds with G1497, C1496, and U1495, thereby strengthening the A-

site rRNA-drug interaction. The polar nature of the L-HABA group may also enhance the ability of 

Amk and Abk to engage in additional water-mediated interactions with the rRNA, unlike Kan and 

Dbk, which lack this group but are otherwise structurally identical. In the MD simulations, Amk 

and Abk maintain an average of 12.5 and 9.7 direct hydrogen bonds, respectively, with unmodified 

rRNA compared to 10.9 and 7.5 with modified rRNA (Supplementary Table 7). The overall 

greater number of direct hydrogen bonds, and the potential water mediated interactions of L-
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HABA with the A-site rRNA, likely play a key role in the improved adaptability of Amk and Abk, 

allowing them to better overcome m1A1408-mediated resistance by enhancing binding to the 

modified rRNA. 

 Amk and Abk can both adopt either the gt or tg adaptation when binding to modified rRNA, 

with the latter more prevalent. The differences in dihedral shifts and the populations of gt 

adaptations for aminoglycoside analogs with and without L-HABA, e.g. Amk (21%) compared to 

Kan (35%) and Abk (10%) compared to Dbk (3%), demonstrate that the presence of the L-HABA 

also influences gt adaptation (Fig. 6b). When bound to modified rRNA in either their gt or tg 

adaptation, Amk and Abk maintain a similar binding pose as observed with unmodified rRNA in 

the gt conformation, evidenced by the unchanged interatomic distances between these 

aminoglycosides and Ring II during the simulations (Fig. 6c). Amk adopts the gt adaptation more 

frequently (21%) than Abk (10%) and smaller changes in the Amk Ring I dihedrals are required, 

particularly in ΨI/II, with ΦI/II/ΨI/II changing by 8.9°/1.1° and 8.0°/5.4°, respectively, compared to 

their binding to unmodified rRNA (Fig. 6d,e and Supplementary Table 5). The differences in the 

2'-OH/-NH3
+ groups also contribute to Amk's greater adaptability in the gt conformation compared 

to Abk, similar to what was noted above for Kan and Bek (Supplementary Table 5). In contrast, 

the tg adaptation requires shifts in ΦI/II/ΨI/II 0.9°/2.2° and 7.2°/0.6° for Amk and Abk, respectively 

(Fig. 6f,g). These observations suggest that larger glycosidic dihedral changes are required in 

the gt adaptation to keep the 6'-NH3
+ (present in both Amk and Abk) and N1 of m1A1408 at a 

distance of ~5 Å, while for the tg adaptation a smaller shift is sufficient to more favorably position 

the two charges ~6 Å apart (Fig. 6b,d-g).  

Collectively, these results reveal that the L-HABA group plays a crucial role in anchoring 

Amk and Abk to the rRNA by forming additional hydrogen bonds, which remain unaffected by the 

methylation of A1408. As such, these interactions substantially overcome penalties incurred due 

to other less favorable but necessary ring reorganizations or interactions with the modified base. 
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Role of aminoglycoside inherent flexibility on adaptation to modified RNA 

Gen and Dbk have identical Ring I and II structures but differ in Ring III which influences the 

observed shifts in ΨI/II upon binding to modified rRNA (Supplementary Table 5) and results in 

greater gt adaptation for Gen (19%) compared to Dbk (3%) (Fig. 3d). Additionally, G418 exhibited 

a larger ΨI/II shift (9.1°) upon binding to modified rRNA compared to Gen (5.2°) and Mcr (3.3°) in 

the gt adaptation, despite sharing the same scaffold (Fig. 4a,d,e). 

To understand the extent and impact of differences in aminoglycoside inherent flexibility 

around the Ring III/II dihedrals (ΦIII/II) that may arise from variations in Ring III, we calculated the 

mean and standard deviation (SD) of aminoglycoside glycosidic dihedral angles in their free state 

(Supplementary Fig.8a and Supplementary Table 8). Here, the dihedral angle SD from MD 

simulations serve as a proxy for flexibility at ring connections, with higher SD indicating greater 

flexibility. While ΦIII/II is comparatively rigid across all aminoglycosides, ΨIII/II exhibits substantial 

flexibility (Supplementary Fig.8a and Supplementary Table 8). We next calculated the dihedral 

angles of aminoglycosides when bound to unmodified and m1A1408-modified rRNA and 

calculated the shifts in mean dihedral angles, revealing that aminoglycosides with a gentamicin 

scaffold exhibit greater shifts in ΦIII/II compared to those with a kanamycin scaffold 

(Supplementary Fig.8b,c and Supplementary Tables 8 and 9). This difference can likely be 

attributed to the absence of the 5’’ substituent in Ring III of the gentamicin scaffold, which 

enhances flexibility at this dihedral position. Notably, this increase in flexibility was most 

pronounced in G418 (Supplementary Fig.8a). Next, analyzing the Ring I/II dihedrals, we found 

that the flexibility of ΦI/II, was similar across the aminoglycosides, but ΨI/II showed higher flexibility 

in Kan, Amk and G418 due to the presence of 2'-OH in Kan and Amk and 6'-OH in G418, further 

aiding in their adaptability. 

 

4,6-DOS aminoglycosides fail to adapt to m7G1405 modified rRNA 
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In the absence of modification at G1405, Ring III of the 4,6-DOS aminoglycosides forms extensive 

hydrogen bonds with nucleotides C1407 (N6), G1405 (O6 and N7), and C1404 (O6). In contrast, 

4,5-DOS aminoglycosides, with their distinct Ring III orientation, do not interact directly with 

G1405. Consistent with these previous structural observations, MIC analyses show that the 

activity of 4,5-DOS aminoglycosides is unaffected by m7G1405 methylation whereas no 4,6-DOS 

aminoglycoside retains any significant activity (Supplementary Table 1). Using Bek, G418, and 

Abk as representative examples that reflect the range of abilities to evade the m1A1408-mediated 

resistance based on their distinct ring structures (Fig. 1), we first modeled the aminoglycoside-

bound A-site rRNA with the m7G1405 modification. Maintaining fixed rRNA atoms and minimizing 

aminoglycoside conformations, we found that these hydrogen bonds are all disrupted (shown for 

Abk in Fig. 7a). 

We next conducted 100 ns MD simulations to explore why these aminoglycosides (Bek, 

G418, Abk) fail to effectively adapt their conformations in response to m7G1405. These MD 

simulations reveal the loss of these three hydrogen bonds, along with an increased interatomic 

distance to ~6 Å between Ring III (N3'') and the N7 atom of m7G1405, hindering effective binding 

and resulting in significant displacement of Abk, Bek and G418 from the binding pocket (Fig. 7b). 

Additionally, comparisons of changes in ΦIII/II and ΨIII/II from unmodified to m7G1405-modified 

rRNA show that unfavorable larger shifts are necessary in the more rigid ΦIII/II dihedral (Fig. 7c 

and Supplementary Table 10).  

 Next, to observe binding and unbinding events on a timescale in which ligands can remain 

trapped in energetically unfavorable states due to insufficient sampling in classical MD 

simulations, we applied replica exchange with solute tempering (REST) MD to rRNA complexes 

with these three aminoglycosides. REST MD enhances sampling by allowing replicas at different 

effective temperatures to exchange conformations, and thus the potential to observe unbinding 

within the 100 ns simulation timescale23. These simulations were conducted with Bek, Abk, and 

G418, bound to unmodified, m1A1408-modified and m7G1405-modified rRNA. In the m1A1408-
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modified rRNA complex, Bek exhibits unbinding events during the simulation consistent with 

observations from the classical MD simulations, while in the presence of m7G1405, both Bek and 

Abk display similar unbinding behaviors (Fig. 7d). Further, while G418 does not exhibit a fully 

unbound state (Fig. 7d), substantial movement within the binding site is observed over the course 

of the simulation including partial displacement of Ring III (Fig. 7d). Consistent with maintained 

stable binding throughout the REST MD, lower RMSD values are observed for rRNA-

aminoglycoside complexes with unmodified rRNA compared to those with modified rRNA (Fig. 

7e). The RMSD values for complexes with m1A1408-modified rRNA also accurately reflect the 

ability of each aminoglycoside to adapt to the modification: Abk exhibits the least variation in 

RMSD, indicating greater stability, while Bek showed the most variation, suggesting reduced 

stability with m1A1408 (Fig. 7e). In contrast, simulations with m7G1405-modified rRNA show large 

RMSD fluctuations, indicating greater conformational changes in the aminoglycosides and 

instability of the complex (Fig. 7e). This observation is further supported by interatomic distance 

measurements, including Ring I (6')-A1408 (N1), Ring II (N3)-A1492 (OP2), Ring II (N1)-U1495 

(O4), and Ring III (N3'')-G1405 (N7) (Fig. 7f; denoted as distances D1 to D4, respectively). All 

these distances show increased fluctuations and shifts in the mean in complexes with m7G1405-

modified rRNA, further illustrating the absence of an energetically-plausible conformation for 

effective adaptation and thus explaining their failure to evade m7G1405. 

 

Discussion  

Aminoglycosides have been crucial as last-resort antibiotics, particularly in treating serious MDR 

infections2,7. Resistance mechanisms, including AMEs, efflux pumps, and the methylation of rRNA 

residues A1408 and G1405 lead to pan-aminoglycoside resistance and are increasingly 

associated with MDR superbugs17,18. Newer aminoglycosides like Plz can circumvent resistance 

from AMEs but remain vulnerable to rRNA methylation14,15,24,25. However, while the effects of one 

of these resistance methylations (m1A1408) was previously observed to be at least partly 
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aminoglycoside-specific13, how ring substituents and inter-ring flexibility contribute to the greater 

ability of some drugs to evade the impact of methylation at A1408 remained unclear until the 

present work. 

Using a diverse panel of aminoglycosides, we confirmed that the m1A1408 modification 

leads to varied changes in E. coli susceptibility, with some drugs largely evading its effects. In 

contrast, the m7G1405 modification causes pan-resistance to 4,6-DOS aminoglycosides while 

4,5-DOS aminoglycosides remain unaffected as they do not interact with G1405. This observation 

also indicates that there are no significant structural or allosteric alterations of aminoglycoside 

binding arising from m7G1405 modification. Additionally, the high resistance conferred by 

m7G1405 to 4,6-DOS aminoglycosides suggests that these drugs’ ability to bind to the 50S 

ribosomal subunit (in addition to binding to the 30S subunit)26 lacks bactericidal effect. 

Our cryo-EM structures revealed that Abk and G418 binding to m1A1408-methylated 70S 

ribosomes induces localized 16S rRNA conformational changes, with methylation having no effect 

on nucleotides further than two nucleotides from A1408. Abk adapts by significantly altering its 

Ring I/Ring II glycosidic dihedral angle to avoid the methyl group at A1408. Our results build on 

recent findings that a preorganized binding conformation is key to the effectiveness of bridged 

macrobicyclic antibiotics like cresomycin27. When cresomycin binds to methylated ribosomes, the 

dimethylated nucleobase A2503 (m2m8A2503) shifts minimally (0.6 Å compared to its position in 

the ribosome unmodified at this site), while cresomycin adapts to the modification by undergoing 

a 14° dihedral angle change. This structural adjustment highlights a common adaptive strategy 

employed by antibiotics to overcome the challenges posed by methylated rRNA. While prior MD 

studies have assessed the conformational flexibility of aminoglycosides in their free state, 

including Neo, Kan, Amk and Tob22,28, our studies additionally explored how these dynamics 

influence their adaptation to methylated RNA, revealing critical insights into resistance evasion. 

Interestingly, while our simulations suggest that aminoglycosides containing a Ring I 6’-

NH3
+ group can adapt to m1A1408 by orienting this substituent in either the gt or tg configuration, 

we observe only gt adaptation via cryo-EM. It is possible that the addition of mRNA and tRNAs to 

these complexes, which was necessary to observe Abk and G418 bound to the 16S rRNA in 
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modified rRNA, subtly altered the h44 aminoglycoside binding site such that the gt adaptation was 

preferred. We emphasize, however, that our cryo-EM data demonstrate aminoglycoside 

conformations which permit evasion of m1A1408 empirically, while our MD simulations 

additionally permit exploration of drug conformations which may be shorter lived or less 

energetically favorable and hence less likely to be observed in 3D reconstructions from cryo-EM. 

The present work provides insight into the roles of specific aminoglycoside features in 

m1A1408 resistance evasion, as well as the corresponding failure of any 4,6-DOS aminoglycoside 

to evade the resistance conferred by m7G1405. These key insights include: 

1. Aminoglycosides containing a 6'-OH group (G418 and Par) or a 6'-secondary amine with a 

terminal methyl group (Mcr) show a smaller change in MIC between unmodified and modified 

rRNA. MD simulations revealed that these aminoglycosides bind more frequently to the 

modified A site in the gt conformation, with the proximity (~5 Å) between the Ring I 6'-position 

and N1 of A1408 indicating energetic favorability. 

2. A 2'-OH group on Ring I (Kan) promotes adoption of a Ring I/Ring II anti-Ψ conformation in 

the free state, which is incompatible with binding to the A site binding and thus results in a 

fraction of the drug being "inactive" without conversion to syn-Ψ.  

3. The absence in Dbk of Ring I 3'- and 4'-OH groups reduces ligand strain energy upon 16S 

rRNA binding but limits crucial interactions with the rRNA phosphate backbone, resulting in 

fewer hydrogen bonds. In contrast, the presence in Bek of both 3'- and 4'-OH substituents 

leads to increased strain and steric hindrance, making interactions less favorable. The 

presence of only a 4'-OH achieves a balance of greater flexibility for engaging the backbone 

without high strain energy, resulting in the enhanced evasion of m1A1408 observed for Tob. 

4. Addition of an L-HABA group to Ring II anchors Amk and Abk to the rRNA with three hydrogen 

bonds that are unaffected by m1A1408 methylation, allowing significantly better resistance 

evasion compared to their non-L-HABA-containing analogs Kan and Dbk, respectively. 

5. The loss of the Ring III 5’’ substituent in the gentamicin scaffold increases flexibility at the Ring 

III/Ring II glycosidic torsion that aids in adaptation to m1A1408-methylated rRNA in the A site. 
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6. In the m7G1405-methylated A site, 4,6-DOS aminoglycosides require larger, unfavorable 

changes in the ΦIII/II and ΨIII/II torsions, increasing ligand strain and leading to the loss of three 

crucial hydrogen bonds, which hinders effective adaptation to the A site. 

 

These determinants, which can explain the observed differences in MIC between 

unmodified and m1A1408- or m7G1405-modified rRNA, could be leveraged for structure-guided 

aminoglycoside design. By using smaller rRNA-aminoglycoside complexes for computational 

screening and optimization, this framework can also aid in understanding other resistance 

mechanisms or toxicity arising from aminoglycosides binding to eukaryotic ribosomes . This 

approach could thus accelerate the discovery of new aminoglycosides with lower toxicity and 

improved resistance evasion, providing valuable antibiotics for treating Gram-negative and 

mycobacterial infections. Overall, this work provides a structural and computational framework for 

understanding adaptations to modified binding sites, such as rRNA methylation that can be 

broadly applied to other antibiotics, accounting for the dynamics of both the free antibiotic and its 

complex with the binding site, shaped by substituents and structural features. This framework can 

thus elucidate antibiotic resistance mechanisms and serve as a computational tool for structure-

activity relationship studies in future antibiotic design. 

 

Methods 

Antibiotic minimum inhibitory concentration (MIC) measurements  

Fresh cation-adjusted Mueller–Hinton (CA-MHB) medium (5 ml) containing 100 μg/ml ampicillin 

was inoculated (1:100 dilution) with saturated overnight culture of E. coli BL21(DE3) harboring 

plasmid encoding NpmA (pET-npmA), RmtB (pET-rmtB), or empty pET-44 control. All cultures 

were grown to ∼0.1 A600 at 37 °C with vigorous shaking. Cells from 1 ml of culture were collected 

by centrifugation, washed with phosphate buffered saline solution (2× 0.5 ml), and resuspended 

CA-MHB medium to 0.1 A600 (5 × 107 cfu/ml). Following 50× further dilution with CA-MHB, 100 μl 

of diluted culture (1 × 105 cfu/well) was used to inoculate an equal volume of CA-MHB medium, 
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pre-dispensed on a 96-well plate, containing 10 μM isopropyl β-d-thiogalactopyranoside and a 

range of antibiotic concentrations. For cells with pET- npmA or pET-rmtB, an antibiotic 

concentration range of 2–1024 μg/ml was tested, except for Abk with pET–npmA for which 0.06-

32 μg/ml was used. For empty pET-44 control, a range of 0.06–32 μg/ml was tested. MIC 

measurements were made in technical duplicates using two independent bacterial 

transformations for each plasmid/ drug combination. Wells with no antibiotic or no cells served as 

additional controls for each set of replicates. The plates were incubated at 37 °C with shaking and 

A600 measurements taken after 24 hours. The MIC was defined as the lowest concentration of 

antibiotic that inhibited growth, i.e., A600 of <0.05 above background. 

 

MD Simulations 

Model preparation and restraints–A 25 nucleotide A-site RNA model system (nts G1486-U1498 

and C1403-U1414), with A1492 and A1493 in a “flipped out” configuration, was used for all 

simulations of aminoglycoside-rRNA complexes. RNA-bound aminoglycoside conformations 

were taken from experimental structures where available: with an A-site model rRNA for Kan 

(PDB code 2ESI), Tob (PDB code 1LC4), Amk (PDB 4P20), Gen (PDB code 2ET3), Par (PDB 

code 1J7T and Neo (PDB code 2ET4). In absence of an experimental structure additional 

aminoglycosides were modeled based on their closest analog: Dbk using Tob (PDB code 1LC4), 

Mcr using Gen (PDB code 2ET3), and Net using the sisomicin-A-site model RNA complex (PDB 

code 4F8V). 

All system preparation and molecular dynamics (MD) simulations were carried out using 

the Desmond module of the Schrödinger software suite with the OPLS4 force field29. For 

methylated A-site rRNA fragments (m1A1408 or m7G1405), the methyl group was added, and a 

positive charge was assigned to the relevant nitrogen atom (N1 or N7, respectively). Additionally, 

aminoglycosides were protonated in all simulations. Structure preparation, including the addition 
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of hydrogens, bond order assignment, energy minimization, and hydrogen bond optimization, was 

performed in Schrödinger. The rRNA-aminoglycoside complex was solvated using TIP3P water 

molecules with a NaCl concentration of 100 mM. Similarly, free aminoglycoside simulations were 

solvated with a final salt concentration of 100 mM NaCl. 

To explore the impact of methylation on A1408 dynamics in relation to aminoglycosides, 

we employed a restrained fragment approach. Simulations of the unmethylated RNA-Kan 

complex were first run for 100 ns with the RNA constrained using harmonic constants (k) of 0, 

0.1, 0.2, or 0.5 kcal/mol/Å2, while the aminoglycoside remained fully unrestrained in all cases. 

Without RNA restraints (k = 0), RMSD and residue room mean square fluctuation (RMSF) 

exceeded 10 Å, indicating unrealistic dynamics. The lowest (k = 0.1) and highest restraint (k = 

0.5) resulted in high and low RMSD and RMSF, respectively, with the particularly low values 

around nucleotides known to be more dynamic (A1492, A1493, and A1408) in the latter case 

suggesting this system also did not accurately reflect the system dynamics. A harmonic constant 

of k = 0.2 was therefore empirically selected for all subsequent simulations, as the optimal balance 

of limiting unrealistic RNA flexibility while also capturing relevant dynamics of the rRNA-drug 

complexes. 

MD simulation production run and trajectory analysis–After minimization, each system was heated 

to 310.5 K and equilibrated in the isobaric–isothermal (NPT) ensemble (P = 1 atm, T = 310.5 K) 

for 10 ns. Production simulations (100 ns) were then conducted in the NPT ensemble using the 

final configuration from the equilibration phase. The Langevin thermostat and barostat were 

employed with relaxation times of 1 ps and 2 ps, respectively. The equations of motion were 

integrated with multiple time steps: 2 fs for short-range interactions and 6 fs for long-range 

interactions, applying a 9-Å cutoff for nonbonded interactions. Coordinates were saved every 100 

ps. Each simulation was performed in triplicate for a cumulative time of 300 ns. Post-simulation 

analyses included calculations of RMSD, RMSF, potential energy of the rRNA-aminoglycoside 

complex, interaction counts, and measurements of aminoglycoside dihedral angles and distances 
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between atoms of aminoglycosides and RNA. The quality of the simulations was evaluated using 

the Desmond simulation quality analysis module. The convergence of potential energy was 

confirmed, showing low standard deviations. Additionally, the temperature remained stable 

throughout the simulations, and the RMSD of the ligand stayed within 2 Å, indicating reliable 

system stability and simulation quality. 

REST simulations–REST simulations were conducted in Desmond over a total simulation time of 

100 ns across 8 parallel replicas, with temperatures ranging from 300 to 410 K. RNA atoms were 

restrained with a harmonic constant of k = 0.2 kcal/mol/Å2, as before. Periodic exchanges of 

configurations between replicas were performed to enhance sampling efficiency. Exchange 

acceptance ratios ranged from 15% to 20%, with convergence assessed by monitoring potential 

energy. The simulations otherwise followed the standard Desmond protocol using the OPLS4 

force field and trajectories were analyzed to examine dihedral angle changes and conformational 

adjustments within the RNA-aminoglycoside complex.  

Dihedral angle potential energy scans–To assess the dihedral angle potential energy of different 

aminoglycosides, comparative energy calculations were performed using the Conformational 

Scan module in the Schrödinger suite. These calculations were carried out in implicit water with 

the OPLS4 force field. A conformational scan was conducted by sampling dihedral angles at 10° 

intervals, capturing a wide range of potential conformations for each aminoglycoside. The 

potential energy of aminoglycoside dihedral angles was calculated using 500 iterations of 

steepest descent minimization at each sampled angle. This iterative process ensured that the 

system converged to a stable local minimum for each conformation. A comparative energy 

approach was employed, allowing us to evaluate and compare the relative energies of different 

aminoglycosides, rather than focusing on absolute energy values. 

MM-GBSA–Molecular Mechanics Generalized Born Surface Area (MM-GBSA) was performed on 

a representative structure from the top cluster of each MD simulation replicate, selected based 

on the aminoglycoside RMSD. Schrödinger's Prime MM-GBSA module was used, with 
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minimization applied only to polar hydrogens to maintain the conformations of both RNA and 

aminoglycosides during the calculations. Strain energy was calculated from the Prime MM-GBSA 

results, following previously established procedures30,31.  

 

Ribosome purification and 70S complex assembly  

Expression of NpmA from pET-npmA was used to obtain modified E. coli 70S (m1A1408) 

ribosomes. 70S ribosomes, with and without NpmA modification were purified identically, as 

previously described32,33. 70S (A1408) ribosome-Abk complex was prepared by incubating 

purified E. coli 70S ribosomes (0.5 µM) with Abk (0.5 mM) in Buffer 2 (10 mM HEPES/KOH pH 

7.6, 10 mM MgCl2 1 M NH4Cl and 6 mM 2-mercaptoethanol) at 37 °C for 40 minutes. Following 

incubation, 70S complexes were briefly placed on ice until used to prepare grids for cryo-EM. 

Aminoglycoside complexes with NpmA-modified ribosomes were assembled by incubating 

purified 70S (m1A1408) (0.75 µM) with in vitro transcribed mRNA (2.5 µM; P- and A-site sequence: 

AUG GUA) and aminoglycoside (1 mM; Abk or G418) at 37 °C for 20 minutes. Purified E. coli 

tRNAfMet and tRNAVal (2.5 µM) were added and the final complex incubated at 37 °C for an 

additional 20 minutes before briefly placing on ice until used to prepare grids for cryo-EM. 

 

Cryo-EM structure determination 

Specimen preparation–To prepare samples for cryo-EM, C-Flat™ holey carbon gold grids 

(R1.2/1.3, 300 mesh) were glow discharged in a PELCO easiGlow™ glow discharger (Ted Pella) 

for 15 seconds. Grids were prepared in a Vitrobot Mark IV (FEI) at 4 °C and 100% humidity. 70S 

complex (3 µL) was applied to the grid and allowed to stand for 15 seconds before blotting for 4 

seconds (for the 70S (A1408)-Abk complex) or 3.5 seconds (for both 70S (m1A1408) complexes) 

and plunging into liquid ethane to vitrify. Prepared grids were stored under liquid nitrogen until 

performing quality screens and data collection. 
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Cryo-EM data collection–Cryo-EM data were collected for 70S (A1408)-Abk (17,071 

micrographs), 70S (m1A1408)-Abk (5,053 micrographs) and 70S (m1A1408)-G418 (5,302 

micrographs) at the National Center for CryoEM Access and Training (NCCAT) using a Krios G3i 

(Thermo Fisher Scientific) cryo-transmission electron microscope operating at 300 kV. Movies for 

the 70S (A1408)-Abk complex were recorded with a total electron dose of 52 e-/Å2 and 

magnification of 81,000x (pixel size of 1.069 Å/px) using a Gatan K3 direct electron detector. 

Movies for the 70S (m1A1408)-Abk and 70S (m1A1408)-G418 complexes were recorded with a 

total electron dose of 50 e-/Å2 and magnification of 96,000x (pixel size of 0.814 Å/px) using a 

Thermo Fisher Scientific Falcon 4i direct electron detector. 

Image Processing–Prior to processing cryo-EM data, movie frames were aligned using motion 

correction in RELION-3.134, and contrast transfer function (CTF) parameters were estimated for 

the motion-corrected micrographs using GCTF35. Micrographs displaying poorer than 3 Å (70S 

(A1408)-Abk) or 6 Å (both 70S (m1A1408) datasets) estimated maximum resolution were 

discarded. Following pre-processing, an initial round of automated particle picking was performed 

on a random subset of 50 micrographs using the reference-free Laplacian-of-Gaussian autopicker 

in RELION. Particles were extracted and downsampled by a factor of 4, then subjected to a round 

of reference-free two-dimensional classification in RELION-3.1 to generate 2D reference images, 

which were then used to perform reference-based automated particle picking on the random 

micrograph subsets. Picked particles were extracted, 2D-classified, and manually curated to 

remove junk particles and particles picked on carbon, then used to train a Topaz particle picking 

model36 which was used to pick particles from all retained micrographs in each dataset. Identified 

particles were extracted from micrographs with 4× downsampling and subjected to 2D 

classification. Non-ribosome-like 2D classes were discarded. 

 Following identification of ribosome-like particles, initial 3D reconstructions were 

generated for each dataset in RELION-3.1 using the stochastic gradient descent method37. Initial 

reconstructions were checked to ensure correct handedness before performing three-dimensional 



108 
 

 

classification with particle alignment to identify 70S ribosome particles. Particles in non-70S 

classes (including junk classes and 50S ribosomal subunits) were discarded. Following 3D 

classification, particles were re-extracted without binning and initial 3D refinements were 

performed against 70S 3D class average maps to determine optimized particle coordinates and 

3D orientations. 70S (m1A1408) datasets were then subjected to focused 3D classification using 

masks generated from the A-, P-, and E-site tRNA chains of PDB code 5JTE38. Classes containing 

A- and P-site tRNAs were combined for further processing. Datasets were then subjected to 

iterative CTF refinement34, Bayesian particle polishing39, and 3D refinement steps to improve map 

quality. Finally, 70S (A1408) particles were 3D-classified without alignment and without a mask 

to resolve differences in 30S head domain position before performing final 3D refinement on 

particles with unratcheted 30S subunits and unswiveled 30S head domains.  

Post-processing and Map Sharpening–Following final 3D refinement, maps were postprocessed 

in RELION-3.1 using solvent masks generated from 10 Å low-pass filtered 3D refinement 

consensus maps. No sharpening B factor was applied during postprocessing. Local resolution 

was estimated using the local resolution estimation tool in RELION-3.1. Masked, unsharpened 

maps from RELION-3.1 were sharpened in PHENIX using the Autosharpen tool40 before use in 

molecular modeling. 

Molecular modeling–PDB code 5JTE38 and the tRNAfMet and ribosomal protein L31 chains of PDB 

code 7K0041 were used as starting models. Initial coordinates and geometric restraints for Abk 

and G418 were generated using PHENIX eLBOW42. Models were rigidly fit into the final 3D 

refinement maps in UCSF ChimeraX 43 before performing real-space refinement in PHENIX. Local 

real-space refinement of models was performed as necessary in COOT44. Final validation of cryo-

EM maps and models was performed in PHENIX using MolProbity45. 

 Summaries of the complete cryo-EM workflow for each complex as well as all data 

collection, processing and final model statistics are provided in Supplementary Fig. 1-4 and 
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Supplementary Table 2. Atomic coordinates and maps were deposited in the Protein Data Bank 

(PDB) and Electron Microscopy Database (EMDB), respectively (Supplementary Table 2). 
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Fig. 1 | MICs of diverse aminoglycosides against E. coli with and without m1A1408 

modification. Structurally and chemically diverse aminoglycosides, including both 4,6- and 4,5-

DOS drugs, were tested for their activity against E. coli without (green filled circles) and with (red 

filled and open circles) expression of NpmA, corresponding to the absence and presence of the 

m1A1408 aminoglycoside-resistance modification, respectively. Where present, pairs of open and 

filled circles denote a range for the final consensus MIC determined from the replicate 

measurements. The kanamycin, gentamicin, sisomicin, and paromomycin chemical scaffolds are 

shown (below), with the individual substituents (R groups) in Rings I and II detailed in the 

accompanying panel (right). 
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Fig. 2 | Structural basis for m1A1408 modification-based resistance evasion. a, Cryo-EM 

map of the unmodified E. coli 70S ribosome-Abk complex (map threshold: 4.0; map value range 

-10.8 – 28.7) and a zoomed view (box) of Abk bound at the A site with map segments indicating 

positions of Abk and 16S nucleotide A1408 (map threshold 5.7). b, Cryo-EM map of the m1A1408-

modified E. coli 70S ribosome-Abk complex (map threshold: 4.0; map value range -7.71 – 29.1) 

and a zoomed view (box) of Abk bound at the A site with map segments indicating positions of 

Abk and m1A1408 (map threshold 5.1). c, Cryo-EM map of the m1A1408-modified E. coli 70S 

ribosome-G418 complex (map threshold: 4.0; map value range -7.98 – 28.5) and a zoomed view 

(box) of G418 bound at the A site with map segments indicating positions of G418 and m1A1408 

(map threshold 5.1). d, Superposition of the A-site rRNA nucleotides 1404-1409, comparing the 

unmodified (white) and m1A1408-modified (gray) structures, showing conformational changes in 

Abk and m1A1408. e, The 6'-NH3
+ of Abk would clash with the m1A1408 if it did not undergo a 

conformational change. f, The glycosidic dihedral angles (ΦI/II) shift by 19° with a concurrent shift 

in the RNA conformation, moving m1A1408 1.5 Å away with a 20˚ rotation. g, Comparison of Abk 

Ring I puckering when bound to the unmodified and m1A1408-modified A site revealing changes 

in phase angle (-21° to 60°) and 6’-NH3
+ ω angle (26° to 57°). h, G418 favorably positions its 6'-

OH and CH3 groups, 4.0 Å and 3.5 Å, respectively, from the methyl group of m1A1408. 
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Fig. 3 | Aminoglycoside conformational adaptation facilitates evasion of the m1A1408 

resistance modification. a, ΦI/II and b, ΨI/II dihedral angle distributions from MD simulations (300 

ns) of aminoglycosides bound to unmodified and m1A1408-modified rRNA, indicating no distinct 

clustering. Aminoglycosides are colored by scaffold: gentamicin (blue), 4,5-DOS (orange), 

kanamycin (green), and kanamycin with L-HABA (purple). Lighter and darker shades represent 

binding to unmodified and m1A1408-modified rRNA, respectively. c, ω dihedral angle distribution, 

highlighting preferential clustering in the gt, gg, and tg conformations (ranges shaded in gray). d, 

Upon aminoglycoside binding to m1A1408-modified rRNA, the population of conformations based 
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on ω dihedral angle shows adaptations in the gt (light shades) and tg (dark shades) 

conformations. 
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Fig. 4 | Role of the Ring I 6′ substituent in adaptation to the modified A site. a, Superposition 

of models of simulated Gen binding to m1A1408-modified (opaque drug, gray RNA) or unmodified 

(semi-transparent drug, white RNA) 16S rRNA in the gt conformation. The ΦI/II and ΨI/II dihedral 

angles are shifted (Δ) in the presence of m1A1408 compared to the unmodified base. b, 

Superposition of models of simulated Gen binding to m1A1408-modified or unmodified 16S rRNA 

in the tg conformation. c, Distribution of interatomic distances between the aminoglycoside 6' 

substituent and N1 of A1408, showing greater distances are necessary for accommodation of 

m1A1408 by 6’-NH3
+ (Gen and Neo) compared to 6’-OH (Mcr, G418 and Par). Structural 

superposition of simulated A site-bound d, Mcr (gt adaptation), e, G418 (gt adaptation), f, Neo (tg 

adaptation) and g, Par (tg adaptation), with and without A1408 methylation. 

 



118 
 

 

 

Fig. 5 | Influence of other Ring I substituents on adaptation to the m1A1408-modified A site. 

a, Superposition of models of simulated Kan binding to m1A1408-modified (opaque drug, gray 

RNA) or unmodified (semi-transparent drug, white RNA) 16S rRNA in the gt conformation. The 

ΦI/II and ΨI/II dihedral angles are shifted (Δ) in the presence of m1A1408 compared to the 

unmodified base. b, Distribution of inter-atomic distances between the 6'-NH3
+ of the kanamycin 

scaffold aminoglycosides and atom N1 of A1408 (with and without methylation), showing larger 

average distances compared to 6’-OH containing aminoglycosides (G418, Mcr, and Par; Fig. 4c), 

and suggesting unfavorable interactions with m1A1408. Superposition of simulated A site-bound 

c, Kan and d, Bek in the tg adaptation. e, Summary of shifts in ΦI/II and ΨI/II upon tg adaptation to 

m1A1408 for Kan, Bek, Tob and Dbk. f,g, Syn-Ψ and h, i, anti-Ψ conformations of Kan and Bek, 

respectively. In the syn-Ψ conformation, Ring I and Ring II substituents of both Kan and Bek are 

positioned in a sterically and electrostatically favorable configuration. In contrast, in the anti-Ψ 

conformation, the repositioned Kan substituent interaction is favorable but unfavorable for Bek, 

resulting in a mixture of free drug configurations only for Kan. Structural superposition of simulated 

A site-bound j, Tob and k, Dbk in the tg adaptation. 
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Fig. 6 | Impact of L-HABA on aminoglycoside-rRNA interaction. a, Attachment of the L-HABA 

group to the 2-DOS ring (Ring II) establishes additional hydrogen bonds with the 16S rRNA distal 

to A1408, strengthening the interaction with the A site (shown for Abk). The L-HABA conformation 

remains stable, with the modification at A1408 not affecting its ability to interact with the RNA 

(opaque drug: m1A1408; semi-transparent drug: unmodified A1408). b, Differences in ΦI/II and 

ΨI/II upon gt and tg adaptations for Amk and Abk compared to corresponding kanamycin scaffold 

aminoglycosides lacking an L-HABA group (Kan and Dbk, respectively). c, Distribution of 

interatomic distances between the Ring I 6'-NH3
+ and N1 of A1408, and two rRNA contacts made 

by Ring II. For both Amk and Abk, changes in the 6'-NH3
+ to N1 distance are similar to other 

kanamycin scaffold aminoglycosides (Fig. 5b), which move away >6 Å due to the unfavorable 6' 

substituent. In contrast, the Ring II interactions are essentially unchanged upon m1A1408 

modification. Structural superposition of simulated A site-bound d, Amk and e, Abk in the gt 

conformation and f, Amk and g, Abk in the tg conformation. 
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Fig. 7 | 4,6-DOS aminoglycosides fail to adapt to m7G1405 modified rRNA. a, Structural 

superposition of simulated Abk binding to m7G1405-modified (opaque drug, gray RNA) and 

unmodified (semi-transparent drug, white RNA) A-site rRNA. The indicated displacement of Abk 

from h44 by m7G1405 causes a loss of hydrogen bonds between Abk and the rRNA. b, 

Interatomic distances between atom N7 of m7G1405 and the Ring III 3’’-NH3
+ of Abk, G418, and 

Bek, from classical MD simulations are greater than 4 Å, precluding hydrogen bonding with 

G1405. c, Dihedral angle differences along the Ring III/II glycosidic linkage of Abk, G418, and 

Bek bound to unmodified and m7G1405-modified rRNA from classical MD simulations. d, 

Structural superpositions of unmodified, m1A1408-modified and m7G1405-modified A-site rRNA 

bound to Abk, G418, and Bek in REST simulations, showing unbinding events in Bek and Amk 

when simulated with a m7G1405-modified A site. e, RMSD of aminoglycoside-RNA complexes in 

REST simulations shows an increased range of RMSD for Bek, G418, and Abk when rRNA is 

modified at m7G1405, with only Bek showing a similar increase when the rRNA is modified at 
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m1A1408. f, Interatomic distance measurements–D1: N6’ (Ring I )-N1(A1408), D2: N3 (Ring II)-

OP1 (A1493), D3: N1 (Ring II)-O4 (U1495), and D4: N3'' (Ring III)-N7 (G1405)–reveal larger 

distance distributions for Bek, G418, and Abk when rRNA is modified at G1405, but only for Bek 

when rRNA is modified at m1A1408, aligning with the observed changes in MICs in response to 

these resistance modifications. 
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Supplementary Fig. 1. 70S (A1408)-Abk cryo-EM processing pipeline. a, Micrograph 

preprocessing, particle picking, and reference-free 2D classification to isolate ribosome-like 

particles (1,618,995 particles selected). b, Initial 3D reconstruction, 3D classification with particle 

alignment to isolate 70S ribosome particles (1,523,780 selected), and initial 3D auto-refinement. 

c, Iterative CTF refinement and 3D auto-refinement followed by unmasked 3D classification 

without particle alignment to isolate 70S particles with unratcheted 30S subunits and unswiveled 

30S head domains (470,397 selected). d, Final 3D refinement, solvent masking (postprocessing) 

to calculate final map resolution (2.7 Å), and PHENIX Autosharpen to prepare final map for 

molecular modeling (Bsharpen = 23.98 Å2). 
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Supplementary Fig. 2. 70S (m1A1408)-Abk cryo-EM processing pipeline. a, Micrograph 

preprocessing, particle picking, and reference-free 2D classification to isolate ribosome-like 

particles (305,311 particles selected). b, Initial 3D reconstruction, 3D classification with particle 
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alignment to isolate 70S ribosome particles (280,391 selected), and initial 3D auto-refinement. c, 

A, P, and E site focus mask creation from PDB 5JTE, focused 3D classification without particle 

alignment (218,006 selected), and 3D auto-refinement of particles containing A-, P-, and E-site 

tRNAs. d, Iterative CTF refinement, Bayesian polishing, and 3D auto-refinement followed by final 

3D refinement, solvent masking (postprocessing) to calculate final map resolution (2.2 Å), and 

PHENIX Autosharpen to prepare final map for molecular modeling (Bsharpen = -23.24 Å2). 
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Supplementary Fig. 3. 70S (m1A1408)-G418 cryo-EM processing pipeline. a, Micrograph 

preprocessing, particle picking, and reference-free 2D classification to isolate ribosome-like 
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particles (381,332 particles selected). b, Initial 3D reconstruction, 3D classification with particle 

alignment to isolate 70S ribosome particles (288,744 selected), and initial 3D auto-refinement. c, 

A-, P,- and E-site focus mask creation from PDB 5JTE, focused 3D classification without particle 

alignment (197,194 selected), and 3D auto-refinement of particles containing A-, P-, and E-site 

tRNAs. d, Iterative CTF refinement, Bayesian polishing, and 3D auto-refinement followed by final 

3D refinement, solvent masking (postprocessing) to calculate final map resolution (2.4 Å), and 

PHENIX Autosharpen to prepare final map for molecular modeling (Bsharpen = -16.36 Å2). 
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Supplementary Fig. 4. Cryo-EM local resolution maps and Fourier shell correlation curves. 

a, 70S (A1408)-Abk local resolution maps (left: 70S front view; middle: clipped for visibility of tRNA 

binding sites; right: 16S rRNA h44 aminoglycoside binding site) and FSC curve (resolution of 2.7 

Å at FSC=0.143 cutoff). b, 70S (m1A1408)-Abk local resolution maps (shown in same views as 

panel A) and FSC curve (resolution of 2.2 Å at FSC=0.143 cutoff). c, 70S (m1A1408)-G418 local 

resolution maps (shown in same views as panel A) and FSC curve (resolution of 2.4 Å at 

FSC=0.143 cutoff). 

 



130 
 

 

 
Supplementary Fig. 5. Conformational changes in aminoglycosides and the A-site RNA. a, 

Sequence and structure of the A-site RNA bound to the aminoglycoside arbekacin (Abk), 

highlighting interactions with key residues within the A site. b, Heatmap showing the calculated 
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interatomic distances for Abk when bound to both unmodified and m1A1408-modified RNA, as 

well as for G418 bound to m1A1408-modified RNA. The heatmap includes color legends denoting 

the distance variations. c, Structure of Abk with the glycosidic dihedral angles Φ (Phi) and Ψ (Psi) 

shown for Ring I/II and Ring III/II, illustrating the conformational details of 4,6-DOS 

aminoglycosides. Differences in A1408 and m1A1408 RNA conformations when bound to Abk, 

calculated by comparing the absolute changes in d, base pair, e, base step parameters, and f, 

pseudo-dihedral angles η′′ and θ′′, which measure twist and bending in the RNA backbone. 
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Supplementary Fig. 6. Conformation of kanamycin scaffold aminoglycosides. a, Potential 

energy landscape of omega (ω) angle of kanamycin scaffold in aminoglycosides using the OPLS4 

force field, with blue shaded region being energetically permissible. b, Comparison of the Ring I 

chemical structure in Kan, Bek, Tob and Dbk. c,d, Plot of ΦI/II/ ΨI/II values from MD simulations of 

free Kan, Bek, Tob and Dbk. e,  Potential energy landscape scanning ΦI/II/ΨI/II using the OPLS4 

force field for Kan, Bek, Tob and Dbk. 
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Supplementary Fig. 7. The conformational rigidity in Net restricts adaptation to m1A1408. 

a, Superposition of simulated Net binding to unmodified (white RNA and light red drug) and 

m1A1408-modified (gray RNA, and red drug) A-site rRNA, showing that Net dissociates from the 

latter complex. b, RMSD plot of Net bound to unmodified (light red) and m1A1408-modfied (red) 

rRNA in the three independent replicate simulations. c,d, Potential energy landscapes scanning 

ΦI/II/ΨI/II using the OPLS4 force field for Net and Gen, respectively, which have similar Ring I 

structure, except for the carbon-carbon double bond in Net. e-g, Potential energy plots of Net 

(red) and Gen (blue) scanning ω, υ3 and υ4 dihedral angles in Ring I, respectively. Green shading 

indicates the energetically permissible dihedral values.  
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Supplementary Fig. 8. Differences in flexibility and adaptability of aminoglycosides. a, 

Standard deviation (SD) of all glycosidic dihedral angles for aminoglycosides free in solution, 

which serves as a proxy for flexibility with higher SD indicating greater flexibility. b, Shifts in mean 

dihedral angles for aminoglycosides bound to both unmodified and modified rRNA. c, Comparison 

of Ring I/II and Ring III/II dihedral angles for free aminoglycosides and bound to both unmodified 

and modified rRNA and free in solution. 

 

 

 

 

 



135 
 

 

SUPPLEMENTARY TABLES 

 

Table S1. Aminoglycoside activity in absence and presence of 16S 
rRNA resistance modifications m1A1408 (NpmA) and m7G1405 (RmtB) 

DOS Aminoglycoside 
MIC (µg/ml)a 

Empty vector pET-npmA pET-rmtB 

4,6- 

Kanamycin A (Kan) 1 >1024 >1024 

Bekanamycin (Bek) 0.5 1024 >1024 

Tobramycin (Tob) 1 512-256 512 

Dibekacin (Dbk) 0.5 512 >1024 

Amikacin (Amk) 0.5 8 >1024 

Arbekacin (Abk) 0.5 8 512 

Gentamicin C1A (Gen) 0.5 64/128 >1024 
Micronomicin (Mcr) 0.5 64 >1024 

G418 0.5 32 >1024 
Netilmicin (Net) 0.5 >1024 >1024 

4,5- 
Paromomycin (Par) 4 32 8 

Neomycin (Neo) 1 128 8 
aFor pET44 vector encoding aminoglycoside-resistance 16S rRNA methyltransferases NpmA 
(m1A1408 modification) or RmtB (m7G1405 modification) in E. coli BL21(DE3). Empty vector lacks 
encoded enzyme but was otherwise treated identically. 
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Table S2. Cryo-EM data collection and model statistics. 

 70S (A1408)-Abk 70S (m1A1408)-Abk 70S (m1A1408)-G418 
Deposition    

EMDB accession EMD-44193 EMD-44192 EMD-44194 
PDB ID 9B50 9B4Z 9B51 

Data collection    
Microscope  TFS Krios TFS Krios  TFS Krios 
Detector  Gatan K3 BioQuantum  TFS Falcon 4i  TFS Falcon 4i 
Voltage (keV)  300  300  300 
Electron exposure (e-/Å2)  52  50  50 
Pixel size (Å)  1.069  0.814  0.814 
Defocus range (µm) -0.5–3.5 -0.5–2.5 -0.5–2.5 
Frames per movie  40  29  29 
Micrographs (#)  17,071  5,053  5,302 
Initial particles (#) 1,620,093 356,507 456,472 
Final particles (#) 470,397 218,006 197,194 

Model composition, refinement and validation statistics 
Composition 

Total Atoms 141,469 146,493 146,485 
Residues:  Protein 5,534 5,534 5,534;  

 RNA 4,554 4,789 4,789 
Ligands:  Mg 309 309 309 

  Zn 2 2 2 
  Abk 2 2 – 
  G418 – – 2 

Bonds (RMSD)  
Length (Å) (# > 4σ) 0.006 (4) 0.004 (10) 0.004 (9) 
Angles (°) (# > 4σ) 0.697 (6) 0.669 (22) 0.672 (11) 
MolProbity score 1.92 1.93 1.85 
Clash score 6.01 5.17 4.80 

Ramachandran plot (%) 
Outliers 0.64 0.68 0.70 
Allowed 8.28 7.44 7.66 
Favored 91.07 91.88 91.64 
Rotamer outliers (%) 1.26 1.65 1.37 
Cβ outliers (%) 0.00 0.00 0.00 

Peptide plane (%) 
Cis proline/general 0.0/0.0 0.0/0.0 0.0/0.0 
Twisted proline/general 0.0/0.0 0.0/0.0 0.0/0.0 
CaBLAM outliers (%) 5.01 4.77 4.99 

ADP (B factors): min/max/mean 
Protein 17.71/167.64/74.00 12.93/170.73/66.92 16.11/192.80/68.75 
Nucleotide 15.31/364.76/82.90 13.47/443.70/95.21 0.00/287.71/76.88 
Ligand 20.00/156.32/56.92 20.00/130.77/71.90 20.00/122.79/49.19 

Resolution Estimates (Å): Masked (Unmasked) 
d FSC (half maps; 0.143) 2.7 (2.8) 2.2 (2.4) 2.4 (2.6) 
d 99 (full/half1/half2) 3.2/3.0/3.0 (3.1/2.3/2.3) 3.0/2.3/2.3 (3.0/1.9/1.9) 3.0/2.2/2.2 (3.0/1.8/1.8) 
d model 3.0 (3.0) 2.6 (2.6) 2.8 (2.8) 
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Table S3. Aminoglycoside and A-site rRNA interatomic distances. 
 Distance (Å)  

70S (A1408)–Abk 70S (m1A1408)–Abk 70S (m1A1408)–G418 
Ring I (6') : A1408 (N1) 2.6 5.3 4.9 
Ring II (N3) : A1493 (OP1) 3.0 3.1 3.3 
Ring II (N1) : U1495 (O4) 2.9 3.0 3.9 
Ring III (N3'') : G1405 (N7) 2.8 2.7 2.6 
Ring III (O2'') : G1405 (O6) 2.9 3.0 2.7 
Ring I (O3) : A1408 (N6) 3.6 5.4 5.2 
Ring I (6') : A1493 (OP2) 4.9 4.3 4.4 
Ring I (2') : A1493 (OP1) 4.4 6.2 5.4 

 
 

Table S4. Dihedral angles of aminoglycoside glycosidic linkages, 6’ configuration and 
Ring I puckering parameters. 
Dihedral angle (˚)/ ring 
puckering parameter 70S (A1408)–Abk 70S (m1A1408)–Abk 70S (m1A1408)–G418 

φI/II -46.5 -27.5 -35.4 
ψI/II -29.2 -29.8 -28.9 
ω 26.0 57.0 71.0 
ϑ1 49.3 55.1 54.0 
ϑ2 -51.3 -53.1 -61.9 
ϑ3 53.1 49.8 68.7 
ϑ4a -53.9 48.8 -69.7 
ϑ5 52.7 50 61.2 
Phase angle -21.0 60.2 -5.7 
Puckering amplitude 0.8 1.4 1 
aϑ1 (49.3 to 55.1), ϑ2 (-61.9 to -51.3), ϑ3 (49.8 to 68.7), and ϑ5 (50.0 to 61.2) were similar for all three structures. 
 

 

  
 
 
 
 

d FSC model (0/0.143/0.5) 2.6/2.7/2.8 (2.6/2.7/2.9) 2.1/2.2/2.7 (2.2/2.3/2.8) 2.3/2.4/2.6 (2.4/2.5/2.8) 
Map min/max/mean -10.80/28.70/0.24 -7.71/29.09/0.28 -7.98/28.55/0.27 

Model vs. Data 
CC (mask) 0.91 0.87 0.91 
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Table S6. Ligand strain energy from tg adaptation 
Aminoglycosidesa Ligand strain energy (Kcal/mol) 
 Rep A Rep B Rep C Average 
Kanamycin A (Kan) 14.7 15.4 20.4 16.8 
Bekanamycin (Bek) 15.1 13.4 10.6 13.0 
Tobramycin (Tob) 9.0 8.5 10.6 9.4 
Dibekacin (Dbk) 6.5 3.6 7.7 5.9 

 
 
 

Table S7. Average H-bond between aminoglycosides and rRNA in MD 
simulations 
Aminoglycosides H-Bond Salt bridge 
 A1408 m1A1408 A1408 m1A1408 
Gentamicin C1A (Gen) 7.6 6.0 3.6 3.5 
Micronomicin (Mcr) 7.5 5.9 2.9 3.6 
G418 10.5 7.1 2.8 3.1 
Neomycin (Neo) 12 10.8 5.4 5.3 
Paromomycin (Par) 12.9 11.2 5.1 5.5 
Kanamycin A (Kan) 10 8.8 3.6 4.0 
Bekanamycin (Bek) 10 8.7 5.0 4.8 
Tobramycin (Tob) 8.9 8.5 4.7 5.6 
Dibekacin (Dbk) 7.8 6.3 4.8 5.0 
Amikacin (Amk) 12.5 10.9 4.4 4.2 
Arbekacin (Abk) 9.7 7.5 4.6 4.4 

 

Table S5. Dihedral angle (Ring I/II) changes in the MD simulationsa 

Aminoglycosides Unmodified rRNA m1A1408 
modified gt ∆ gtb m1A1408 

modified  tg ∆ tgb 

ΦI/II ΨI/II % ΦI/II ΨI/II ∆ΦI/II ∆ΨI/II % ΦI/II ΨI/II ∆ΦI/II ∆ΨI/II 
Gentamicin C1A 
(Gen) -24.6 -47.1 19 -35.7 -41.9 11.1 5.2 72 -30.6 -49.7 6.0 2.6 

Micronomicin (Mcr) -25.8 -39.8 81 -22.7 -36.5 3.1 3.3 14 -26.5 -41.3 0.7 1.5 
G418 -34.1 -39.2 99 -32.6 -30.1 1.5 9.1 0 - - - - 
Neomycin (Neo) -26 -46.6 5 -35.1 -41.5 9.1 5.1 80 -23.9 -42.5 2.1 4.1 
Paromomycin (Par) -32.4 -43.3 93 -34.7 -42.1 2.3 1.2 0 - - - - 
Kanamycin A (Kan) -17.4 -45.5 35 -11.6 -54.7 5.8 9.2 50 -28.4 -49.1 11.0 3.6 
Bekanamycin (Bek) -19.9 -48.9 8 -31.4 -50 11.5 1.1 80 -28.7 -49.5 8.8 0.6 
Tobramycin (Tob) -26.7 -49 11 -38.4 -50.9 11.7 1.9 69 -44.4 -54 17.7 5 

Dibekacin (Dbk) -27 -47.7 3 -26.8 -41.9 0.2 5.8 90 -33.7 -48.6 6.7 0.9 

Amikacin (Amk) -24.7 -48.2 21 -15.8 -49.3 8.9 1.1 62 -25.6 -46 0.9 2.2 
Arbekacin (Abk) -23.4 -44.8 10 -15.4 -39.4 8.0 5.4 85 -30.6 -45.4 7.2 0.6 
aThe MD simulations refer to the unmodified and m¹A1408-modified rRNA. The terms gt and tg represent the populations of 
simulations where the Ring I ω angle falls within the gt and tg ranges, respectively. The corresponding average dihedral 
angles for each population are reported. Some conformations do not fall into either the gt or tg categories, so the total 
population does not sum to 100%. 
bThe term Δtg and Δgt refers to the absolute value of the changes in dihedral angles when transitioning from the conformation 
bound to the unmodified rRNA to the one bound to the modified rRNA. 
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Table S8. Mean and standard deviations (SD) of Ring I/II and Ring III/II dihedral angles 
in the rRNA-bound and free states of 4, 6-DOS aminoglycosides in MD simulationsa 

State Aminoglycosides 
ΦI/II (˚) ΨI/II (˚) ΦIII/II (˚) ΨIII/II (˚) 

Mean SD Mean SD Mean SD Mean SD 

Fr
ee

 

Gentamicin C1A (Gen) -45.9 13.3 -47.3 13.6 -34.3 10.1 33.2 44.4 
Micronomicin (Mcr) -46.9 12.8 -46.2 12.6 -34.5 10.7 33.4 38.5 

G418 -30.9 14.6 -19.9 25.0 -34.9 10.4 34.6 36.5 

Kanamycin A (Kan) -43.1 14.9 -61.5 60.2 -32.7 11.1 43.6 27.4 

Bekanamycin (Bek) -46.4 13.9 -52.9 13.7 -31.7 10.1 24.0 64.7 

Tobramycin (Tob) -47.2 13.6 -49.4 13.1 -31.3 10.7 31.2 43.3 

Dibekacin (Dbk) -46.3 13.9 -47.3 13.9 -31.6 10.0 34.6 34.6 

Amikacin (Amk) -42.7 17.6 -48.4 35.1 -37.0 12.8 -2.6 43.8 

Arbekacin (Abk) -44.1 15.4 -47.3 13.6 -35.1 12.3 10.0 32.3 

A1
40

8 

Gentamicin C1A (Gen) -24.6 11.1 -47.1 8.7 -30.6 11.6 2.7 15.5 

Micronomicin (Mcr) -25.8 9.0 -39.8 8.2 -26.2 11.5 8.8 12.8 

G418 -34.1 8.7 -39.2 8.1 -31.3 11.4 3.3 12.5 

Kanamycin A (Kan) -17.4 12.5 -45.5 9.9 -35.4 17.2 -10.7 23.4 

Bekanamycin (Bek) -19.9 11.5 -48.9 8.6 -30.1 9.8 27.0 27.0 

Tobramycin (Tob) -26.7 11.3 -49.0 9.0 -28.7 10.0 10.1 19.3 

Dibekacin (Dbk) -27.0 10.3 -47.7 8.7 -33.6 9.5 15.9 21.0 

Amikacin (Amk) -24.7 11.3 -48.2 8.5 -36.1 8.6 -8.4 11.5 

Arbekacin (Abk) -23.4 10.3 -44.8 8.5 -33.2 9.4 -3.3 13.9 

m
1 A

14
08

 

Gentamicin C1A (Gen) -31.8 11.3 -47.4 11.5 -36.4 13.0 1.9 27.3 

Micronomicin (Mcr) -23.3 10.9 -37.2 10.0 -22.8 14.2 11.1 15.0 

G418 -32.6 8.5 -30.1 8.9 -17.5 14.0 18.5 12.2 

Kanamycin A (Kan) -21.1 16.5 -52.2 10.0 -30.5 10.5 10.9 12.1 

Bekanamycin (Bek) -29.4 11.8 -49.6 9.1 -33.1 10.6 15.4 10.4 

Tobramycin (Tob) -43.9 9.5 -53.3 9.2 -29.4 10.0 13.6 10.9 

Dibekacin (Dbk) -33.4 10.4 -48.3 9.8 -33.1 10.4 22.2 17.9 

Amikacin (Amk) -22.6 12.6 -47.7 9.4 -36.8 9.5 -1.6 14.5 

Arbekacin (Abk) -29.0 11.0 -44.9 8.9 -30.1 9.8 8.3 14.8 
aThe MD simulations refer to the aminoglycoside-A1408 or -m¹A1408 rRNA and ”free” refers to simulations of 
aminoglycoside in free state.  ΦI/II, ΨI/II, ΦIII/II, and ΨIII/II refer to the glycosidic dihedral angles between Rings I and II, and 
Rings III and I. A higher SD indicates greater flexibility or conformational variability in dihedral angles, while a lower SD 
suggests more rigidity.  
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Table S9. Average changes in Ring I/II and Ring III/II dihedral 
angles of 4, 6-DOS aminoglycosides in unmodified compared 
to m1A1408-modified rRNA in MD simulations. 
Aminoglycosides Average ∆ (˚) 

 ∆ΦI/II ∆ΨI/II ∆ΦIII/II ∆ΨIII/II 
Gentamicin C1A (Gen) 7.2 0.3 5.8 0.9 
Micronomicin (Mcr) 2.5 2.6 3.3 2.3 
G418 1.6 9.1 13.7 15.2 
Kanamycin A (Kan) 3.7 6.6 4.9 21.6 
Bekanamycin (Bek) 9.5 0.6 3.1 11.7 
Tobramycin (Tob) 17.2 4.3 0.7 3.5 
Dibekacin (Dbk) 6.5 0.6 0.5 6.3 
Amikacin (Amk) 2.0 0.6 0.7 6.8 
Arbekacin (Abk) 5.6 0.1 3.1 11.7 
aThe MD simulations refer to the unmodified and m¹A1408-modified rRNA simulation with 
aminoglycosides.  
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Chapter 4: Discussion 

 Accurately producing proteins from information stored in genes is a critical function of all 

organisms1. The work presented here provides important structural insights into bacterial 

translational fidelity, revealing how weakening RNA-RNA interactions between the bacterial 

initiator tRNA (tRNAfMet) and the ribosome disrupts translation initiation and suggesting a potential 

mechanism by which the initiation factor IF2 restores normal initiation. This work has also 

uncovered several structural principles governing the ability of ribosome-targeting aminoglycoside 

antibiotics to evade 16S rRNA A1408 methylation-mediated mediated resistance, an increasingly 

prevalent mode of resistance which threatens the efficacy of these crucial antibiotics of last resort. 

These principles can be used to design improved aminoglycoside scaffolds, preserving the utility 

of this essential antibiotic class as resistant infections become increasingly common. 

 

4.1: Initiation is fine-tuned for a mixture of accuracy and efficiency 

 Results from this dissertation and prior studies of bacterial translation initiation suggest 

that initiation is optimized for a balance of accuracy and efficiency based on the strength of 

interactions between fMet-tRNAfMet, the ribosome, and the mRNA codon. Productive initiation 

requires both strong tRNA-mRNA base pairing at the start codon and robust tRNA-ribosome 

interactions along the anticodon stem2-5. The strength of these interactions affects the 

thermodynamic and kinetic stability of initiation complexes, with weaker interactions increasing 

tRNA off-rates from the 30S ribosomal subunit2, 6. The initiator tRNA off-rate likely plays a role in 

start codon selection, as strengthening the interactions of tRNAfMet with the ribosome through the 

16S rRNA mutation G1338A (and hence reducing the tRNA off-rate) causes spurious initiation at 

noncanonical start codons5, 7. Conversely, weakening these interactions through mutations in the 

tRNAfMet anticodon stem reduces the preference for the canonical but near-cognate start codons 
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GUG and UUG (where “near-cognate” defines tRNA-mRNA pairings having a single base pair 

mismatch)2. Notably, the tRNA-mRNA interaction strength does not appear to directly affect tRNA-

ribosome interactions at the tRNA minor groove, as cryo-EM structures of 70S initiation 

complexes reveal similar tRNA-ribosome interaction distances for all four NUG start codons 

paired with tRNAfMet M18. 

 A view of initiation as a finely tuned process balancing speed and accuracy aligns with 

observations of other steps of the translation cycle, such as elongation. Because protein function 

typically tolerates minor substitutions in amino acid sequence9, 10, and because protein synthesis 

rate is a major limiting factor to bacterial growth in nutrient-rich conditions11-14, ribosomes can 

afford a higher error rate (1 error per 103-104 amino acids during elongation) than DNA or RNA 

polymerases (where errors could have a more pronounced effect on cellular function and fitness) 

in exchange for a higher rate of protein synthesis15-19. Notably, mutations conferring 

hyperaccuracy to bacterial ribosomes at the expense of elongation speed often reduce fitness20-

23. Similarly, it appears that the ribosome is tuned for an intermediate level of speed and accuracy 

during initiation. The type-II A-minor interaction between the conserved 16S nucleotide G1338 

and tRNAfMet nucleotide C41 is of suboptimal strength24, 25; the mutation G1338A strengthens the 

interaction between the ribosome and tRNA minor groove at this position, yielding ribosomes with 

increased translational activity but with a propensity to undergo spurious initiation on non-start 

codons5, 7. Conversely, mutations of 16S nucleotide A1339, which weaken the interaction of the 

ribosome with the tRNA minor groove at this position, greatly reduce translational activity3, 4, 6. 

This suggests that balancing speed and accuracy is a general principle of ribosomal function 

across multiple stages of the translation cycle, with fitness penalties resulting from shifting this 

balance in either direction. 

 

4.2: The role of IF2 in quality control during translation initiation 
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 Prior biochemical studies of 30S and 70S initiation complexes have shown that IF2 serves 

a quality control function during initiation, rescuing normal initiation when RNA-RNA interactions 

between the anticodon stem loop (ASL) of the initiator tRNA variant tRNAfMet M1 and the 16S 

rRNA are weakened. However, prior to the work presented in this dissertation, the mechanism by 

which this activity occurs remained an open question. Our structures of 70S initiation complexes 

reveal that IF2 strengthens the type-II A-minor interaction between 16S rRNA nucleotide G1338 

and the tRNAfMet M1 ASL minor groove8. However, it remains unclear whether IF2-mediated 

strengthening of tRNA-ribosome interactions alone is responsible for restoration of normal 

initiation behavior in ICs containing tRNAfMet M1. Additionally, there are potential discrepancies 

between in vitro reconstituted and in vivo studies of translation initiation using tRNAfMet M1. In 

vitro, IF2 restores normal ribosome toeprint banding and peptide bond formation activity to ICs 

containing tRNAfMet M1 initiating translation on a CUG start codon. However, in vivo, tRNAfMet M1 

drastically reduces translation activity by roughly 20-fold compared to wild type despite IF2 being 

present in living cells26. This decrease in in vivo translation rate is true even though the M1 variant 

does not exhibit a pronounced decrease in preference for the canonical AUG start codon (unlike 

the canonical but near-cognate start codons GUG and UUG), which is the predominant start 

codon used in vivo2. For this reason, it is unclear why tRNAfMet M1 reduces translation to such a 

degree in vivo despite initiation being rescued by IF2 in vitro. 

 Past competition binding assays have shown that tRNAfMet M1 forms ICs which are less 

thermodynamically and kinetically stable than those containing wild type tRNAfMet. In particular, 

the M1 variant exhibits a markedly higher off-rate from the 30S subunit compared to wild type2. 

Because 30S ICs do not have a required order for assembly27-29, in vitro assays where initiation 

factors are provided in excess of the concentration of ribosomes may involve substantial 

association of IF2 with 30S subunits before tRNAfMet M1 binds. In contrast, IFs in living cells are 

present at lower concentrations than that of ribosomes (roughly 0.2-0.3 molecules of IF2 per 
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ribosome in E. coli), suggesting that most 30S subunits would not have IF2 bound30, 31. Because 

tRNAfMet M1 has a shorter dwell time on 30S subunits during initiation than wild type tRNAfMet, and 

because the initiation factor IF3 is known to increase both the on-rate and off-rate of tRNAs on 

the 30S subunit during initiation32, 33, it may be the case that tRNAfMet M1 does not typically 

associate with 30S for long enough in vivo for IF2 to find it bound to 30S. However, in in vitro 

assays where IF2 is provided in excess, 30S subunits may already have IF2 bound when tRNAfMet 

M1 arrives, allowing IF2 to quickly drive productive initiation after arrival of the tRNA (Fig. 1). It 

should be possible to test whether the decreased dwell time of tRNAfMet M1 permits IF2 to rescue 

normal initiation in a concentration-dependent manner by measuring translation of a reporter 

protein in cells possessing either wild type tRNAfMet or tRNAfMet M1 as their sole initiator tRNAs 

with or without overexpression of IF2. If fast recognition of tRNAfMet M1-containing 30S pre-ICs by 

IF2 is sufficient to yield normal translation activity, then the discrepancy in reporter protein 

production between cells with wild type tRNAfMet and the M1 variant should be reduced upon IF2 

overexpression. 

 While our cryo-EM data suggest that the interactions between IF2 and tRNAfMet are likely 

important for the ability of IF2 to restore normal initiation behavior to tRNAfMet M1 in vitro, it is 

possible that this quality control function may proceed through a mechanism independent of IF2’s 

direct interaction with the tRNAfMet M1 acceptor end, instead depending only on the interactions 

of IF2 with the 30S ribosomal subunit. This possibility cannot be evaluated using wild type IF2, 

which interacts with both the 30S subunit and fMet-tRNAfMet, but could be evaluated using an IF2 

variant with abolished tRNA binding activity. IF2 variants deficient in tRNAfMet binding have been 

isolated from Geobacillus stearothermophilus (IF2 G715X, where X can represent the amino acids 

Glu, Val, Tyr, Lys, Asp, Pro, or Gln)34. Position G715 in G. stearothermophilus IF2 corresponds 

to G862 in E. coli (Fig. 2A), which is part of the tRNA-binding C2 domain of IF2 and contacts the 

fMet moiety at the tRNA acceptor end. To test the importance of IF2’s interactions with fMet-
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tRNAfMet M1 for its ability to rescue wild type-like initiation behavior, one could repeat toeprint 

assays analogous to those previously performed by the Fredrick Lab. Samples of non-

enzymatically assembled 30S ICs containing tRNAfMet M1 and a CUG start codon, which display 

a banding pattern suggestive of altered mRNA position, could be tested alongside enzymatically 

assembled 30S ICs using either wild type IF2 or IF2 G862 substitution variants (“IF2 G862X”), 

with the expectation that the toeprint banding pattern of the IF2 G862X ICs should appear similar 

to that of the non-enzymatically assembled complexes if IF2 must interact with the tRNA acceptor 

end to rescue normal initiation (a sample gel schematic is shown in Fig. 2B). Observing a similar 

banding pattern in the samples containing WT IF2 and IF2 G862X would suggest that IF2’s quality 

control function during initiation is not mediated by its interactions with the initiator tRNA, instead 

likely being mediated by its interactions with the 30S subunit of the ribosome. This may involve 

functions such as allosteric modification of the structure of the mRNA path. 

 

4.3: The role of G1338 in stabilizing tRNA conformations adjacent to the P site 

 G1338 is conserved among bacteria, suggesting that its suboptimal interaction strength 

with the tRNA minor groove is likely important for its function. It is possible that maintaining 

intermediate-strength interactions with the tRNA minor groove (compared to the more strongly 

interacting 16S rRNA variant G1338A) could allow the 16S rRNA to dynamically strengthen or 

weaken its interaction with the P-site tRNA in different contexts depending on the tRNA 

conformation. For example, RNA footprinting experiments have demonstrated that G1338 is 

accessible to chemical probes when peptidyl-tRNA is bound to 70S ribosomes in the “classical” 

P/P orientation (where the tRNA occupies the P site on both subunits) but becomes protected 

following peptidyl transfer, after which the deacylated P-site tRNA can spontaneously move into 

the “hybrid” P/E orientation (where it occupies the P site on the small subunit and the E site on 

the large subunit) before EF-G mediated translocation35. This suggests the G1338 base is buried 
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more deeply into the tRNA minor groove in the P/E orientation than in the P/P orientation. Later 

16S rRNA mutational studies have also demonstrated that G1338 has a role in stabilizing tRNAs 

in the P/E orientation. Binding experiments using the 16S rRNA mutant G1338U, which interacts 

weakly with the tRNA minor groove, show destabilization of tRNA binding relative to wild type. 

This effect can be compensated by the 23S rRNA mutation C2394A, which disrupts interactions 

with the tRNA at the E site and shifts the P/P  P/E tRNA binding equilibrium toward the 

classical P/P state, stabilizing tRNA binding6. Together, these studies suggest that tRNAs are 

more prone to early dissociation from the ribosome in the P/E state than in the P/P state and that 

G1338 plays a role in the stabilization of tRNAs in the P/E state. Like the P/E orientation, the 

unique P/I orientation occupied by tRNAfMet when bound to IF2 in initiating 70S ribosome 

complexes entails a displacement of the tRNA (primarily the acceptor end but also the anticodon 

stem) toward the E site. Our observation that G1338 binds more deeply in the tRNAfMet M1 minor 

groove when IF2 is present is consistent with G1338 serving a broader function of stabilizing 

tRNAs which bind near the P site in non-classical states which may especially require 

maintenance of strong tRNA-ribosome interactions to prevent tRNA dissociation. 

 

4.4: tRNAfMet M1 does not cause frameshifting during initiation 

 Ribosome toeprint analysis is a molecular biology technique which uses inhibition of 

extension of a labeled DNA primer by reverse transcriptase to determine of the position of 

ribosomes on mRNA molecules within a sample to single-nucleotide resolution. Results from past 

toeprint analysis experiments performed by the Fredrick Lab suggested that 30S and 70S ICs 

containing tRNAfMet paired with a CUG start codon may occupy a shifted mRNA reading frame 

compared to ICs containing the canonical start codons AUG, GUG, and UUG2. Because 

frameshifting during initiation would change the sequence of the entire synthesized polypeptide 

downstream of the start codon, this would be particularly detrimental to the fidelity of translation 
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and would potentially explain why bacteria have evolved to use CUG as a start codon only very 

rarely. Toeprint samples of tRNAfMet M1 + CUG ICs display a shift of their toeprint bands by 1 or 

2 nucleotides in the 3’ direction, with the apparent +2 reading frame band comprising the major 

product in these reactions2. In contrast to these experimental results, our 70S IC structures 

containing tRNAfMet M1 paired with each of the four possible NUG start codons (where N is any 

RNA nucleotide) suggest that these 70S complexes occupy the 0 reading frame. In the CUG start 

codon-containing mRNA used in two of our structures, the 0, +1, and +2 reading frames have P-

site codons of sequence CUG, UGG, and GGU, respectively, which differ in their arrangements 

of purine and pyrimidine bases. Cryo-EM map density for the CUG complex is suggestive of a 

pyrimidine-pyrimidine-purine codon in the P site in both the presence and absence of IF2, which 

would indicate the P-site codon is CUG. Additionally, it is possible to use tRNA binding to monitor 

codon presentation at the ribosomal A site36. In the 0 reading frame, a GUA codon should be 

presented at the A site, while in the +2 reading frame, the A-site codon would be AUA. AUA 

codons are decoded by an uncommon tRNAIle isoacceptor, tRNAIleX 37, 38, which was added to the 

CUG start codon 70S complex assembly reaction lacking IF2 and excluded from the reactions 

containing AUG, GUG, and UUG start codons. The AUG, GUG, and UUG samples displayed A-

site tRNA density in approximately 9% of picked particles, representing a background level of A-

site occupancy in complexes known to occupy the 0 reading frame. Because these samples were 

prepared without tRNAIleX, the observed A-site tRNA density represents only tRNAfMet M1 bound 

at the A site. The CUG start codon sample contained A-site tRNA density in 10.7% of picked 70S 

particles, only a slight enrichment in A-site occupancy compared to the known 0-frame complexes 

containing AUG, GUG, or UUG start codons. Because the apparent +2 frame band is the major 

product in toeprint analysis assays, we expected to observe a substantially larger population 

(roughly 50% of 70S particles based on toeprint results) of A-site tRNA-containing particles 

compared to samples prepared without tRNAIleX if the apparent +2 frame band represents a 

genuine frameshifted 70S complex. Because we did not observe this, and because P-site mRNA 
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codon density is suggestive of a 0 frame complex, we conclude that tRNAfMet M1 likely does not 

engage mRNA containing a CUG start codon in a shifted reading frame and that bacteria have 

evolved to discriminate against noncanonical CUG start codons for reasons other than a tendency 

to frameshift during initiation. 

 An alternative explanation for the shifted toeprint pattern observed by the Fredrick Lab is 

a change in the mRNA path within the ribosome. If the mRNA occupies an altered conformation 

in the presence of tRNAfMet M1 paired with a CUG start codon, it could alter the accessibility of 

the mRNA to reverse transcriptase in toeprint assays without altering the reading frame (and 

therefore preserving tRNA pairing with the CUG codon at the ribosomal P site)2. Given the 

reduced peptide bond formation activity exhibited by 70S ribosome complexes prepared with 

tRNAfMet M1 paired to a CUG start codon, the Fredrick Lab proposed that the mRNA conformation 

in the ribosomal A site may be altered such that the ribosome cannot productively engage tRNAs 

there. Although cryo-EM map quality is typically poor for A-site mRNA codons in 70S ribosome 

complexes lacking A-site tRNAs, the map quality was sufficiently high for comparison to published 

structures of 70S complexes known to productively engage tRNAs at the A site. In all of our 

structures of complexes prepared without IF2, A-site mRNA density suggests that the mRNA 

positioning is normal, deviating only slightly from A-site codon positioning observed when a tRNA 

is present (PDB 7K0039). Additionally, we observe no non-canonical interactions of the first-

position A-site codon nucleotide G+4, which was previously hypothesized to form non-canonical 

interactions with either the P-site tRNA or the nearby rRNA in a manner which would explain both 

the reduced peptide bond formation activity and altered toeprint banding observed for these 

complexes2. 

 A limitation of our cryo-EM-based approach in this study is that, given that our structural 

data represent snapshots of these initiation complexes, and given that we do not clearly observe 

either frameshifting or A-site codon mispositioning, we are unable to propose a conclusive 
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mechanism for the altered toeprint banding observed in the Fredrick Lab’s prior experiments. The 

lack of apparent frameshifting or mispositioning of the A-site mRNA codon suggest that toeprint 

assays are reporting on other features of the 70S ICs leading to altered mRNA accessibility to 

reverse transcriptase. Although alteration of mRNA positioning 3’ of the A site has been proposed 

as another alternative explanation of the observed change in the toeprint band pattern of CUG 

start codon complexes compared to AUG, GUG, and UUG start codon complexes, map density 

3’ of the A site is of insufficient quality to evaluate this. Because cryo-EM maps represent the 

average conformation of particles in the dataset, it is possible that the mRNA position is dynamic 

either at the A site or along the mRNA path downstream of the A site, but our cryo-EM data alone 

are not sufficient to determine this. 

 

4.5: Mechanisms of resistance evasion by 4,6-DOS aminoglycosides 

Methylation of 16S ribosomal RNA helix 44 (h44) at atom N1 of nucleotide A1408 confers 

a spectrum of resistance to 4,6-disubstituted 2-deoxystreptamine (4,6-DOS) aminoglycoside 

antibiotics, with some drugs displaying nearly completely abolished antibiotic activity and others 

experiencing a relatively small increase in minimum inhibitory concentration (MIC)40, 41. This must 

be due to chemical features of certain 4,6-DOS aminoglycosides rendering them more capable 

of evading resistance than others. Identifying these features is crucial for the rational improvement 

of aminoglycosides, and while prior studies of m1A1408-mediated aminoglycoside resistance 

have observed a spectrum of MIC values in the presence of m1A1408, these studies have not 

determined generalizable principles describing aminoglycoside features which maximize 

antibiotic activity in the presence of the resistance modification. Structural studies of 

aminoglycoside-bound ribosomes with and without methylation at h44 can reveal the features 

which permit accommodation of aminoglycosides into their binding site when A1408 is 

methylated; however, cryo-EM structure determination of high-MIC aminoglycosides bound to 
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methylated ribosomes may be infeasible due to their low binding affinity to resistant ribosomes. 

Molecular dynamics (MD) simulations of 4,6-DOS aminoglycoside binding to h44 with or without 

methylations at A1408 can provide useful information about drug-ribosome interactions even in 

cases where determining a cryo-EM structure is not possible42. Our combined cryo-EM and MD 

approach has revealed several key features governing aminoglycoside binding in the presence 

of A1408 methylation. These include antibiotic ring flexibility, the nature and polarity of ring 

substituent groups, and the presence of additional modifications that anchor the drug to h44 (Fig. 

3). 

 

4.6: Influence of drug structure flexibility 

 Compared to aminoglycoside-bound h44 structures lacking A1408 methylation, the methyl 

group on m1A1408 introduces a clash with Ring I of the aminoglycoside. This necessitates a 

displacement of Ring I away from m1A1408 to accommodate the drug into its binding site, 

suggesting that aminoglycosides which are more flexible around the Ring I-II glycosidic linkage 

should be more evasive of A1408-mediated resistance than those which are more rigid. We find 

that the presence of Ring I 3’ and 4’ substitutions negatively impact the flexibility of Ring I to 

changes in ring pucker and rotation about the glycosidic linkage. Bekanamycin (Bek), tobramycin 

(Tob), and dibekacin (Dbk) are kanamycin scaffold antibiotics having identical Rings II and III but 

differing in their degree of Ring I substitution, making them ideal samples for determining the 

effects of Ring I substituents on resistance evasion43, 44. Bek possesses 3’ and 4’-OH groups, Tob 

has only a 4’-OH group and is unsubstituted at the 3’ position, and Dbk is unsubstituted at both 

the 3’ and 4’ positions. Increasing substitution in these positions restricts Ring I flexibility, but the 

4’-OH group interacts with the rRNA backbone at nucleotide A1492. This interaction appears to 

be important for drug binding in the context of m1A1408, as removing it through use of an 

unsubstituted 4’ position decreases resistance evasion despite improving Ring I-II linkage 
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flexibility. For this reason, preserving substitution at the 4’ position while using an unsubstituted 

3’ position (as in Tob) yields greater evasiveness than either 3’,4’-disubstituted drugs (e.g., Bek) 

or 3’,4’-unsubstituted drugs (e.g., Dbk). 

 Importantly, improved flexibility at the Ring I-II linkage does not universally improve drug 

binding when A1408 is methylated. Our MD simulations suggest that the preferred conformations 

of aminoglycoside drugs free in solution (driven by intramolecular interactions) also affect their 

ability to accommodate m1A1408. Because aminoglycosides bind their h44 target in the syn-Ψ 

conformation (with the Ring I-II dihedral angle near 0°), alternative stable conformations in 

solution (e.g., anti-Ψ, with the dihedral angle near 180°) impose an energy penalty to binding, 

whereby to bind h44, an aminoglycoside must first transition out of a local energy minimum. Free 

kanamycin appears to be especially flexible in simulations but tends to occupy the anti-Ψ 

conformation in free solution, explaining its anomalously high MICs under conditions of A1408 

methylation. In contrast, free Bek, Tob, and Dbk primarily occupy the syn-Ψ conformation in 

simulations due to repulsion between two positively charged amino substituents in the anti-Ψ 

conformation. This suggests their ability to accommodate m1A1408 is limited primarily by factors 

such as their ring pucker flexibility and their ability to contact the rRNA backbone rather than 

needing to undergo an energetically unfavorable conformational change before binding. 

Further evidence of the importance of ring pucker flexibility in the ability of 

aminoglycosides to evade m1A1408-mediated resistance is provided by netilmicin (Net), which, 

unlike 4,6-DOS aminoglycosides of the kanamycin or gentamicin scaffolds, possesses a carbon-

carbon double bond in Ring I45. The double bond confers rigidity to Ring I, rendering it less 

amenable to changes in ring pucker. Compared to aminoglycosides with similar Ring II and III 

scaffolds, Net is less evasive of m1A1408-mediated resistance, which is corroborated by MD 

simulations showing that it is unable to accommodate the presence of the N1-methyl group on 

A1408 and is quickly ejected from its binding site. 
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4.7: Influence of Ring I substituent identity 

 Methylation of A1408 imparts a positive charge to the nucleobase, which can impact its 

interaction with aminoglycosides46, 47. The 6’ position of Ring I, which interacts with atom N1 of 

A1408, can be substituted with either an amino or hydroxyl moiety, with some aminoglycosides, 

such as G418, having additional branching groups at this position44. At physiological pH, amino 

moieties are primarily protonated (i.e., -NH3
+) and therefore positively charged, while hydroxyl 

groups remain neutral45. Given the charge characteristics at this position, we expected to observe 

greater resistance evasion in the presence of m1A1408 among aminoglycosides possessing 6’-

OH groups compared to 6’-NH3
+ groups due to electrostatic repulsion of 6’-NH3

+ by m1A1408. As 

predicted, MIC assays and simulations of 6’-OH-containing aminoglycosides (e.g., G418) and 6’-

NH3
+-containing aminoglycosides (e.g., gentamicin C1A) with similar Ring II and Ring III scaffolds 

suggest a 6’-OH is preferred for binding when h44 is methylated. 

 

4.8: Influence of Ring II HABA group  

 Cryo-EM structures of A1408-methylated and unmethylated E. coli ribosomes containing 

the aminoglycoside drug arbekacin, which performed especially well in MIC assays against E. coli 

cells expressing the A1408 N1-methyltransferase NpmA, demonstrate that chemical 

modifications to the base aminoglycoside scaffold can preserve drug binding in the context of 

A1408 methylation by compensating for the loss of rRNA-drug hydrogen bonds due to 

displacement of Ring I. In contrast to many other 4,6-DOS aminoglycosides, arbekacin contains 

a 4-amino-2-hydroxybutyroyl amide (L-HABA) modification on Ring II which forms additional 

contacts with h44 distant from the site of interaction with nucleotide A140848-50. These interactions, 

along with the tolerance of arbekacin’s structure to rotation along the glycosidic linkage between 



153 
 

 

Rings I and II, stabilize drug binding despite A1408 methylation. This leads to only a slight 

displacement of Rings II and III in the A1408-methylated structure compared to the A1408-

unmethylated structure. Interestingly, the addition of a HABA group appears to be able to 

compensate for suboptimal characteristics in other parts of the drug’s structure. For example, Abk 

is produced by addition of a HABA group to Ring II of Dbk. In MIC assays, Abk is one of the most 

resistance-evasive 4,6-DOS aminoglycosides tested, while Dbk evades resistance poorly. 

 

4.9: Considerations for antibiotic design 

 In addition to studying accommodation of m1A1408 by existing aminoglycoside drugs, this 

simulation platform also provides a valuable system for predicting resistance evasion in 

hypothetical new aminoglycosides which have not yet been manufactured. In this study, we only 

simulated the interaction of bacterial ribosomes with antibiotics which are already available; 

however, using the principles discovered in this study for maximization of activity in the presence 

of m1A1408, newly designed aminoglycosides could be simulated to predict their activity in the 

presence of this resistance modification. This could aid in the development of new 

aminoglycosides by narrowing the space of new drug structures which need to be produced and 

tested against resistant pathogens expressing A1408 methyltransferases. 

A challenge for aminoglycoside design and use, and a reason for their use as last-resort 

antibiotics, is their tendency to cause toxicity in patients (ototoxicity, nephrotoxicity), especially 

during extended use, due to their ability to bind and disrupt decoding in human ribosomes51-54. 

For this reason, it is of interest when rationally optimizing aminoglycoside design to also consider 

activity against human cytoplasmic and mitochondrial ribosomes, and, where possible, to 

minimize features in the drug structure that encourage disruption of translation in human cells. 

The interactions between aminoglycosides and eukaryotic ribosomes are well characterized, with 
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binding data and published structures with bound 4,5-DOS and 4,6-DOS aminoglycosides 

available for both mitochondrial and cytoplasmic eukaryotic ribosomes (or model RNAs consisting 

of decoding center nucleotides from these ribosomes)55-60. While identifying toxicity in human cells 

by existing aminoglycosides is straightforward and could be tested directly in cultured cell lines 

with cell viability assays61, 62, the simulation platform presented in our study could additionally be 

used to predict the interactions of aminoglycoside antibiotics with their binding sites in human 

ribosomes. Another challenge is presented by the fact that, while bacterial and eukaryotic rRNA 

sequences have diverged over time, the functional centers of the ribosome are highly conserved63-

65. For this reason, modifications to antibiotic structures which render them more potent against 

bacterial translation may also render them more active against human ribosomes, which risks 

amplifying toxic side effects. Human mitochondrial ribosomes possess an A1408 residue (using 

E. coli numbering), which may complicate the design of aminoglycosides with improved binding 

to A1408 or nearby regions of h44 in bacteria56, 60, 66. 

A limitation of the combined simulation and cryo-EM approach used in our study of 

aminoglycoside antibiotic resistance evasion lies in the agreement between the simulations and 

experimental structural data. Because cryo-EM is based on image averaging, the map data most 

clearly reflect the most abundant conformations of the ribosomes and associated aminoglycoside 

ligands in the sample, with visibility of low frequency or partially occupied states being 

suppressed67. While this permits modeling the drug in what is likely its lowest energy 

conformation, this may not reflect all possible conformations of aminoglycosides at their h44 

binding site. In particular, Ring I 6’-NH3
+ substituents, which interact with atom N1 of A1408 in 

unmethylated structures, appear to occupy both the trans-gauche (flipped away from m1A1408 

and toward the A1492-A1493 phosphate backbone) and gauche-trans (flipped toward m1A1408) 

configurations in simulations of m1A1408-containing rRNA, while we only observe this substituent 

in the gauche-trans configuration in our cryo-EM data. This suggests either that the cryo-EM data 
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do not reflect all accessible conformations of aminoglycosides at h44 or that the simulation system 

used does not accurately model the interaction of aminoglycosides with h44 in all aspects. If trans-

gauche accommodation at h44 is possible in the presence of A1408 N1-methylation but happens 

infrequently compared to gauche-trans accommodation, the cryo-EM map density may not reflect 

this. Alternatively, it is possible that the simulation parameters chosen for this study tend to 

overestimate the electrostatic repulsion of 6’-NH3
+ by m1A1408 and that trans-gauche 

accommodation is either infeasible or uncommon. In this case, modification of simulation 

parameters could bring the empirical structures and simulation data further into agreement. 

 

4.10: Conclusions 

 The work presented in this dissertation has generated novel findings relating to the 

maintenance and disruption of protein synthesis fidelity during the initiation and elongation phases 

of bacterial translation. Our structures of E. coli 70S ribosomes initiating translation using tRNAfMet 

M1, a mutant variant of the bacterial initiator tRNA with weakened interactions with the ribosomal 

P site, have demonstrated a possible mechanism for the quality control role of the GTPase 

initiation factor IF2, which directly binds tRNAfMet during the assembly of the 30S IC. During 

initiation, IF2 improves interactions between the conserved 16S rRNA nucleotide G1338 and the 

minor groove of the tRNAfMet anticodon stem and stabilizes tRNAfMet M1 in the initiation complex, 

helping to explain the ability of IF2 to restore wild type-like initiation behavior with tRNAfMet M1. 

Our work adds to a body of evidence showing that the stability of tRNA binding at the P site is 

particularly sensitive to the strength of A-minor interactions between the P-site rRNA nucleotides 

A1339 and G1338 and the tRNA minor groove and suggests that, like translation elongation, 

translation initiation is tuned for an intermediate mix of efficiency and accuracy based on the 

strength of both tRNA-mRNA and tRNA-ribosome interactions. Additionally, these structures 

provide evidence that previously hypothesized mRNA frameshifts or mispositioning of the A-site 
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mRNA codon following initiation using tRNAfMet M1 on a CUG start codon do not occur, suggesting 

that tRNAfMet M1 likely disrupts normal ribosome toeprint band formation through a change in the 

mRNA conformation elsewhere on the ribosome and that bacteria have evolved to discriminate 

against CUG as a translational start codon for reasons other than a tendency to frameshift during 

initiation. 

Finally, our combined cryo-EM and molecular dynamics simulation approach to studying 

4,6-DOS aminoglycoside resistance evasion has suggested a series of aminoglycoside design 

principles which could be used to maximize evasion of resistance mediated by 16S A1408 N1-

methylation. While the ability of m1A1408 to confer varying degrees of resistance to 4,6-DOS 

aminoglycosides has been known from past studies, the features governing the ability of these 

drugs to overcome this mode of resistance have not. Aminoglycoside features which improve 

Ring I flexibility while preserving key contacts with the rRNA tend to improve accommodation of 

A1408 N1-methylation. 6’-OH groups yield improved resistance evasion compared to 6’-NH3
+ due 

to a lack of electrostatic repulsion toward m1A1408; however, this may not be preferred in practice 

due to high activity against human ribosomes56, 58. Finally, additional functional groups (e.g., L-

HABA) added to Ring II can anchor the aminoglycoside at its binding site through additional 

contacts with the rRNA distal to m1A1408 and can compensate for suboptimal drug characteristics 

on Ring I. These design principles can be used to rationally modify aminoglycosides to preserve 

the activity of this critical antibiotic class, and the simulation platform could feasibly be extended 

and used alongside cell-based aminoglycoside toxicity assays to predict and reduce activity 

against eukaryotic ribosomes. As m1A1408-mediated resistance becomes increasingly common, 

these aminoglycoside design principles can assist in maintaining the efficacy of this essential 

class of antibiotics. 
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Fig. 1. Proposed mechanism for differences between tRNAfMet M1 effects on in vivo vs. in 

vitro initiation. 30S subunits bound to mRNA must associate with an initiator tRNA and initiation 

factors to recruit the 50S subunit and begin translation. Upper – in vivo, where ribosomes are in 

excess relative to IFs, tRNAfMet M1 may associate with 30S subunits before IFs. However, 

because of its high off-rate due to weak interactions with the 16S rRNA, it may tend to unbind 

before IFs arrive, making colocation of the initiator tRNA and IFs on the 30S (and hence 

translation initiation) more infrequent relative to wild type tRNAfMet. Lower – in prior in vitro studies 

of initiation using tRNAfMet M1, IFs have been provided in excess relative to ribosomes. Because 

the 30S IC components may assemble in any order and IFs are in excess, IFs (particularly IF2) 

may pre-associate with the 30S, permitting rapid recruitment of the 50S and initiation of translation 

when tRNAfMet M1 binds. 
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Fig. 2. Proposed results of toeprint assays using IF2 G862X. A). Sequence alignment of G. 

stearothermophilus and E. coli IF2. Residue G715 in G. stearothermophilus corresponds to 

residue G862 in E. coli. B). 70S ICs prepared non-enzymatically with wild type tRNAfMet should 

display a normal toeprint pattern irrespective of the start codon used in complex assembly, with 

the major product band occurring at the +16 position. “FL” band corresponds to expected full-

length RT runoff product from mRNA molecules not bound to ribosomes. C). 70S ICs prepared 

non-enzymatically with tRNAfMet M1 should display typical toeprint banding patterns for AUG, 

GUG, and UUG start codons and should display a banding pattern with the major product at the 

+18 position when assembled with a CUG start codon. D). The addition of IF2 during complex 

assembly with tRNAfMet M1 restores toeprint banding in complexes assembled with a CUG start 

codon to the +16 position without affecting the appearance of bands for complexes prepared with 

an AUG, GUG, or UUG start codon. E). If interactions between IF2 and the tRNAfMet M1 acceptor 

end are essential for rescue of normal toeprint banding with a CUG start codon, complexes 

assembled using IF2 G862X should yield results similar to non-enzymatically assembled 70S 

initiation complexes containing tRNAfMet M1. 
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Fig. 3. Aminoglycoside design principles for evasion of m1A1408-mediated resistance. At 

the 6’ position of Ring II, -OH groups yield improved binding to m1A1408 vs. -NH3
+, while additional 

branching functional groups at the 7’ position (such as -CH3) also improve binding when A1408 

is methylated. At the 4’ position, substitution with -OH allows the aminoglycoside to maintain 

contact with the 16S A1493 backbone, improving RNA binding at a small cost of reduced Ring I 

flexibility. Substitutions at the 3’ position negatively impact resistance evasion, as they reduce 

Ring I flexibility while their contacts with the rRNA appear to be dispensable. 2’ -OH substitutions 

are preferred over 2’ -NH3
+, as the latter reduces conformational flexibility around the Ring I/II 

glycosidic linkage due to electrostatic repulsion with positively-charged -NH3
+ group on Ring II. 

Finally, additional Ring II functionalizations such as L-HABA can preserve drug-RNA binding in 

the context of A1408 methylation by making additional contacts with the rRNA that anchor the 

drug at its binding site. 
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