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Hibernating ribosomes as drug 
targets?
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When ribosome-targeting antibiotics attack actively growing bacteria, they occupy 
ribosomal active centers, causing the ribosomes to stall or make errors that either 
halt cellular growth or cause bacterial death. However, emerging research indicates 
that bacterial ribosomes spend a considerable amount of time in an inactive state 
known as ribosome hibernation, in which they dissociate from their substrates 
and bind to specialized proteins called ribosome hibernation factors. Since 60% 
of microbial biomass exists in a dormant state at any given time, these hibernation 
factors are likely the most common partners of ribosomes in bacterial cells. 
Furthermore, some hibernation factors occupy ribosomal drug-binding sites – 
leading to the question of how ribosome hibernation influences antibiotic efficacy, 
and vice versa. In this review, we summarize the current state of knowledge on 
physical and functional interactions between hibernation factors and ribosome-
targeting antibiotics and explore the possibility of using antibiotics to target 
not only active but also hibernating ribosomes. Because ribosome hibernation 
empowers bacteria to withstand harsh conditions such as starvation, stress, and 
host immunity, this line of research holds promise for medicine, agriculture, and 
biotechnology: by learning to regulate ribosome hibernation, we could enhance 
our capacity to manage the survival of microorganisms in dormancy.
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Ribosomes, common drug targets, are likely to exist 
primarily in a dormant state

Ribosomes are complex molecular machines that are abundant and essential in all cells 
due to their requirement for protein synthesis. It is, therefore, not surprising that bacterial 
ribosomes serve as a major target for antibacterial drugs. In the United Kingdom, ribosome-
targeting drugs account for 25% of antimicrobial prescriptions by general medical practices, 
and on a global scale, they make up about 60% of the currently approved antimicrobial (Dolk 
et al., 2018; Lin et al., 2018).

Currently, our understanding of the mechanisms by which ribosome-targeting drugs exert 
their inhibitory or toxic activities relies primarily on the studies of active bacterial ribosomes 
(Wilson, 2014; Lin et al., 2018). These studies showed that most families of ribosome-targeting 
drugs bind to the very few sites of the ribosome where they overlap with the normal position of 
ribosomal ligands, including mRNA, tRNA, or the nascent peptide produced by the ribosome 
(Lin et al., 2018; Figure 1). Consequently, ribosome-targeting drugs were shown to prevent 
ribosome from binding or dissociation from its ligands, thereby causing an arrested or inaccurate 
protein synthesis and leading to growth inhibition or death of bacterial cells (Wilson, 2014).

However, this understanding of ribosome targeting with antimicrobials tends to 
overlook the fact that ribosomes do not remain constitutively active. When cells face 
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starvation, stress, or other unfavorable conditions, ribosomes 
disengage from their substrates, such as mRNAs and tRNAs, and 
bind to a specialized class of proteins known as ribosome hibernation 
factors (Vila-Sanjurjo et  al., 2004; Figure  1). These hibernation 
factors prevent ribosomes from undesired activity (as was observed 
in animal oocytes) or degradation by nucleases (as was observed in 
several bacterial species), thus enabling dormant cells to rapidly 
reawaken when conditions improve (Feaga et al., 2020; Feaga and 
Dworkin, 2021; Lipońska and Yap, 2021; Prossliner et  al., 2021; 
Leesch et  al., 2023). And because more than 60% of the Earth’s 
microbial biomass is estimated to exist in various forms of dormancy, 
it is likely that ribosome hibernation is the predominant state of 
bacterial ribosomes in nature (Blagodatskaya and Kuzyakov, 2013; 
Rittershaus et al., 2013).

Although it is currently unclear whether ribosome hibernation 
factors can compete with drugs for ribosome binding (Li et al., 2021), 
these factors have been identified in every organism tested so far. In 
the most studied bacteria, Escherichia coli, at least seven proteins were 
shown to serve as hibernation factors, including proteins RMF, HPF, 
RaiA, Sra, YqjD, ElaB and YgaM (Wada et al., 1990, 1995; Agafonov 
et al., 1999, 2001; Yoshida et al., 2012). Furthermore, proteins HPF 
and RaiA (that belong to the same protein family, RaiA/HPF) were 
found in virtually all bacterial species (Helena-Bueno et al., 2024a,b). 

In other bacteria, including pathogenic Mycobacteria, ribosomes 
were shown to associate with an additional hibernation factor, Balon 
(Helena-Bueno et  al., 2024b). Aside from bacteria, hibernation 
factors have been identified in metabolically inactive eukaryotic cells, 
including stressed or stationary cell cultures, as well as fungal spores 
and animal embryos. These families of ribosome hibernation factors 
include Stm1/SERPB1 (Ben-Shem et al., 2011; Anger et al., 2013), 
Lso2/CCDC124 (Wang et al., 2018; Ehrenbolger et al., 2020; Wells 
et al., 2020), IFRD1/IFRD2 (Brown et al., 2018; Hopes et al., 2022), 
MDF1 (Barandun et al., 2019; Nicholson et al., 2022; McLaren et al., 
2023), MDF2 (Barandun et al., 2019), and Dapl1 (Leesch et al., 2023), 
pointing to a great structural diversity and potentially a much higher 
number of currently unknown hibernation factors in nature.

Thus, despite the fact that most ribosomes exist in a dormant state, 
almost all studies detailing antibiotic mechanisms of action focus on 
active ribosomes without hibernation factors present. Likewise, 
studies of ribosome hibernation have largely been conducted in the 
absence of antibiotics. It is clear that these two classes of ribosome-
binding entities have a large potential to affect each other, though our 
understanding of these interactions is still in its infancy. In this review, 
we discuss the current state of knowledge on the interactions between 
ribosome hibernation and antibiotic efficacy, and explore hibernating 
ribosomes as a potential untapped drug target.

FIGURE 1

Can drugs that target active ribosomes in growing cells also target hibernating ribosomes in dormant cells? The schematic illustrates two phases of 
ribosome activity: active protein synthesis and ribosome hibernation. In actively growing bacteria, ribosomes participate in protein synthesis, and each 
step of this process—from the initiation of protein synthesis until ribosome recycling—is a known target of ribosome-targeting antibiotics. However, 
during episodes of cellular stress or nutrient deprivation, ribosomes enter a hibernation state in which they associate with hibernation factors. Despite 
ribosome hibernation being a widespread phenomenon that is crucial for the ability of pathogenic organisms to endure hostile environments, 
we know little about the potential ability of ribosome-targeting drugs to interfere with the ribosome’s entry or exit from hibernation. Source: Adapted 
from “A molecular network of conserved factors keeps ribosomes dormant in the egg” by Leesch et al. (2023) https://doi.org/10.1038/s41586-022-
05623-y, with permission from Springer Nature under license no. 5847220809267.
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Ribosome-targeting antibiotics 
occupy the binding sites of certain 
hibernation factors

Most ribosome-targeting antibiotics bind to ribosomal active 
centers (Wilson, 2009; Wilson, 2014; Lin et al., 2018; Beckert et al., 
2021; Paternoga et  al., 2023), generally blocking ribosomes from 
properly associating with or dissociating from their substrates. 
Likewise, each of the three well-characterized bacterial ribosome 
hibernation factor protein families has been shown to occupy 
ribosomal active centers, including tRNA-binding sites and the mRNA 
channel (Helena-Bueno et al., 2024a). These parallel observations raise 
the question of whether ribosome-targeting drugs can block 
hibernation factors from binding ribosomes, or vice versa – and how 
these interactions might affect the ability of antibiotic-targeted 
pathogens to survive states of dormancy.

In bacteria, three protein families of hibernation factors have been 
structurally characterized so far as a complex with ribosomes. These 
include protein families RaiA/HPF, RMF, and Balon (Figure  2). 
Comparative structural analyses have revealed that two of the three 
families of bacterial ribosome hibernation factors—the universally 
conserved RaiA/HPF and widely occurring Balon—substantially 

overlap with the binding positions of multiple families of ribosome-
targeting antibiotics (Figures 2A–E). In particular, the hibernation 
factor RaiA (also known as protein Y and YfiA) occupies the mRNA 
channel as well as the binding sites for the A- and P-tRNAs in the 
small ribosomal subunit. There, RaiA/HPF overlaps with an array of 
ribosome-targeting antibiotics, including neomycin (Borovinskaya 
et al., 2007), gentamicin (Borovinskaya et al., 2007), hygromycin B 
(Borovinskaya et  al., 2008), capreomycin (Stanley et  al., 2010), 
tetracycline (Brodersen et al., 2000), and tigecycline (Jenner et al., 
2013), kasugamycin (Schuwirth et al., 2006), pactamycin (Dinos et al., 
2004), and edeine (Dinos et al., 2004; Figures 2A,B). Similarly, the 
hibernation factor Balon binds the ribosomal A site by contacting 
both the decoding center of the small subunit and the peptidyl transfer 
center of the large subunit (Helena-Bueno et al., 2024b). There, Balon 
occupies the binding sites for such antibiotics as thermorubin (Bulkley 
et  al., 2012), hygromycin B (Borovinskaya et  al., 2008), amikacin 
(Seely et al., 2023), neomycin (Borovinskaya et al., 2007), gentamicin 
(Borovinskaya et  al., 2007), paromomycin (Carter et  al., 2000), 
capreomycin (Stanley et al., 2010), and viomycin (Stanley et al., 2010) 
in the small ribosomal subunit, as well as blasticidin (Svidritskiy et al., 
2013), linezolid (Wilson et al., 2008), chloramphenicol (Schlünzen 
et al., 2001), clindamycin (Dunkle et al., 2010), dalfopristin (Noeske 

FIGURE 2

Ribosome hibernation factors can occupy ribosomal drug-binding sites. (A) Schematic illustration compares the ribosomal binding sites for the 
hibernation factors RMF and HPF, and for tRNAs (labeled as E, P, and A), mRNA, and ribosome-targeting antibiotics that bind to the decoding center 
(DC-drugs) and the ribosomal mRNA channel. (B) Close-up view illustrating the overlap between the ribosomal binding sites for hibernation factor HPF 
and several families of ribosome-targeting antibiotics. (C) Schematic illustration of the location of the binding site of Balon relative to the binding sites 
of ribosome-targeting antibiotics (labeled as PTC-drugs and DC-drugs to indicate their binding to the peptidyl-transferase center and the decoding 
center of the ribosome, respectively). (D,E) Close-up views illustrating the overlap between the ribosomal binding sites for hibernation factor Balon and 
several families of ribosome-targeting antibiotics in the small ribosomal subunit (D) and the large ribosomal subunit (E).
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et al., 2014), avilamycin (Arenz et al., 2016), evernimycin (Arenz et al., 
2016), and thiostrepton (Walter et al., 2012) in the large ribosomal 
subunit (Figures 2C–E).

In contrast, the hibernation factor RMF, which is found in 
proteobacteria, does not overlap with any of the ribosome-targeting 
drug binding sites identified so far (Polikanov et  al., 2012; 
Figures 2A,B). RMF binds to the ribosome in the mRNA channel of 
the small subunit, in the vicinity of the mRNA-binding anti-Shine-
Dalgarno sequence in the 16S rRNA. This places RMF more than 10 Å 
away from the closest antibiotic-binding site for the drug edeine 
(Schuwirth et al., 2006; Figures 2A,B). There are also several families 
of ribosome-targeting antibiotics that bind at a substantial distance 
from every characterized binding site for hibernation factors. In the 
large ribosomal subunit, these include drugs that target the nascent 
peptide tunnel of the ribosome, including macrolides(Tu et al., 2005), 
ketolides (Tu et  al., 2005), streptogramin B (Tu et  al., 2005), and 
tetracenomycin (Osterman et al., 2020). These also include certain 
drugs that target the ribosomal peptidyl-transferase center: 
retapamulin (Davidovich et al., 2007), tiamulin (Davidovich et al., 
2007), and clindamycin (Dunkle et al., 2010). Similarly, in the small 
subunit, spectinomycin (Borovinskaya et al., 2007) binds away from 
the hibernation factors. Therefore, while there are several examples of 
direct physical overlap, in many cases hibernation factors and 
ribosome-targeting antibiotics seem physically capable of binding 
ribosomes simultaneously.

In addition to hibernation factors, the process of ribosome 
hibernation can involve additional ribosome-binding proteins, 
including the elongation factors EF-Tu, EF-G in bacteria and eEF2 in 
eukaryotes (Anger et al., 2013; Feaga et al., 2020; Smith et al., 2022; 
Helena-Bueno et al., 2024b). Proteins EF-Tu and EF-G are targets for 
such antibiotics as elfamycins (Prezioso et al., 2017) and fusidic acid 
(Laurberg et al., 2000), respectively, suggesting a potential interplay 
between these antibiotics and the process of ribosome hibernation 
that has yet to be experimentally elucidated.

These structural analyses raise the question: what happens when 
ribosome targeting drugs and hibernation factors are both available 
for ribosome binding? What is the relative affinity of antibiotics and 
hibernation factors to the ribosome? Can ribosome hibernation 
factors protect ribosomes from binding to antibiotics? Conversely, can 
antibiotics prevent ribosomes from entering or exiting the state of 
hibernation, thereby causing ribosome instability or irreversible 
hibernation in dormant bacterial cells?

Hibernation factors may protect 
dormant bacteria from certain 
ribosome-targeting drugs

Given their role in protecting a central molecular machine 
required for cellular survival and growth, perhaps it is not surprising 
that ribosome hibernation factors empower pathogenic bacteria to 
endure hostile environments, including stress, starvation, and assaults 
with antibiotics (Trauner et  al., 2012; Lipońska and Yap, 2021; 
Prossliner et al., 2021). For example, in Mycobacterium smegmatis, 
inactivation of ribosome hibernation mechanisms accelerates 
ribosome degradation and provokes bacterial intolerance to hypoxia. 
This finding is especially remarkable because hypoxic and dormant 
Mycobacteria frequently cause latent infections in human tissues, 

consistently posing a threat of active tuberculosis disease in up to two 
billion people worldwide (Lin and Flynn, 2010).

It is currently unclear whether hibernation factors can directly 
compete with antibiotics for ribosome binding. However, it has been 
established that hibernation factors can protect bacteria from the 
toxicity of aminoglycoside antibiotics that target the ribosome. In one 
study, stationary phase Listeria monocytogenes with a knockout of the 
hibernation factor HPF were markedly more susceptible to 
aminoglycosides (either tobramycin, gentamicin, amikacin, or 
neomycin), but not non-ribosomal antibiotics (such as ciprofloxacin, 
carbenicillin, and norfloxacin), compared to the wild-type (WT) 
strain (McKay and Portnoy, 2015). Interestingly, this phenotype was 
neutralized when aminoglycosides were used in combination with a 
protein synthesis inhibitor (chloramphenicol) and an RNA synthesis 
inhibitor (rifampicin). The mechanism of this phenomenon is 
currently unclear. One possible explanation is that residual ribosomal 
activity in the absence of hibernation factors makes bacteria 
vulnerable to aminoglycosides – likely because these antibiotics cause 
cell death through errors in protein synthesis (McKay and Portnoy, 
2015). However, an equally valid explanation is that loss of HPF results 
in lower ribosome abundance, which would make the bacteria more 
susceptible to translation inhibition (Figure 3).

Similarly, M. smegmatis lacking HPF (also known as mpY or 
MSMEG_1878) exhibited a 100-fold reduction in colony-forming 
ability after either streptomycin or kanamycin treatment under zinc 
starvation conditions (Li et al., 2018). Meanwhile, overexpression of 
RaiA in V. cholerae increased tolerance to the aminoglycoside 
antibiotics tobramycin, gentamicin, and neomycin, but decreased 
sensitivity to non-ribosomal inhibitors, such as trimethoprim, 
ciprofloxacin, or carbenicillin (Lang et  al., 2021). Together, these 
findings reveal a common pattern whereby depletion of hibernation 
factors increases bacterial sensitivity to aminoglycosides but not to 
other antibiotics that target other cellular components.

While we are only beginning to explore the potential interplay 
between ribosome hibernation factors and antibiotic sensitivity, these 
compelling examples illustrate how hibernation factors can 
dramatically increase the ability of dormant bacteria to withstand 
antibiotic toxicity – in particular for ribosome-targeting antibiotics 
like aminoglycosides in dormant bacteria. Whether a direct 
competition exists between ribosome hibernation factors and the 
ribosome targeting antibiotics would only be clear through direct 
analyses of this potential competition using biochemistry or other 
experimental techniques.

Can resistance-conferring mutations 
in rRNA impact hibernation factors 
binding?

Because some rRNA residues bind not only antibiotics but also 
ribosome hibernation factors, the question arises: can mutations that 
confer resistance to ribosome-targeting drugs also impact ribosome 
affinity for hibernation factors? While there is no experimental 
evidence to answer this question, some insights can be obtained from 
the literature. Previously, ribosome hibernation factors Balon and 
HPF were shown to bind 87 rRNA residues (Helena-Bueno et al., 
2024b). Among these rRNA residues, 13 were shown to bind 
ribosome-targeting antibiotics and bear mutations in drug-resistant 

https://doi.org/10.3389/fmicb.2024.1436579
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Ekemezie and Melnikov 10.3389/fmicb.2024.1436579

Frontiers in Microbiology 05 frontiersin.org

bacteria (Table 1). Seven of these residues bind to Balon and include 
C1409 and G1491  in the 16S rRNA, and A1067, A1095, A2451, 
C2452, and A2469 in the 23S rRNA. The remaining six residues bind 
to RaiA/HPF and include C795, U965, G966, U1052, U1495, and 
C1496 in the 16S rRNA (Table 1). Mutations of each of these residues 
result in lower ribosome affinity for antibiotics and can lead to 500 
times higher minimum inhibitory concentrations (Table  1). It, 
therefore, seems possible that some of these mutations may also 
impact ribosome affinity for hibernation factors. If correct, this 
hypothesis would mean that ribosomes in some drug-resistant 
bacteria may have a lower affinity to hibernation factors and, therefore, 
a higher propensity for degradation by nucleases leading to lower 
tolerance to dormancy.

Future outlooks and outstanding 
questions

Because ribosome hibernation factors are crucial for ribosome 
stability in dormant bacteria, it is logical to hypothesize that preventing 
these factors from binding to ribosomes should cause slow but 
irreparable ribosome degradation in dormant cells. This seems to 
be especially relevant to human pathogens that rely on a long-term 
dormancy for their survival and infectivity, which include 
Mycobacterium tuberculosis, Clostridioides difficile, Salmonella species, 
as well as the pathogenic eukaryotes Giardia lamblia, among others 
(Dworkin and Shah, 2010). Furthermore, beyond infectious disease, if 
this hypothesis is correct, it would be relevant to many other living 
systems, such as plant seeds that remain fertile for more than four 
seasons (Trusiak et al., 2022), or human embryos that can stay dormant 
for over three decades (Kessel, 1966; Burkholder et al., 1971). In these 
cells and organisms, ribosome hibernation factors—such as Serpb1 and 
Dapl1 in eukaryotes and RMF and RaiA/HPF in bacteria—prevent 
ribosome degradation and ensure the viability of dormant cells 
(Prossliner et al., 2021; Leesch et al., 2023).

The fact that the genetic knockouts of ribosome hibernation 
factors were shown to dramatically impair the viability of organisms 
after a few days of dormancy, leads to the following question: can 

we achieve the same phenotype of the absence of ribosome hibernation 
factors by using small molecules that prevent the binding of 
hibernation factors to ribosomes?

Currently, it is widely accepted that dormant pathogens are 
highly tolerant to drugs (Boeck, 2023). However, the current tests of 
antibiotic toxicity typically involve relatively short-term exposures of 
cells to drugs, which range from 30 min to a few hours of drug 
administration (McKay and Portnoy, 2015; Li et al., 2018; Song and 
Wood, 2020; Lang et al., 2021). As a result, we know little about how 
dormant cells react to long-term treatment with drugs, including 
ribosome-targeting antibiotics. This is particularly important because 
genetic knockouts of ribosome hibernation factors show that their 
loss has only a minor impact on the stability of ribosomes and the 
viability of bacteria after short-term stress. Specifically, in dormant 
E. coli, it takes at least several days for most rRNAs to degrade in the 
absence of the hibernation factors RMF and RaiA/HPF (Prossliner 
et  al., 2021). Therefore, it would be  logical to expect that—if 
ribosome-targeting drugs can indeed displace ribosome hibernation 
factors in dormant bacteria—the measurable impact of these drugs 
on ribosome stability and the viability of dormant cells would require 
to several days, rather than several minutes of hours, of continuous 
drug administration.

To test whether hibernating ribosomes can indeed serve as drug 
targets we will need to answer the following questions:

 • How does the affinity of antibiotics and hibernation factors to the 
ribosome compare to each other?

 • Can ribosome-targeting antibiotics displace ribosome 
hibernation factors from the ribosome in dormant cells 
and organisms?

 • If so, what concentrations are required for this displacement and 
how do they compare with the minimum inhibitory 
concentrations for these ribosome-targeting drugs?

 • If one or a combination of ribosome-targeting drugs can indeed 
displace hibernation factors from the ribosome in dormant cells, 
does it lead to ribosome instability?

 • And if so, how long does it take for the ribosome to degrade and 
thereby impair the recovery of cells from dormancy?

FIGURE 3

Loss of hibernation factors in dormant bacteria potentiates aminoglycoside-mediated toxicity. (A) When cultures of wild-type (WT) and HPF-deficient 
Listeria monocytogenes are cultured for 72  h in stationary phase and then treated with various antibiotics, they show similar tolerance to the non-
ribosome-targeting drugs carbenicillin (CRB), norfloxacin (NOR), and ciprofloxacin (CIP). UN indicates untreated cultures, and CFU stands for colony-
forming units. (B) However, when stationary L. monocytogenes cultures are treated with aminoglycoside antibiotics, the HPF-deficient strain shows up 
to 3 orders of magnitude reduction in CFU compared to WT. Labels indicate the aminoglycoside antibiotics amikacin (AMI), tobramycin (TOB), 
kanamycin (KAN), and gentamicin (GEN) [this figure is reproduced from Ref (McKay and Portnoy, 2015) with permission from the American Association 
for Microbiology, license ID 1474012-1].
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 • And finally, because the translation factors EF-Tu and eEF2 also 
participate in ribosome hibernation, can their targeting with 
their corresponding drugs—such as elfamycins and fusidic acid, 
respectively—prevent ribosomes from entering or 
exiting hibernation?

This line of research is risky, but it seems worthy further 
exploring given the ubiquitous presence of hibernation states of 
cells and organisms in nature and the potential impact of successful 
targeting of ribosome dormancy on medicine, agriculture 
and biotechnology.

TABLE 1 Hibernation factors bind some rRNA residues that mutate in drug-resistant ribosomes.

HPF residues that interact with rRNA residues whose mutations confer bacterial drug resistance

HPF residue
rRNA 
contact

Drugs that bind 
to the rRNA 
contact

Model 
organism

Resistance conferring 
mutations (compared to wild-
type strain)

References

Arg102 C795 (16S) Ede, Kas, Pac
Halobacterium 

halobium

C795U required 80 times more pactamycin 

(80 μM) to cause lethality.
Mankin (1997)

His8, Ile40, Glu59 U965 (16S) Tet, Tig Helicobacter pylori
A965G produced 100 times more colonies in 

the presence of 2 μg/mL of tetracycline.
Dailidiene et al. (2002)

Ile40, Lys57, Glu59, 

Ile61, Phe70
G966 (16S) Tet, Tig Escherichia coli

G966U required 4 times more tetracycline or 

tigecycline to arrest cell growth.

Bauer et al. (2004) and 

Polikanov et al. (2014)

Ser46, Ala48 U1052 (16S) Tet, Tig, Neg Escherichia coli
U1052G required approximately 4.5 times 

more negamycin to kill 50% of the population.
Cocozaki et al. (2016)

Lys26 U1495 (16S)
Ami, Gen, Hyg B, Neo, 

Vio

Mycobacterium 

smegmatis

U1495C and U1495A required 512 times more 

paromomycin, and lividomycin to arrest cell 

growth.

Hobbie et al. (2006)

Lys26 C1496 (16S)
Ami, Gen, Hyg B, Neo, 

Vio

Mycobacterium 

smegmatis

C1496U required 32 times more hygromycin B 

to arrest cell growth.
Pfister et al. (2003)

Balon residues that interact with rRNA residues whose mutations confer bacterial drug resistance

Balon 
residue

rRNA 
contact

Drugs that bind 
to the rRNA 
contact

Model organism
Resistance conferring mutation 
(compared to wild-type strain)

References

Glu26

C1409 (16S) Ami, Cap, Gen, Par, The

Thermus thermophilus
C1409G required 200 times more kanamycin to 

arrest cell growth.
Pfister et al. (2005)

Mycobacterium smegmatis

C1409U required at least 16 times more neomycin, 

gentamicin, tobramycin and kanamycin to arrest cell 

growth.

Gregory et al. (2005)

G1491 (16S) Neo, Par, Cap

Mycobacterium smegmatis
G1491C required at least 512 times more 

paromomycin and lividomycin to arrest cell growth.
Hobbie et al. (2006)

His27, Pro28 Mycobacterium smegmatis
G1491A required 64 times more paromomycin to 

arrest cell growth.
Kalapala et al. (2010)

Mycobacterium smegmatis
G1491U required at least 512 times more 

paromomycin and geneticin to arrest cell growth.
Pfister et al. (2005)

Gly296, Asn344, 

Asn345, Arg368
A1067 (23S) Thi Escherichia coli

Ribosomes bearing A1067C and A1067U have ~65% 

lower thiostrepton affinity.
Thompson et al. (1988)

Arg368, Tyr369 A1095 (23S) Thi Escherichia coli
Ribosomes bearing A1095U or A1095C have 

significantly lower affinity for thiostrepton.
Xu et al. (2002)

Gly176, Ser177, 

Asp178
A2451 (23S)

Car, Chl, Cli, Dal, Pur, 

Spa, Tia, Vir
Thermus thermophilus

In a disc diffusion assay, A2451U showed no zone of 

inhibition to tiamulin and chloramphenicol.
Killeavy et al. (2020)

Gly176, Ser177 C2452 (23S)
Car, Chl, Cli, Dal, Pur, 

Spa, Tia, Vir
Thermus thermophilus

In a disc diffusion assay, C2452U showed no zone of 

inhibition to tiamulin.
Killeavy et al. (2020)

Lys207 A2469 (23S) Avi, Eve Streptococcus pneumoniae
A2469C required at least 16 times more avilamycin 

to arrest cell growth.
Adrian et al. (2000)

Here, we list 13 rRNA residues that have the following two characteristics: (i) They participate in binding to both hibernation factors and antibiotics. (ii) And they undergo resistance-
conferring mutations in clinical isolates or laboratory engineered bacterial strains. The abbreviations for the antibiotic names in the table are as follows: Ami, amikacin; Avi, avilamycin; Car, 
carbomycin; Cap, capreomycin; Chl, chloramphenicol; Cli, clindamycin; Dal, dalfopristin; Ede, edeine; Eve, evernimycin; Gen, gentamicin; Hyg, hygromycin B; Kas, kasugamycin; Neg, 
negamycin; Neo, neomycin; Pac, pactamycin; Par, paromomycin; Pur, puromycin; Spa, sparsomycin; Tet, tetracycline; The, thermorubin; Thi, Thiostrepton; Tia, tiamulin; Tig, tigecycline; Vir, 
virginiamycin; Vio, viomycin.
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