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Abstract

A number of nucleotide residues in ribosomal RNA undergo specific posttranscriptional 

modification. The roles of most modifications are unclear, but their clustering in the functionally-

important regions of rRNA suggest that they might either directly affect the activity or assembly of 

the ribosome or modulate its interactions with ligands. Of the 25 modified nucleotides in E. coli 
23S rRNA, 14 are located in the peptidyl transferase center, the main antibiotic target in the large 

ribosomal subunit. Since nucleotide modifications have been closely associated with both 

antibiotic sensitivity and antibiotic resistance, the loss of some of these posttranscriptional 

modifications may affect the susceptibility of bacteria to antibiotics. We investigated the antibiotic 

sensitivity of E. coli cells in which the genes of eight rRNA modifying enzymes targeting the PTC 

were individually inactivated. The lack of pseudouridine at position 2504 of 23S rRNA was found 

to significantly increase the susceptibility of bacteria to peptidyl transferase inhibitors. Therefore, 

this indigenous posttranscriptional modification may have evolved as an intrinsic resistance 

mechanism protecting bacteria against natural antibiotics.

Posttranscriptional modifications in rRNA are ubiquitous. However, the functional 

significance of most of them remains obscure. Acquisition and maintenance through the 

course of evolution of a number of genes dedicated to rRNA modification in spite of the 

associated energetic and metabolic cost argue that the modified nucleotides in rRNA render 

competitive benefits for the species. Clustering of the modified nucleotides in the functional 

centers of the ribosome hint that some of them may help to fine-tune ribosome functions. 

Indeed, inactivation of certain modification enzymes was shown to either decrease the 

efficiency of protein synthesis or negatively affect ribosome assembly1 - 5. Yet, in most 

cases, the lack of individual posttranscriptional modifications only marginally affects cell 

growth 6; 7.

The ribosome is one of the evolutionarily-preferred antibiotic targets. A large variety of 

natural antibiotics of microbial origin bind to the ribosomes of sensitive organisms and 

inhibit protein synthesis thereby providing competitive advantage to the antibiotic producers. 

One of the common ways in which antibiotic producers avoid suicide is by expressing 
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specific methyltransferase enzymes which modify rRNA residues in the drug target site, and 

thus prevent antibiotic binding to the ribosome 8; 9. Acquisition of such genes by pathogens 

is one of the major causes of clinical resistance to a number of antibacterial drugs. However, 

not only acquisition of new rRNA modifications, but the lack of natural modifications may 

affect susceptibility of cells to antibiotics. In a few well-documented cases, the lack of 

natural modifications was shown to render cells resistant to specific antibiotics 10 - 12.

Most of the antibiotics that inhibit functions of the large ribosomal subunit act upon the 

peptidyl transferase center (PTC), the main catalytic site in the ribosome. The PTC is 

formed primarily by segments of domain V of 23S rRNA which are targeted by many rRNA 

modifying enzymes. Out of the 25 posttranscriptional modifications mapped in E. coli 23S 

rRNA, 14 modified nucleotides are located in domain V (Figure 1) 13; 14. Genes responsible 

for eight of these modifications are known. In this study, we investigated, which of these 

PTC modifications affect susceptibility of the bacterial cell to PTC-targeting antibiotics.

Inactivation of rluC dramatically increases susceptibility of the cell to PTC-

targeting antibiotics

E. coli strains with individually inactivated genes of eight rRNA modifying enzymes that 

target PTC (RluB, RluC, RluE, RluF, RlmB, RlmE, RlmL and RlmN) were acquired from 

the Keio collection 15. Except for the rlmE gene, inactivation of the genes encoding the 

modifying enzymes did not notably affect growth of E. coli in LB medium; rlmE 
inactivation resulted in a moderate (two-fold) reduction in cell growth rate (data not shown). 

Comparison of susceptibility of the strains to seven PTC inhibitors showed that the lack of 

most ofposttranscriptional modifications had small (one dilution or less) effect on the 

minimal inhibitory concentrations (MIC) of some of the drugs (Table 1). The notable 

exception was the strain in which RluC was inactivated. Cells lacking this enzyme showed 

increased susceptibility to all the tested PTC inhibitors. Furthermore, in the rluC− strain, 

susceptibility to some antibiotics increased dramatically - up to 16-fold. This effect was 

clearly specific to the PTC-targeting antibiotics because rluC inactivation had no effect on 

the MIC of streptomycin, an antibiotic that targets the small ribosomal subunit (Table 1).

The modification status of U2504 in the PTC affects sensitivity to 

antibiotics

In contrast to most bacterial rRNA modifying enzymes which target one specific nucleotide, 

RluC converts three uridine residues in 23S rRNA (at positions 955, 2504 and 2580) to 

pseudouridines 16; 17. In order to identify the specific residue which was responsible for the 

observed hypersusceptibility effects, two of the U’s targeted by RluC, U955 and U2580, 

were mutated to Cs. These residues are involved in formation of Ψ-G base pairs and their 

mutation to C does not disrupt the general base pairing scheme in the corresponding rRNA 

regions. The mutations were introduced in the pLK35 plasmid 18 and the resulting plasmid, 

pUCUC (Ampr), was introduced in the strain SQ171. In this strain, all the chromosomal rrn 
alleles are inactivated and wild type rRNA is expressed from the rrn genes present on the 

pHK-sacB plasmid (Kanr) 19; 20 (Quan and Squires, personal communication). After plasmid 
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exchange, the selected Ampr/Kans strain carrying the pUCUC plasmid expressed only 

mutant ribosomes with the U-to-C transversions at positions 955 and 2580 in 23S rRNA, as 

was verified by primer extension (not shown). SQ171 cells expressing mutant 23S rRNA 

from the pUCUC plasmid grew with a doubling time similar to that of cells carrying the wild 

type pLK35 plasmid. Furthermore, the mutations U955C and U2580C on their own had only 

a small effect on antibiotic sensitivity (Table 1).

The rluC gene in the SQ171 cells expressing mutant ribosomes was then inactivated by 

transducing the rluC::kan allele from the corresponding strain in the Keio collection 21. In 

this strain, inactivation of rluC affected the conversion of only a single uridine residue 

(U2504) to pseudouridine as was verified by primer extension (Figure 2). The lack of this 

single-nucleotide modification significantly increased susceptibility of the cells to PTC-

targeting inhibitors. The most pronounced effects in comparison with the rluC+ control were 

observed with clindamycin (16-fold), linezolid (8-fold) and tiamulin (4-fold) (Table 2).

Antibiotic resistance could drive acquisition and maintenance of some 

rRNA modification enzymes

Our results reveal that one specific posttranscriptional modification in the PTC of the E. coli 
ribosome, conversion of U2504 to Ψ, notably increases cell resistance to several antibiotics. 

This 23S rRNA residue is exposed in the PTC active site and it is a component of the 

binding site of several PTC-targeting inhibitors 22 - 26.

The importance of the U2504 modification for ribosome function is uncertain. Inactivation 

of rluC produces no discernible change in the bacterial growth at several tested laboratory 

conditions 16; 17 (and our data). Furthermore, even though rluC is found in genomes of 

various α–proteobacteria, it is not universally conserved and many bacterial species (as well 

as most archaea and eukaryotes) lack the gene arguing that the ribosome can efficiently 

carry protein synthesis without pseudouridilation of U2504. Thus no data currently exist that 

would link RluC, and more specifically, Ψ2504, to any particular ribosomal function.

Many natural antibiotics that bacteria might encounter in the environment target the PTC. 

Resistance to these antibiotics, especially if it comes without loss of fitness, should notably 

benefit the cell. Therefore, it is conceivable that certain rRNA modification mechanisms 

could be gained and retained in the course of evolution as a way to protect the ribosome 

from the action of these inhibitors. From our data, it appears that among other indigenous 

rRNA modifying enzymes acting upon the nucleotides in the PTC, RluC is the best 

candidate for this role.

RluC could have originally evolved in a microbial producer of one of the protein synthesis 

inhibitors and then was ‘snatched’ by other organisms. Alternatively, it could have evolved 

or is still evolving from one of the cellular pseudouridine synthases which generate specific 

Ψ’s for the sake of improving ribosome function. In contrast to most bacterial rRNA 

modification enzymes which show high specificity and target one specific rRNA position, 

RluC modifies three uridine residues in the E. coli ribosome, all located at a notable distance 

from each other in the ribosome spatial structure and within seemingly divergent rRNA 
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structural motifs. It is unclear whether the main function of the RluC enzyme is to modify 

only one of the three U’s (U2504?) and the other two modifications are simply a result of 

RluC promiscuity or if RluC has been evolutionary optimized to target all three of the 

residues it acts upon.

In conclusion, we believe that our data illuminate a possibility that some of the indigenous 

posttranscriptional modifications of rRNA can be viewed as an intrinsic antibiotic resistance 

mechanism. It is generally possible that even those rRNA modifications which play 

important functional role in the modern ribosome could have been originally acquired as 

antibiotic resistance mechanisms.

Acknowledgements

We thank the National Institute of Genetics (Japan) for making the Keio collection of the E. coli knockout strains 
available to us and Jacqueline LaMarre for help in preparing the manuscript. This work was supported by a grant 
AI072445 from the National Institutes of Health.

References

1. Gutgsell NS, Deutscher MP, Ofengand J. The pseudouridine synthase RluD is required for normal 
ribosome assembly and function in Escherichia coli. RNA. 2005; 11:1141–1152. [PubMed: 
15928344] 

2. Liang XH, Liu Q, Fournier MJ. rRNA modifications in an intersubunit bridge of the ribosome 
strongly affect both ribosome biogenesis and activity. Mol. Cell. 2007; 28:965–977. [PubMed: 
18158895] 

3. Decatur WA, Liang XH, Piekna-Przybylska D, Fournier MJ. Identifying effects of snoRNA-guided 
modifications on the synthesis and function of the yeast ribosome. Methods Enzymol. 2007; 
425:283–316. [PubMed: 17673089] 

4. Chow CS, Lamichhane TN, Mahto SK. Expanding the nucleotide repertoire of the ribosome with 
post-transcriptional modifications. ACS Chem. Biol. 2007; 2:610–619. [PubMed: 17894445] 

5. Xu Z, O'Farrell HC, Rife JP, Culver GM. A conserved rRNA methyltransferase regulates ribosome 
biogenesis. Nat. Struct. Mol. Biol. 2008; X XXX-XXX. 

6. Sergiev PV, Bogdanov AA, Dontsova OA. Ribosomal RNA guanine-(N2)-methyltransferases and 
their targets. Nucleic Acids Res. 2007; 35:2295–301. [PubMed: 17389639] 

7. Toh SM, Xiong L, Bae T, Mankin AS. The methyltransferase YfgB/RlmN is responsible for 
modification of adenosine 2503 in 23S rRNA. RNA. 2008; 14:98–106. [PubMed: 18025251] 

8. Cundliffe E. How antibiotic-producing organisms avoid suicide. Annu. Rev. Microbiol. 1989; 
43:207–233. [PubMed: 2679354] 

9. Liu M, Douthwaite S. Resistance to the macrolide antibiotic tylosin is conferred by single 
methylations at 23S rRNA nucleotides G748 and A2058 acting in synergy. Proc. Natl. Acad. Sci. 
USA. 2002; 99:14658–14663. [PubMed: 12417742] 

10. Johansen SK, Maus CE, Plikaytis BB, Douthwaite S. Capreomycin binds across the ribosomal 
subunit interface using tlyA-encoded 2'-O-methylations in 16S and 23S rRNAs. Mol. Cell. 2006; 
23:173–82. [PubMed: 16857584] 

11. Okamoto S, Tamaru A, Nakajima C, Nishimura K, Tanaka Y, Tokuyama S, Suzuki Y, Ochi K. Loss 
of a conserved 7-methylguanosine modification in 16S rRNA confers low-level streptomycin 
resistance in bacteria. Mol. Microbiol. 2007; 63:1096–106. [PubMed: 17238915] 

12. Lázaro E, Rodriguez-Fonseca C, Porse B, Ureña D, Garrett RA, Ballesta JPG. A sparsomycin-
resistant mutant of Halobacterium salinarium lacks a modification at nucleotide U2603 in the 
peptidyl transferase centre of 23S rRNA. J. Mol. Biol. 1996; 261:231–238. [PubMed: 8757290] 

13. Andersen NM, Douthwaite S. YebU is a m5C methyltransferase specific for 16S rRNA nucleotide 
1407. J. Mol. Biol. 2006; 359:777–86. [PubMed: 16678201] 

Toh and Mankin Page 4

J Mol Biol. Author manuscript; available in PMC 2017 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



14. Kowalak JA, Bruenger E, McCloskey JA. Posttranscriptional modification of the central loop of 
domain V in Escherichia coli 23S ribosomal RNA. J. Biol. Chem. 1995; 270:17758–17764. 
[PubMed: 7629075] 

15. Baba T, Ara T, Hasegawa M, Takai Y, Okumura Y, Baba M, Datsenko KA, Tomita M, Wanner BL, 
Mori H. Construction of Escherichia coli K-12 in-frame, single-gene knockout mutants: the Keio 
collection. Mol. Syst. Biol. 2006; 2 2006 0008. 

16. Conrad J, Sun D, Englund N, Ofengand J. The rluC gene of Escherichia coli codes for a 
pseudouridine synthase that is solely responsible for synthesis of pseudouridine at positions 955, 
2504, and 2580 in 23S ribosomal RNA. J. Biol. Chem. 1998; 273:18562–6. [PubMed: 9660827] 

17. Huang LX, Ku J, Pookanjanatavip M, Gu XR, Wang D, Greene PJ, Santi DV. Identification of two 
Escherichia coli pseudouridine synthases that show multisite specificity for 23S RNA. 
Biochemistry. 1998; 37:15951–15957. [PubMed: 9843401] 

18. Douthwaite S, Powers T, Lee JY, Noller HF. Defining the structural requirements for a helix in 23S 
ribosomal RNA that confers erythromycin resistance. J. Mol. Biol. 1989; 209:655–665. [PubMed: 
2685326] 

19. Asai T, Zaporojets D, Squires C, Squires CL. An Escherichia coli strain with all chromosomal 
rRNA operons inactivated: complete exchange of rRNA genes between bacteria. Proc. Natl. Acad. 
Sci. USA. 1999; 96:1971–1976. [PubMed: 10051579] 

20. Cruz-Vera LR, Rajagopal S, Squires C, Yanofsky C. Features of ribosome-peptidyl-tRNA 
interactions essential for tryptophan induction of tna operon expression. Mol. Cell. 2005; 19:333–
343. [PubMed: 16061180] 

21. Miller, JH. Experiments in Molecular Genetics. Cold Spring Harbor Laboratory Press; Cold Spring 
Harbor, NY: 1972. 

22. Porse BT, Kirillov SV, Awayez MJ, Garrett RA. UV-induced modifications in the peptidyl 
transferase loop of 23S rRNA dependent on binding of the streptogramin B antibiotic, 
pristinamycin IA. RNA. 1999; 5:585–595. [PubMed: 10199574] 

23. Pringle M, Poehlsgaard J, Vester B, Long KS. Mutations in ribosomal protein L3 and 23S 
ribosomal RNA at the peptidyl transferase centre are associated with reduced susceptibility to 
tiamulin in Brachyspira spp. isolates. Mol. Microbiol. 2004; 54:1295–306. [PubMed: 15554969] 

24. Kloss P, Xiong L, Shinabarger DL, Mankin AS. Resistance mutations in 23S rRNA identify the site 
of action of protein synthesis inhibitor, linezolid, in the ribosomal peptidyl transferase center. J. 
Mol. Biol. 1999; 294:93–101. [PubMed: 10556031] 

25. Schlunzen F, Zarivach R, Harms J, Bashan A, Tocilj A, Albrecht R, Yonath A, Franceschi F. 
Structural basis for the interaction of antibiotics with the peptidyl transferase centre in eubacteria. 
Nature. 2001; 413:814–821. [PubMed: 11677599] 

26. Hansen JL, Moore PB, Steitz TA. Structures of five antibiotics bound at the peptidyl transferase 
center of the large ribosomal subunit. J. Mol. Biol. 2003; 330:1061–1075. [PubMed: 12860128] 

27. Cannone JJ, Subramanian S, Schnare MN, Collett JR, D'Souza LM, Du Y, Feng B, Lin N, 
Madabusi LV, Muller KM, Pande N, Shang Z, Yu N, Gutell RR. The Comparative RNA Web 
(CRW) Site: an online database of comparative sequence and structure information for ribosomal, 
intron, and other RNAs. BMC.Bioinformatics. 2002; 3:2. [PubMed: 11869452] 

28. Del Campo M, Recinos C, Yanez G, Pomerantz SC, Guymon R, Crain PF, McCloskey JA, 
Ofengand J. Number, position, and significance of the pseudouridines in the large subunit 
ribosomal RNA of Haloarcula marismortui and Deinococcus radiodurans. RNA. 2005; 11:210–
219. [PubMed: 15659360] 

29. Bugl H, Fauman EB, Staker BL, Zheng F, Kushner SR, Saper MA, Bardwell JC, Jakob U. RNA 
methylation under heat shock control. Mol. Cell. 2000; 6:349–360. [PubMed: 10983982] 

30. Caldas T, Binet E, Bouloc P, Richarme G. Translational defects of Escherichia coli mutants 
deficient in the Um2552 23S ribosomal RNA methyltransferase RrmJ/FTSJ. 
Biochem.Biophys.Res.Commun. 2000; 271:714–718. [PubMed: 10814528] 

31. Lesnyak DV, Sergiev PV, Bogdanov AA, Dontsova OA. Identification of Escherichia coli m2G 
methyltransferases: I. The ycbY gene encodes a methyltransferase specific for G2445 of the 23 S 
rRNA. J. Mol. Biol. 2006; 364:20–25. [PubMed: 17010378] 

Toh and Mankin Page 5

J Mol Biol. Author manuscript; available in PMC 2017 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



32. Lovgren JM, Wikstrom PM. The rlmB gene is essential for formation of Gm2251 in 23S rRNA but 
not for ribosome maturation in Escherichia coli. J. Bacteriol. 2001; 183:6957–6960. [PubMed: 
11698387] 

33. Ofengand J, Del Campo M, Kaya Y. Mapping pseudouridines in RNA molecules. Methods. 2001; 
25:365–73. [PubMed: 11860291] 

Toh and Mankin Page 6

J Mol Biol. Author manuscript; available in PMC 2017 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Secondary structure of central loop segment of domain V of the E. coli 23S rRNA 27. 

Posttranscriptionally modified residues shown in bold and indicated by arrows (when the 

enzyme responsible for the modification is known) or arrowheads (when the corresponding 

enzyme is yet unknown). Enzymes responsible for individual modifications were described 

in the following references: 7; 16; 17; 28 - 32. Two out of three RluC targets are located in 

domain V (positions 2504 and 2580). Ψ 2504, whose presence renders cells resistant to 

several peptidyl transferase targeting antibiotics, is circled.
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Figure 2. 
Status of the U2504 modification in the strains expressing 23S rRNA with the U955C and 

U2580C mutations. The strain SQ171 lacking chromosomal rrn alleles 20 was transformed 

with either pLK35 plasmid expressing wild type rRNA or plasmid pUCUC carrying rrnB 
operon with the mutations U955C and U2580C in 23S rRNA gene. After plasmid exchange 

and verification that the strain expresses exclusively mutant ribosome, the rluC::kan allele 

was transduced from the strain JW1072 from the Keio collection 15. The status of U2504 

modification was verified using the procedure of Ofengand et al. 33 based on selective 

modification of pseudouridine residues by N3-1-cyclohexyl-3-(2-

morpholinoethyl)carbodiimide (CMC). Samples that are modified (+) or not modified (−) 

with CMC are indicated. G,A,U,C – sequencing lanes. Note the lack of the CMC-modified 

band at position 2504 in the RNA sample prepared from the rluC− derivative of SQ171 cells 

expressing U955C/U2580C double-mutant 23S rRNA. Ψ residue at position 2457, which is 

introduced by RluE, remains unaffected.
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Table 1

Minimal inhibitory concentrations (μg/ml) of antibiotics for the E. coli strains lacking individual rRNA-

modifying enzymes.

Antibiotic 
a)

 Strain Tiamulin Chloramphenicol Clindamycin Linezolid Hygromycin A Sparsomycin Dalfopristin/
quinupristin

Streptomycin

Wild type
1024 

b) 8 512 1024 512 32 256 32

RluB− 1024 4 256 512 256 16 256 32

RluC−
256 

c) 4 64 64 256 16 128 32

RluE− 1024 8 512 1024 512 16 256 32

RluF− 1024 8 512 1024 256 16 256 32

RlmB− 1024 8 512 1024 512 32 256 32

RlmE− 1024 8 256 1024 256 8 256 32

RlmL− 1024 8 512 1024 256 32 256 32

RlmN− 512 8 512 1024 256 16 256 32

SQ171/pLK35 64 8 512 512 256 16 512 nd

SQ171/pUCUC 32 4 1024 256 256 8 256 nd

SQ171/pUCUC
RluC−

8 2 64 32 128 8 128 nd

a)
All the tested antibiotics, except for streptomycin which was used as a control, target the peptidyl transferase center in the large ribosomal 

subunit.

b)
MIC’s were tested using the microbroth dilution procedure in 96-well plates {Standards, 2003 #5065}.

c)
A two-fold change in MIC is highlighted by a bold font; change in MIC that exceeds two-fold compared to the appropriate control is highlighted 

with a gray color of the corresponding table slots.
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