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ABSTRACT The increase in multidrug-resistant pathogenic bacteria is limiting the utility of our current arsenal of antimicrobial
agents. Mechanistically understanding how bacteria obtain antibiotic resistance is a critical first step to the development of im-
proved inhibitors. One common mechanism for bacteria to obtain antibiotic resistance is by employing ATP-binding cassette
(ABC) transporters to actively pump the drug from the cell. The ABC-F family includes proteins conferring resistance to a vari-
ety of clinically important ribosome-targeting antibiotics; however, controversy remains as to whether resistance is conferred
via efflux like other ABC transporters or whether another mechanism, such as ribosome protection, is at play. A recent study by
Sharkey and coworkers (L. K. Sharkey, T. A. Edwards, and A. J. O’Neill, mBio 7:e01975-15, 2016, http://dx.doi.org/10.1128/
mBio.01975-15) provides strong evidence that ABC-F proteins conferring antibiotic resistance utilize ribosome protection
mechanisms, namely, by interacting with the ribosome and displacing the drug from its binding site, thus revealing a novel role
for ABC-F proteins in antibiotic resistance.

Antibiotics prevent bacterial growth by targeting fundamental
processes of the cell, ranging from cell membrane biogenesis,

to DNA and RNA replication, to protein synthesis (1). Indeed, the
ribosome and protein synthesis represent one of the major targets
for clinically used antibiotics, for example macrolides, strepto-
gramins, lincosamides, pleuromutilins, oxazolidinones, and
phenicols (2, 3). Bacteria utilize a wide range of different mecha-
nisms to obtain resistance to this arsenal of ribosome-targeting
antibiotics (3). Target alteration, such as mutation or modifica-
tion of the drug-binding site on the ribosome, is employed by
many bacteria to obtain antibiotic resistance; however, this mech-
anism often comes with a high fitness cost due to reduced func-
tionality of the highly conserved centers of the ribosome. Alterna-
tively, bacteria can obtain resistance via efflux or ribosome
protection mechanisms, which do not require manipulation of the
conserved translational machinery.

Active efflux of antibiotics by bacteria utilizes a wide range of
membrane transporters where drug efflux is either coupled to an
electrochemical gradient, or, alternatively, ATP hydrolysis is used
an energy source. The latter ATP-binding cassette (ABC) trans-
porters consist of two cytosolic nucleotide-binding domains
(NBDs), which bind and hydrolyze ATP, linked to transmem-
brane domains (TMDs) that anchor the protein in the membrane
and facilitate drug expulsion. Based on the sequence similarity of
the NBDs, the ABC protein family has been divided into eight
subfamilies, denoted by the letters A to H (4). Unlike the other
subfamilies, the ABC-E and ABC-F subfamilies lack any identifi-
able TMDs, suggesting that these proteins may not be directly
involved in transport (5, 6). Indeed, many members of this class
have well-characterized roles in other intracellular processes, in-
cluding DNA repair and replication and translation regulation
(7). The recent study by Sharkey and coworkers further extends
the non-transport-related function of the ABC-F subfamily by
demonstrating these proteins can confer resistance to many
ribosome-targeting antibiotics through interaction with the ribo-
some and displacement of the drug from its binding site (8).

The antibiotic resistance (ARE) ABC-F proteins are found in
Gram-positive antibiotic-producing bacteria, such as Streptomy-
ces, as well as pathogenic bacteria, such as Staphylococcus, Strepto-
coccus, and Enterococcus (5). ARE ABC-F proteins have been iden-

tified that confer resistance to antibiotics that bind at or near the
peptidyl-transferase center (PTC) of the ribosome. Three main
distinctions have been made based on the available resistance pro-
files, namely, the (i) Vga/Lsa/Sal type conferring resistance to lin-
cosamides, streptogramins A, and sometimes pleuromutilins, (ii)
the Msr type conferring resistance to macrolides and strepto-
gramins B, and (iii) the OptrA type conferring resistance to pheni-
cols and oxazolidinones (8).

The study by Sharkey and coworkers (8) addresses the mecha-
nism of action of the Vga/Lsa/Sal-type ABC-F proteins, providing
the first direct evidence that these ABC-F proteins confer resis-
tance by acting directly on the ribosome, as suggested previously
(5, 6, 9). Specifically, the authors demonstrated that the addition
of purified Staphylococcus aureus Vga(A) protein to an S. aureus in
vitro coupled transcription-translation system relieved the inhi-
bition caused by the streptogramin B antibiotic virginiamycin M
(8). Interestingly, while Lsa(A) from Enterococcus faecalis also dis-
played rescue activity against virginiamycin M and lincomycin in
the S. aureus translation system, Vga(A) and Lsa(A) did not ap-
pear to be active on Escherichia coli ribosomes, suggesting some
species-specific interactions are required for ribosome binding
(8).

Moreover, the presence of Lsa(A) reduced the binding of ra-
diolabeled lincomycin to S. aureus ribosomes (8), indicating that
the ABC-F proteins induce dissociation of the drug from the ribo-
some. The reactions were performed with ATP, and the effect of
nonhydrolyzable analogs, such as ADPNP (5=-adenylyl-�,�-
imidodiphosphate), was not analyzed; therefore, it remains to be
determined as to whether drug release requires ATP hydrolysis or
whether ATP hydrolysis is only required for subsequent dissocia-
tion of the ABC-F protein from the ribosome. What is clear is that
the ATPase activity of Vga(A) is critical for resistance since muta-
tion of the catalytic glutamines within the NBDs of Vga(A) did not
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confer resistance in vivo (10) nor rescue activity in the in vitro
translation system (8).

One of the major questions remaining open relates to the
mechanism by which the ABC-F proteins promote drug dissocia-
tion from the ribosome, namely, as to whether the ABC-F proteins
physically overlap the drug-binding sites on the ribosome or
whether binding of the ABC-F proteins to the ribosome induces
conformational changes in the ribosome that promote drug re-
lease allosterically. In this regard, it is interesting to note that mu-
tations within the linker region connecting the two NBDs can alter
the efficiency, as well as specificity, of antibiotic resistance (8, 9,
11). For example, wild-type Vga(A) confers low-level resistance to
lincosamides, whereas a K219T mutation within the linker region
increases the effectiveness against lincomycin in vivo (9) and in
vitro (8).

Based on a cryo-electron microscopy (cryo-EM) structure of
the ABC protein EttA in complex with the ribosome (12), as well
as the high similarity between Vga(A) and EttA, a model for
Vga(A) on the ribosome was proposed (9) (Fig. 1A). This model
suggests that the linker region of Vga(A), which is extended by
30 amino acids (aa) compared to EttA, would approach the drug-
binding site at the PTC of the ribosome (9); however, direct access
of ABC-F to the drug would be precluded by the presence of a
P-site tRNA (Fig. 1B). Since the antibiotics to which the ARE
ABC-F proteins confer resistance, such as lincomycin (and chlor-
amphenicol), are elongation inhibitors and trap the ribosome
with a P-tRNA in the P-site (2), it is hard to envisage based on this
model a direct mechanism of drug removal by the ABC-F pro-
teins. Alternatively, the ARE ABC-F proteins may utilize a differ-
ent mode of interaction with the ribosome, such as seen for the
eukaryotic ABC proteins EF-3 (13) and Rli1 (14) (Fig. 1C). A
novel mode of binding of the ARE ABC-F proteins, such as VgaA
and Lsa(A), in the A-site of the ribosome would enable the linker
region to directly access the PTC and tunnel region of the ribo-
some, even in the presence of a P-tRNA. Structures of ARE ABC-F
factors in complex with the ribosome will be needed to address
these points and provide insight into mechanism of action of how
these proteins dislodge the antibiotic from the ribosome.

In conclusion, it appears that the ARE ABC-F proteins may
work analogously to the TetM/TetO ribosome protection pro-
teins, which confer resistance to tetracyclines by binding and chas-

ing the drug from its binding site on the ribosome (15, 16). As with
TetM/TetO, a number of important questions still remain unan-
swered: For example, it remains unclear as to what prevents the
drugs from rebinding following or during dissociation of the
ABC-F proteins from the ribosome. Also drug rebinding would
imply that multiple cycles of ARE ABC-F-mediated drug release
would be required to fully translate a protein, which has yet to be
shown. Understanding the mechanism by which bacteria obtain
resistance to antibiotics will help the future development of im-
proved antimicrobial agents that overcome multidrug-resistant
bacteria.

REFERENCES
1. Fischbach MA, Walsh CT. 2009. Antibiotics for emerging pathogens.

Science 325:1089 –1093. http://dx.doi.org/10.1126/science.1176667.
2. Wilson DN. 2009. The A-Z of bacterial translation inhibitors. Crit Rev

Biochem Mol Biol 44:393– 433. http:/ /dx.doi .org/10.3109/
10409230903307311.

3. Wilson DN. 2014. Ribosome-targeting antibiotics and bacterial resistance
mechanisms. Nat Rev Microbiol 12:35– 48. http://dx.doi.org/10.1038/
nrmicro3155.

4. Dean M, Rzhetsky A, Allikmets R. 2001. The human ATP-binding cas-
sette (ABC) transporter superfamily. Genome Res 11:1156 –1166. http://
dx.doi.org/10.1101/gr.184901.

5. Reynolds E, Ross JI, Cove JH. 2003. Msr(A) and related macrolide/
streptogramin resistance determinants: incomplete transporters? Int J An-
timicrob Agents 22:228 –236. http://dx.doi.org/10.1016/S0924
-8579(03)00218-8.

6. Kerr ID, Reynolds ED, Cove JH. 2005. ABC proteins and antibiotic drug
resistance: is it all about transport? Biochem Soc Trans 33:1000 –1002.
http://dx.doi.org/10.1042/BST20051000.

7. Davidson AL, Dassa E, Orelle C, Chen J. 2008. Structure, function, and
evolution of bacterial ATP-binding cassette systems. Microbiol Mol Biol
Rev 72:317–364. http://dx.doi.org/10.1128/MMBR.00031-07.

8. Sharkey LK, Edwards TA, O’Neill AJ. 2016. ABC-F proteins mediate
antibiotic resistance through ribosomal protection. mBio 7:e01975-15.
http://dx.doi.org/10.1128/mBio.01975-15.

9. Lenart J, Vimberg V, Vesela L, Janata J, Balikova Novotna G. 2015.
Detailed mutational analysis of Vga(A) interdomain linker: implication
for antibiotic resistance specificity and mechanism. Antimicrob Agents
Chemother 59:1360 –1364. http://dx.doi.org/10.1128/AAC.04468-14.

10. Jacquet E, Girard JM, Ramaen O, Pamlard O, Lévaique H, Betton JM,
Dassa E, Chesneau O. 2008. ATP hydrolysis and pristinamycin IIA inhi-
bition of the Staphylococcus aureus Vga(A), a dual ABC protein involved
in streptogramin A resistance. J Biol Chem 283:25332–25339. http://
dx.doi.org/10.1074/jbc.M800418200.

11. Novotna G, Janata J. 2006. A new evolutionary variant of the strepto-

FIG 1 Interaction of ABC proteins with the ribosome. (A) Overview of the binding site of EttA (red) on the ribosome (white, RNA; gray, proteins) (12) relative
to P-tRNA (blue) and A-tRNA (green). The small ribosomal subunit is omitted for clarity. (B) The linker region of EttA approaches but cannot access the PTC
of the ribosome, where the CCA end of P-tRNA (blue), A-tRNA, and antibiotics, such as lincomycin (LIN [blue]) (17), interact. (C) Relative binding positions
of EF-3 (13) and Rli1 (14) on the ribosome relative to A- and P-tRNAs.

Commentary

2 ® mbio.asm.org May/June 2016 Volume 7 Issue 3 e00598-16

http://dx.doi.org/10.1126/science.1176667
http://dx.doi.org/10.3109/10409230903307311
http://dx.doi.org/10.3109/10409230903307311
http://dx.doi.org/10.1038/nrmicro3155
http://dx.doi.org/10.1038/nrmicro3155
http://dx.doi.org/10.1101/gr.184901
http://dx.doi.org/10.1101/gr.184901
http://dx.doi.org/10.1016/S0924-8579(03)00218-8
http://dx.doi.org/10.1016/S0924-8579(03)00218-8
http://dx.doi.org/10.1042/BST20051000
http://dx.doi.org/10.1128/MMBR.00031-07
http://dx.doi.org/10.1128/mBio.01975-15
http://dx.doi.org/10.1128/AAC.04468-14
http://dx.doi.org/10.1074/jbc.M800418200
http://dx.doi.org/10.1074/jbc.M800418200
mbio.asm.org


gramin A resistance protein, Vga(A)LC, from Staphylococcus haemolyti-
cus with shifted substrate specificity towards lincosamides. Antimicrob
Agents Chemother 50:4070 – 4076. http://dx.doi.org/10.1128/AAC.00799
-06.

12. Chen B, Boël G, Hashem Y, Ning W, Fei J, Wang C, Gonzalez RL, Hunt
JF, Frank J. 2014. EttA regulates translation by binding the ribosomal E
site and restricting ribosome-tRNA dynamics. Nat Struct Mol Biol 21:
152–159. http://dx.doi.org/10.1038/nsmb.2741.

13. Andersen CB, Becker T, Blau M, Anand M, Halic M, Balar B, Mielke T,
Boesen T, Pedersen JS, Spahn CM, Kinzy TG, Andersen GR, Beckmann
R. 2006. Structure of eEF3 and the mechanism of transfer RNA release
from the E-site. Nature 443:663– 668. http://dx.doi.org/10.1038/
nature05126.

14. Becker T, Franckenberg S, Wickles S, Shoemaker CJ, Anger AM, Arm-
ache JP, Sieber H, Ungewickell C, Berninghausen O, Daberkow I,

Karcher A, Thomm M, Hopfner KP, Green R, Beckmann R. 2012.
Structural basis of highly conserved ribosome recycling in eukaryotes and
archaea. Nature 482:501–506. http://dx.doi.org/10.1038/nature10829.

15. Nguyen F, Starosta AL, Arenz S, Sohmen D, Dönhöfer A, Wilson DN.
2014. Tetracycline antibiotics and resistance mechanisms. Biol Chem 395:
559 –575. http://dx.doi.org/10.1515/hsz-2013-0292.

16. Arenz S, Nguyen F, Beckmann R, Wilson DN. 2015. Cryo-EM structure
of the tetracycline resistance protein TetM in complex with a translating
ribosome at 3.9-A resolution. Proc Natl Acad Sci U S A 112:5401–5406.
http://dx.doi.org/10.1073/pnas.1501775112.

17. Dunkle JA, Xiong L, Mankin AS, Cate JH. 2010. Structures of the
Escherichia coli ribosome with antibiotics bound near the peptidyl trans-
ferase center explain spectra of drug action. Proc Natl Acad Sci U S A
107:17152–17157. http://dx.doi.org/10.1073/pnas.1007988107.

The views expressed in this Commentary do not necessarily reflect the views of this journal or of ASM.

Commentary

May/June 2016 Volume 7 Issue 3 e00598-16 ® mbio.asm.org 3

http://dx.doi.org/10.1128/AAC.00799-06
http://dx.doi.org/10.1128/AAC.00799-06
http://dx.doi.org/10.1038/nsmb.2741
http://dx.doi.org/10.1038/nature05126
http://dx.doi.org/10.1038/nature05126
http://dx.doi.org/10.1038/nature10829
http://dx.doi.org/10.1515/hsz-2013-0292
http://dx.doi.org/10.1073/pnas.1501775112
http://dx.doi.org/10.1073/pnas.1007988107
mbio.asm.org

	REFERENCES

