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Ribosome protection proteins (RPPs) confer tetracycline resistance
by binding to the ribosome and chasing the drug from its binding
site. The current model for the mechanism of action of RPPs proposes
that drug release is indirect and achieved via conformational
changes within the drug-binding site induced upon binding of the
RPP to the ribosome. Here we report a cryo-EM structure of the RPP
TetM in complex with the 70S ribosome at 7.2-A resolution. The
structure reveals the contacts of TetM with the ribosome, including
interaction between the conserved and functionally critical C-termi-
nal extension of TetM and the decoding center of the small subunit.
Moreover, we observe direct interaction between domain IV of
TetM and the tetracycline binding site and identify residues critical
for conferring tetracycline resistance. A model is presented whereby
TetM directly dislodges tetracycline to confer resistance.

antibiotic | protein synthesis | RNA | tigecycline | translation

he translational apparatus represents one of the major targets

within the bacterial cell for antibiotic treatment (1). One well-
characterized class of antibiotics in clinical use is the tetracyclines.
Tetracyclines are broad-spectrum antibiotic agents that bind to
elongating ribosomes and inhibit delivery of the ternary complex
EF-Tu, GTP and aminoacylated-tRNA (EF-TueGTPeaa-tRNA)
to the A-site (1). Consistently, crystal structures of the small (30S)
ribosomal subunit in complex with tetracycline reveal the primary
binding site to be located in helix 34 (h34) of the 16S rRNA, in
a position overlapping with the anticodon stem-loop of A-site
tRNA (A-tRNA) (2, 3). The widespread use of tetracyclines
during the past 60 years has led to an increase in acquired tet-
racycline resistance determinants among clinically important
pathogenic bacteria, limiting the utility of many members of this
class (4). Of the variety of tetracycline-specific resistance mech-
anisms, efflux and ribosome-protection are the most common (5).
The third generation of tetracycline derivatives, such as tigecy-
cline (Tgc), display enhanced antimicrobial activity, overcoming
efflux and ribosome protection mechanisms (6-8).

Ribosome protection is mediated by so-called ribosome pro-
tection proteins (RPPs), with the most prevalent and best charac-
terized being TetO and TetM (5, 9). TetO and TetM exhibit ~75%
sequence similarity with each other (10) and ~45% similarity with
elongation factor G (EF-G) (SI Appendix, Fig. S1). Based on the
presence of conserved nucleotide binding motifs (i.e., G1-G5),
RPPs are grouped together within the translation factor super-
family of GTPases (11). Accordingly, TetO and TetM catalyze the
release of tetracycline from the ribosome in a GTP-dependent
manner (12, 13). Although GTPase activity is required for multi-
turnover of RPPs, GTP hydrolysis is however not strictly required
to dislodge tetracycline because drug release also occurs in the
presence of nonhydrolyzable GTP analogues (12, 13).

A cryo-EM reconstruction of TetOeGDPySe70S complex at
16-A resolution revealed density for TetO within the inter-
subunit space with an overall position similar to EF-G (14). In
contrast to EF-G, the tip of domain IV of TetO does not sig-
nificantly overlap with the A-tRNA, but rather interacts with h34
adjacent to the tetracycline binding site (14). Binding of TetO to
the ribosome leads to protection of C1214 and to a lesser extent
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C1054 within h34 from chemical modification, whereas the re-
activity of A1408 in h44 is enhanced (15). As TetO is not ob-
served to directly interact with C1054 or A1408 (14), TetO was
suggested to chase tetracycline from the ribosome indirectly via
inducing local disturbances within h34 (9, 14, 15). Moreover, the
conformational changes were proposed to persist after TetO has
dissociated from the ribosome, preventing rebinding of tetracy-
cline as well as stimulating delivery of the ternary complex (9, 16).

To gain further structural insights into the interaction of RPPs
with the ribosome and the mechanism of RPP-mediated tetra-
cycline release, we have determined a cryo-EM structure of the
RPP TetM bound to the 70S ribosome at 7.2-A resolution. The
improved quality of the map allows us to present the first mo-
lecular model for TetM as well as a detailed account of TetM
interactions with the ribosome. Surprisingly, the higher resolu-
tion enables us to observe density for a loop in domain IV of
TetM that interacts directly with the tetracycline binding site,
indicating that RPP action uses a direct mechanism of action to
dislodge and release tetracycline from the ribosome.

Results and Discussion

Cryo-EM Structure of a TetMe70S Complex. Escherichia coli 70S
ribosomes (0.4 pM) were mixed together with Tgc (10 pM), and
subsequently incubated at 37 °C for 20 min in the presence of
purified recombinant Enterococcus faecalis TetM protein (4 pM)
and the nonhydrolysable GTP analogue GDPNP (500 pM). Pel-
leting assays confirmed that binding of TetM to the 70S ribosome
was observed in the presence of Tgc, suggesting that analysis of this
complex by cryo-EM may enable TetM and Tgc to be visualized
simultaneously on the same ribosome. Thus, to analyze the in-
terplay between TetM and Tgc, the TetMe70S complex formed in
the presence of Tgc was selected for analysis by cryo-EM and single
particle reconstruction. From a total of 406,687 particles, in silico
sorting yielded three main subpopulations of 70S ribosomal par-
ticles (SI Appendix, Fig. S2A4): rotated (40%) and nonrotated
(33%) 70S ribosomes without density for TetM and a TetM-bound
70S ribosome (27%) exhibiting a nonrotated conformation. Fur-
ther refinement of the TetMe70S complex resulted in a final
density map (Fig. 14) with a resolution of 7.2 A (EMD-2183), as
determined by using the Fourier shell correlation cutoff value of
0.5 (SI Appendix, Fig. S2B). The absence of a subpopulation
of TetM bound to rotated 70S ribosomes suggests that TetM
binds preferentially to the nonrotated state, i.e., analogous to the
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Fig. 1. Cryo-EM reconstruction of a TetMe70S complex. (4) Final map of the
TetMe70S complex with TetM (orange), 30S (yellow), and 50S (gray). (b,
body; CP, central protuberance; h, head; sp, spur). (B) Schematic color code
of the domain structure of EF-G and TetM (domain I, G’ subdomain, II, IlI, IV,
V, and CTE are shown in green, blue, red, yellow, pink, pale blue, and or-
ange, respectively), with fit of the homology model for TetM into the
extracted cryo-EM density (gray mesh). (C) Relative binding position of do-
main IV of TetM (orange) compared with mRNA (tan), A-tRNA (green), and
P-tRNA (blue). (D) Relative positions of domain V of TetM (orange) and EF-G
(22) (blue) with their respective stalk base regions (H43/H44 and L11-NTD)
colored pale blue and yellow, respectively. Arrows in D indicate the shift in
the position of the stalk base between TetM and EF-G.

mMRNA %

expected (posttranslocational) substrate resulting from tetra-
cycline inhibition.

Molecular Model for the TetMe70S Complex. The quality and reso-
lution of the density map for the TetMe70S complex allowed an
unambiguous fit of molecular models for the E. coli 30S and 50S
subunits (17-19) (SI Appendix, Fig. S3). A large additional density
within the subunit interface was attributed to TetM (Fig. 14), as
expected from the similarity in location of TetO (14) and EF-G
(20-22) on the ribosome. In the absence of a crystal structure of
any RPP, a homology model for TetM was built on the basis of
the high sequence similarity between TetM and EF-G (10). Like
EF-G, E. faecalis TetM is comprised of five domains, labeled I
through V (Fig. 1B). Major differences include two truncations
within domain I (G domain) of TetM, namely 31 residues lacking
between plg and aAg within the G’ subdomain and a second
truncation of 18 residues between oE; and p1, in domain I (S7
Appendix, Fig. S1). An additional difference is the presence of
a conserved C-terminal extension (CTE) in TetM (and all other
RPPs), which has no counterpart in EF-G (Fig. 1B) and therefore
could not be generated on the basis of homology modeling.
Distinct secondary structure features, particularly the rod-like
cylinders of a-helices, were observed clearly at higher thresholds
(81 Appendix, Fig. S4), enabling the individual domains I to V of
the TetM homology model (PDB 3J25) to be unambiguously fitted
as rigid bodies to the extracted electron density for TetM (Fig. 1B).

Localization of TetM on the Ribosome. The overall orientation of
TetM on the ribosome is similar to that observed previously for
TetO (14), although no direct comparison can be made because
the TetO map was not deposited in a public database. TetM
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significantly overlaps with the anticodon stem-loop of the A-
tRNA (Fig. 1C), as observed for EF-G bound to a post-
translocation state ribosome (22). However, the binding position
of TetM does not overlap in position with the mRNA, and, unlike
EF-G, TetM does not appear to encroach on the P-site (SI Ap-
pendix, Fig. S5). Moreover, whereas the overall orientation of TetM
on the ribosome is similar to that of EF-G (22), EF-G is shifted in
position relative to TetM, being located closer to the 30S subunit
and further away from the stalk base of the 50S subunit (Fig. 1D
and SI Appendix, Fig. S6). The overall orientation of TetM appears
rather to structurally mimic more closely the position of EF-
TuetRNA bound to the 70S ribosome (S Appendix, Fig. S6). Based
on the fit of the molecular model of TetM and the 70S ribosome
to the cryo-EM density, a list of interactions was compiled (S/
Appendix, Table S1 and Fig. S7). At 7.2- A resolution, the inter-
actions can only be approximated, and thus the closest residues
between TetM and the ribosome at the site of density fusion are
listed. In general, the contacts are similar to those reported pre-
viously for other translational GTPases, such as EF-G (21, 22),
LepA (23), and, at the domain level, TetO (14), and are discussed
in more detail in the ST Appendix.

CTE of TetM Interacts with the Ribosomal Decoding Site. The ho-
mology model for TetM based on the EF-G template encompasses
residues 1 to 610, leaving 29 C-terminal residues that are not in-
cluded in the initial TetM model. However, fitting of the initial
TetM homology model to the TetMe70S map revealed additional
unassigned density that initiates at the C terminus of domain V,
traverses domain I'V, and eventually forms a large rod-like density
adjacent to the tip of domain IV (Fig. 24). This rod-like density
remains present at high thresholds and exhibits the characteristics
of an a-helix (S Appendix, Fig. S4). Therefore, the CTE of TetM
was modeled as a short 11-aa a-helix (residues 627-637) connected
to domain V by a flexible unstructured loop (Fig. 2B), in accor-
dance with secondary structure predictions (Fig. 2C).

The CTE interacts with a loop region at the tip of domain IV
of TetM, but also with H69 of the 23S rRNA (Fig. 2D). Addi-
tionally, density is seen connecting the distal end of helix-aA of
the TetM-CTE with helix 44 of the 16S rRNA, in close proximity
to A1492 and A1493 (Fig. 2E). As these bases are known to be
flexible and can flip out of helix 44 during mRNA-tRNA decoding
(24), the flipped-out conformation of these bases was also fitted
(25) (Fig. 2 D and E). We believe this flipped-out conformation
not only correlates with the fused electron density between h44
and the CTE (Fig. 2 D and E), but also explains the hole in the
density of helix 44 caused by the absence of A1492 and A1493
stacking within the helix (Fig. 2F). Binding of TetO to the ri-
bosome leads to an enhancement in the chemical reactivity of
A1408 of the 16S rRNA to DMS modification (15). Consistently,
the stacked conformation of A1493 would protect A1408 from
modification (S Appendix, Fig. S7 C and D), whereas the flipped-
out conformation would expose A1408, allowing easier access for
DMS modification (Fig. 2E). Collectively, these results suggest
that binding of both TetM (and TetO) to the ribosome leads to
the flipping out of A1492 and A1493—a conformation that is
stabilized via interaction with the CTE of TetM. The enhance-
ment of A1408 is also observed when TetO is bound with GTP
rather than GDPNP (15), suggesting that the flipped-out con-
formation of A1492 and A1493 remains after the RPP has left
the ribosome.

Domain IV of TetM Directly Encroaches Upon the Tetracycline Binding
Site. Domain IV of TetM interacts with the cleft between the
head and body of the small subunit (Fig. 34). Sequence align-
ments (SI Appendix, Fig. S1) and homology modeling suggest that
domain IV of TetM is structurally analogous to EF-G, containing
a four-stranded p-sheet and two a-helices, with an overall pppopo
topology (Fig. 3B). Three loops protrude from one end of domain
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Fig. 2. Localization and interaction of the CTE of TetM. (A) Density (gray
mesh) of domain IV of TetM fitted with homology model (colors are as in Fig.
1B). The arrow indicates the site where the homology with EF-G ends, yet
additional density is observed extending from domain V toward domain IV
(asterisk). (B) Same as A but with extended CTE (orange), modeled based on
(C) PSIPRED secondary structure prediction, with sequence (Seq.), prediction
(Pred.), and probability (Prob.) as indicated. Underlined residues were deleted
to create TetM-ACTE. (D and E) Interaction of the CTE of TetM (orange) with
H69 (blue) of the 23S rRNA and h44 of the 16S rRNA (pale blue), modeled
with A1492 and A1493 flipped out of h44 [Protein Data Bank ID 2XQD (25)].

IV of TetM, hereafter referred to as loops I, I, and III (Fig. 3B).
The proline-rich loop I, located between P24 and P34, is bent
significantly to allow interaction with the RPP-specific C-terminal
helix-aAcre (SI Appendix, Fig. S84), whereas, in contrast, loop I
of EF-G is longer and adopts an extended conformation on the
ribosome that establishes interaction with the P-tRNA (22) (S7
Appendix, Fig. S8B). Loop II between 4, and aA, interacts with
the proximal end of h34 of the 16S rRNA, with residues Ser465—
Leu466-Gly467 (465SLG447) coming into close proximity with the
backbone of C1209 and the nucleobase of C1214 (Fig. 3C). Con-
sistently, binding of TetO to the ribosome protects C1214 from
DMS modification (15, 16).

Loop III of TetM linking p5, to helix aB, is less well-resolved
than loops I and II, yet additional electron density is clearly ob-
servable within the TetMe70S map (Fig. 3C), which, in contrast,
is absent in other cryo-EM maps lacking A-site ligands, such as
the SecM-stalled ribosome nascent chain complex (26) (Fig. 3D).
This additional density in the TetMe70S map fuses directly with
C1054 of the 16S rRNA, a component of the primary tetracycline
binding site (2, 3), and is consistent with the protection of C1054
from DMS modification observed upon TetO binding to the ri-
bosome (15). Although domain IV of TetO was separated by 6 A
from the tetracycline binding site in the previous cryo-EM re-
construction of the TetOe70S complex (14), we believe that this
arises from the limited resolution of the TetOe70S complex:
Filtering of the TetMe70S cryo-EM map to a similar resolution as

16902 | www.pnas.org/cgi/doi/10.1073/pnas.1208037109

the TetOe70S complex also leads to loss of density for loop III of
domain IV of TetM (SI Appendix, Fig. S9).

Interplay of TetM and Tgc on the Ribosome. Although the
TetMe70S complex was formed in the presence of 10 pM Tgc, no
density for the drug is observable in the TetMe70S map (Fig.
3E). As we observe the presence of a small population of 70S
ribosome containing TetM (27%; SI Appendix, Fig. S2A4), we
conclude that TetM can bind to the Tgce70S complex and re-
cycle Tgc; however, it does so too inefficiently (compared with
tetracycline) as to allow translation levels necessary for viability.
Density for Tge is, however, clearly present in the nonrotated
(Fig. 3F) and rotated (SI Appendix, Fig. S10 A-C) 70S ribosomes
where TetM is not bound. Because there is no structure reported
for Tgce70S, the observed binding position of Tgc was modeled
into the primary tetracycline binding site (2, 3) based on similarity
of the chemical structures of the two drugs (SI Appendix, Fig. S10
D-H). In contrast to tetracycline, which has multiple binding sites
on the ribosome (2, 3), a careful examination of the TetMe70S
map reveals no additional density for Tgc within any of the sec-
ondary tetracycline binding sites (SI Appendix, Fig. S10 I-M).
Given that the TetMe70S complex was formed with 10 uM Tgc,
which is ~100 times its ICs, for in vitro translation (8), and that

A TetM+70S B

TetM domain IV

Fig. 3. Interaction of domain IV of TetM at the tetracycline binding site. (A)
Overview of cryo-EM density (gray mesh) with the 30S subunit (blue) and
TetM model (orange). (b, body; h, head; pl, platform; sp, spur.) (B) Schematic
representation of secondary structure elements for TetM-domain 1V, with
a-helices, p-sheets, and loops | to Il indicated as well as the CTE. (C) Cryo-EM
density (gray mesh) reveals interaction of loop Il (spheres for Ca of Ser465-
Leud66-Gly467) with the backbone of h34 (C1208-C1209), and loop I
(spheres for Ca of Tyr507-Ser508-Pro509-Val510) with C1054 of the 16S
rRNA. (D) Same view as in C for SecM-stalled ribosome nascent chain com-
plex (SecM-RNC) with an empty A-site (EMD-1829) (26). (E and F) Electron
density map (gray mesh) of (E) TetMe70S showing lack of density for Tgc in
comparison with (F) the nonrotated 70S map without TetM from sorting (S/
Appendix, Fig. S2) that reveals density for Tgc.
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Tgc has a ~10-fold higher affinity for the ribosome than tetracy-
cline (7, 8, 27), the absence of secondary binding sites illustrates
the increased specificity of Tge compared with tetracycline.

Interplay of TetM and Tetracycline on the Ribosome. Compared with
Tgc, tetracycline that lacks the C9-glycyl side chain (S Appendix,
Fig. S10 G and H) exhibits significantly less overlap with the TetM
density and would still permit interaction between the side chains
within loop IIT and C1054 in h34 of the 16S rRNA (Fig. 44). In
contrast, the attached C9-glycyl side chain of Tge would prevent
access of the residues of loop IIT of TetM (Fig. 3 E and F), leading us
to suggest that this steric hindrance contributes, together with the
increased affinity of Tgc (7, 8, 27), to explaining how Tgc overcomes
TetM-mediated resistance whereas tetracycline cannot (8). Curi-
ously, loop III of EF-G contains a highly conserved histidine residue
(H583; SI Appendix, Fig. S8B), which has been shown to be critical
for the translocation activity of EF-G (28). The equivalent residue
to H583 of E. coli EF-G in TetM is tyrosine 507 (Y507; SI Appendix,
Fig. S1), which, in the TetMe70S model, comes into close proximity
of C1054 (Fig. 44). Moreover, loop III contains a number of resi-
dues that are highly conserved in RPPs, in particular the 5osSPVSsy;
motif that directly follows Y507 (SI Appendix, Fig. S1). Thus, to
investigate whether residues located within loop III of TetM are
important for conferring tetracycline resistance, alanine-scanning
mutagenesis was used to generate TetM variants with single-residue
mutations YS06A, Y507A, S508A, P5S09A, V510A, and S511A. In
addition, we introduced a premature stop codon at residue 623, thus
truncating the last 17 aa (Fig. 2C, underlined) and generating
a TetM variant lacking the CTE a-helix (ACTE).

The growth of WT E. coli strain BL21 (—TetM) in the presence
of increasing concentrations of tetracycline (0-128 pg/mL) was
compared with the same strain bearing a plasmid overexpressing
E. faecalis TetM (+TetM) or one of the TetM variants (Fig. 4B).

In the absence of TetM protein, the WT E. coli strain (Fig. 4B,
black squares) is sensitive to tetracycline with minimal inhibition
concentration (MICso) of ~0.6 pg/mL, whereas, as expected,
overexpression of E. faecalis TetM (Fig. 4B, red circles) raises the
MICs by 14-fold to ~10 pg/mL (Fig. 4B). Surprisingly, no single
alanine substitution within loop III of TetM exhibited a signifi-
cant effect on the ability of TetM to confer tetracycline resistance
(shown for Y506A and Y507A in Fig. 4B), whereas, in contrast,
deletion of the CTE of TetM extensively inhibited resistance
activity, decreasing the MICs, value (~0.4 pg/mL; Fig. 4B, blue
triangles) to that observed in the absence of TetM over-
expression. Subsequent analysis of double and triple mutations
within loop III of TetM led to the identification of the Y506A—
Y507A (YY/AA) and Y507A-S508A-P509A (YSP/AAA) TetM
variants as inactive, whereas the S508 A-P509A-V510A (SPV/
AAA) triple mutant retained activity (Fig. 4B).

Conclusion

The cryo-EM structure of the TetMeGDPNPe70S complex
reveals that loop III of domain IV directly interacts with the
tetracycline binding site in proximity to C1054, but does not ap-
pear to overlap dramatically with the binding position of tetra-
cycline. This suggests that TetM dislodges tetracycline from its
binding site on the ribosome by disrupting the reported stacking
interaction between the aromatic ring D of tetracycline and the
nucleobase of C1054 (2), in agreement with a previous proposal
(15). In the model of the TetMe70S complex, the best fit for EM
density in terms of C1054 and the neighboring U1196 was using
the 30S subunit from the EF-Tue70S structure (25) (Fig. 4C,
blue). In contrast, the position of C1054 and U1196 when tetra-
cycline is bound does not fit the density as well (Fig. 4C, pink),
supporting the suggestion that TetM alters the conformation of
these nucleotides to chase tetracycline from the ribosome (15).

C

k

Tetracycline (pg/mL)

Fig. 4. The role of loop Il residues in TetM in tetracycline resistance. (A) Cryo-EM density of TetMe70S map (gray mesh) reveals relative proximity of loop I
residues Tyr506-Tyr507-Ser508-Pro509-Val510 (spheres for Ca) to C1054 of the 165 rRNA and the primary tetracycline binding site (Tet) (2). (B) Growth curves of
WT E. coli strain BL21 (-TetM, black) in the presence of increasing concentrations of tetracycline (0-128 pg/mL) compared with the WT strain harboring a plasmid
encoding WT E. faecalis TetM (+TetM, red), C-terminally truncated TetM (TetM-ACTE, pink), TetM-YSP/AAA, (orange), TetM-SPV/AAA (purple), TetM-YY/AA (blue),
TetM-Y506A (yellow), and TetM-Y507A (green). (C) Cryo-EM density of TetMe70S map (gray mesh) with comparison of relative positions of C1054 and U1196 of
16S rRNA from TetMe70S model [based on EF-Tue70S structure (25), blue] and tetracycline-30S structure (pale red) (2). (D) Conformation of C1054 and U1196 of 165
rRNA from EF-Tue70S structure (blue) (25), with A-tRNA (green) and mRNA (yellow) compared with tetracycline-30S structure (pale red) (2).
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Fig. 5. A model for the mechanism of TetM-mediated tetracycline resistance. (A) Binding of tetracycline (Tet, red) and interaction with C1054 (light blue)
within h34 of the 30S subunit prevents delivery of the ternary complex consisting of EF-TueGTP (purple) and aa-tRNA (green) to the ribosomal A-site. (B) The
tetracycline-bound ribosome is recognized and bound by TetMeGTP (orange; CTE and loop Il are shown in black with the important residues Y506 and Y507
as yellow spheres). TetM binding induces nucleotides A1492 and A1493 to flip out of h44 and interact with the CTE of TetM. Loop Il of TetM dislodges
tetracycline from the ribosome (red arrow) and prevents rebinding by changing the conformation of C1054 (changed conformation in green). The stalk base
(SB) adopts a position similar to when EF-Tu is bound, and, additionally L7 interacts with the G’ subdomain of TetM to catalyze Pi release and TetM disso-
ciation. (C) Despite the dissociation of TetMeGDP, the conformational changes in the ribosome remain, preventing rebinding of tetracycline and promoting
binding of ternary complex EF-TueGTPeaa-tRNA so translation can continue.

Additionally, the mutagenesis data (Fig. 4B) suggest that residues
especially Y506 and Y507 within loop III of TetM are likely to be
important for inducing this conformational change.

Resistance to tetracycline by TetM, however, not only requires
that TetM chase the drug from its binding site, but that it also
prevent immediate rebinding of tetracycline to the ribosome (9).
This has been proposed to be brought about via TetM-induced
conformational changes within the ribosome that prevent tetra-
cycline rebinding, and yet promote binding of the ternary complex
EF-TueGTPeaa-tRNA (9, 15, 16). Indeed, our findings provide
structural support for this model, as the conformation of C1054
and U1196 in the TetMe70S structure appears to be most com-
patible with binding of EF-TueGTPeaa-tRNA (Fig. 4D) and
would disfavor rebinding of tetracycline. Moreover, binding of
TetM to the ribosome induces A1492 and A1493 to adopt
a flipped-out conformation (Fig. 2 C and D), analogous to that
observed during decoding of the mRNA by EF-TueGTPeaa-
tRNA (25) (Fig. 4D). Footprinting experiments suggest that the
flipped-out conformation of A1492 and A1493 persists upon
dissociation of TetM from the ribosome (16), which promote
binding of the ternary complex. Finally, we observe that TetM
also induces a conformation in the stalk base, analogous to that
observed in the EF-Tue70S structure (25). Collectively, we be-
lieve these structural features imparted by TetM on the ribosome
would contribute to the synergistic effect that TetM has been
proposed to have on EF-Tu binding to the ribosome (16).

In conclusion, our structure suggests that TetM confers re-
sistance to tetracycline using a direct mechanism (Fig. 5). (i)
TetM employs residues including Y506 and Y507 within loop III

1. Wilson DN (2009) The A-Z of bacterial translation inhibitors. Crit Rev Biochem Mol Biol
44(6):393-433.
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of domain IV to directly interact and alter the conformation of
nucleotide C1054 within h34 of the 16S rRNA that comprises
part of the tetracycline binding site (Fig. 54). (i) The altered
conformation of C1054 perturbs stacking interaction with tetra-
cycline, leading to its dissociation from the ribosome and pre-
vents rebinding (Fig. 5B). (iii) The altered conformation of
C1054, together with the flipped-out conformation of A1492 and
A1493 induced by interaction with the CTE of TetM, as well as
the closed conformation of the stalk base, promote rapid binding
of the ternary complex EF-TueGTPeaa-tRNA (Fig. 5C).

Materials and Methods

E. faecalis TetM and E. coli ribosomes were purified as described previously
(29), and ribosome binding was verified by using pelleting assays as described
for EF-G (30). Cryo-EM data collection on a Titan Krios transmission electron
microscope (FEI Company) and processing using the SPIDER software package
(31) was as described previously (32). The protein homology model of
E. faecalis TetM was generated by using HHPred (33) and Modeler (34). The
TetM homology model and ribosome crystal structures (18, 19, 35, 36) were
fitted as rigid bodies to the cryo-EM density by using Coot (37) and Chimera
(38). The QuikChange mutagenesis kit (Qiagen) was used to introduce site-
specific mutations into the tetM gene according to the manufacturer’s
instructions, and minimal inhibitory concentrations were determined as de-
scribed previously (8). Detailed materials and methods can be found in the S/
Appendix, Materials and Methods.
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