Structural basis for potent inhibitory activity of
the antibiotic tigecycline during protein synthesis

Lasse Jenner™?', Agata L. Starosta®', Daniel S. Terry®, Aleksandra Mikolajka®, Liudmila Filonava®®f,

f

Marat Yusupov®P?, Scott C. Blanchard?, Daniel N. Wilson“9%, and Gulnara Yusupova®"-2

?Institut de Génétique et de Biologie Moléculaire et Cellulaire, Institut National de la Santé et de la Recherche Médicale U964, Centre National de la
Recherche Scientifique, Unité Mixte de Recherche 7104, 67404 llikirch, France; PUniversité de Strasbourg, F-67084 Strasbourg, France; “Gene Center and
Department for Biochemistry, University of Munich, 81377 Munich, Germany; “Department of Physiology and Biophysics, Weill Medical College of Cornell
University, New York, NY 10065; ¢Tri-Institutional Training Program in Computational Biology and Medicine, New York, NY 10065; fMax Planck Institute for
Biophysical Chemistry, 37077 Géttingen, Germany; and 9Center for Integrated Protein Science Munich, University of Munich, 81377 Munich, Germany

Edited by Rachel Green, Johns Hopkins University, Baltimore, MD, and approved January 17, 2013 (received for review September 28, 2012)

Here we present an X-ray crystallography structure of the clinically
relevant tigecycline antibiotic bound to the 70S ribosome. Our
structural and biochemical analysis indicate that the enhanced
potency of tigecycline results from a stacking interaction with
nucleobase C1054 within the decoding site of the ribosome. Single-
molecule fluorescence resonance energy transfer studies reveal
that, during decoding, tigecycline inhibits the initial codon recog-
nition step of tRNA accommodation and prevents rescue by the
tetracycline-resistance protein TetM.

Tetracyclines are broad-spectrum antibiotic agents that bind
to elongating ribosomes and inhibit delivery of the ternary
complex elongation factor thermo unstable (EF-Tu)-GTP-ami-
noacyl (aa)-tRNA to the ribosomal A site (1). Crystal structures of
tetracyclines bound to the 30S subunit identified one common
primary binding site that overlaps with the anticodon stem-loop
of an A-site-bound tRNA (2-4). The widespread use of tetracy-
clines in the past has led to an increase in acquired tetracycline-
resistance determinants among clinically relevant pathogenic
bacteria, limiting the utility of many members of this class. Of the
variety of tetracycline-specific resistance mechanisms, efflux and
ribosome protection are the most common (5). Ribosome pro-
tection is mediated by ribosome protection proteins, with the best
characterized being TetO and TetM (6). Ribosome protection
proteins bind to tetracycline-stalled translating ribosomes and
chase the drug from the ribosome, thus allowing translation to
continue. The third generation of tetracycline derivatives, such as
tigecycline, display enhanced antimicrobial activity compared with
tetracycline, as well as overcoming efflux and ribosome protection
mechanisms (7, 8).

Results and Discussion

X-Ray Crystallography Structure of 70S-Tigecycline Complex. To ad-
dress the molecular basis for the enhanced properties of tigecy-
cline, we have determined an X-ray crystallography structure of
tigecycline bound to a Thermus thermophilus 70S ribosome initi-
ation complex containing P-site tRNA™®" and mRNA at 3.3-A
resolution (Fig. 14 and Table S1). The binding site of tigecycline
comprises nucleotides of helix 31 (h31) and helix 34 (h34) of the
16S rRNA located on the head of 30S subunit (Fig. 1B). Electron
density for tigecycline was observed only at the primary tetra-
cycline binding site (Fig. S1) and not at any of the previously
reported secondary tetracycline binding sites (2, 3) (Fig. S2), even
though cocrystallization was performed at similar concentrations
(60 pM) of tigecycline as used previously for tetracycline (4-80 pM)
(2, 3).

At 3.3-A resolution, the tigecycline molecule could be unam-
biguously fit into the electron density (Fig. 1C and Fig. S1),
allowing the mode of interaction with the nucleotides of the 16S
rRNA to be ascertained (Fig. 1D). The polar edge of the tigecycline
molecule, containing many hydrophilic functional groups, interacts
directly with the phosphate-oxygen backbone of nucleotides C1195
and U1196 in h34 as well as indirectly with G1197-G1198 and
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C1054 via a coordinated Mg>* ion (Fig. 1 D and E), as reported
previously for tetracycline (2). In addition, ring A of tigecycline
coordinates a second Mg>* ion to facilitate an indirect interaction
with the phosphate-backbone of G966 in h31 (Fig. 1 C-E). We also
determined a structure of tetracycline bound to the T. thermophilus
70S ribosome initiation complex containing P-site tRNA  and
mRNA at 3.45-A resolution (Table S1). Interestingly, initial
cocrystallization for tetracycline was performed by using the same
conditions as for tigecycline, i.e., with 60 pM drug and fivefold
excess of tRNA™¢! ys. ribosomes; however, density for nonspecific
binding of tRNA™®t jn the A site was observed, rather than tet-
racycline (Fig. S3). To obtain electron density for tetracycline,
it was necessary to perform cocrystallization with higher con-
centrations of tetracycline (300 uM), coupled with lower excess
(1.5-fold) of tRNA™* vs. ribosomes (Fig. S4). These observations
reemphasize the increased affinity of tigecycline vs. tetracycline for
the ribosome (7-9), as well as illustrating the increased ability of
tigecycline vs. tetracycline to compete with tRNA for binding at
the A site. The structure of tetracycline bound to the 70S ribosome
also suggests that tetracycline likely coordinates a second Mg**
ion (Fig. 1E and Fig. S5), which was not suggested previously (2).
Moreover, we note that no density was observed for the lower-
affinity secondary tetracycline binding sites under our crystalliza-
tion conditions (2, 3) (Fig. 1E and Fig. S6).

The major difference between tigecycline and tetracycline is
the presence of 7-dimethylamido and 9-t-butylglycylamido moi-
eties attached to ring D of tigecycline (Fig. 1D). Whereas the
7-dimethylamido substitution does not establish interactions with
the ribosome, the glycyl nitrogen atom of the 9-t-butylglycylamido
moiety of tigecycline forms stacking interactions with the n-orbital
of nucleobase C1054 of the 16S rRNA (Fig. 1 C-E). Strong
electron density for the remainder of the 9-t-butylglycylamido
moiety of tigecycline suggests that, despite the lack of any
apparent contact with the ribosome, it adopts a very rigid con-
formation (Fig. 1C), which may contribute to the stacking inter-
action with C1054. Indeed, binding of tigecycline appears to also
enhance stacking between C1054 and U1196 (Fig. 1 C and D),
similar to what is seen when tRNA is bound to the A site (10-12).
In contrast, these nucleotides appear more flexible and adopt
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Fig. 1. X-ray crystal structure of tigecycline on the 70S ribosome. (A) Overview from the A site of the 705 ribosome with tRNA™¢t in the P site (red), mMRNA
(orange) and tigecycline (green) bound. (B) View of the tigecycline binding site showing the rRNA elements in the vicinity of the site. (C) The fully refined
electron density map (2Fops—Fcalc) cOntoured at 1.2 sigma for the area surrounding the tigecycline binding site. Dashed lines indicate the stacking of the 9-t-
butylglycylamido moiety of tigecycline with nucleobase C1054 and the coordination of the additional Mg?* connecting tigecycline to G966 (h31). (D)
Schematic chemical structure of tigecycline showing possible hydrogen bonds and other interactions with Mg?* ions and bases from 165 rRNA. (E) Comparison
of the binding modes of tigecycline (green) and tetracycline (yellow) via superimposition of the 16S rRNA. (F) Comparison of the prokaryotic T. thermophilus
and the eukaryotic Saccharomyces cerevisiae tetracycline binding sites by superimposition of h34. Note that the nucleotide equivalents to C1054 and U1196 in
S. cerevisiae are C1274 and A1427, the latter of which is slightly shifted, whereas the rest of the binding pocket is nearly identical.

diverse conformations in ribosome structures with an empty A
site (Fig. S7). The exclusive use of stacking and backbone inter-
actions, together with the high structural conservation of the
tetracycline binding site from bacteria to eukaryotes (13) (Fig.
1F), is consistent with the broad-spectrum activity of tetracyclines
(5). Thus, we believe insights gained from the structures of tet-
racycline/tigecycline on the T. thermophilus ribosome can there-
fore be transferred to other bacteria. Although tetracycline
activity has not been demonstrated against T. thermophilus strains
to our knowledge, tetracyclines have been documented to have
inhibitory activity against eukaryotic translation in vitro (14)
(Fig. S8).

Binding and Inhibitory Properties of Tetracycline Derivatives. To in-
vestigate the contribution of the stacking interaction between the
9-t-butylglycylamido moiety of tigecycline and C1054, we used a
series of tetracycline derivatives (Fig. 24) and compared their ri-
bosome binding (Fig. 2B) and translation inhibitory properties
(Fig. 2C). The first two compounds tested, omadacycline (15) and
9-propylpyrrolidyl-7-fluorocyline (16), have amide bond replace-
ments in the 9-position (Fig. 24). Based on the tigecycline-70S
structure presented here, these compounds would not be expected
to form efficient stacking interactions with C1054 (Fig. 2 D and E).
Indeed, omadacycline and 9-propylpyrrolidyl-7-fluorocycline had
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significantly reduced binding affinities (ICsy of 2 pM and 4 pM,
respectively) with respect to tigecycline (ICsq of 0.2 pM), and were
comparable to tetracycline (ICsq of 4 pM). Similar trends were also
observed for the inhibition of an Escherichia coli in vitro trans-
lation system (Fig. 2C), suggesting a strong correlation between
binding affinity and translation inhibitory activity. Next, we ra-
tionalized that, if stacking with C1054 is important for drug ac-
tivity, introduction of an additional aromatic ring to generate
a pentacycline should allow m-orbital stacking (Fig. 2F) and thus
improve the binding and inhibitory properties of the drug. In-
deed, the 7-methoxy-10-azetidinomethyl pentacycline (17) ex-
hibited improved binding affinity (ICsq of 1 pM) and translation
inhibitory activities (ICso of 1 pM) compared with tetracycline,
although it was less potent than tigecycline (Fig. 2 B and C).
Collectively, these data support the hypothesis that stacking
interactions with C1054 enhance the binding and inhibitory
properties of tetracycline derivatives.

Next we investigated the correlation between binding affinity
and the ability to overcome TetM-mediated resistance. Here, we
included 7-dimethylamido 8-azatetracycline (18), which lacks a
C9 substitution (Fig. 2 A and G), yet had a similar binding af-
finity and translation inhibitory activity (both ICsgs of 0.8 pM) as
the 7-methoxy-10-azetidinomethyl pentacycline (ICsq of 1 pM;
Fig. 2 B and C). To monitor the ability of each compound to
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Fig. 2. Binding and inhibitory properties of tetracycline derivatives. (A) Chemical structures of tetracycline, tigecycline, omadacycline, 9-propylpyrrolidyl-

7-fluorocyline (fluorocycline), 7-methoxy-10-azetidinomethyl pentacycline (pentacycline), and 7-dimethylamido 8-azatetracycline (azatetracycline). (B) The in-

hibitory effect of tetracycline derivatives from A were monitored by using an E.

coli in vitro transcription/translation assay monitoring the fluorescence of GFP

as a function of antibiotic concentration. (C) The ability of tetracycline compounds from panel A to compete for binding to the E. coli 70S ribosome with
[3H]tetracycline was monitored as a function of antibiotic concentration. (D-G) The stacking interaction of the (D) glycyl side chain of tigecycline (green) as
observed in the tigecycline-70S structure is compared with models for the (E) omadacycline (yellow), (F) pentacycline (pink), and (G) azatetracycline (orange)
docked on the 70S ribosome based on the tigecycline-70S structure. (H) The ability of the tetracycline derivatives from panel A to overcome TetM-mediated
resistance was determined by performing translation inhibition assays as in C in the absence (light green) and presence (dark green) of TetM. The ICsy is presented

as a log-scale (in pM). (/) Superimposition of the 70S ribosome structure with TetM

overcome TetM-mediated resistance, the inhibitory effects of
each compound were tested in an E. coli in vitro translation assay
in the presence and absence of TetM (Fig. 2H). As expected (8),
TetM dramatically relieved the translation inhibition of tetra-
cycline, whereas TetM had no effect on the ICsq of tigecycline
(Fig. 2H). Omadacycline, 9-propylpyrrolidyl-7-fluorocyline, and
the 7-methoxy-10-azetidinomethyl pentacycline were all able to
overcome TetM-mediated resistance, whereas 7-dimethylamido
8-azatetracycline, despite its increased binding affinity (Fig. 2B),
was not able to overcome TetM-mediated resistance, with the
ICsy increasing by ~100 fold in presence of TetM (Fig. 2H).
These findings suggest that binding affinity alone is not sufficient
to overcome TetM-mediated resistance. Instead, TetM resistance
appears to depend more on the presence of bulky substitutions
at the 9-position. Indeed, superimposition of the tigecycline-70S
X-ray structure determined here with a recent structure of TetM
bound to the 70S ribosome (19) reveals that the drug and TetM
sterically overlap near the domain IV loop of TetM and the 9-t-
butylglycylamido moiety of tigecycline (Fig. 2I).

Effect of Tetracyclines and Glycylcyclines on tRNA Selection. To in-
vestigate the interplay among tigecycline, ternary complex EF-
Tu-GTP-aa-tRNA, and TetM on the ribosome, we used single-
molecule fluorescence resonance energy transfer (FRET) imaging
methods (20). Delivery of ternary complex containing Cy5-labeled
Phe-tRNAF™ to 70S ribosomes bound with Cy3-labeled tRNAM™et
at the P-site was monitored via FRET between the donor (Cy3)
and acceptor (Cy5) fluorophores upon tRNA binding to the A site
(Fig. 34). In the absence of drug, tRNAs rapidly accommodated,
resulting in the accumulation of a high (0.55) FRET state, previously
shown to correspond to a pretranslocation complex configuration
where A- and P-site tRNAs are classically positioned (20) (Fig. 3B).

3814 | www.pnas.org/cgi/doi/10.1073/pnas.1216691110

(19) (blue) on the 70S structure with tigecycline (green) and mRNA (11) (gold).

In the presence of tetracycline (40 pM; 10x K,), aminoacyl-tRNA
accommodation was efficiently blocked (21), resulting in repetitive
ternary complex binding and release events from a low-(~0.2) FRET
configuration, as anticipated from a defect in the selection process
subsequent to codon recognition but before GTP hydrolysis (20, 21)
(Fig. 3C). The same experiment performed in the presence of tet-
racycline and TetM alleviated inhibition, restoring the capacity of
aminoacyl-tRNA to rapidly accommodate into the A site, as evi-
denced by emergence of the high-FRET (~0.55) state upon ternary
complex delivery (Fig. 3D). When ternary complex delivery to the
ribosome was monitored in the presence of tigecycline (2 pM; 10x
Kj), aminoacyl-tRNA accommodation was again efficiently blocked
at the low-FRET state. However, the duration of the transient
binding events was relatively short-lived compared with those ob-
served in the presence of tetracycline, consistent with an increased
potency of tigecycline in its capacity to inhibit the initial selection
process (20, 21) (Fig. 3E and Fig. S9). Strikingly, the addition of
TetM did not alleviate the inhibition of ternary complex binding by
tigecycline (Fig. 3F), consistent with the ability of tigecycline to
overcome TetM-mediated resistance (7, 8) (Fig. 21).

Conclusion

Our findings indicate that the increased potency of tigecycline
compared with tetracycline results from the increased affinity of
tigecycline for the ribosome (7-9) (Fig. 1B) via stacking interactions
of the 9-t-butylglycylamido moiety of tigecycline with C1054 of
the 16S rRNA (Figs. 1 C-E and 2D). The presence of 9-t-butyl-
glycylamido moiety of tigecycline, rather than the increased affinity
compared with tetracycline, enables tigecycline to overcome
TetM-mediated resistance (Fig. 2H). This observation is con-
sistent with direct overlap of the 9-t-butylglycylamido moiety
and domain IV loop of TetM (Fig. 2I). Moreover, we show that
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Fig. 3.

Effect of tetracyclines and glycylcyclines on tRNA selection. (A) Schematic illustrating the delivery of EF-Tu-tRNA-GTP ternary complex containing

cognate Phe-tRNAP"(Cy5-acp3U47) to 705 E. coli ribosomes containing P-site OH-tRNA™®t(Cy3-s*U8), leading to low (0.2) FRET during initial steps of codon
recognition, and high (0.55) FRET upon A-site tRNA accommodation. Tigecycline is more effective than tetracycline at blocking the initial selection process.
Tetracycline is nevertheless effective at preventing transitions into the fully accommodated, high-FRET state. (B-F) Single-molecule FRET imaging of aa-tRNA
selection performed under direct 532-nm excitation following a 5-min incubation (B) in the absence of drugs or with (C) 40 pM tetracycline, (D) 40 pM
tetracycline and 0.1 uM TetM, (E) 2 pM tigecycline, or (F) 2 uM tigecycline and 0.1 uM TetM.

tigecycline is much more effective at blocking the initial selec-
tion process of tRNA entry into the A site (Fig. 3 C and E), in
agreement with the steric clash between the drug and the anti-
codon stem—loop of the A-site tRNA (Fig. 3G).

Materials and Methods

Reagents. Tetracycline (EMD Biosciences) and tigecycline (Sigma) were
purchased from commercial sources, whereas PTK0796, TP767, pentacycline
(TP556D), and azacycline (TP120C) were provided by Tetraphase. [*H]Tetra-
cycline was purchased from Perkin-Elmer. Ribosomes from T. thermophilus
cells were isolated as described previously (22, 23). Purified native uncharged
E. coli tRNA™®et ysed for crystallographic studies was supplied by Chemical
Block. The 30-nt-long mRNA [5'-GGCAAGGAGGUAAAA AUG UAC (A)e-3']
was purchased from Dharmacon (Shine-Dalgarno sequence and initiation
codon are underlined). Labeling and charging of tRNA™Met(s%U8) and
tRNAP"®(acp3U47) was as previously described by (21, 24, 25). tRNA™et(s*Ug)
and tRNAP"®(acp3U47) were purchased from Sigma. Recombinant purified
TetM protein was prepared as described previously (26).

Complex Formation and Crystallization. The ribosomal complexes were formed
in 10 mM Tris-acetate, pH 7.0, 40 mM KCl, 7.5 mM magnesium acetate, 0.5 mM
DTT, by incubating 705 ribosomes (3 pM) with mRNA, tRNA™¢t, and antibiotic
(tetracycline or tigecycline) for 30 min at 37 °C. Crystals were grown at 24 °C
by sitting-drop vapor diffusion based on the previously described procedure
(23). Detailed methods can be found in S/ Materials and Methods.

Data Collection, Processing, and Structure Determination. Data on all com-
plexes were collected at 100 K at the Swiss Light Source, PSI, using the Pilatus
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6M detector. A very low dose mode was used and huge redundancy was
collected (27). The initial model (from ref. 12, with tRNAs, mRNA, and metal
ions removed) was correctly placed within each data set with Phenix (28) by
rigid body refinement with each molecule defined as a rigid body. A de-
tailed description is provided in S/ Materials and Methods.

Single-Molecule Fluorescence Experiments. Single-molecule FRET data were
acquired by using a prism-based total internal reflection microscope as
previously described (25, 29). Detailed materials and methods can be found
in SI Materials and Methods.

Binding and Inhibitory Assays. Inhibitory activity of the tetracycline com-
pounds was assessed in an E. coli-coupled in vitro transcription/translation
assay (5 PRIME) by using GFP fluorescence as a readout, as described pre-
viously (30, 31). Binding of all tetracycline compounds to 70S ribosomes was
examined by using a competition assay as described previously (8). Further
details can be found in S/ Materials and Methods.
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