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Although both tetracycline and tigecycline inhibit protein synthesis by sterically hindering the binding of tRNA to the ribosomal
A site, tigecycline shows increased efficacy in both in vitro and in vivo activity assays and escapes the most common resistance
mechanisms associated with the tetracycline class of antibiotics. These differences in activities are attributed to the tert-butyl-
glycylamido side chain found in tigecycline. Our structural analysis by X-ray crystallography shows that tigecycline binds the
bacterial 30S ribosomal subunit with its tail in an extended conformation and makes extensive interactions with the 16S rRNA
nucleotide C1054. These interactions restrict the mobility of C1054 and contribute to the antimicrobial activity of tigecycline,

including its resistance to the ribosomal protection proteins.

he ribosome, a central component of the protein synthesis

machinery, is one of the major targets of clinically relevant
antibiotics (1-3). In the last decade, crystal structures of a broad
variety of antibiotics bound to either the large (50S) or the small
(30S) subunit of the bacterial ribosome have been reported, un-
raveling their mechanism of action and demonstrating that they
interact ata few distinct but functionally important sites (1, 2). For
example, on the 50S subunit, antibiotics target primarily the pep-
tidyl transferase center, the GTPase-associated center, or the ribo-
somal exit tunnel and hamper protein synthesis by interfering
with the incorporation of new amino acids into the growing pep-
tide chain (1). On the 30S subunit, antibiotics have thus far been
observed at or near mRNA and tRNA binding sites and generally
interfere with correct tRNA binding to the A site or with translo-
cation of the tRNA/mRNA from the A site to the P site (1, 2).
Tetracycline (TET) is an example of a 30S subunit binding antibi-
otic, with both structural and biochemical studies indicating that
it binds the ribosome primarily in a pocket formed by the 16S
rRNA helices 31 (h31) and 34, although secondary binding sites
have also been observed (4-6). The significance of these secondary
sites is unclear as binding to the primary site correlates best with
the antimicrobial activity of the drug and resistance mutations (7).

Upon their introduction into medicine in 1948, tetracyclines
were quickly accepted because they offered a broad spectrum of
activity (8). However, given the widespread use of “legacy” tetra-
cyclines for more than 60 years, resistance in clinically important
bacterial pathogens is common (8, 9). Accordingly, modern tet-
racycline derivatives, like tigecycline (TIG), omadacycline, and
eravacycline (TP-434, Erv), have been developed and display ac-
tivity against bacterial strains resistant to the legacy tetracyclines
(3). TIG was the first representative of these derivatives to be ap-
proved for use by the FDA (10). Omadacycline is currently under
clinical development for the treatment of acute bacterial skin in-
fections (11), community-acquired bacterial pneumonia, and
complicated urinary tract infections, and eravacycline is under
clinical development for complicated intraabdominal and com-
plicated urinary tract infections (12).

These modern tetracycline derivatives are generally distin-
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guished by a C-7 or C-9 substituent of the D ring; for example,
TIG is structurally derived from minocycline by attaching a fert-
butyl-glycylamido side chain at position C-9 of the tetracycline
four-ring backbone (Fig. 1). Interestingly, biochemical and struc-
tural studies have shown that these tetracycline derivatives target
the primary tetracycline binding site, but in the case of TIG, the
C-9 substituent confers it with an ~10- to 100-fold higher affinity
for the ribosome, an ~10- to 30-fold increase in inhibitory activity
in in vitro translation assays, and, most importantly, the ability to
evade many of the most common tetracycline resistance determi-
nants (3, 6,9, 13, 14). The binding of tetracycline and derivatives
like TIG to the primary site interferes with the accommodation of
incoming aminoacyl-tRNA into the ribosomal A site via a steric
clash with the anticodon loop (4-6). A systematic analysis of var-
ious tetracycline derivatives (6) has suggested that the increased
potency of TIG stems from additional interactions made between
the tert-butyl-glycylamido side chain and the ribosome, in partic-
ular, a stacking interaction between the glycylamido moiety and
C1054 (h34). The same study (6) also showed a correlation be-
tween the bulkiness of the side chain, but not the increased affinity
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FIG 1 Chemical structures of tetracycline, minocycline, and tigecycline,
drawn schematically with their common backbone ring structures (A, B, C, D)
colored distinctly. Carbon atom assignments for the 4-ring backbone are in-
dicated on tigecycline.

it potentially confers, and enhanced activity against bacterial
strains resistant to the legacy tetracyclines. To complement recent
investigations of TIG bound to the 70S ribosome (6) and facilitate
the increasing development of modern tetracycline derivatives
characterized by a C-9 substituent, we have investigated TIG’s
mode of interaction with the Thermus thermophilus 30S ribosomal
subunit using X-ray crystallography. We observed an alternative
conformation for the functionally important fert-butyl-glycyl-
amido side chain and, consequently, novel interactions with the
16S rRNA that may be critical for the rational design of newer
tetracycline derivatives.

MATERIALS AND METHODS

Structure determination. The 30S ribosomal subunit was purified from
Thermus thermophilus HB8 and crystallized (15, 16). Crystals were soaked
for 12 to 24 h with 100 pM tigecycline and flash-frozen in liquid nitrogen
while cryoprotected with 2-methyl-2,4-pentanediol. Diffraction data
were collected at beam lines X06SA of the Swiss Light Source (Villigen,
Switzerland), ID29 of the European Synchrotron Radiation Facility
(Grenoble, France), and BL13 of ALBA (Barcelona, Spain). Data were
processed with the XDS (17) and CCP4 (18) program packages. The na-
tive structure of the 30S subunit (PDB code 2ZM6) was refined against the
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structure factor amplitudes of the 30S-TIG complex using the PHENIX
program package (19). TIG was modeled for residual electron density
using COOT (20), and the resulting 30S-TIG model was further refined to
convergence. For the calculation of the free R factor, 5% of the data were
omitted throughout refinement. Figures containing structures were illus-
trated with MarvinSketch (ChemAxon) and PyMOL (http://pymol
.sourceforge.net). rRNA residues were numbered according to the Esche-
richia coli scheme, and helices are indicated using the standard
nomenclature (21) throughout the article.

Protein structure accession number. The atomic coordinates and
structure factors have been deposited in the Protein Data Bank under
accession no. 4YHH.

RESULTS

Overall structure. To provide an atomic-level description of the
ribosomal subunit-TIG interaction, we determined the structure
of the antibiotic bound to the T. thermophilus 30S ribosomal sub-
unit at 3.4 A resolution. The native structure of the 30S ribosomal
subunit crystallized in the absence of TIG (PDB code 2ZM6) was
refined against the structure factor amplitudes of the 30S-TIG
complex (Table 1; see also Materials and Methods). The unbiased
F,-F_ difference Fourier map (see Fig. S1A in the supplemental
material) obtained after the initial round of refinement using the
ligand-free 30S subunit structure (2ZM6) indicated that the
585-Da TIG molecule was bound in a position that overlaps with
the primary tetracycline binding site, a pocket formed by h34
(1196 to 1198, 1052 to 1055) and the loop of h31 (965, 966). In this
initial difference map, electron density was clearly observed for
the 4-member ring moiety of TIG as well as the glycylamido moi-
ety of its derivatized side chain (see Fig. S1A in the supplemental
material). Although the 30S-TIG complex was formed using an-

TABLE 1 Data collection and refinement statistics

Parameter Value(s)”
Data collection statistics
Space group P4,2,2
Cell dimensions
a, b, c(A) 409.590, 409.590, 171.730
o B,y (%) 90.00, 90.00, 90.00
Resolution (A) 50-3.4 (3.58-3.4)
Ry’ (%) 16.2
I/ol 4.45 (0.3)
Completeness (%) 96.7 (84.3)
Multiplicity 4.5(3.8)
Refinement
Resolution (A) 48.7-3.4
No. of reflections 171,310
Ryyord Riee” (%) 22.8/28.7
Total no. of atoms 51,732
Ribosome 51,585
Ligand 42
Tons 105
RMS deviations
Bond length (A) 0.010
Bond angle (°) 1.308

“Values in parentheses refer to the highest-resolution shell.

¥ Ry = E[I — (D|/2I, where I is a measured and (I) is the average intensity of the
reflection.

 Ryork/Riee = 2|F, — F.|/3F,, where F, is the observed and F, is the calculated
structure factor amplitude of the reflection. A randomly selected 5% of the reflections
was set aside from the beginning and the rest were used in the refinement.

4 RMS, root mean square.
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2Fo-Fc (10)

FIG 2 The environment of the tigecycline-binding site on the 30S ribosomal subunit. TIG binds the 30S ribosomal subunit in a pocket formed by h34 (blue) and
h31 (red). The final model with 2F -F_electron density map (1.00) surrounding the TIG-binding site is shown from two perspectives in panels A and B. A similar
view is shown in Fig. S1B in the supplemental material with the final 2F -F_map rendered at a slightly higher contour level (1.4c). The relatively weak density for
the terminal tert-butyl moiety probably results from the fact that it is connected to the rest of the molecule by two freely rotatable bonds and does not make direct
interactions with the binding pocket. TIG is shown in an orientation similar to that of Fig. 1 where the A ring is on the right and the D ring with the
tert-butyl-glycylamido side chain is on the left. The two Mg?* ions are drawn as yellow spheres. The inset in panel A shows the position of the TIG binding pocket
on the 30S subunit (viewed from the subunit interface side) with subunit landmarks (pt, platform; h, head; sp, spur). 16S rRNA helices 18, 31, and 34 are colored
orange, pink, and blue, respectively. (C) The TIG binding pocket is shown from the same perspective as that in panel B with its putative interactions indicated
with dotted lines, including hydrogen bonds (yellow), coordination of the Mg>" ions (orange), and stacking interactions (gray). These interactions are
summarized schematically in panel D. Here the tert-butyl-glycylamido side chain is delineated in light green, and its interactions with C1054 are indicated with
cyan and violet arrows. Note that the hydrogen bond between the secondary amine of the side chain and O, of C1054 is chemically possible but ambiguous in the
electron density map. The hydroxyl moiety at position 3 is drawn in a deprotonated form as predicted by nuclear magnetic resonance (NMR) and molecular
dynamics (MD) studies (22, 25).

tibiotic concentrations 4 orders of magnitude greater than its
dissociation constant, TIG was not found bound to any of the
secondary binding sites previously observed for the parent com-
pound tetracycline (4, 5). This is consistent with the recent X-ray
crystallographic studies using 70S ribosomes and biochemical
studies, suggesting a single saturable binding site for TIG on the
ribosome and the inability of TIG to protect A892, an rRNA resi-
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due in one of the secondary binding sites, from modification by
dimethyl sulfate (6, 14). Addition of the TIG molecule and subse-
quent refinement at a resolution of 3.4 A led to a final model with
crystallographic R,/ Ryee Values of 22.8%/28.7% (Table 1). As
seen in Fig. 2A and B, density is visible for the entire TIG model,
including the terminal methyl group present in the tert-butyl-
glycylamido side chain in the fully refined 2F,-F.map (Fig. S1B in
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FIG 3 Comparison of TIG’s binding mode in the 30S and 70S structures. (A) The 30S-TIG structure (this study) and the 70S-TIG structure (6) have been
superimposed using 16S rRNA residues surrounding the TIG binding pocket as the guide. TIG as seen in the 30S structure is colored green, and TIG as seen in
the 70S structure is red. h18, h34, and h31 of the 30S-TIG complex are in orange, blue, and red, respectively, and those from the 70S-TIG complex are in shades
of gray. Although for the most part the two structures are superimposable, there are notable differences in the placement of h18 (shifts closer to the A site by ~5
A in the 70S structure), the position of the base in C1054 (it shifts by 2.5 A, favoring a parallel shifted 7 stacking interaction with the heteroaromatic D ring on
the 30S structure) and the conformation of the fert-butyl-glycylamido side chain (extended versus bent in the 30S and 70S structures, respectively). (B) To
illustrate that the extended side chain conformation of TIG is permissible when the binding pocket is configured as seen in the 70S structure (specifically the
shifting of h18), TIG has been aligned to the 70S structure (6) and rendered as a van der Waals surface. This shows that the side chain of TIG in the extended
conformation does not significantly clash with h18. (C) Likewise, if the newer tetracycline derivative eravacycline (Erv) (9) is modeled with its side chain extended

similar to TIG, it would also not clash with h18 as seen in the 70S structure.

the supplemental material shows the same map at a higher thresh-
old). The density is consistent with TIG being in the zwitterionic
extended conformation characteristic of the tetracyclines when
bound to the ribosome or the TET repressor tet(R) (22).

TIG binding site. Compared to the results of previous studies
on TET (4, 5), the 4 backbone rings of TIG interact similarly with
rRNA (Fig. 2C and D; see also Fig. S2 in the supplemental mate-
rial), including (i) the coordination of a Mg2+ ion between the
polar groups of rings B and C of TIG, (ii) putative hydrogen bonds
to residues G1198 and C1195, and (iii) a possible stacking inter-
action between C1054 and ring D of TIG. Furthermore, in agree-
ment with the results of a recent study showing TIG bound to 70S
ribosomes (6), we observe that a second Mg>" ion is coordinated
by ring A of TIG and the phosphate backbone of G966 in h31 (Fig.
2). Relative to this previous structure (6), there is a slight shift of
the 4-ring backbone and second Mg>" ion (~1 A), such that the
predicted coordination pattern is different in the two structures.
Here the Mg®™" is potentially coordinated by both the hydroxyl
oxygen at position 3 and the acetamide moiety at position 2 of
TIG, while the previous study indicated only a potential interac-
tion with the hydroxyl oxygen. Given the resolution of the data,
the significance of this difference is unclear.

The electron density maps (Fig. 2A and B) support the place-
ment of the tert-butyl-glycylamido side chain in an extended con-
formation reaching toward h18 (G530). This differs from the ori-
entation seen in the 70S-TIG structure (Fig. 3A, green versus red)
where this side chain has a bent conformation and the amido
moiety forms stacking interactions with the base of C1054 (6). In
the extended conformation, observed in the 30S-TIG structure
(Fig. 3A, green), C1054 is shifted by ~2.3 A relative to the 70S-TIG
structure and C1054 is more favorably positioned to stack with the
D ring rather than the side chain (Fig. 2C and D). Furthermore,
when the tert-butyl-glycylamido side chain is in the extended con-
formation, it is characterized by (i) the peptide bond being main-
tained in a planar conformation consistent with its partial double
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bond character, (ii) a potential hydrogen bond between the 2'-
hydroxyl of C1054 and the peptide bond amide nitrogen (Fig. 2D,
blue arrow), and (iii) a potential hydrogen bond between the sec-
ondary amine, which is most likely protonated (theoretical pK, =
10.7), and the base of C1054 (Fig. 2D, violet arrow). It is interest-
ing to note that in the 70S-TIG structure h18 moves closer to the A
site, a conformational switch (closed form) seen when, for exam-
ple, the head and shoulder rotate inward toward the 30S subunit
center during decoding (23). As seen in Fig. 3B, h18 in the “closed”
conformation does not clash with the side chain of TIG in the
extended conformation. Therefore, the conformational switch of
h18 is likely not the main source of the differences observed in the
tert-butyl-glycylamido side chain when the 70S and 30S structures
are compared (Fig. 3A).

DISCUSSION

Our investigation into the mode of interaction between TIG and
the 30S subunit complements the previous studies with 70S ribo-
somes (6) and supports a model in which TIG binding to the
primary tetracycline binding site involves two Mg>" ions (Fig. 2).
Importantly, however, we did observe some differences in the
conformation of the functionally important fert-butyl-glycyl-
amido side chain of TIG (Fig. 3A). These differences indicate that
TIG has two alternative modes of interaction with the ribosome.
The first mode seen in the 70S structure (6) is characterized by a
bent conformation of the side chain and stacking interactions be-
tween its amide and C1054. The second mode, seen on the 30S
subunit, is characterized by an extended conformation where the
peptide bond in the tert-butyl-glycylamido side chain of TIG
maintains its planar nature, and extensive polar interactions are
potentially formed with both the base and ribose of C1054 (Fig. 2C
and D). We speculate that the different binding modes observed in
the 30S and 70S structures result from the fact that the primary
tetracycline binding site in particular residues in h18 and C1054
(h34) is conformationally variable; namely its architecture can
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change when, for example, the head and shoulder rotate inward
toward the 30S subunit center during decoding (23). As seen in
Fig. 3A, h18, in particular, is in two distinct positions in the 30S
and 70S structures. TIG must be able to accommodate these
changes in order to remain tightly bound to the ribosome. The
alignment of the 30S and 70S structures indicates that the ex-
tended conformation of TIG seen in the 30S structure is compat-
ible with the closed positioning of h18 as seen in the 70S structure,
and, therefore, this change alone is not sufficient to explain the
differences in the conformation of the side chain (Fig. 3B). In
addition, alignments with models of newer tetracycline deriva-
tives, like eravacycline, suggest that they can also be accommo-
dated on the 70S structure with their side chains modeled in an
extended conformation (Fig. 3C).

The increased affinity and efficacy of TIG (compared to those
of minocycline and tetracycline) in both in vivo and in vitro activ-
ity assays as well as TIG’s ability to evade the most common tet-
racycline resistance mechanism are generally attributed to the
bulky tert-butyl-glycylamido side chain. When TIG binds the ri-
bosome with its side chain in the extended conformation, as seen
in the 30S-TIG structure, it clashes noticeably more with the ac-
commodating A-tRNA than tetracycline (see Fig. S2A in the sup-
plemental material) and displays extensive interactions (polar and
Van der Waals contacts) with its binding pocket; the buried sur-
face area increases from 1,261 A% in the TET structure to 1,367 A2
in the TIG structure. These characteristics alone might explain
TIG’s higher affinity for the ribosome and increased ability to
interfere with A-site binding. Moreover, TIG interacts exten-
sively with C1054 (Fig. 2C and D) and therefore restricts the
mobility of this nucleotide. This might have functional conse-
quences as this nucleotide is known to be highly dynamic and
important for A-site decoding (6, 23). Therefore, the mode of
action of TIG may be 2-fold: it extensively clashes with the
anticodon loop of the accommodating A-tRNA, and it fixes
C1054 in a conformation incompatible with the decoding re-
action (see Fig. S3 in the supplemental material). Additionally,
the flexibility of C1054 is important for the action of the ribo-
somal protection proteins (RPPs) that confer resistance to tet-
racyclines (24). In a recent cryo-electron microscopy (EM)
structure study, it was reported that the RPP, Tet(M), interacts
with the tetracycline binding pocket around C1054 and dis-
lodges TET by perturbing the interaction between C1054 and
the drug (3, 24). Therefore, as TIG interacts more extensively
with C1054 via its D ring and fert-butyl-glycylamido side chain,
it may evade the action of the RPPs by (i) sterically hindering
access to C1054 (3, 24) and/or (ii) further locking C1054 in a
conformation that is incompatible with the action of the RPP
(see Fig. S2B in the supplemental material). Although this is
not observed at the current resolution, it is interesting to spec-
ulate that the conformation of C1054 might indirectly affect
the coordination/positioning of the Mg>* ion interacting with
the phosphate groups of C1054, C1196, and C1198 and the
hydrophilic face of tetracycline and its derivatives (Fig. 2D).
Accordingly, the drugs would fix C1054 in a conformation with
aMg”" ion coordination favorable for drug binding, while the
RPPs would work to distort this coordination by manipulating
C1054; this would allow the RPPs to indirectly interfere with a
significant number of interactions seen in the tetracycline
binding pocket (Fig. 2D) to dislodge the drug.
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