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Tigecycline is a novel glycylcycline antibiotic that possesses broad-spectrum activity against many clinically
relevant species of bacterial pathogens. The mechanism of action of tigecycline was delineated using functional,
biophysical, and molecular modeling experiments in this study. Functional assays showed that tigecycline
specifically inhibits bacterial protein synthesis with potency 3- and 20-fold greater than that of minocycline and
tetracycline, respectively. Biophysical analyses demonstrated that isolated ribosomes bind tigecycline, minocycline, and tetracycline with dissociation constant values of 10ⴚ8, 10ⴚ7, and >10ⴚ6 M, respectively. A
molecular model of tigecycline bound to the ribosome was generated with the aid of a 3.40-angstrom resolution
X-ray diffraction structure of the 30S ribosomal subunit from Thermus thermophilus. This model places
tigecycline in the A site of the 30S subunit and involves substantial interactions with residues of H34 of the
ribosomal subunit. These interactions were not observed in a model of tetracycline binding. Modeling data were
consistent with the biochemical and biophysical data generated in this and other recent studies and suggested
that tigecycline binds to bacterial ribosomes in a novel way that allows it to overcome tetracycline resistance
due to ribosomal protection.
Glycylcyclines are novel semisynthetic compounds that contain
a glycylamido substitution at position 9 of various tetracycline
derivatives (27, 28). Tigecycline (Fig. 1), the 9-t-butylglycylamido
derivative of minocycline, is an expanded broad-spectrum antibiotic that is not affected by classical tetracycline resistance
mechanisms including ribosomal protection and efflux by tetracycline-specific pumps (3, 7, 20, 21). Tigecycline, the first-inclass glycylcycline currently approved in the United States for
the treatment of complicated intra-abdominal and skin infections, is in development worldwide. In vitro and in vivo studies
have shown that tigecycline is effective against drug-resistant
gram-positive and gram-negative bacteria (5, 18–21).
An abundance of data has been generated on the antimicrobial activity of tigecycline and on the mechanisms of
decreased susceptibility to tigecycline (4, 9, 12, 14, 20, 25,
26, 30). However, only three biochemical studies were performed with tigecycline and other glycylcyclines. It was previously shown that glycylcyclines were significantly more
potent inhibitors than tetracycline and possessed fivefoldgreater affinity for the ribosome (2, 23). By using Fe2⫹-

mediated cleavage, Bauer et al. showed that tigecycline
bound to the same high-affinity site as tetracycline in the 16S
rRNA (1). However, the data suggested that tigecycline
bound in a different orientation and with greater affinity
than tetracycline. In addition, mutational analyses confirmed the binding site for tigecycline where a decrease in
tigecycline susceptibility was observed with Escherichia coli
strains with known mutations in the A site (either G966U or
G1058C) in the rRNA. Although these studies provided
qualitative insights, a quantitative evaluation describing the
biophysical binding of tigecycline to the ribosome relative to
other compounds was not fully elucidated.
To this end, a series of experiments were performed to
further characterize the mode of action of tigecycline. First,
the inhibition of protein synthesis was demonstrated with an in
vitro translation assay. Second, the equilibrium binding constants for tigecycline, minocycline, and tetracycline were determined and confirmed by both functional and compound
competition assays. Finally, the nature of the interaction of
tigecycline with the A site of the 16S rRNA of the ribosome
was computationally probed relative to tetracycline to provide
insights into structural activity relationships at the molecular level.
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MATERIALS AND METHODS
Chemicals. Compounds used in this study were obtained from the following
sources: tigecycline and 14C-labeled tigecycline (0.2 Ci/mmol) from Wyeth Research, Pearl River, NY; tetracycline, minocycline, and rifampin from Sigma
Chemical Co., St. Louis, MO. Uridine 5⬘-[␣-33P]triphosphate (33P-␣-UTP; 3,000
Ci/mmol), 3H-labeled tetracycline (1 Ci/mmol), and Microscint-20 were obtained
from Perkin-Elmer, Wellesley, MA. Dithiothreitol (DTT), MgOAc, Tris base,
NaCl, KCl, EDTA, MgCl2, 2-mercaptoethanol. and NH4Cl were purchased
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FIG. 1. Structure of tigecycline.

IVT assay. In vitro transcription/translation (IVT) reactions were performed
by using the RTS 100 E. coli HY kit (Roche Applied Science, Penzberg, Germany) as specified by the manufacturer. Radiolabeled green fluorescent protein
(GFP) was synthesized by using a GFP plasmid vector (pIVEX control vector
GFP, part of the kit) as a DNA template and L-[35S]methionine (Amersham,
Piscataway, NJ) as the source of 35S. A typical IVT sample (12.5 l) contained
3 l of E. coli lysate (part of the kit), 2.5 l of reaction mix, 3 l of amino acid
solution, 0.625 l of 1 mM methionine, 1 l of L-[35S]methionine (15 Ci), 1.25
l of reconstitution buffer, 0.125 l of Milli-Q water, 0.5 l of either Milli-Q
water or compound solution, and 0.5 l of either Milli-Q water or GFP vector
(0.125 g). Following the addition of compounds, samples were preincubated for
5 min at 30°C and then supplied with GFP vector and incubated for 1 h at 30°C.
An aliquot (0.5 l) of each sample was mixed with 19 l of Laemmli sample
buffer (Bio-Rad, Hercules, CA), loaded on a 12.5% Tris-HCl Criterion gel
(Bio-Rad), and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis at constant voltage (120 V) as described previously (13). Following
electrophoresis, the gel was washed in Milli-Q-water for 20 min, dried on 3MM
paper (Whatman, Cambridge, United Kingdom), and exposed to a phosphor
storage screen (Bio-Rad) for 4 h. Qualitative and quantitative data acquisition
was performed by phosphorimagery using the Bio-Rad Molecular Imager FX

FIG. 2. Effect of tigecycline, tetracycline, and minocycline on protein synthesis. IVT reactions were performed in the presence of tigecycline (A), minocycline (B), or tetracycline (C). Compounds were
added as indicated prior to the addition of GFP plasmid vector. Samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and labeled protein was detected using a phosphorimager.
Bands represent the 35S-labeled GFP (⬃28 kDa). (D) IC50 value analysis from the data in panels A to C.
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from Research Organics, Cleveland, OH. Protease inhibitors were purchased
from Roche Applied Science, Indianapolis, IN. HEPES (pH 7.5) was purchased from Gibco-BRL/Invitrogen, Carlsbad, CA. Coomassie Protein Plus
reagent and bovine serum albumin (BSA) were purchased from Pierce Chemical Company, Rockford, IL.
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FIG. 3. Binding isotherms for the interactions of tigecycline, minocycline, and tetracycline with 30S and 70S ribosomes where compound is
titrated into the system. The isolated 30S (A, C, and E) and 70S (B, D, and F) ribosomes were incubated with tetracycline (A and B), minocycline
(C and D), and tigecycline (E and F). Samples contained 1.5 M of ribosomes for tetracycline and 0.5 M for tigecycline and minocycline. The
net change in fluorescence for tigecycline, minocycline, and tetracycline was measured at 515 to 520 nm, 505 to 510 nm, and 515 to 520 nm,
respectively, in the presence of increasing concentrations of compound: 0 to 25 M tetracycline, 0 to 15 M tigecycline, and 0 to 15 M
minocycline. The solid line in each panel corresponds to the curve fit to the quadratic equation.

system and Quantity One 4.1.1 software (Bio-Rad). Data were quantitated by
volume integration of the expressed GFP in each lane. Fifty percent inhibitory
concentration (IC50) values for inhibition of protein synthesis were determined
from the following equation: % inhibition ⫽ 100 ⫻ (volume mm2 of signal ⫺
volume mm2 background)/(volume mm2 max ⫺ volume mm2 background). Signal is the integrated volume in the presence of compound, background is the
integrated volume of an area corresponding to a reaction that did not contain

the GFP vector, and max is the integrated volume of a reaction performed in
the absence of compound. From these data, the IC50 value for each compound was determined by a sigmoid dose-response (variable slope, model 35)
using LSW data analysis (MDL Software) and the equation y ⫽ (Bmax *
xn)/(Kn ⫹ xn) where y ⫽ response or percent inhibition, n ⫽ Hill slope, x
⫽ logarithm of concentration of compound, and K ⫽ IC50 value with Bmax
constrained to be 100.
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TABLE 1. Equilibrium binding constants for tetracycline, minocycline,
and tigecycline binding to the E. coli 30S and 70S ribosomes where
compound was titrated into the system
KD value (M)

Compound
30S ribosome

Tetracycline
Minocycline
Tigecycline

a

19.7
2.6
3.1

70S ribosome

26a
7.8a
3.9

a
These equilibrium binding constants are KD apparent (KDapp) values, as
complete saturable binding was not achieved.

reaction buffer contained 10 mM Tris (pH 8), 20 mM MgCl2, 200 mM NaCl,
0.1 mM EDTA, and 6 mM 2-mercaptoethanol. The 70S binding reaction
buffer contained 10 mM Tris (pH 8), 20 mM MgCl2, 50 mM KCl, 0.1 mM
EDTA, and 6 mM 2-mercaptoethanol. The reaction mixtures were incubated
for 15 min at 37°C with mixing, and the samples were subjected to vacuum
filtration over a Millipore Multiscreen-IP plate (0.45-m pore size) and
washed seven times with ice-cold binding buffer. The filters were allowed to
dry, and the bound radioactivity was determined by scintillation counting in
a Wallac MicroBeta after the addition of 60 l of Microscint-20. Quantitation
(pmol of compound bound) was achieved by determining the specific activity
of the radiolabel by spotting 2 l of the binding reaction mixture onto the
filter plate and then adding scintillant and counting as above. The data
provided allow one to calculate a value for cpm-pmol⫺1 in the reaction
mixture and thereby the number of pmol compound bound. EC50 values
(concentration required to achieve 50% reduction in the amount of radiolabeled compound bound to ribosome) were determined by using LSW data
analysis (MDL Software) and the following equation: 100 ⫻ (pmol of signal ⫺ pmol background)/(pmol max ⫺ pmol background), where signal is the
quantity (pmol) of radiolabeled compound bound to the ribosome in the
presence of unlabeled compound, background is the quantity (pmol) of radiolabeled compound retained on the filter in the absence of ribosome, and
max is the quantity (pmol) of ligand bound to the ribosome and retained on
the filter in the absence of unlabeled compound.
Computational docking studies. Several molecular modeling software packages were used in this study to dock the ribosome ligands and evaluate system
energetics. These included FLO (Thistlesoft Software Co.) to explore possible
ribosome-ligand binding modes, Sybyl (Tripos Inc.) for system and site-based
minimizations, Macromodel (Schrodinger Inc.) to explore ligand conformations
and energies, and Zap_Bind (OpenEye Scientific Software, Inc.) to calculate
solvation-based electrostatics.
The A site of the 3.4-angstrom X-ray diffraction structure (Protein Data Bank
code 1HNW) (6) was used as the receptor site in this study. Prior to use,
however, all hydrogens were added, a molecular mechanics-based minimization
of the energy of the system was performed (in Sybyl using the MMFF94 force
field), and then all small molecules were removed to leave an empty, minimized,
chemically competent binding site for docking. The minimization of the site and
of tetracycline was necessary to adjust the structural parameters to the energy
function that was used for the binding experiment and, in addition, to correct
some discrepancies between the Protein Data Bank structure and the description
of the binding poses of tetracycline as shown in the original article by Brodersen
et al. (6).
The binding pose of tetracycline (the one found after minimization of 1HNW)
and the area surrounding its site of interaction were the primary focus of our
efforts. The binding mode for minocycline was extrapolated by modifying
tetracycline to minocycline and minimizing, whereas binding modes for tigecycline were explored using FLO and its “mcdock” procedure with the surrounding protein side chains and nucleic acid bases left flexible; all other
atoms were fixed. The mcdock procedure utilizes a Monte Carlo sampling and
docking technique, which is described in more detail by Brodersen et al. (6).
Energetic evaluations (docking scores) are based on a combined MM3 and
AMBER molecular mechanics force field (15), which was modified to include
parameters specific for this system (e.g., Mg ion parameters). Several of the
best-scoring binding modes per ligand were saved and evaluated further (see
below).
The FLO-generated poses were then subjected to final Sybyl-based minimizations and rescoring using energy terms derived from Sybyl, Macromodel,
and Zap_Bind. The form of this final scoring function closely resembles that
of one previously described MM-PBSA (molecular mechanics Poisson-Boltzmann/surface area) (24, 31) and is represented by the equation Etotal ⫽
Egvdw ⫹ Eelec ⫹ Ehydro ⫹ Erotors ⫹ Egint. This function not only includes the
gas-phase energetics of interaction between the ribosome and ligand but also
includes the effects of solvation. Here, Egvdw is the gas-phase van der Waals
energy (Sybyl), Eelec is the Poisson-based electrostatics energy (screened
Coulombic ⫹ desolvation; from Zap_Bind), Ehydro is a surface area-based
approximation of the hydrophobic effect (Zap_Bind), Erotors is a penalty
representing the ligand’s torsional entropy loss, and Egint is the ligand internal
strain energy (Macromodel). Minimizations immediately prior to evaluation
of the individual terms were performed in Sybyl using the MMFF94 force
field and a distance-dependent Coulombic function with a dielectric constant
of 4.
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Ribosome purification. E. coli [DH5␣ F⫺ 80dlacZ⌬M15 ⌬(lacZYAargF)U169 recA1 endA1 hsdR17(rK⫺ mK⫹) phoA supE44 ⫺ thi-1 gyrA96 relA1]
was fermented to mid-log phase in F medium supplemented with 1% glucose (8).
Bacterial cells were resuspended in an equal weight/volume of 20 mM Tris (pH
7.5) and 10% sucrose, flash frozen in liquid nitrogen, and stored at ⫺20°C.
Ribosomes were isolated from 38 g of E. coli essentially as described by Kiel et
al. (11) and Moazed (17). DTT and protease inhibitors were added to all buffers
(used according to the manufacturer’s instructions), and HEPES (pH 7.5) was
substituted for Tris (pH 7.5). E. coli DH5␣ was lysed with a French pressure cell
(12,500 lb/in2) at 3 g cells/ml, and the ribosomes were separated on a 10 to 30%
sucrose gradient by centrifugation for 15 h at 22,000 rpm in an SW28 rotor.
Ribosome concentration was determined by both A260 and protein assay (Coomassie Protein Plus reagent and BSA as the standard, according to the manufacturer’s instructions).
Fluorescence binding studies. Fluorescent spectroscopic methods were used
to determine the binding potency of tetracycline, minocycline, and tigecycline
for the purified 30S and 70S ribosomes as a function of both compound and
ribosome concentration. To ensure compound stability, 10 mM stocks of each
compound were made fresh and used within 3 h. The molar extinction coefficients for tetracycline, minocycline, and tigecycline were determined in 5
mM MgOAc and were ε378 ⫽ 19,400, 33,500, and 27,200 · M⫺1 · cm⫺1,
respectively. The changes in the quantum yield and emission maximum of
each compound were monitored. The intrinsic fluorescence of each compound was monitored with a Jobin-Yvon Horiba fluorometer (Fluoromax-3).
The polarized emission spectra were obtained with vertically polarized excitation at 380 nm; the emission range was 480 to 560 nm. Fluorometric
measurements were performed at 25°C in 5- ⫻ 5-mm quartz cells in 20 mM
HEPES (pH 7.5), 5 mM MgOAc, 50 mM NH4Cl, and 0.1 mM DTT. All buffer
components were sterilized by filtration through an 0.2-m nitrocellulose
filter (Corning, Corning, NY) prior to use. All fluorescent spectra were
scanned in the ratio mode (signal/reference) to compensate for variations in
lamp output as a function of wavelength. Fluorescence was monitored 5 min
after addition of the ribosome solution to the quartz cell. The excitation and
emission bandwidths used were 2 nm and 8 nm for tigecycline, 2 nm and 4 nm
for minocycline, and 2 nm and 2 nm for tetracycline, respectively. Where
binding was monitored as a function of compound concentration, the isolated
30S and 70S ribosomes were present at 0.5 M for tigecycline and minocycline and 1.5 M for tetracycline. Compound was then titrated into the
solution (0.5 ml) from 0.125 to 15 M for tigecycline and minocycline and
from 0.125 to 25 M for tetracycline. Where binding of compound was
monitored as a function of ribosome concentrations, the isolated 30S and 70S
ribosomes were titrated into a 1 M (0.5-ml) solution of each compound and
fluorescence intensity increase was monitored. For tigecycline and minocycline, the 30S and 70S ribosomes were titrated from 0 to 7 M. For tetracycline, the 30S and 70S ribosomes were titrated from 0 to 14 M and 0 to 9
M, respectively. Equilibrium binding constants were determined by using
nonlinear curve fitting and a quadratic algorithm, Y ⫽ F*[(X ⫹ Pt ⫹ KD) ⫺ ({[(Pt ⫹
X ⫹ KD)2] ⫺ (4*X*Pt)}0.5)]/(2*Pt), within the program Graphpad Prism, where
Y is change in fluorescence intensity, X is fluorophore concentration, Pt is protein
concentration, KD is dissociation constant, and F is fluorescence intensity at
saturation. The binding was considered as saturable when the KD value obtained
was at least fourfold lower than the highest concentration of ligand evaluated in
the assay.
Competition assays. The 30S (40 pmol, 0.8 M) and 70S (70 pmol, 1.4 M)
ribosomes were added to a mixture of a fixed amount of [3H]tetracycline (6
M final concentration) and [14C]tigecycline (4 M final concentration) and
various concentrations of unlabeled tetracycline, minocycline, and tigecycline
(0 to 200 M final concentration) in a final volume of 50 l. The 30S binding
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FIG. 4. Binding isotherms for the interactions of tigecycline, minocycline, and tetracycline with 30S and 70S ribosomes where ribosome is
titrated into the system. Tigecycline (A and B), minocycline (C and D), and tetracycline (E and F) were present at 1 M concentrations whereby
the isolated 30S (A, C, and E) and 70S (B, D, and F) ribosomes were titrated into the system. The net change in fluorescence for tigecycline,
minocycline, and tetracycline was measured at 510 to 520 nm, 505 to 515 nm, and 510 to 520 nm, respectively, in the presence of increasing
concentrations of ribosome. The solid line in each panel corresponds to the curve fit to the quadratic equation.

RESULTS
Effect of tigecycline, tetracycline, and minocycline on protein synthesis. The structural similarity of tigecycline, tetracycline, and minocycline and the results of previous binding
studies suggested that tigecycline, like tetracycline and minocycline, acts as an inhibitor of bacterial protein synthesis.

Therefore, an IVT assay was employed to test this hypothesis.
As shown in Fig. 2, each compound inhibited the synthesis of
35
S-GFP catalyzed by E. coli cell lysate. Calculated IC50 values
for tigecycline, minocycline, and tetracycline were 0.75 ⫾ 0.1
M, 2.5 ⫾ 0.25 M, and 16.5 ⫾ 3.3 M, respectively. The
multiple bands observed in Fig. 2 are likely due to overloading
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TABLE 2. Equilibrium binding constants for tetracycline, minocycline,
and tigecycline binding to the E. coli 30S and 70S ribosomes
where the ribosome was titrated into the system
KD value (M)

Compound
30S ribosome

Tetracycline
Minocycline
Tigecycline

a

13.2
0.35
0.07

TABLE 3. Competition of 关3H兴tetracycline binding to the E. coli
30S and 70S ribosomes by unlabeled tetracycline,
minocycline, and tigecycline
EC50 (M)

Unlabeled compounda
70S ribosome
a

19.6
0.17
0.03

a
The equilibrium binding constants for tetracycline are KD apparent (KDapp)
values, as complete saturable binding was not achieved.

Tetracycline
Minocycline
Tigecycline
a

30S ribosome

70S ribosome

7
1.4
0.7

4.9
0.6
0.4

Labeled compound (关3H兴tetracycline) was used at 6 M final concentration.

Binding of tigecycline, minocycline, and tetracycline to the
30S and 70S ribosomes. In addition to values provided by the
functional assay, the potency of tigecycline, minocycline,
and tetracycline was evaluated through determination of the
equilibrium binding constants for each compound by monitoring their intrinsic fluorescence. Experiments were performed where either compound or ribosome was titrated
into the assay. The titration of compound into the system

FIG. 5. Competition of [3H]tetracycline and [14C]tigecycline by unlabeled tigecycline, minocycline, and tetracycline. The 30S (40 pmol, 0.6 M
[A and C]) and 70S (70 pmol, 1.4 M [B and D]) ribosomes were incubated for 15 min at 37°C with [3H]tetracycline (6 M [A and B]) or
[14C]tigecycline (4 M [C and D]) in the presence of increasing concentrations of unlabeled tigecycline, minocycline, and tetracycline (0 to 200
M). The quantity of [3H]tetracycline and [14C]tigecycline bound to the ribosomes was determined. For panels A to D, 100% binding represents
the amount of radiolabeled compound bound in the absence of unlabeled compound. For panel A these values are 4, 4.5, and 4.7 pmol of
[3H]tetracycline for tigecycline, minocycline, and tetracycline titrated into the assay, respectively. Likewise for panel B these values are 4.2, 6.3, and
6.9 pmol, respectively. For panel C, the quantities of [14C]tigecycline bound in the absence of unlabeled compound are 25, 34, and 30 pmol for
tigecycline, minocycline, and tetracycline titrated into the system, respectively. Similarly for panel D, these values are 50, 64, and 58 pmol,
respectively.
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of the sample, since the IVT reaction contains a host of reagents that might affect GFP migration in the gel. It should be
noted that the tigecycline curve did not reach zero (Fig. 2D),
which might suggest that in the functional assay tigecycline
activity may be an underestimate and that even at nM concentrations the drug is effective at disrupting protein synthesis in
this assay.
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TABLE 4. Competition of 关14C兴tigecycline binding to the E. coli
30S and 70S ribosomes by unlabeled tetracycline,
minocycline, and tigecycline
EC50 (M)

Unlabeled compounda
30S ribosome

Tetracycline
Minocycline
Tigecycline
a
b

ND
2
2.5

b

70S ribosome

ND
4.2
5.5

Labeled compound (关14C兴tigecycline) was used at 4 M final concentration.
ND, not determinable.

DISCUSSION
This study demonstrated that tigecycline specifically inhibits
protein synthesis in an in vitro assay system containing the bacterial enzymes required for transcription and translation. Inhibition of protein synthesis by tigecycline was 3-fold more efficient
than inhibition by minocycline and 20-fold more efficient than
inhibition by tetracycline. This was consistent with previous work
where glycylcyclines 9-(N,N-dimethylglycylamido)-minocycline
(DMG-MINO), 9-(N,N-dimethylglycylamido)-6-demethyl-6-deoxytetracycline (DMG-DMDOT), and 9-(N,N-dimethylglycylamido)-doxycycline (DMG-DOX) inhibited bacterial protein
synthesis with greater efficiency than did tetracycline and minocycline (2).
Biophysical binding experiments showed that tigecycline
bound to the 30S and 70S ribosomes with 5-fold- and ⬎100fold-greater affinity than minocycline and tetracycline, respectively. These data were internally consistent with the potency
differences in our functional assay. Previous work estimated
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has the potential to detect multiple binding sites on the
ribosome. This has been proposed for tetracycline, whereby
a single high-affinity binding site and multiple (up to five)
low-affinity binding sites exist (6, 22). In this study, binding
of tigecycline, minocycline, and tetracycline was observed as
a function of compound concentration (Fig. 3). The Hill
coefficients for tetracycline, minocycline, and tigecycline
binding to both the 30S and 70S ribosomes ranged from 1 to
1.3, indicating that no cooperative binding was observed.
Saturable binding was observed to both 30S and 70S ribosomes for tigecycline (Fig. 3E and 3F) but only to 30S
ribosome for minocycline (Fig. 3C). Saturable binding was
not observed for tetracycline to either the 30S or the 70S
ribosomes (Fig. 3A and 3B). It is likely that the inability to
observe saturable binding for tetracycline (to both the 30S
and 70S ribosomes) and minocycline (to the 70S ribosome)
is due to the binding of tetracycline and minocycline to a
lower-affinity binding site(s). The equilibrium binding constants for tigecycline and minocycline are similar, ranging
from 3 to 8 M, whereas for tetracycline these values are ca.
20 M (Table 1).
The experimental design for the data in Fig. 4 and Table 2 is
the reciprocal for the experiment shown in Fig. 3 and Table 1.
Here, ribosome is titrated into the system, and as such, with
compound limiting, binding should primarily occur at the highaffinity site, if the affinity for compound at the high-affinity site
is sufficiently different from that at the low-affinity site(s). For
both minocycline and tigecycline, saturable binding was observed at or near 1 M concentrations of the 30S and 70S
ribosomes (Fig. 4C to F). This is the same as the concentration
of compound in the binding assay, which suggests stoichiometric binding of both tigecycline and minocycline at a high-affinity
site. The KD values for the 30S and 70S ribosomes are summarized in Table 2 and are on the order of 10⫺8 M, 10⫺7 M,
and ⬎10⫺6 M for tigecycline, minocycline, and tetracycline,
respectively.
Competition studies with [3H]tetracycline and [14C]tigecycline. To further confirm the data observed in the fluorescent binding assays, competition experiments were performed where radiolabeled tetracycline and tigecycline
competed with unlabeled compounds for ribosome binding.
In these competition studies, unlabeled and labeled compounds were given an equal opportunity to bind to the
ribosome. As shown in Fig. 5A and 5B, both tigecycline and
minocycline efficiently competed with [3H]tetracycline for
both 30S and 70S ribosomes. The EC50 values for tigecycline
and minocycline were severalfold lower than the concentra-

tion of [3H]tetracycline (Table 3). The results of the competition with [14C]tigecycline are shown in Fig. 5C and 5D
and Table 4. Although some competition was observed between tetracycline and [14C]tigecycline, the EC50 values
could not be determined even when tetracycline was used in
a 50-fold molar excess over labeled compound. In contrast,
both tigecycline and minocycline were able to compete with
[14C]tigecycline (EC50 values in 2 to 5.5 M range).
Computational docking studies. Of the poses generated by
computational modeling, there was one that was both energetically favorable and consistent with all known experimental information about the tigecycline-ribosome interaction (Fig. 6 and 7).
Specifically, this binding pose scored well because of the favorable
electrostatics and van der Waals and hydrogen-bonding interactions with atoms of the 30S subunit. This is in spite of the fact that
none of the force fields used in this work specifically accounts for
the enthalpic (quantum mechanical) interaction between the ligand and the surface-bound Mg. Compared to tetracycline, we
found that tigecycline not only boasted more favorable van der
Waals and Coulombic interactions but also a much lower desolvation penalty. Minocycline, on the other hand, was not as favorable as tigecycline in these areas but was found to have more
favorable electrostatics than tetracycline (Fig. 6B).
Our model predicts that the tigecycline binding site intersects
with that of the tetracyclines as shown in the X-ray structure. The
most prominent commonalities between the ligand binding
modes are (i) the coordination of a Mg ion that interacts with the
phosphate groups of G1197, C1054, and U1196 and (ii) the proximity and close interactions between the A-ring substituents and
G966, C1195, U1196, G1197, and G1198. However, what unequivocally separates the glycylcyclines from the tetracyclines is
the fact that the glycylcyclines interact directly with other regions
of the A site in a manner never seen before for any other class of
A-site binding compounds. The first of these differences is the
substantial hydrogen bonding interactions made between the aminoglycyl tail of tigecycline and C1054 in a syn orientation. The
other major difference is in the additional contact/van der Waals
interactions made by the t-butyl group with the irregular minor
groove of H34 at or around the ribose ring of U1052, and the
G530-A532 stretch of nucleotides on H18.
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FIG. 6. Computational docking. A. Overview of the tigecycline binding site and the predicted ligand-ribosome interactions. The RNA helices
H34, H31, and H18 are colored in red, cyan, and yellow, respectively. B. Overview of the tetracycline-ribosome interaction and the predicted
minocycline-ribosome interactions. The RNA helices H34, H31, and H18 are colored in red, cyan, and yellow, respectively. Tetracycline is
represented with its carbon atoms colored in green and minocycline with its carbon atoms colored in pink. The green double-headed arrow
represents the -stacking interaction between the D ring and the cytosine of C1054.
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the KD value for the tetracycline-ribosome interaction to be
in the M range (2, 10, 29). A comprehensive analysis by
Tritton showed that tetracycline binds to a single strong
binding site with an affinity of approximately 17 M, which
is in good agreement with the binding estimated in this study
(29). Likewise, Bergeron et al. (2) estimated the KD value to
be as high as 10 M for tetracycline binding to the 70S
ribosome. The reason for the discrepancy between such a
low-affinity experimental value for the tetracycline-ribosome
interaction and the actual potency of the drug is not understood, which highlights certain limitations of in vitro experiments
for direct estimation of in vivo activity of the compounds.
It should be noted that the KD values describing the binding
of tigecycline and minocycline to the 30S and 70S ribosomes
where the ribosomes were titrated into the system were 1 to 2
logs lower than those where compound was titrated into the
system. These data are consistent with the presence of a
single high-affinity binding site and a separate low-affinity
binding site(s) whereby the KD values between the “high-”
and “low-affinity” binding sites are significantly different.
This observation was further supported by near-stoichiometric binding of tigecycline and minocycline to the 30S and
70S ribosome—presumably at the high-affinity site. In contrast, the affinity of tetracycline binding to the 30S and 70S
ribosome was 10⫺5 M regardless of the method. This suggests that the KD values for tetracycline binding to both the
“high-” and “low-affinity” sites are not sufficiently different
to allow for binding to the high-affinity site prior to binding
to the lower-affinity site(s).
The results of competition experiments presented here are
consistent with tigecycline and minocycline having greater affinity for both the 30S and 70S ribosomes. This study revealed
that tigecycline competes for the 30S and 70S ribosome 10- to

12-fold more efficiently than tetracycline. Similarly, the relative
affinities of DMG-DMDOT and DMG-DOX to the 70S ribosome were fivefold higher than that of tetracycline in a filter
binding assay (2).
It has been suggested previously that tigecycline and tetracycline occupy the same or overlapping regions of the 16S
RNA, but they appear to bind in unique orientations (1). A
quantitative analysis by Bauer et al. (1) showed that the maximal signal increases for tigecycline and tetracycline for Fe2⫹mediated hydroxyl radical cleavage were at 1 and 100 M,
respectively. The 2-log reduction in tigecycline concentration
required to bring about the same cleavage product by hydroxy
radical footprinting is consistent with the functional and biophysical experiments in this report.
Biophysical studies with the tetracycline class of compounds
led to the hypothesis that the compound effect of drugs that
bind to the A site is due to the fact that they sterically prevent
the binding of aminoacyl-tRNA during bacterial protein synthesis. The biophysical studies of Bauer et al. (1) and our
energetically favorable A-site binding pose support the hypothesis that tigecycline shares this same mode of action. First, the
Fe2⫹-mediated hydroxyl radical cleavage experiments induced
chain breakages at A964-A969, A1339-U1341, and C1195A1197 in the presence of tetracycline and tigecycline (1). This
result correlates with the X-ray experiment (31), where A964A969 and C1195-A1197 were found to be part of the binding
site for tetracycline. Our models, which also place tetracycline,
minocycline, and tigecycline in the A site, show direct interactions with G966, C1195, and U1196. Second, C1054 is protected from dimethylsulfate-induced methylation in the presence of tigecycline (1). This is in agreement with our predicted
binding mode since we find a strong interaction between the
glycyl moiety of tigecycline and the base of C1054. This inter-
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FIG. 7. Chemical structure diagram of the main interactions between tigecycline and the 16S RNA in the A binding site. The dashed lines
represent the hydrogen bonds whereas the dotted lines represent the coordination bonds between tigecycline and a magnesium ion bound to the
surface of the ribosome.
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action, two hydrogen bonds, is very different from the one
observed between C1054 and tetracycline (speculated to be a
weaker -type interaction). Finally, a shift in in vitro MICs of
tigecycline is observed with the G9663U and G10583C Asite mutations, which is consistent with the fact that G966 is
specifically making interactions with tigecycline. For G1058,
this base is not directly part of the A-binding site but just 3
nucleotides away. These studies suggest that the G1058 mutation affects the ligand-ribosome interactions around C1054.
Further experiments, e.g., site-directed mutagenesis of position 1054, would be required to validate the predicted binding
mode of tigecycline.
The computational modeling approach described in this
study had the following limitations: (i) none of the force fields
specifically accounted for the enthalpic (quantum mechanical)
interaction between the ligand and the surface-bound Mg, as
the coordination state cannot be reproduced by a typical mechanic force field, and (ii) the A binding site is a very large and
mostly “flat” space completely open to solvent, suggesting that
the solvent might be important in the binding of tigecycline,
tetracycline, and minocycline; however, the role of the solvent
can only be partially taken into account using the MM-PBSA
scoring function used in this study.
As suggested previously, the ability of glycylcyclines to overcome TetM-mediated resistance could result from increased
affinity of binding (23). Alternatively, it was also suggested that
glycylcyclines might bind to the ribosome in a unique way that
would render ribosomal protection by TetM ineffective. The
data in this study support both possibilities, as tigecycline was
seen to make additional strong contacts with nucleotides in
H34 and H18, compared to tetracycline and minocycline. Nevertheless, the mechanism of ribosomal protection is not entirely understood. Presumably, binding of ribosomal protection
proteins such as TetM and TetO alters ribosomal conformation and causes release of compounds such as tetracycline and
minocycline (16). Perhaps tigecycline evades ribosomal protection due to either the stronger interactions or the unique mode
of binding or a combination of the two factors. However,
because the results of this study indicate that minocycline is
comparable to tigecycline (albeit less efficient in inhibition of
protein synthesis and ribosomal binding), it is likely that the
additional interaction sites between tigecycline and ribosomes
uncovered by the binding model presented in this study contribute substantially to the ability of tigecycline to overcome
ribosomal protection and to maintain activity against tetracycline-resistant bacteria.
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