13594 Biochemistry 2008, 47, 13594-13603

Binding of Tetracyclines to Elongation Factor Tu, the Tet Repressor, and the
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Alexey Aleksandrov and Thomas Simonson*
Laboratoire de Biochimie (CNRS UMR7654), Department of Biology, Ecole Polytechnique, 91128 Palaiseau, France
Received September 10, 2008; Revised Manuscript Received October 28, 2008

ABSTRACT: Tetracycline (Tc) is a broad-spectrum antibiotic that kills bacteria by interrupting protein
biosynthesis. It is thought that the bacteriostatic action of Tc is associated with its binding to the acceptor
site (or A site) in the bacterial ribosome, interfering with the attachment of aminoacyl-tRNA. Recently,
however, the crystal structure of a complex between Tc and trypsin-modified elongation factor Tu (tm-
EF-Tu) was determined, raising the question of whether Tc binding to EF-Tu has a role in its inhibition
of protein synthesis. We address this question using computer simulations. As controls, we first compute
relative ribosome binding free energies for seven Tc variants for which experimental data are available,
obtaining good agreement. We then consider the binding of Tc to both the trypsin-modified and unmodified
EF-Tu—GDP complexes. We show that the direct contribution of EF-Tu to the binding free energy is
negligible; rather, the binding can be solely attributed to interactions of Tc with a bridging Mg?* ion and
the GDP phosphate groups. The effects of trypsin modification are modest. Further, our calculations show
that EF-Tu does not exhibit any binding preference for Tc over the nonantibiotic, 4-dedimethyl-Tc, and
EF-Tu does not bind the Tc analogue tigecycline, which is a potent antibiotic. In contrast, both the ribosome
and the Tet Repressor protein (involved in Tc resistance) do show a binding preference for Tc over
4-dedimethyl-Tc, and the ribosome prefers to bind tigecycline over Tc. Overall, our results provide insights
into the binding properties of tetracyclines and support the idea that EF-Tu is not their primary target.

Tetracycline (Tc)' is a broad-spectrum antibiotic, with
activity against a wide range of Gram-positive and Gram-
negative bacteria (/—3). Tetracyclines also have diverse
applications in molecular biology and biotechnology, being
used in conjunction with the Tet Repressor protein to
artificially control the expression of target genes (4—6). In
addition, they have a range of interesting, nonantibiotic
properties; for example, they bind to and inhibit several
human enzymes (7, 8). The bacteriostatic action of tetracy-
cline has been extensively studied over the past 50 years,
and it is well-established that Tc blocks protein biosynthesis
(9, 10). Tc is thought to prevent the binding of aminoacylated
tRNA to the A-site of mRNA-programmed ribosomes (3).
Thus, the primary molecular target of Tc is thought to be
the ribosome. Two structural studies in which Tc was
diffused into pregrown crystals of the 30S ribosomal subunit
identified two and six binding sites in which Tc makes direct
contacts with rRNA (/7, 12). Recently, we reported a
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computational study of Tc binding to the ribosome (/3).
Molecular dynamics and continuum electrostatic methods
were employed, providing evidence that one site is predomi-
nant, consistent with its higher crystallographic occupancy
in the X-ray structures. In this binding site, Tc primarily
interacts with the H34 region of the 16S rRNA (11, 12),
which is involved in the binding of aminoacyl-tRNA. This
suggests further that this site is the primary target of Tc
action. However, another possibility was suggested when Tc
was shown to crystallize as a 1:1 complex with the trypsin-
modified form of Escherichia coli EF-Tu—Mg—GDP (14).
Thus, EF-Tu might be one of several Tc targets. Several
classes of antibiotics exist that bind to EF-Tu and block
protein synthesis (/5—17). The structure of the tm-EF-
Tu—Mg—GDP—Tc complex was recently reported (/8),
showing that Tc not only binds to tm-EF-Tu—Mg—GDP but
does so by interacting with an important structural motif that
is shared by all GTPases and many ATPases (/8). Trypsin-
modified EF-Tu lacks amino acids 45—58, which form the
switch I loop, as well as residues 1—7. Heffron et al. (18)
modeled the missing switch I loop into the tm-EF-
Tu—Mg—GDP—Tc complex and found steric contacts
between the loop and Tc, which might alter or impair Tc
binding to intact EF-Tu. They also noted that the switch I
loop is flexible, so that these contacts might be absent or
relieved in the intact EF-Tu—Mg—GDP—Tc complex.

To clarify the possible biological relevance of Tc—EF-
Tu binding, we use molecular dynamics and free energy
simulations (/9—24). Such calculations have become possible
because we recently developed the first high-quality force

© 2008 American Chemical Society

Published on Web 11/25/2008



Tetracycline Binding to EF-Tu, the Ribosome, and TetR
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FIGURE 1: Plain tetracycline (Tc) and the seven analogues considered
in this work.

field model for tetracycline and 11 of its analogues (25, 26).
As a first step, we perform a series of control calculations,
considering ribosome binding by Tc and several analogues
for which experimental data are available (27—317). We use
alchemical, molecular dynamics free energy simulations
(MDFE) to compute the relative binding free energies,
obtaining good agreement with experiment. Next, we con-
sider both intact and tm-EF-Tu and their binding by Tc and
two of its analogues: the potent antibiotic tigecycline and
the nonantibiotic 4-dedimethyl-Tc (Figure 1). We compare
the binding to EF-Tu, the ribosome, and the Tet Repressor
(TetR), which mediates the main mechanism of Tc resistance.
We show that when Tc binds to the EF-Tu—GDP—Mg
complex, the contribution of EF-Tu to the binding free energy
is negligible; rather, the favorable binding free energy can
be solely attributed to interactions of Tc with the Mg?* ion
and the GDP phosphate groups. Results for intact and tm-
EF-Tu are very similar. Further calculations show that EF-
Tu does not exhibit any preference for Tc binding over the
nonantibiotic analogue, 4-dedimethyl-Tc (4-ddma-Tc). In
contrast, the ribosome does show a marked preference for
Tc binding. We also performed free energy simulations to
compare EF-Tu binding of Tc and its analogue tigecycline.
Tigecycline is found to bind much more weakly to EF-Tu
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than Tc. Finally, we examined the G1058C mutation in the
ribosome, which is known to produce Tc resistance (27).
This mutation is shown to increase the Tc binding free
energy, weakening binding. Along with recent results for
Tc—ribosome binding and TetR induction by Tc (13, 26, 32),
these data illustrate the modular structure of tetracyclines.
Indeed, these molecules have one edge that primarily
confirms receptor binding specificity, and another edge that
controls metal binding and positioning, and can be used to
act, through the metal ion, on a given environment (26).
Overall, our results strongly support the idea that the
ribosome, not EF-Tu, is the primary target of tetracycline.

MATERIALS AND METHODS

Computed Structures and Free Energies for EF-Tu—Tc
Binding. (i) Molecular Dynamics Simulations. Crystal struc-
tures of elongation factor Tu (EF-Tu) were taken from
Protein Data Bank (PDB) entries 1DGI1 (intact EF-Tu
without Tc¢) and 2HCJ (tm-EF-Tu with Tc bound) (/8, 33).
The simulations included protein residues within a 26 A
sphere, centered on the Tc binding site. In addition to crystal
waters, a 26 A sphere of water was overlaid and waters that
overlapped protein, GDP, crystal waters, Tc (when present),
or Mg?* were removed. For the complexes of Tc with intact
EF-Tu, the missing residues of the switch I loop (amino acids
45—58) and neighboring amino acids (41—44) were posi-
tioned on the basis of the 1DGI structure; one side chain
that overlapped Tc was manually reoriented, and the structure
was energy-minimized with harmonic restraints applied to
the entire protein except the loop. Throughout all the MD
simulations, protein atoms between 20 and 26 A from the
sphere’s center were harmonically restrained to their experi-
mental positions. Simulations were conducted with the SSBP
solvent model (34—36), which treats the region outside the
26 A sphere as a uniform dielectric continuum, with a
dielectric constant of 80. This is reasonable, since most of
the outer region is water. Newtonian dynamics were used
for the innermost region, within 20 A of the sphere’s center;
Langevin dynamics were used for the outer part of the sphere,
with a 292 K bath. The CHARMM?22 force field was used
for the protein (37) and the TIP3P model for water (38). Tc
was described with the force field developed previously (25).
The analogues tigecycline and 4-ddma-Tc were parametrized
in a similar way (26). Electrostatic interactions were com-
puted without any cutoff, using a multipole approximation
for distant groups (39). Calculations were conducted with
CHARMM (40). The same MD protocols were used for the
class D Tet Repressor (TetR) and the Thermus thermophilus
30S ribosomal particles; see refs /3 and 32 for more details.
Notice that there are a few nonstandard nucleotides in the
T. thermophilus 30S ribosomal particle (4/). Only two are
within 12 A of either Tc binding site. m*Gua966 has a methyl
group ~11 A from the nearest Tc atom in TET1, pointing
away from the ligand; m>Cyt967 is somewhat closer, with
its additional methyl ~6 A from the acetamide nitrogen of
Tc in the TET1 site (bottom right atom in the Figure 1
orientation). In the absence of force field parameters for
m>Cyt, we replaced both nucleotides with standard nucle-
otides, assuming that the additional methyl groups do not
significantly affect the relative binding affinities of the
various Tc variants. This should be reasonable, since the Cyt-
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FIGURE 2: Thermodynamic cycles for ligand—receptor binding. (A)
Comparing Tc and 4-ddma-Tc. Vertical legs represent Tc™—Mg?*
or 4-ddma-Tc™—Mg?" species binding to a receptor (TetR, EF-Tu,
or ribosome). Horizontal legs represent the alchemical transforma-
tion of Tc™ into 4-ddma-Tc™ in solution (below) or in the
receptor—Tc™—Mg?* complex (above). (B) Comparing Tc tauto-
merzif states. (C) GDP—EF-Tu binding with and without cobound
Mg~

967 methyl is 6 A distant and the Tc variants all share the
exact same chemistry in the vicinity of their acetamide group
(Figure 1).

(ii) Alchemical MD Free Energy (MDFE) Simulations. To
compare Tc and a Tc analogue (i.e., T¢") binding to a receptor
(TetR, EF-Tu, or the ribosome), we use the thermodynamic
cycle in Figure 2A. The MDFE method follows the hori-
zontal legs of the cycle. Tc is reversibly transformed into
its analogue during a series of MD simulations. The
corresponding work is derived from a thermodynamic
integration formula (42).

Most of the simulations were performed with the spherical
boundary conditions described above (see also refs 43 and
44): we considered receptor atoms within a sphere with a
25 A radius, centered on an Mg>" ion that coordinates
tetracycline in TetR, EF-Tu, or the ribosome. However, the
Tc/4-ddma-Tc transformations in the TetR protein and the
ribosome were performed using a cubic box with a 74 A
edge. For these simulations, periodic boundary conditions
were assumed and electrostatic interactions were approxi-
mated by the particle mesh Ewald (PME) method (45); as
before, portions of the receptor more than 25 A from the
Mg>* were neglected, and receptor atoms between 20 and
25 A were harmonically restrained.

For the lower leg of the thermodynamic cycle, we simulate
the Tc—Mg?" complex in solution. For the upper leg, we
simulate a portion of the Tc™—Mg?" —receptor complex
(Tc™—Mg?"—EF-Tu or Tc-—Mg*"—ribosome), solvated by
the same 25 A sphere or 74 A water box. In each simulation
system, the energy function can be expressed as a linear
combination of Tc™—Mg?" and Tc’”—Mg?" terms:

UA)=U,+ (1 —)U(Tc) + AU(TC) (1)

where 1 is a “coupling parameter” and U, represents
interactions between parts of the system other than Tc. The
free energy derivative with respect to 4 has the form
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820 = (u(re) - ucte)), @)

where the brackets indicate an average over an MD trajectory
with the energy function U(4) (42, 23). We gradually mutated
Tc into T¢” by changing A from 1 to 0. The successive values
of 1 were 0.999, 0.99, 0.95, 0.9, 0.8, 0.6, 0.4, 0.2, 0.1, 0.05,
0.01, and 0.001. The free energy derivatives were computed
at each 4 value from a 100 ps MD simulation, or “window”;
the last 80 ps of each window was used for averaging. A
complete mutation run thus corresponded to 12 windows and
1.2 ns of simulation. Usually, one run was performed in each
direction (Tc into Tc¢” and the reverse).

Accurate uncertainty estimation with MDFE is difficult
and expensive (46—48). A widely used approach is to
perform multiple runs and measure the dispersion between
runs. While this seems plausible, it neglects some forms of
systematic error and can actually lead to an overestimated
uncertainty. In particular, it is well-known that runs per-
formed in opposite directions (‘“forward” and “backward”
transformations; 4 increasing or decreasing) exhibit system-
atic hysteresis effects (49—517). Thus, in the past, we have
used error estimators that consider pairs of runs, one in each
direction, forming a “forward/backward pair” (43, 44, 52).
The forward/backward averages were much more reproduc-
ible than the individual values. Here, we use a variant of
this approach. For most of the transformations considered,
we performed a single pair of runs, one in each direction.
For a given run, we split each trajectory window (corre-
sponding to a particular A value) into two halves; each
collection of “half-windows” can be viewed as a “half-run”.
A forward and a backward half-run are viewed as a pair of
runs, and the corresponding AG values are averaged. In this
way, starting from one forward and one backward run, we
obtain four half-runs and two averaged AG values. The
uncertainty is taken to be their difference (i.e., two standard
deviations). In practice, this method is roughly equivalent
to estimating the uncertainty by block-averaging a single
run (53, 54) and assuming systematic hysteresis effects
mostly cancel whenever a forward and a backward run are
averaged. To test this idea, we performed several pairs of
forward/backward runs for two of the larger transformations
(Tc vs 4-ddma-Tc, binding to TetR and to the ribosome). In
both cases, the dispersion of the forward/backward averages
was close to the uncertainty estimated by the previous
method. The error estimated from the mean hysteresis (the
difference between a forward and a backward run) was also
not much greater; see the Supporting Information for details.

(iii) Poisson—Boltzmann Linear Response Approximation
(PB/LRA). A recently developed method that combines MD
simulations with continuum electrostatics is the Poisson—
Boltzmann linear response approximation, or PB/LRA
(24, 32, 55—57). This method is well-suited to treating
rearrangements of atomic charges, as in the Tcy to Tcy
transformation. The free energy change (AGy and AGqy
in Figure 2B) is approximated by the continuum electrostatic
free energy, averaged over the equilibrium states before and
after the rearrangement. We applied the method using MD
structures of the Tcy —Mg?" and Tc; —Mg?" states (see
above). We averaged free energies over 250 structures from
the last 1 ns of the MD simulations.
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Table 1: MD Free Energy Simulations for Tc Analogues Binding to the
Ribosome

AG* AGy" AAG AAG
(kcal/mol)  (kcal/mol) (kcal/mol) (kcal/mol)

—172(1.1) —150(04) —2.2(1.2) —2.6(30)

Tc analogue

minocycline

doxycycline 252(04)  25.0(03)  0.2(0.5 0.0(27),02(3])
tigecycline ~1123(0.8) —111.5(0.7) —0.8(1.0) —1.029), —1.1(30)
oxytetracycline 7.4(0.2) 7.0(0.3) 0.4 (0.4) 0.0°%28)
6-demethyl-Tc 8.4(0.2) 89(02) —05(0.3) NA
chlortetracycline 5.0(0.2) 51(02) 0.1(03) —0.4%28)

4-ddma-Tc —25.9(1.0) —28.8(0.6) 4.0(l.1) no binding®

“Columns 2 and 3 are the free energies for reversibly going from
plain Tc to one of its analogues, either in the ribosome (AGy,) or in
solution (AGs). AAG = AG, — AG, is the relative binding free
energy. A negative AAG means the Tc analogue binds more strongly.
MDEFE error bars are given in parentheses. ” Derived from minimum
inhibitory concentrations in vivo. “ No observable binding (60).

RESULTS

Control Calculations: Ribosome Binding by Tc Variants.
We considered ribosome binding by eight Tc variants, shown
in Figure 1. Experimental data are available for plain Tc and
six of the variants (Table 1). The relative binding free
energies were computed through alchemical, molecular dyna-
mics free energy simulations (termed MDFE) (20, 23, 42, 58, 59).
Earlier computational work strongly suggests that Tc binds
to the ribosome in its zwitterionic form, predominantly in
the primary, TET1 site in the 30S subunit, stabilized by
contacts between its cobound Mg>t and three phosphate
groups (11, 13). We assume the other seven ligands bind in
the same manner. The simulations follow the horizontal legs
of the thermodynamic cycle in Figure 2A, alchemically
transforming the ligand from one Tc variant into another.
The corresponding work is obtained from a thermodynamic
integration formula (see Materials and Methods). Results are
summarized in Table 1. More details on convergence and
uncertainty are given in the Supporting Information. For two
ligands (chlortetracycline and oxytetracycline), the experi-
mental data have the form of in vivo minimum inhibitory
concentrations (28), which provide only a qualitative test.
For one other ligand (6-demethyl-Tc), no experimental data
are available. For 4-ddma-Tc, there is no observable binding
(60), which is consistent with the large, positive, computed
AAG. Overall, the calculations agree very well with experi-
ment. This indicates that the force field is accurate and the
MDFE protocol is reasonable. Both the force field and
the MDFE methodology have been further tested in the
past (23, 26, 32).

Analysis of the Experimental Structures of EF-Tu with and
without Tc. A recently published X-ray structure (/8)
revealed that Tc binds on the surface of domain 1 of the
tm-EF-Tu—GDP complex, as shown in Figure 3A. Tc’s
phenol-diketone moiety interacts directly with the Mg?" ion
in the GTPase active site of tm-EF-Tu (Figure 3B). O12a of
Tc interacts with the phosphate group of GDP. Thr25
coordinates the Mg?* ion through its hydroxyl group; Asp80
also interacts with the Thr25 hydroxyl group. Tc does not
interact directly with either side chain; the distance between
the Asp80 oxygen and the Thr25 oxygen is 2.6 A, whereas
the Tc oxygen, 010, is 3.3 A distant. To interact with Asp80,
which is out of the plane of the D ring of Tc, the Tc hydrogen
of the O10 hydroxyl group would have to be rotated by 90°
out of plane, which is very unfavorable (for the hydroxyl
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FIGURE 3: (A) Superposition of the X-ray structures of EF-Tu with
(red) and without (green) bound Tc, showing that there are no large
conformational changes upon Tc binding. The modeled switch I
loop is shown for the holo structure (orange), after relaxation by
molecular dynamics, which leads to a 2 A rms shift (see the text).
(B) Close-up view of the Tc binding site, showing that there are
no hydrogen bonds between Tc and EF-Tu.

group of phenol, the rotation barrier is ~3 kcal/mol) (61).
The second oxygen of Asp80 makes a hydrogen bond to
Thrl6 and to a water molecule that coordinates the Mg>*
ion (water W1 in Figure 3B). No hydrogen bonds are
apparent between Tc and any residues of EF-Tu. Tc replaces
two well-ordered water molecules found in the Mg*"
coordination sphere in all other EF-Tu structures (/8).
Overall, the Mngr ion is coordinated by two water molecules,
the Thr25 oxygen, two oxygens of Tc, and one oxygen of
the terminal phosphate group of GDP. Superposition of the
EF-Tu—GDP complex with and without Tc (PDB entry
1DG1) shows that there are no significant conformational
changes upon Tc binding (see Figure 3A). The root-mean-
square deviation (rmsd) between the two structures for the
backbone atoms within a 10 A sphere around GDP is just
0.3 A; for the GDP atoms, the rms deviation is also 0.3 A.

Analysis of the Structures from the Simulations. The
complexes between Tc in its zwitterionic tautomer and either
intact or tm-EF-Tu were each simulated by molecular
dynamics (MD) for 4 ns. The structures sampled in the
simulation are in good agreement with the X-ray structure.
The rms deviation, averaged over the last 1 ns of dynamics
and over backbone atoms, is 0.6 A; the average for non-
hydrogen atoms within 10 A of Tc is 0.9 A. The EF-Tu
ligands, Mg?*, GDP, and Tc all maintain their positions
relative to the X-ray structure. Mg?t coordinates OG1 of
Thr25, a phosphate oxygen of GDP, and two oxygens of Tc
and engages in water-mediated interactions with Asp80
throughout the MD simulation. Tetracycline does not make
direct hydrogen bonds to EF-Tu; the 4-dimethylamino and
3-enolate groups of Tc ring A, which are important for its
antibiotic function (discussed below), are completely solvent-
exposed.

In the intact EF-Tu—GDP—Tc complex, after 2 ns of
dynamics, the Tc ligand has shifted with respect to its starting
position by ~1 A, while residues 41—58 of the switch I loop
have shifted by 2 A. Most of this shift has already occurred
after the initial energy minimization of the loop (see
Materials and Methods); the deviation does not increase
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during the last 2 ns of dynamics. Notice that the switch I
loop is not strongly anchored to the rest of the EF-Tu
structure and is able to shift considerably between the GDP
and GTP states (by more than 20 A) (18). In the holo MD
structure, after 2 ns of dynamics, there are no hydrogen bonds
between Tc and residues 41—58, and very few van der Waals
contacts. The shortest Tc—loop distances are between the
I1e49 and Phe46 side chains and the Tc 4-dimethyl groups
(3.5 and 3.9 A, respectively) and between the Asp50 OD1
atom and C4 in Tc (3.7 A). All other distances are greater
than 4 A. The Asp50 side chain is fully exposed to solvent,
so that its charge is shielded.

Mgt Stabilizes the EF-Tu—GDP Complex. In the EF-
Tu—GDP crystal structure without Tc, an Mg?" ion is present
(18). As a first step, we examine here its role in GDP binding
to EF-Tu. This step is needed for the analysis of Tc binding
below. We use MDFE simulations where the Mg?* ion is
gradually introduced, either in complex with GDP or in the
protein, according to the thermodynamic cycle in Figure 2C.
In principle, these simulations should allow us to compute
the relative free energies for GDP—EF-Tu binding, with and
without a cobound Mg?*. In practice, we employ a so-called
“fixed-charge” force field: atomic charges have fixed values,
and the electronic polarization of water, GDP, or protein by
the divalent Mg?" is not explicitly modeled (see Materials
and Methods). A consequence is that the force field cannot
provide very accurate binding thermodynamics for reactions
involving Mg?*. However, it can still give useful information
about the incremental contribution of Mg?* to GDP—EF-
Tu binding. Indeed, in the protein complex, the Mg>* charge
is shielded and neutralized by the GDP phosphate groups.
Furthermore, the Mg?" ion does not interact closely with
highly polarizable protein groups. Its octahedral coordination
sphere includes only one EF-Tu atom, OG1 of Thr25 (Figure
3). Thus, any force field artifacts should be fairly small when
we consider the incremental effect of Mg?™ on EF-Tu—GDP
binding.

We therefore consider the thermodynamic cycle in Figure
2C. In the vertical legs, GDP binds to EF-Tu. The horizontal
legs introduce Mg?*, to form a complex either with GDP
(upper leg) or with EF-Tu—GDP (lower leg). We assume
that the allosteric, structural changes associated with EF-
Tu—GDP binding are the same, whether or not Mg?" is
cobound to GDP. With this assumption, we can limit our
analysis to the GDP-bound conformation of EF-Tu. Indeed,
we may assume that to bind GDP, apo-EF-Tu is first brought
into this conformation. The free energy to do this cancels,
when the left- and righthand legs of the thermodynamic cycle
are compared. Therefore, the allosteric changes do not play
a role when the incremental effect of Mg?" on GDP binding
are analyzed.

The free energies of the horizontal legs are calculated by
MDFE, giving a AGggt, of —492.5 + 2.0 and a AGgpp of
—478.3 + 6.0 kcal/mol (notations are defined in Figure 2C).
The difference between the introduction of Mg?" into the
protein and into the GDP complex is AAG = AGgety —
AGgpp = —14.2 kcal/mol. Thus, binding of Mg>* to
GDP—EF-Tu is much stronger than binding of Mg>* to GDP
alone. Most importantly, AAG can be interpreted as the
difference in GDP binding free energies in the presence and
absence of the Mg?* ion. We see that in the absence of Mg+,
binding of GDP to EF-Tu is much less favorable. Indeed, it
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Table 2: PB/LRA Free Energy Simulations Comparing Binding of Tcy™
and Tc,~ to EF-Tu“

Ep = 1 Ep = 2
AGprotein 55.9(0.4) 28.0 (0.2)
AC;so]vem 55.8 (05) 27.9 (03)
AAG 0.1 (0.6) 0.1 (0.4)

“ Energies in kilocalories per mole; uncertainties are in parentheses.
AGproein and AGgoen, correspond to the alchemical transformation of Tc
from one form into the other. AAG = AGyoein — AGgoen 1S the
binding free energy difference. AAG is very small, indicating that
EF-Tu does not discriminate between the zwitterionic and neutral forms
of Tc.

was found experimentally that removing Mg?" from EF-
Tu—GDP accelerates the dissociation of GDP by a factor of
150—300 (62). Therefore, we may conclude that GDP always
binds to EF-Tu with a cobound Mg2+ ion, consistent with
the GDP—EF-Tu X-ray structure (/8); the population of
complexes with no cobound Mg?t is predicted to be
infinitesimally small. In what follows, we will therefore
assume that in EF-Tu, when GDP is present, Mg>* is always
cobound.

Tc Binds to EF-Tu in Its Zwitterionic Form. As a second
step, we now establish which Tc tautomer is preferentially
bound by the EF-Tu—GDP complex. We showed earlier that
the preferred Tc tautomer in solution is the zwitterionic one,
Tcy (32). Furthermore, both TetR and the ribosome bind
more strongly to Tc; than to the neutral form, Tcy (13, 32).
Here, we compare Tcy and Tc; binding to EF-Tu, using a
Poisson—Boltzmann linear response approximation method
(PB/LRA) (24, 32, 55—57). This method follows the
horizontal legs of the thermodynamic cycle in Figure 2B:
the Tcy moiety is transformed into Tcy both in solution and
in complex with the protein (see Materials and Methods).
Notice that to bind Tc to the EF-Tu—GDP complex, an Mg*"
ion must first be removed from the protein (see above), since
Tc brings its own Mg?" with it. This step is the same for
Tcy and Tcy, so it does not play any role in the Tcy versus
Tc; comparison. Notice also that an Mg?* ion is cobound to
Tc both in solution and in the complex with EF-Tu—GDP;
therefore, the reaction considered here does not require us
to accurately describe the thermodynamics of Mg?* binding
and/or release (see the discussion in the previous section).

Structural ensembles for each state (Tcz; or Tcy) are
obtained from MD simulations. The electrostatic potential
on the ligand atoms is then computed using continuum
electrostatics, by solving the Poisson—Boltzmann equation
(see Materials and Methods). Finally, the potentials are
combined with a linear response approximation to obtain a
free energy change (24, 32, 55—57). Subtracting the two legs
of the cycle yields the binding free energy difference, AAG.
The Poisson—Boltzmann calculations are done with a low
protein dielectric constant of either 1 or 2. This is the
appropriate range for the present PB/LRA method
(24, 32, 55—57), because most of the protein reorganization
is explicitly modeled by performing MD simulations of the
two end points (Tcy and Tc; complexes). Results are
summarized in Table 2. Both dielectric values lead to a AAG
of 0.1 kcal/mol, with an estimated uncertainty of ap-
proximately =£0.5 kcal/mol. This means that the EF-
Tu—Mg—GDP complex does not exhibit any preference
between the neutral and zwitterionic states of Tc. This
contrasts with the Tet Repressor and the ribosome, both of
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Table 3: Contributions of Selected EF-Tu Residues to the Tc Binding
Free Energy

residue free energy contribution residue free energy contribution

Lys24 —9.0(0.7) Asp86 1.5 (0.8)
Asp21 2.1(0.6) Thr25 2.7(0.8)
Asp80 7.8 (0.6) GDP 25.1(0.9)
GDP—Mg** —67.0 (1.0)

all protein residues together 0.9 (1.0)

“PB free energies are in kilocalories per mole; uncertainties are in
parentheses. Only amino acids contributing more than 1 kcal/mol (in
absolute magnitude) are shown. Calculations were conducted with a
protein dielectric constant (&p) of 4.

which have a strong preference for Tc, binding. The lack of
a preference can be explained by the fact that the 4-dim-
ethylamino and enolate moieties of Tc are solvent-exposed
in the EF-Tu complex (see Figure 3B) and do not interact
directly with any protein residues or with GDP. The Tcy
versus Tcy stability difference in solution has been estimated
quantum mechanically to be approximately —3 kcal/mol in
favor of Tcz (25, 63); this means that Tc binds to EF-Tu in
its zwitterionic form, even though EF-Tu itself does not
discriminate between Tc; and Tcy.

A Component Analysis of the Binding Free Energy
between Tc and EF-Tu. We now turn to a group or “‘compo-
nent” analysis of the Tc—EF-Tu binding free energy. This
analysis will show that Tc binding is mainly promoted not by
EF-Tu itself, but by the GDP-associated Mg?t ion. MDFE and
PB/LRA methods were used to compute binding free energy
differences. A third method is used here, the Poisson—Boltzmann
free energy method (PBFE) (19, 21, 23, 24). This method gives
an estimate of the contribution of electrostatic interactions to
the binding free energy, using the vertical legs of the thermo-
dynamic cycle in Figure 2A (see Materials and Methods). The
PBFE method is less rigorous than MDFE or PB/LRA; its
advantage is that it provides an intuitive decomposition of the
binding free energy into contributions from individual protein
groups (13, 23, 24, 64, 65). PBFE involves a single adjustable
parameter, the protein/ligand dielectric constant, ep. It is set here
to 4, based on extensive applications to other protein—ligand
complexes (19, 21, 23, 24, 32). This differs from the PB/LRA
situation described above, where protein reorganization was
explicitly modeled through MD simulations, so that a lower
dielectric (1—2) was appropriate. For comparison, we also did
calculations with an ep value of 8. Although the absolute
magnitude of the group contributions varies with &p, the relative
contributions of different groups, which are of interest here,
are robust with respect to the choice of ep. We use the PBFE
method to analyze binding of Tc; to the EF-Tu—GDP—Mg
complex.

Results are summarized in Table 3. The overall binding
free energies estimated for intact and tm-EF-Tu agree within
0.3 kcal/mol (not shown), so that only the data for tm-EF-
Tu are given. The largest single-residue contribution to the
binding free energy between Tc and EF-Tu comes from
Lys24, which interacts directly with the terminal phosphate
group of GDP. This is explained by the opposite charges on
the negative Tc and the positive lysine, which prefers to
interact with [Tc—Mg]", rather than Mg?" alone. In contrast,
interactions with Asp80, Thr25, Asp21, and Asp86 all favor
binding of Mg?* over [Tc—Mg]". Strikingly, the total
contribution of all EF-Tu residues to the binding free energy

Table 4: Binding Free Energy Differences (AAG) between Tc and the
Nonantibiotic Analogue, 4-Dedimethylamino-Tc, for Tc Binding to
EF-Tu, the Ribosome, and TetR“

target AAGeomp AAGexp
Tet Repressor 4.6 (1.6) >5.0"
ribosome 4.0 (1.1) NA¢
EF-Tu—GDP —0.9 (0.7) NA¢
tm-EF-Tu—GDP —0.1 (0.6) NA“

“ Energies in kilocalories per mole. Uncertainties are in parentheses.
A positive AAG corresponds to preferential Tc binding. ® Experiment
only gives a lower bound (2). © Experimental values are not known.

of Tc is small (0.9 kcal/mol), within the ~2 kcal/mol
uncertainty of the PBFE method. As expected, the largest
positive contribution comes from GDP, which is negatively
charged, and prefers Mg>" over [Tc—Mg] " binding. Overall,
under the standard state conditions simulated here, it is the
Mg*" ion itself that is solely responsible for the binding of
[Tc—Mg]™, rather than Mg>" alone, to EF-Tu. In the
crystallographic experiment (/8), Tc without any bound
Mg?" was diffused into the EF-Tu—GDP crystals. The Mg*"
concentration was thus substoichiometric with respect to Tc
and GDP: there is not enough Mg?" to saturate both the EF-
Tu—GDP complex and any unbound Tc. Therefore, each Tc
shares an Mg?" ion with the EF-Tu—GDP complex, and the
interactions with Mg?" drive Tc binding. As the Mg>*
concentration becomes larger, unbound Tc becomes associ-
ated with Mg”, and Tc will not bind to EF-Tu. Overall, the
lack of any intrinsic preference for [Tc—Mg]" over Mg**
on the part of EF-Tu suggests that EF-Tu does not play the
role of a specific Tc target.

Tc versus Nonantibiotic 4-Dedimethylamino-Tc Binding
to the Ribosome, EF-Tu, and the Tet Repressor. The possible
role of EF-Tu as a Tc target was analyzed further by
comparing the binding of two Tc analogues, one of which
is a potent antibiotic and the other a nonantibiotic. We first
consider 4-dedimethylamino-Tc [4-ddma-Tc (Figure 1)],
which is not an antibiotic (60). Additionally, compared to
Tc, it has a much weaker binding affinity for the Tet
Repressor (TetR), which is a part of the antibiotic resistance
mechanism (2, 66). We test the competition between Tc and
4-ddma-Tc binding to EF-Tu, TetR, and the ribosome. We
use MDFE simulations (see Materials and Methods), which
do not involve any adjustable parameters (23, 42, 59). The
simulations predict a Tc versus 4-ddma-Tc binding free
energy difference for TetR of 4.6 &= 1.6 kcal/mol (Table 4).
This is consistent with experiment, which indicates a binding
free energy difference of =5.0 kcal/mol (2). Thus, 4-ddma-
Tc binding is much weaker than Tc binding, mainly because
of lost hydrogen bonds with His62, Asn82, and GInl16.
Details about the convergence and uncertainty of the MDFE
simulations are given in the Supporting Information.

The Tc versus 4-ddma-Tc free energy difference for
ribosome binding was computed to be 4.0 = 1.1 kcal/mol,
strongly favoring Tc binding (Table 4). We attribute this
result to the loss of hydrogen bonds between the Tc 4-amino
group and the phosphate of Gua966, and to water-mediated
interactions between Tc and rRNA. Indeed, we can decom-
pose the free energy changes into components associated with
the Coulomb electrostatic and van der Waals energy terms,
respectively. Subtracting the results in solvent and the
ribosome complex, we find that AAG arises mostly from



13600  Biochemistry, Vol. 47, No. 51, 2008

Table 5: Binding Free Energy Differences (AAG) between Tc and the
Potent Antibiotic Tigecycline for Tc Binding to EF-Tu and the
Ribosome*

target AAG omp AAGexpn
EF-Tu—GDP 25.1 (2.0) NA®
ribosome -0.8 (1.0) -1.0,° -1.1¢

“ Energies in kilocalories per mole. Uncertainties are in parentheses.
A positive AAG corresponds to preferential Tc binding. * Experimental
value unknown. ¢ Experimental values from refs 29 and 30.

the Coulomb terms (2.5 kcal/mol), with a smaller van der
Waals component (1.5 kcal/mol).

Finally, in contrast to TetR and the ribosome, the Tc versus
4-ddma-Tc free energy difference for EF-Tu binding was
found to be small and negative [AAG = —0.9 £ 0.7 kcal/
mol for intact EF-Tu (favoring 4-ddma-Tc), and AAG =
—0.1 £ 0.6 kcal/mol for tm-EF-Tu (Table 4)]. The estimated
uncertainty is consistent with the value that would be inferred
from the 2 kcal/mol forward—backward hysteresis (41 kcal/
mol; data not shown). The small AAG values arise because
the 4-dimethylamino and 3-enolate groups of Tc are solvent-
exposed in the complexes with EF-Tu and tm-EF-Tu (see
Figure 3). The portion of Tc that binds directly to the EF-
Tu—GDP—Mg complex is the same in Tc and 4-ddma-Tc.
The slightly more negative value found for intact EF-Tu
indicates that 4-ddma-Tc binding is actually a bit stronger
than Tc binding; this may be due to a slight steric interference
between the switch I loop and the dimethylammonium group
of Tc, as suggested by Heffron et al. (/8); indeed, with
trypsin-modified EF-Tu, the switch I loop is absent, and the
two ligands have essentially the same affinities. However,
the difference between the two results is small (0.8 kcal/
mol) and within the MDFE uncertainty. Thus, EF-Tu does
not distinguish between the antibiotic Tc and the nonanti-
biotic 4-ddma-Tc; if anything, intact EF-Tu has a slight
preference for the nonantibiotic. This appears to be incon-
sistent with a role for EF-Tu as a specific Tc target.

Tc versus Tigecycline Binding to the Ribosome and EF-
Tu. Tigecycline, the 9-fert-butylglycylamido derivative of
minocycline (Figure 1), is a broad-spectrum antibiotic that
is not affected by classical Tc resistance mechanisms,
including ribosomal protection and efflux by Tc-specific
pumps (67, 68). Tigecycline was also found to bind 5 times
more strongly than Tc to the ribosome (29, 30). Bauer et al.
showed by Fe?*-mediated cleavage that tigecycline binds to
the same high-affinity site in the 16S rRNA as Tc (69). Here,
we test the competition between Tc and tigecycline binding
to EF-Tu and the ribosome using MDFE (see Materials and
Methods). Results are summarized in Table 5. For ribosome
binding, the simulations predict a Tc versus tigecycline
binding free energy difference of —0.8 £ 1.0 kcal/mol, in
good agreement with the experimental value of —1.0 kcal/
mol (29). This value results from the attractive electrostatic
interaction between the positively charged 9-fert-butylgly-
cylamido group of tigecycline and the negative phosphate
group of Adel055 in the ribosome.

The same transformation was performed in EF-Tu. The
computed binding free energy difference is extremely large,
25.1 £ 2.0 kcal/mol, showing that tigecycline does not bind
to EF-Tu at all. More precisely, it cannot bind in the same
manner as Tc; other binding sites and modes cannot be ruled
out. The large AAG value results from steric clashes between
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the 9-tert-butylglycylamido substituent of tigecycline and
residues 62—65 and 80—82 of EF-Tu (see Figure 3A). If
tigecycline and Tc share the same type of bacteriostatic
function, this result strongly suggests that EF-Tu cannot be
the primary target of Tc.

The Ribosome Resistance Mutation G1058C Reduces the
Level of Tc Binding. As a final illustration of the properties
of binding of Tc to the ribosome, we consider the effect of
a resistance mutation on Tc binding. The G1058C mutation
in the 16S rRNA was identified in clinical isolates of Tc-
resistant Cutaneous Propionibacteria (27). This mutation was
also found in isolates of Brachyspira hyodysenteriae that
have increased minimal inhibitory concentrations (MICs) for
doxycycline, another Tc analogue (70). The experimental
binding free energy difference was estimated from the MICs
to be 2.2 £ 1.0 kcal/mol (27, 70). We study the effect of
the G1058C mutation on Tc binding. MD simulations were
performed for both the wild-type ribosome—Tc —Mg*"
complex and the G1058C mutant (Figure 4). The binding
free energy difference was then estimated by PBFE (see
above). This method is less rigorous than the MDFE and
PB/LRA methods used above. However, it should give a
qualitative estimate of the binding free energy change. The
simulation and PBFE setup were described previously (/3)
and in Materials and Methods. With a ribosome dielectric
constant of 8, used previously (/3), the computed binding
free energy difference is 4.5 (0.7) kcal/mol, in rough
agreement with the experimental value of 2.2 kcal/mol. With
a somewhat higher dielectric of 12, we would obtain a value
of 2.4 kcal/mol, close to the experimental value. Thus, the
Tc resistance phenotype is reflected in the Tc binding
properties of the ribosome. It is unclear whether the improved
agreement with a dielectric of 12 is significant. With the
higher dielectric, agreement for other, related binding proper-
ties is poorer (minocycline vs Tc ribosome binding) (13);
also, the uncertainty of the PBFE method is higher than for
the other methods used here (MDFE and PB/LRA), so that
a difference of 2 kcal/mol between two model variants is
less compelling. In the MD simulations, the G1058C
mutation leads to rearrangements in helix 34 of the 16S RNA,
which in turn affect the Mg?* coordination (Figure 4) and
lead to a decreased binding affinity for the Tc™—Mg**
complex. The Mg?* ion that coordinates Tc also interacts
with O1P of Cyt1054 in the wild-type ribosome, while in
the G1058C mutant simulations, it loses this interaction and
chelates 04’ of Cyt1054 instead. As a result, the Tc position
is slightly rotated compared to its wild-type position (Figure
4).

CONCLUDING DISCUSSION

Tetracycline binding to protein and RNA is a complex
process, involving a competition between several effects,
with electrostatics playing an important role. This is il-
lustrated by our earlier, detailed studies of ribosome and TetR
binding. Protonation states of the protein and the ligand were
determined, as well as TetR side chain orientations (73, 32).
Similarly, it was necessary here to determine which Tc
tautomer binds to EF-Tu and whether the Mg?" ion is always
prebound. Free energy simulations are a powerful technique
for studying such complex processes, complementary to
experiment. After an initial burst of popularity in the early
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FIGURE 4: Native and mutant ribosome interacting with Tc. Divergent stereoview. The MD structure of Tc bound to the native ribosome
is colored black; the G1058 mutant is colored gray. The Mg?* ions are shown as spheres. Tetracycline and rRNA residues 1058, 1199, and
1054 are in stick representation. The O1P and O4 atoms of C1054 are shown as spheres in the black and gray structures, respectively.

1990s (59), technical and fundamental difficulties were
brought to light that led to a decline in their use. In recent
years, substantial progress has been made (20, 23, 24, 71),
as illustrated here by the good agreement with experiment
for our control calculations. Another major technical dif-
ficulty for simulation studies is the force field parametrization
of Tc and its analogues, which must be done at a high level
of accuracy. Our Tc parametrization (25) followed the same
rigorous procedure that was used for the rest of the
CHARMM force field (37, 72). The same procedure was
used more recently to parametrize 11 other Tc analogues,
including 4-ddma-Tc and tigecycline (63). This force field
approach allows us to study both protein and nucleic acid
binding with a comparable accuracy. Thus, we obtained good
agreement with the experiments described above for Tc
analogues binding to the ribosome; free energy calculations
for several Tc analogues binding to TetR have given similar
agreement (A. Aleksandrov and T. Simonson, unpublished
data).

To test the hypothesis of a functional role for Tc—EF-Tu
binding, we have compared the binding strength of Tc and
two analogues: tigecycline, one of the most potent Tc
antibiotics, and the nonantibiotic, 4-ddma-Tc. Removal of
the 4-dimethylamino group of Tc (giving 4-ddma-Tc)
abolishes all its antimicrobial properties, which underlines
the functional importance of this group (60). The behavior
of EF-Tu was compared to that of the ribosome, usually
thought to be the primary biological target, and to that of
the Tet Repressor, which mediates the primary mechanism
of Tc resistance. With this approach, we have obtained
evidence suggesting that although EF-Tu can bind Tec, it is
not part of the Tc bacteriostatic mechanism. Indeed, Heffron
et al. showed that Tc can bind to trypsin-modified EF-Tu
(18), which lacks the switch I loop, but suggested that steric
overlap between Tc and this loop might prevent Tc binding
to intact EF-Tu. Here, we find that after several nanoseconds
of molecular dynamics, there is no steric overlap between
Tc and the switch I loop, and the Tc binding properties of
intact and tm-EF-Tu are very similar. However, EF-Tu has
a weak preference for 4-ddma-Tc over Tc and does not bind

tigecycline at all. This contrasts directly with their relative
antibiotic properties. The ribosome, on the other hand, has
a strong binding preference for Tc over 4-ddma-Tc, and for
tigecycline over Tc. The small difference between Tc and
4-ddma-Tc binding to EF-Tu is not surprising, given the
X-ray structure, where Tc does not make any direct hydrogen
bonds to EF-Tu. However, for a quantitative statement, these
simulations were necessary. Furthermore, the simulations
reveal that EF-Tu does not contribute directly to the Tc
binding affinity; rather, binding of Tc to the EF-Tu—GDP—Mg
complex is mediated by the Mg®" ion. Overall, our results
are consistent with a broad range of experimental data. They
suggest that EF-Tu is not the primary target of Tc. Interest-
ingly, TetR prefers to bind Tc over 4-ddma-Tc; this is
reasonable, since TetR evolved under selective pressure for
bacteria to resist the natural toxin, Tc, but not the recent,
man-made analogue, 4-ddma-Tc. Similarly, TetR—tigecycline
binding has not been optimized by natural selection, though
tigecycline is thought to bind to TetR and induce the tetR
and retA genes (3).

These data illustrate further the modular structure of
tetracyclines. Indeed, these molecules are seen to have a
“specificity” edge that primarily confers receptor binding
specificity (roughly, the upper edge in Figure 1) and another,
“metal-display” edge that controls metal binding and posi-
tioning. Recent crystallographic and simulation studies
(13, 73, 74) have shown that in the Tet Repressor protein,
for example, the cobound, divalent magnesium ion is
primarily responsible for driving the protein through its
allosteric transition into the induced state; tetracycline itself
mainly plays the role of an adaptor, or metal carrier. In the
ribosome, we recently used a free energy decomposition
analysis to show that Tc binding is mainly driven by
magnesium—phosphate interactions; the specificity edge of
Tc presumably serves to fine-tune the binding and make it
specific. Here, we have an even more extreme example of
the modular Tc structure: only the metal-display edge is used
to bind EF-Tu; the metal itself contributes all of the affinity,
and there is no specificity at all. In the future, these and
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similar insights could help in the engineering of new
antibiotics and new systems for gene regulation.
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