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Abstract: AM1 semiempirical molecular orbital calculations
have been used to probe the complexation sites for naked and
hydrated magnesium ions to the different conformations and
protonation states of tetracycline. The calculations reveal a
wealth of possible magnesium complexation sites within a
small energy range, but also indicate that magnesium com-
plexation does not change the conformational behavior of
tetracycline significantly. A hitherto unknown solvated con-
formation is suggested for deprotonated tetracycline.

Introduction. Tetracycline (Tc) and its analogues
have gained considerable importance, not only as broad
spectrum antibiotics,1 since their discovery in 1947.2
More recently, tetracyclines have become more signifi-
cant through their use as regulators of biological func-
tion because of their interaction with tetracycline
repressor regulatory proteins (TetR).3 However, the
physical chemistry of the tetracyclines is still poorly
understood, despite their clinical importance and their
extremely widespread use in microbiology. Schneider4

has described the tetracyclines as “chameleon-like”
because of their ability to adopt different conformations,
protonation states, and tautomers, depending on the
conditions. We recently reported an extended density
functional theory (DFT) study5 of the conformations and
tautomers of neutral Tc in aqueous solution. The start-
ing conformations for this study were obtained by a very
extensive conformational search6 using molecular dy-
namics and AM1 semiempirical molecular orbital theory.
However, factors such as metal complexation may affect
the structure of Tc significantly,4 so that conclusions
based on neutral solution do not necessarily apply to
those containing metal ions. Of special importance in
this respect is Mg2+. The ligand for the induction of TetR
is actually a Tc:Mg2+ complex,7 but the complexation
behavior of Tc with Mg2+ is by no means clear.4,8 We
therefore now report an AM1 study of the possible
complexation sites for a single magnesium ion (both
alone and solvated with four or five waters) on the
surface of Tc. We include the most common tautomers
of neutral Tc and its monodeprotonated anion.

Computational Methods. All semiempirical calcu-
lations were performed using the program VAMP 7.5a9

with the AM110 Hamiltonian. Magnesium parameters
were taken from Hutter et al.11 The COSMO12 con-
tinuum solvent model was used to simulate a water
solution. Calculation of root-mean-square deviations
(RMSD) were performed with QUATFIT13 and the
statistical analyses with TSAR 3.3.14

Structure Generation. Published gas-phase struc-
tures of Tc in different protonation patterns and con-
formations6 served as the geometrical basis for all

subsequent calculations. Figure 1 shows Tc in the
different protonation states investigated: hydrogen
atoms Hb and Hc are present in the neutral form (N),
Ha and Hc in the zwitterionic form (Z), and Ha in the
zwitteranionic form (A). For each of these structures,
hydrogen atoms bonded to oxygen or the amide group
(Figure 1, larger, bold hydrogen atoms) were removed
prior to the calculation of a modified solvent-accessible
surface (SAS). A magnesium-ion radius of 0.66 Å15 was
used as probe radius for the surface generation. The
resolution for the triangulation was adjusted to generate
approximately 1400 surface points. For each point, a Tc:
Mg2+ structure was generated by substituting this
surface point with a magnesium ion and restoring the
previously deleted hydrogen atoms, rotated to avoid bad
van der Waals contacts. The restored hydrogen atoms
were optimized, and the heat of formation was calcu-
lated. Subsequent analyses were performed for all local
minima on the nine energy hypersurfaces (three differ-
ent conformations for each of the three protonation
states) thus obtained that lie within 15 kcal mol-1 of
the absolute minimum.

For the metal-ion binding sites identified, water-
complexation spheres for magnesium with both four and
five water molecules were generated as described in the
Supporting Information. The resulting Tc:Mg2+-com-
plexes with zero, four and five water molecules were
then optimized in a stepwise procedure in order to
minimize the influence of the starting positions of the
water molecules. In the first step the magnesium
position was fixed and Tc was kept rigid, in the second
step only Tc was kept rigid and finally the complete
structure was optimized.

Structure Analysis. The resulting 495 geometries
were clustered by their carbon-atom scaffold (only the
carbon atoms of the polycyclic ring system, Figure 1,
C1 to C12a) dihedral angles, ignoring angles with a range
of less than 20° and strongly correlated ones (correlation
coefficient g 0.95). The distance of the magnesium
positions and the RMSD for the complete scaffold
compared to the X-ray structure of Tc in the induced
TetR (PDB-entry: 2trt16) were also calculated. Hydrogen
interactions were counted if a hydrogen bonded to
oxygen or nitrogen was less than 2.5 Å away from
another electronegative atom.

The Boltzmann population was calculated for every
structure using the minimum energy for each protona-
tion pattern and total formula as reference. To compare
the heats of formation calculated for the solvated
structures with the energy of the Tc present in the
protein environment, the inducer-Mg complex was
extracted from the X-ray structure, and hydrogen atoms

Figure 1. Structure template of the protonation states of
tetracycline, distinguished by the hydrogens Ha, Hb, or Hc.
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and water molecules were added to obtain the protona-
tion patterns investigated with zero, four, and five water
molecules. The geometries were optimized using weak
harmonic restraints (20.0 kcal mol-1 Å-2) on the posi-
tions of the tetracycline heavy atoms.

Results. For all protonation states, the geometry
optimization using the COSMO solvent model generally
resulted in the relaxation of the most twisted gas-phase
structures to a more extended conformation. We have
noted previously5 that the extended conformation17 is
stabilized preferentially by solvation. For the neutral
and the zwitterionic forms, two of the three initial
conformations relaxed to very similar local minima, as
found in our DFT study.5 The zwitteranionic conforma-
tions also extend, but to different scaffold geometries.

Metal-ion interaction sites (Figure 2) for the rigid
scaffolds are located near the amide group and along
the chain of oxygen atoms O1, O12a, O12, O11, and O10
(Figure 1), sparsely populated in the case of the zwit-
terionic form. Neutral conformations show additional
interaction sites at the aromatic ring D, next to the
methyl groups of the amine and adjacent to the oxygen
and the methyl group attached to C6 (only NA and NB,
see Figure 2). The most stable interaction site for a
magnesium ion is localized at the amide group with the
exception of two zwitteranionic conformations (AA and
AB), where magnesium interacts with the oxygens O11
and O12.

The cluster analysis of the optimized geometries
resulted in four different groups (Figure 3). Cluster 1
is very similar to the X-ray structure of Tc bound to the
induced TetR (RMSD (cluster center-X-ray) ) 0.378 Å).
This cluster represents the main population for all
protonation patterns (N, Z, and A) and also contains the
absolute minima of each protonation pattern/water
complexation state. Cluster 2 differs from the X-ray
geometry in the conformation of ring A and contains
almost only neutral conformations. In cluster 3, which

contains almost exclusively zwitterionic and zwitteran-
ionic protonation patterns, this deviation expands to
ring B. The final cluster, 4, shows another folded
conformation populated only by energetically unfavor-
able zwitteranionic molecules.

The absolute minima for the different protonation
patterns and water-complexation spheres are located
between O12 and O1 for all zwitteranionic structures and
the neutral structures with explicit water. The zwitter-
ionic minima and the minima for the neutral form
without water are located between the nitrogen of the
amide group and O1. Additional energetically favored
interaction sites in each cluster are located at the amide
group and at the oxygens O10, O11, O12, and O12a. In
clusters 2 and 3, a further interaction site was found
between the nitrogen of the dimethylamino group and
O6.

Cluster-dependent analysis of the hydrogen-bond
network shows that a hydrogen bond between the
protonated nitrogen of the amine as donor and O12a

directs the structure into cluster 1. If the acceptor of
this bond is O6, the structure is assigned to clusters 2
or 3, which correspond to the twisted conformation
discussed in the literature.17 Another structure-influ-
encing hydrogen bond donor is O12a. If the acceptor is
the amine nitrogen or O12, the structure is assigned to
cluster 1. Structures with O12H‚‚‚O1 and O12H‚‚‚O12a

interactions are found mainly in cluster 1 (with one
exception each in clusters 2 and 3 for the O12H‚‚‚O1

hydrogen bond), while O12H‚‚‚O11 and O12aH‚‚‚O1 hy-
drogen bonds are found in each cluster.

The influence of the explicit water-complexation
sphere on the scaffold conformation is small. 97% of the
Tc:Mg2+ starting structures, although containing a
different number of water molecules, fall into the same
cluster as found without explicit water. On the other
hand, 30% of the structures differ by more than 2 Å in

Figure 2. Calculated interaction sites of magnesium ions with tetracycline in different protonation patterns and conformations.
The gray sphere shows the energetically most favorable magnesium position. Dashed bonds mark a distance less than 110% of
the sum of the van der Waals radii involved. Black spheres show local minima that differ in energy less than 15 kcal mol-1 from
the absolute minimum. Top to bottom: protonation patterns (N, Z, and A). Left to right: scaffold conformations (A, B, and C).
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the positions of the magnesium ions, demonstrating the
influence of solvation on the magnesium-complexation
site.

Boltzmann populations were calculated for every
structure of each protonation pattern and water coor-
dination. Figure 4 shows the resulting populations
plotted on a grid whose axes are the distance between
the magnesium positions and the RMSD of the actual
scaffold structure, both compared to the X-ray geometry.
Areas with a high Boltzmann population are located at
an RMSD of 0.4 Å and magnesium distances of about
1, 3, 6, and 9 Å. Note that there is a zwitteranionic
structure with an energy only 0.96 kcal mol-1 above the
corresponding absolute minimum with a low RMSD to
the X-ray geometry and a small distance in the mag-
nesium position (Figure 5).

The restrained optimized tetracyclines show a heavy
atom RMSD between the different protonation patterns
and the X-ray geometry of about 0.08 Å. The differences

in the heat of formation between the X-ray geometries
and the absolute minima are shown in Table 1.

Discussion. Our calculations show that the extended
conformation of the Tc:Mg2+ complexes is energetically
favored over the twisted conformation17 (cluster 2 and
3) by about 2.2 and 3.6 kcal mol-1, respectively. This is
in accordance with the DFT results obtained for neutral,
metal-free Tc,5 suggesting that metal complexation does
not influence the conformational behavior of Tc signifi-
cantly. The twisted conformation divides into two
because the protonation of the dimethylamino group
increases steric demand and pushes C5 away. Therefore,
nearly all zwitterionic and zwitteranionic twisted con-
formations are accumulated in cluster 3 and the neutral
structures in cluster 2. Cluster 4, which has not been
described explicitly in solvent to date, contains unique
zwitteranionic conformations about 5.8 kcal mol-1 less
stable than the reference. Similar conformations have
been reported for all protonation patterns in the gas

Figure 3. Cluster centers and magnesium ion positions, superimposed on X-ray structure of Tc:Mg2+, present in the induced
TetR (translucent gray, dashed bonds point to the X-ray position of magnesium). The calculated magnesium positions, shown as
boxes (neutral form N), tetrahedrons (zwitterionic form Z), and spheres (zwitteranionic form A), are colored by their heat of
formation. For clarity, all hydrogen atoms are omitted.

Figure 4. Boltzmann population depending on the RMSD and
the Mg2+ distances to the X-ray geometry. Neutral forms (N)
are colored green, zwitterionic forms (Z) blue, and zwitteran-
ionic forms (A) red. The dropdown lines clarifies the corre-
sponding base plane positions.

Figure 5. Rear and side view of an energetic favored
zwitteranionic conformation (CPK-colored) with low RMSD to
the X-ray geometry (orange). All hydrogen atoms are omitted
for clarity.

Table 1. Energy Differences (kcal mol-1) between the Absolute
Minimum and the X-ray Geometry Optimized with Restraints

protonation pattern 0 water 4 water 5 water

neutral 20.7 22.5 21.6
zwitterionic 25.6 25.5 25.6
zwitteranionic 15.2 19.2 13.9
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phase,6 but in solvent only the zwitteranionic structures
represent local minima. Cluster 4 exhibits the twisted
conformation and resembles cluster 2, but contains a
flip of the C6 atom. The value of the C7-C6a-C6-C5a
dihedral angle is about 145°, compared to -145° in the
other clusters (Figure 6). The cluster is not specially
stabilized by a defined hydrogen-bond network or
preferred magnesium positions, but shows the same
metal-interaction sites as the other clusters. Although
the Boltzmann population of this conformation is very
small, the unusual behavior and properties of Tc suggest
that it should not be neglected.

The magnesium-interaction sites are spread over wide
regions on the Tc surface with only minor differences
in energy. This could explain the different chelation sites
for the metal ion in the literature.8,18

Our results allow us to identify most of the hydrogen
bonds required for the generation of the extended and
twisted conformations.5,8 An exception is the O12aH‚‚‚
O1 hydrogen bond, which was found to be specific for
the twisted conformation in DFT calculations,5 but is
rather unspecific in the present AM1 calculations. The
calculations also suggest that O12H‚‚‚O1 and O12H‚‚‚O12a
hydrogen interactions direct the structure toward the
extended conformation. The presence of a hydrogen
bond is sufficient to classify the structure into a distinct
conformation, whereas its absence contains no cluster
information. One reason is that a magnesium ion easily
inserts into the hydrogen-bond network, leading to
structural rearrangements.

The calculated energies in solution suggest signifi-
cantly populated conformations that are very similar to
the geometry of Tc in the induced TetR crystal structure.
Tc must therefore undergo only minor changes in
solution upon binding to the repressor protein. On the
other hand, the magnesium positions in solution do not
match well with the X-ray geometry. This is, however,
probably not energetically significant because the mag-
nesium position can be changed at little cost in energy.
However, a stable zwitteranionic structure very similar
to the X-ray geometry exists in solution (Figure 5).

Comparing absolute minima of the heat of formation
resulting from the scan process with the energy of the
matching, restrained optimized X-ray geometry (Table
1), shows that about 7 kcal mol-1 less energy is needed
to distort the zwitteranion to the bound structure than
for either of the neutral species.

Conclusion. The systematic surface scan procedure
presented here serves to identify metal-ion interaction
sites for molecules with different possible protonation

patterns and conformations, with special emphasis on
the hydrogen bond network. It leads to an increased
understanding of the geometrical and energetic proper-
ties of tetracycline and serves as a starting point for
more accurate but less comprehensive DFT studies.
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Figure 6. Superimposition of the obtained cluster centers.
Cluster 2 (orange) and 3 (blue) are superimposed by ring C
and D with cluster 1 (green), cluster 4 (red) by ring A and B
on cluster 2. All hydrogen atoms are omitted for clarity.
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