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Putative dioxygen-binding sites and recognition of
tigecycline and minocycline in the tetracycline-

degrading monooxygenase TetX

Expression of the aromatic hydroxylase TetX under aerobic
conditions confers bacterial resistance against tetracycline
antibiotics. Hydroxylation inactivates and degrades tetra-
cyclines, preventing inhibition of the prokaryotic ribosome.
X-ray crystal structure analyses of TetX in complex with the
second-generation and third-generation tetracyclines mino-
cycline and tigecycline at 2.18 and 2.30 A resolution,
respectively, explain why both clinically potent antibiotics
are suitable substrates. Both tetracyclines bind in a large
tunnel-shaped active site in close contact to the cofactor FAD,
pre-oriented for regioselective hydroxylation to 11a-hydroxy-
tetracyclines. The characteristic bulky 9-tert-butylglycylamido
substituent of tigecycline is solvent-exposed and does not
interfere with TetX binding. In the TetX-minocycline complex
a second binding site for a minocycline dimer is observed close
to the active-site entrance. The pocket is formed by the crystal
packing arrangement on the surface of two neighbouring TetX
monomers. Crystal structure analysis at 2.73 A resolution of
xenon-pressurized TetX identified two adjacent Xe-binding
sites. These putative dioxygen-binding cavities are located
in the substrate-binding domain next to the active site.
Molecular-dynamics simulations were performed in order to
characterize dioxygen-diffusion pathways to FADH, at the
active site.

1. Introduction

Tetracyclines (TCs) are used as broad-spectrum antibiotics to
treat infectious diseases caused by bacterial pathogens. They
bind as an Mg®* complex to the A-site of the bacterial 308
ribosomal subunit and stall ribosomal polypeptide elongation,
which results in a bacteriostatic effect (Brodersen et al., 2000;
Pioletti ef al., 2001). Since the discovery of 7-chlortetracycline
(7-CITC) in Streptomyces sp. (Duggar, 1948), several new
tetracycline derivatives have been developed. Their intense
use and misuse in veterinary and human medicine as well as
in industrial livestock farming has caused widespread bacterial
resistance mechanisms against tetracyclines (Thaker ef al.,
2010). Tetracyclines (Fig. 1) have a high variability of substi-
tuents at C5-C9 (the hydrophobic edge), whereas substituents
at C10-C12 and the A-ring substitution pattern (C1-C4 and
C12a; the hydrophilic edge) are conserved to maintain anti-
biotic activity. Starting from first-generation TCs, the semi-
synthetic second generation, which includes minocycline
(MTC; Fig. 1) and doxycycline, was developed, with better
activity and less susceptibility to resistance. Further modifi-
cations to circumvent efflux-based resistance mechanisms
resulted in 9-glycylcyclines (Chopra, 2002). Tigecyline (TTC;
Fig. 1) has a 9-tert-butylglycylamido moiety and represents the
most prominent third-generation tetracycline. For a review of
tetracyclines, see Nelson & Levy (2011).
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Figure 1

Structure of tigecycline and nomenclature of the tetracycline framework.
Tigecycline is denoted as a glycyleycline because of the 9-tert-
butylglycylamido moiety; the semisynthetic minocycline precursor has
only a hydrogen substituent at C9. The keto—-enol motif at C11/C12 is
deprotonated at pH > 6 to chelate divalent metal ions (Palm et al., 2008).

TTC is able to inhibit ribosomal protein synthesis with a
threefold higher efficacy than MTC and a 20-fold higher
efficacy than its precursor tetracycline (Olson et al., 2006). To
date, only a few resistance determinants against TTC have
been identified, such as the AcrAB/TolC multi-drug pumps
(Horiyama et al., 2011; Veleba & Schneiders, 2012). The
aromatic hydroxylase TetX from Bacteroides sp. converts
tetracyclines of all generations to 1la-hydroxytetracyclines
(Yang et al., 2004). To perform the hydroxylation reaction,
the isoalloxazine of the flavin adenine dinucleotide (FAD)
cofactor of TetX must be reduced by NADPH followed by
oxygenation with dioxygen. This results in a C4a-hydro-
peroxyflavin which hydroxylates the substrate (see Supple-
mentary Fig. S1'). The first reaction product, 1la-
hydroxytetracycline, is unable to chelate divalent cations at
the former C11/C12 keto-enolate moiety and undergoes
subsequent non-enzymatic degradation to a polymer (Yang et
al.,2004). This abolishes the affinity for the ribosome. Aerobic
bacteria expressing TetX are therefore resistant to tetra-
cyclines, but currently fetX is not distributed amongst patho-
genic bacteria. It has been shown that TetX can also
hydroxylate TTC, which leads to the loss of its antibiotic
activity (Moore et al., 2005).

Structures of TetX with FAD and its complexes with the
first-generation tetracycline 7-CITC (aureomycin) and the
synthetic 7-iodtetracycline (7-1ITC) are known (Volkers, Palm
et al., 2011). TetX belongs to the family of FAD-dependent
aromatic hydroxylases named after p-hydroxybenzoate
hydroxylase (pHBH) of Pseudomonas aeruginosa (Mattevi,
1998). The structural homology of TetX to the pHBH family
has recently been outlined (see Volkers, Palm et al., 2011 and
associated Supporting Online Material).

In this study, we performed X-ray structure analyses of
TetX in complex with MTC and TTC, which are clinically
important synthetic TCs. The TetX-TTC complex is the first
structure of TTC in complex with a protein. This structure
shows the binding of TTC in the active site of TetX and
explains why TetX is capable of degrading TCs with bulky

! Supplementary material has been deposited in the IUCr electronic archive
(Reference: MN5031). Services for accessing this material are described at the
back of the journal.

substituents at the D ring, a common modification that usually
leads to a more potent TC compound.

We carried out molecular-dynamics simulations to char-
acterize dioxygen-diffusion pathways to the active-site
FADH,. We pressurized TetX crystals with xenon to study
dioxygen-binding sites and dioxygen-diffusion pathways, since
dioxygen and xenon bind to hydrophobic pockets in proteins
(Montet et al., 1997). Comparison of the xenon complex of
TetX with the molecular-dynamics simulations allowed us to
characterize putative dioxygen-binding sites and dioxygen-
diffusion pathways in TetX.

2. Materials and methods
2.1. Protein expression, purification and crystallization

TetX from B. thetaiotaomicron was expressed, purified and
crystallized in complex with FAD as described previously
(Volkers et al., 2010). Native crystals of TetX were soaked with
either MTC or TTC for 24-48 h by adding a tiny crystal of
the TC to the crystallization droplet. Xenon derivatization of
native TetX crystals was performed in a xenon chamber
(Hampton Research) using a pressure of 3.5 MPa for 45s
(Panjikar & Tucker, 2002).

2.2. Data collection and processing

Crystals were treated with cryosolutions consisting of 20—
25% glycerol in the reservoir buffer for 30 s and flash-cooled
in liquid nitrogen. Diffraction data were collected at 100 K
on beamline BL14.2 (BESSY synchrotron-radiation source,
Berlin, Germany) equipped with a MAR 225 detector. In the
case of the xenon derivative, two complete scans were
collected from different edges of one crystal to enhance the
anomalous signal. Data were reduced and scaled with XDS
(Kabsch, 2010) and TRUNCATE from the CCP4 package
(Winn et al., 2011).

2.3. Structure determination and refinement

The structures of all TetX complexes were solved by
molecular replacement with the polypeptide (383 amino-acid
residues) of the isomorphous structure of substrate-free TetX
as the starting model (PDB entry 2xdo; Volkers, Palm et al.,
2011) and were further refined using REFMACS (Murshudov
et al., 1997, 2011) and Coot (Emsley et al., 2010). TLS refine-
ment and noncrystallographic symmetry restraints were
applied (Winn et al., 2001). The free R-factor calculations were
based on 5% of the data excluded from refinement. MTC and
TTC were added to the polypeptide models based on their
2Fops — Feale and Fops — Foy e difference maps. Xe positions
were detected by their anomalous signal at a wavelength of
1.5 A in the anomalous maps calculated with FFT and CAD
(Winn et al, 2011). During model refinement, their occu-
pancies were refined using the ‘using SAD data directly’
option of REFMACS. The final models were validated using
MolProbity (Chen et al., 2010). Molecular graphics were
created using the UCSF Chimera package (Pettersen et al.,
2004) and PyMOL (DeLano, 2002).
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Table 1

Data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell.

Data set

TetX-MTC

TetX-TTC

TetX-Xe

Data collection
Beamline

BL14.2, BESSY II

Wavelength (A) 0.91841
Temperature (K) 100
Space group P1

Unit-cell parameters (A, °)

Resolution (A)

a = 6887, b=28033,c=86.63,
a=110.82, B= 9027, y = 9339
80.94-2.18 (2.31-2.18)

Unique reflections 86443
Multiplicity 3.75 (3.60)
Rineas (%) 10.0 (61.9)
(Ilo(1)) 11.86 (2.37)
Completeness (%) 95.4 (80.4)
Wilson B factor (A%) 384
Refinement
Resolution (A) 80.94-2.18
No. of reflections used 82142
Rerysi/Rizeet (%) 18.4/23.5
No. of water molecules 640
R.m.s. deviations from ideality
Bond lengths (A) 0.017
Bond angles (°) 1.918
Average B factor (A%)
Main chain 40.4
Side chain 43.1
Water 41.5
Ramachandran statistics (%)
Preferred region 96.1
Allowed regions 3.5
Outliers 0.4
PDB code 4299

BL14.2, BESSY II

BL14.2, BESSY II

0.91841 1.5
100 100
P1 P1

a = 6888, b=280.79, c = 87.65,
a =110.84, B = 89.98, y = 93.63
81.90-2.30 (2.42-2.30)

a=6871,b=280.14, c = 87.50,
o =111.04, B = 90.06, y = 93.29
81.64-2.73 (2.80-2.73)

75168 85826+
3.90 (3.90) 3.43 (1.83)
10.0 (72.1) 13.3 (57.2)
9.10 (2.00) 11.79 (1.74)
96.0 (95.5) 92.8 (60.2)
45.5 54.7
81.90-2.30 47.27-2.73
71396 41035
21.8/26.0 18.1/22.1
217 93

0.015 0.013
1.759 1.683

70.6 67.5

74.5 70.9

63.8 49.2

96.0 95.8

3.9 3.7

0.1 0.5

4abn 4guv

F Processed keeping Friedel mates separate. i Ry, was calculated using 5% of the reflections, which were excluded from refinement.

2.4. Molecular-dynamics simulations

The system of study was TetX in complex with FAD and
7-CITC (PDB entry 2y6r; Volkers, Palm et al., 2011). For FAD,
the fully reduced state FADH, was considered. Missing atoms
of amino-acid side chains as well as the missing loop of resi-
dues 246-248 were built with the program Modeller (release
9v3; Sali & Blundell, 1993). The protonation states of the Asp,
Glu, Lys and Arg residues of TetX were set as the standard
states at pH 7 (acids deprotonated, bases protonated). For the
protonation of His residues, visual inspection of the structure
was used in order to define one of the three possible
protonation states by considering neighbouring hydrogen
bonds; when the choice was not unequivocal the neutral form
was selected. For the molecular-mechanics description of the
system, we used the 54A7 GROMOS force field (Schmid ez al.,
2011), the SPC water model (Berendsen et al., 1981) and a
previously parameterized model for dioxygen (Victor et al.,
2009) (for details of 7-CITC and FADH,, see the Supple-
mentary Material). The GROMACS 4.5.4 package (Hess et al.,
2008) was used for the molecular-dynamics simulations and
the simulations were performed on the NPT ensemble using
periodic boundaries at standard conditions (further details are
given in the Supplementary Material). The protein, together
with FADH, and 7-CITC, was solvated in a rhombic dodeca-
hedral box, considering a minimum distance of 9 A to the box
walls, ending up with a total of 15369 water molecules. 12

sodium ions were added to counteract the total charge of the
protein. The final system was subjected to a minimization and
initialization protocol as described elsewhere (Damas et al.,
2011), after which three different replicate molecular-
dynamics simulations were run for 16 ns each. The systems
were considered to be equilibrated after 10 ns. From the
equilibrated portion of the simulations, we sampled three
conformations from each replicate simulation (at 12, 14 and
16 ns) for a total of nine different starting conformations. 66
dioxygen molecules were randomly placed within the solvent
for each of the nine conformations, and molecular-dynamics
simulations were run for 20 ns each. Conformations were
saved each picosecond for analysis.

3. Results
3.1. Quality of the model

A complete diffraction data set for TetX in complex with
MTC was collected to a resolution of 2.18 A. The complex of
TetX with TTC diffracted to 2.30 A resolution. Data were
collected from a xenon-derivatized TetX crystal to a resolution
of 2.73 A (statistics of data collection and refinement are given
in Table 1). The asymmetric unit of the triclinic cell of these
TetX complexes contained four monomers. Superpositions of
the monomers within the asymmetric unit of each structure
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showed root-mean-square differences (r.m.s.d.s) on C* atoms
of less than 0.3 A. The monomers are related by two inde-
pendent twofold noncrystallographic axes. A crystal-packing
analysis has previously been outlined (Volkers, Palm et al.,
2011; Volkers et al., 2010). All TCs in the TetX complexes were
refined independently with full occupancy.

3.2. Overall three-dimensional structure of TetX

TetX consists of two domains: an FAD-binding domain,
which exhibits a Rossmann fold, and a substrate-binding
domain. Superpositions of the substrate-free TetX structure
(PDB entry 2xdo) onto the TTC complex (PDB entry 4a6n),
onto the MTC complex (PDB entry 4a99) and onto the Xe
complex (PDB entry 4guv) revealed r.m.s.d.s on C* atoms
of only 0.87, 0.94 and 0.87 A, respectively. Domain motions
owing to substrate binding can be ruled out.

The enzyme was crystallized with the oxidized form of the
FAD cofactor, which is already in position to bind the
substrate. This is true for each TetX structure crystallized to
date, but is in contrast to comparable monooxygenases, in
which the oxidized and reduced states of FAD correspond to
different positions of the isoalloxazine (Gatti et al., 1994).

3.3. The minocycline complex of TetX

3.3.1. Minocycline in the substrate-binding pocket. The
substituents of the A ring of MTC form hydrogen bonds
comparable to those observed in previously determined TetX
complexes (Figs. 2a and 2b and Supplementary Fig. S2). The A
ring of MTC is hydrogen-bonded to the side chain of GIn192.
A water molecule serves as a hydrogen-bonding bridge
connecting the dimethylammonium at C4 of MTC to the
carbonyl O atom GInl192 O°', whereas the C3 enolate is
hydrogen-bonded to GIn192 N*2. The position of the water

molecule is stabilized by the hydroxyl group of Ser238. As
shown previously in the TetX complexes of 7-ITC and 7-CITC
(PDB entries 2y6q and 2y6r), the noncovalently tightly bound
cofactor FAD has a large impact on stabilizing substrate
binding. The isoalloxazine forms hydrogen bonds via its NS
and O4 atoms to the hydroxyl groups at C12 and Cl2a of
MTC. The carbonyl O atom at C1 of MTC hydrogen-bonds to
the side chain of Arg213 (Fig. 2a). The conserved hydrophilic
part of MTC interacts with water molecules, which form
hydrogen bonds to protein side-chain and backbone atoms
(Fig. 2b). MTC does not have any specific substituents at C5,
C6, C8 and C9. At position C7 it carries a dimethylamino
group which makes van der Waals contacts with the side
chains of Met215, Met375 and Phe382 (3.8-4.0 A). These
hydrophobic parts of MTC (C4a—C7) are shielded from the
solvent by Phe224, Phe319 and Pro318. The recognition of
MTC in the active site of TetX is specific for the conserved
substitution pattern of the A ring and C11-Cl12. This is
consistent with the previously observed antibiotic recognition
in several structures of TC complexes with proteins such as Tet
repressor or EF-Tu (Hinrichs et al., 1994; Heffron et al., 2006)
and the prokaryotic ribosomal 30S subunit (Brodersen et al.,
2000; Pioletti er al., 2001). A surface representation of TetX
reveals that the whole substrate-binding site is divided into a
hydrophobic region and a part that exhibits highly hydrophilic
properties (Fig. 2c). The hydrophobic region is mainly built by
the residues of the substrate-binding domain. The hydrophilic
part belongs to the FAD-binding domain and only in part to
the substrate-binding domain. MTC, like other tetracyclines,
fits with its more hydrophobic substituents at C5-C8 in the
hydrophobic part of the active site, whereas the conserved
hydrophilic substitution pattern at C1-C4 and C10-C12 binds
to the hydrophilic surroundings of the active site. Since the
hydrophilic moieties of TC are conserved to maintain

Figure 2

Hydrophilic and hydrophobic recognition of minocycline (MTC) in the active site of TetX. (a) Hydrophilic recognition of MTC by the active-site
residues of TetX. MTC (orange sticks) shows direct hydrogen-bonding interactions with FAD (yellow sticks) and the side chains of residues Arg213 and
GIn192 (with a bridging water molecule; red sphere). Hydrogen bonds in the range 2.6-3.2 A are indicated by dashed lines. (b) Additionally, the
conserved hydrophilic part of MTC is hydrogen-bonded via water molecules interacting with residues Thr59, His63 and Arg213. MTC is recognized by
the hydrophobic residues Phe224, Pro318 and Phe319, which provide a nonpolar environment for the hydrophobic edge of MTC along C5-C7. (¢) Kyte—
Dolittle hydrophobicity surface representation of TetX with hydrophobic residues in blue and hydrophilic residues in red. TetX provides a pocket with its
hydrophobic residues of the substrate-binding domain for the hydrophobic edge of MTC along C5-C9 (orange sticks). The hydrophilic edge of MTC
located at C1-C4 and C10-C12a interacts with the hydrophilic surroundings of the substrate-binding domain and water molecules.
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antibiotic activity, there might be a possibility of developing
TC variants with bulky but hydrophilic substituents at C5-CS.
Those would interfere with the hydrophobic character and
the limited space that is determined by the central S-sheet
forming the substrate-binding domain.

3.3.2. Additional minocycline-binding sites. PISA analysis
of the crystal packing (Krissinel & Henrick, 2007) reveals that
the TetX molecules have several different but small interface
areas with each other. The surface of the TetX monomer is

(b)

Figure 3

(a) Ribbon representation of TetX monomers A and C with MTCs in
the active site represented as ball-and-stick models. Two additional
minocycline molecules (MTC.A and MTC.C) bind at the interface of the
TetX monomers in the asymmetric unit. The A rings of both MTCs are
much closer to the entrance of the active site of TetX monomer C
compared with the distance to the entrance of TetX monomer A. These
MTCs and the FAD cofactor are shown in stick representation. The C
atoms of FAD and MTC are coloured yellow and orange, respectively. (b)
Recognition of MTC in the additional binding site with labelled A rings.
MTC.A hydrogen-bonds to the side chain of GIn78 and MTC.C binds
to Glu363. The carbonyl group at Cl of MTC.A interacts with the
protonated dimethylammonium moiety at C4 of MTC.C. The Fyps — Feale
OMIT map (green) is shown at 30. Both MTCs were omitted from the
structure-factor calculation. The secondary structures of TetX monomers
A and C are coloured grey and purple, respectively.

about 17 200 A% and the largest contact area is only 860 A2 for
monomers A with D and B with C. Thus, quaternary structures
are not observed, which is in agreement with the presence of
TetX monomers in solution (Yang et al., 2004). Surprisingly,
there are two unexpected binding sites for four MTCs with
well defined electron density. Both binding sites are located in
a cleft formed at the interface of two TetX monomers and are
fully occupied by two neighbouring MTC molecules (Figs. 3a
and 3b). The pocket-forming pairs of TetX monomers (A/C
and B/D) share a contact surface area of only 190 A2 At the
interface of monomers A and C of TetX two MTC molecules
(MTC.A and MTC.C) are bound (Fig. 3a). Similarly, at the
interface of monomers B and D another cavity is formed
for molecules MTC.B and MTC.D. Both binding sites are
equivalent with respect to their position on the surface of the
monomers and MTC binding. Thus, discussion can be limited
to one case. The MTC dimer is not part of the local twofold
symmetry of the corresponding TetX dimer, providing an
asymmetric contact surface. MTC.A and MTC.C are placed
with an appropriate orientation of their polar A ring to diffuse
into the substrate-entry tunnel of monomer C at a distance
of about 12-14 A, whereas the alternative entry of TetX
monomer A is at least 24 A away (Fig. 3a). Both MTCs also
share a larger surface area with TetX monomer C (~225 10\2)
than with TetX monomer A (~170 A2).

The hydrophobic part of both MTCs is covered by a mostly
hydrophobic environment provided by both TetX monomers.
This is in line with the distinctly hydrophobic properties of
MTC compared with other TCs (Griffin et al., 2010). MTC.A is
covered by side chains Tyr81 and Phel110 of monomer A and
residues Ser66, Ser326, Val329 and Tyr360 of monomer C.
MTC.C is in contact with the side chains of Ile359 and Tyr350
of TetX monomer C and residues Pro106, Glu107 and Phe110
of TetX monomer A. The methylene group (CS) of the B ring
of MTC.C points towards the plane of the w-system of ring D
of MTC.A (3.4-3.5 A) Within the MTC dimer, a hydrogen
bond from carbonyl O1 (MTC.A) to the dimethylammonium
at C4 (MTC.C) at 2.72 A compensates the polarity of the
A rings to some extent (Fig. 3b). Other hydrogen bonds in
the range 2.5-3.0 A are observed from GIn78 N*2 of TetX
monomer A to hydroxyl groups O12 and O12a of MTC.A.
In MTC.C these hydroxyl groups are hydrogen-bonded to
Glu363 O°' of TetX monomer C (2.57 and 2.75 A, respec-
tively).

3.4. The tigecycline complex of TetX

The crystal structure of the TetX-TTC complex clarifies
that the recognition of TTC by TetX does not differ from that
of other tetracyclines (see Supplementary Fig. S2). The elec-
tron density reveals that TTC adopts the same orientation in
all four TetX monomers, like the other tetracycline derivatives
in the active site of TetX (PDB entries 2y6r, 2y6q and 4a99).
Comparable to other TetX-TC complexes, the target Clla
of TTC is at an appropriate distance of 6.0 A from
Cd4a at the re side of FAD (for nomenclature, see the
Supplementary Material and Hanson, 1966). At this distance,
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the hydroxylation reaction by the intermediate C4a-hydro-
peroxyflavin can occur after FAD reduction and dioxygen
binding at the re side. The 9-fert-butylglycylamido moiety
leads to a higher susceptibility of the bacterial ribosomal
subunit towards TTC combined with an abolished activity of
the tetracycline-efflux protein TetA. The 9-fert-butylglycyl-
amido substituent of TTC makes no remarkable hydrophobic
or hydrophilic contacts with TetX residues. The closest contact
for hydrogen bonding of the N atom of the tert-butylammo-
nium and the carboxylate of Glu367 is 3.44 A as observed in
TetX monomer A, but is up to 5 A in the other monomers.
This rather weak interaction is in agreement with the weak
electron density of the flexible 9-ters-butylglycylamido
substituent, because the 9-tert-butylglycylamido group points
into the solvent-accessible substrate entrance (Fig. 4). A
comparable situation was found for the Mg*" complex of
9-(N,N-dimethylglycylamido)-6-demethyl-6-deoxytetracycline
bound to Tet repressor (Orth et al., 1999). Despite this, TTC
shows only common interactions corresponding to the usual
binding mode of the A ring to the side chains of GIn192 and
Arg213 and the flavin cofactor. The quite hydrophobic part
along C5-C8 is bound in a hydrophobic pocket comparable to
MTC recognition. This is in line with the observation that the
covered surfaces of TTC and all other TCs in the active site of
TetX are very similar, ranging from 400 to 430 A?. Thus, TCs
with bulky substituents at position 9 are still susceptible to
TetX-mediated resistance. The TetX-TTC complex is another
example of the versatile substrate diversity of TetX within the
class of tetracycline antibiotics.

3.5. The xenon complex of TetX

A prerequisite for aromatic hydroxylation by flavoproteins
is the binding and transfer of dioxygen. After reduction by
NADPH, the flavin reacts with dioxygen to produce the
hydroxylating intermediate C4a-hydroperoxide (see Supple-
mentary Fig. S1). Therefore, dioxygen must
be transferred from the bulk solvent to the
inner active site of the monooxygenase. It is
well accepted that xenon, a nonpolar
species, is able to occupy hydrophobic
pockets in proteins under high-pressure
conditions (Schiltz et al., 1994) as a result of
van der Waals forces. Dioxygen is a hydro-
phobic species that will also be transferred
by binding to hydrophobic pockets in the
protein. Such hydrophobic pockets, which
are suitable for the binding of dioxygen, can
be identified by xenon derivatization of
protein crystals. This has recently been
demonstrated (Duff et al., 2004; Hiromoto et
al., 2006) and was originally intended to be
used as a phasing tool for protein structures
in macromolecular crystallography (Montet
et al, 1997; Wentworth et al, 2001;
Svensson-Ek et al., 2002; Panjikar & Tucker,
2002). The refined model of the TetX-Xe

Figure 4

complex is highly isomorphous with the model of substrate-
free TetX (PDB entry 2xdo), with an r.m.s.d. of 0.9 A on all
polypeptide atoms. In each of the four TetX monomers in the
asymmetric unit of the P1 cell two Xe positions can be iden-
tified by their anomalous signal and strong electron density.
Both positions are in the substrate-binding domain, which
shields the active site above the isoalloxazine of the FAD
cofactor (Fig. 5a). There are no xenon-binding sites in the
FAD-binding domain. The occupancy for the first binding site
(Xel) ranges from 0.18 to 0.32 within the four monomers; for
the second binding site (Xe2) occupancies ranging from 0.51
to 0.71 were found. The distance between Xel and Xe2 is
about 8 A. The lower occupied pocket is located near the
surface of the protein, whereas the second pocket is closer to
the active site. The Xel binding site is assumed to be a weaker
dioxygen-binding site. The Xel binding site is flanked by
amino-acid residues that maintain a highly hydrophobic
environment (Ile191, Ile237, Phe239, Phe262, Leu263 and
Phe267). Similarly, a well defined Xe2 binding site is
surrounded by residues Leu223, Phe235, Ile237, Leu263,
Phe267, Trp270, Leu277, Tyr274 and 11e278. The pockets share
residues Ile237, Leu263 and Phe267.

Both hydrophobic pockets are shielded from the active
site by the large B-sheet of the substrate-binding domain
consisting of antiparallel strands g12-815 (Fig. 5a and
Supplementary Figs. S3 and S4). A search for any direct
connection between the Xe positions and the active site using
MOLE from the PyMOL package (DeLano, 2002; Petrek et
al., 2006, 2007) did not result in any channels. There are six
channels connecting the Xe positions to the solvent and also
one that connects the Xe-binding sites (Fig. 5a). Any changes
in this channel structure upon substrate binding are not
obvious because all of the compared crystal structures
contained the oxidized form of FAD. Therefore, movement of
the side chains seems to be essential for the diffusion of gas
molecules from position Xel or Xe2 towards the active site.

Stereo representation of the TetX complex with tigecycline (ball-and-stick model; hidden FAD
in sticks only), which is bound in the active site in the same orientation as other tetracyclines.
The view through the p-sheet of the substrate-binding domain shows that the 9-fert-
butylglycylamido moiety is solvent-exposed and does not interact with protein residues. TetX is
shown as a ribbon representation with a transparent surface (grey) for the protein only. The
colour code for C atoms is according to Fig. 2.
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The binding of dioxygen to other hydrophobic pockets might
also be dependent on binding of substrate and NADPH, which
changes the hydrogen-bonding potential of the isoalloxazine
at N5 upon reduction.

3.6. Molecular-dynamics simulations of dioxygen diffusion

In order to understand how dioxygen reaches the active site
from the solvent and the relation to the identified Xe binding
sites mentioned above, we modelled the diffusion of dioxygen
using standard molecular-dynamics simulations. On initial
analysis, when plotting the minimum distance between C4a of

Figure 5

(a) Ribbon presentation of the TetX-Xe complex. Xenon-binding sites
Xel and Xe2 (turquoise spheres) are located in the substrate-binding
domain. They are not connected to the active site (orange dots) above the
FAD cofactor (yellow sticks). There are channels which connect them to
each other and to the outer solvent (blue dots). The channels were
detected using MOLE from the PyMOL package (Petrek et al., 2007,
DeLano, 2002). (b) Comparison of the dioxygen molecular density
isosurface and the xenon-binding sites (turquoise spheres). The viewing
direction is opposite to that in (a) and is now aligned on C* atoms with
the central structure of the molecular-dynamics simulations (green) and
dioxygen molecular density (semi-transparent red surface represented as
in Fig. 6).

FADH, and dioxygen molecules (which is the reaction pair)
along simulation time, it becomes clear that a distance of
around 5 A is reached in almost all replicate simulations (see
Supplementary Fig. SS5). By the end of the simulation, seven
out of nine simulations reached dioxygen distances below
10 A, with only one replicate simulation never reaching a
distance close to 5 A throughout the entire simulation time.
Moreover, the residency time of dioxygen around this 5 A
distance is of many nanoseconds in most simulations. This
short distance hints that dioxygen reaches the active site.

In a more thorough analysis, three-dimensional molecular-
density maps were derived from all 594 dioxygen trajectories,
allowing the identification of the regions in which it is most
probable to find this molecule, i.e. the regions with highest
affinity for dioxygen. There are two high-affinity regions
closest to C4a, A and A’, which are separated by FADH, and
Leu287 (Fig. 6a). Region A approaches to about 5 A from C4a
and region B corresponds to the previously described hydro-
phobic pocket (Volkers, Palm et al, 2011), with 7-CITc in
between this region and C4a. There are also two additional
high-affinity regions within the so-called substrate-binding
domain: C and D. When comparing the xenon-complex
structure with the high-affinity regions (Fig. 5b), there is a
good correlation between xenon binding sites Xe2 and Xel
and regions C and D, respectively. The incompleteness in the
correlation between the experimental xenon complex and the
simulations may arise from the intrinsic difference between
dioxygen and the xenon probe and also from the difference
between the crystal and the solution environment simulated
here. Furthermore, while region C has a spatial relation to
region C’ (separated by Phe205), and further down with region
B, region D is close to region A’, connecting the Xel binding
site to region A in the active site through high-affinity regions.
This relation is even clearer if we consider all dioxygen
trajectories that approach within 5 A or less of C4a at any time
during the simulation and map them onto the high-affinity
regions (Fig. 6b). This shows that some of these trajectories
populate region D. In fact, most trajectories that meet this
distance requirement were found to pass through region A’,
reaching region A via the constriction at Leu287 and FADH,
(Fig. 6b). No trajectory shows diffusion of dioxygen from
regions B and B’ to the high-affinity region A, probably owing
to the presence of the bulky side chain Phe319. This also
means that 7-ClTc effectively blocks the possible access of
dioxygen to C4a through region B, restricting its access
through the other side of the protein (region A’). Therefore, it
seems likely that regions A, A’ and D (Fig. 6b) are those
through which dioxygen passes to enter into the protein and
reach C4a of FADH,, with region A on the re side of FADH,
being the binding pocket that would favour a face-on reaction
with FADH, (Chaiyen et al., 2012).

4. Discussion

The TetX-MTC and TetX-TTC crystal structures demonstrate
specific TetX recognition of a multitude of tetracycline
antibiotics. The overall recognition pattern of TCs in the
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substrate-binding pocket is very similar on comparing the four
available TetX-TC complexes (Supplementary Fig. S2). As
shown in Fig. 2(c), the hydrophobic and hydrophilic edge of
the TC framework fits accordingly to the polarity of the
substrate-binding pocket. The hydrophilic part of TCs is in
hydrogen-bonding contact with the side chains of GIn192 and
Arg213. Furthermore, polar side chains point towards the
hydrophilic edge of the TCs and are assumed to be connected
by a number of water molecules. Hydrogen bonds from the
hydroxyl groups at C12 and C12a to O4 and N5 of the flavin
are observed throughout. The distance of C4a at the re side of
the isoalloxazine to the hydroxylation target Clla of TC is
always in the range 5.5-6 A. After reduction and dioxygena-
tion of the flavin, C4a will become tetrahedral, forcing the
isoalloxazine plane to bend. Therefore, further comment on
structural rearrangements upon hydroxylation would be too
speculative.

Figure 6

(a) Stereoview of dioxygen molecular-density maps and some dioxygen trajectories inside
TetX. The TetX model represented here is the conformation that minimizes the r.m.s.d. on Co
atoms. The protein is depicted as a cartoon (green), with FADH, shown with yellow C atoms
and 7-ClTc with orange C atoms, as well as the side chains within a distance of 8 A around
them, which are depicted as sticks. Dioxygen molecular density is represented as
a semitransparent red surface enclosing densities of 1 x 1073 A= or higher. C4a of the
isoalloxazine is represented as a sphere. (b) Additionally, a chosen set of dioxygen trajectories
are represented as red spheres and sticks. These trajectories are only those that approach 5 A
or closer to C4a at any time during the simulation. For better visualization, the trajectories

represented were sampled every 100 ps.

The recognition of TTC by TetX is mediated by protein
residues binding to the A ring and by FAD, similar to other
TetX-TC complexes. The 9-fert-butylglycylamido moiety is
solvent-exposed, comparable to the 9-glycylcycline complex of
TetR (Orth et al., 1999). Unfortunately, this affects new fully
synthetic TCs (Charest, Lerner et al., 2005; Charest, Siegel et
al., 2005) with bulky substituents at C9 such as the amino-
methylcycline amadacycline (Wang et al, 2009) and other
recent developments including the fluorocycline TP-434 (Xiao
et al., 2012; Grossman et al., 2012). Variation of the D-ring
substituents at C8 and C9 will not lead to any tetracyclines that
are not susceptible to TetX-mediated hydroxylation. Since the
substitution pattern of the A ring is conserved, the develop-
ment of new tetracyclines in the case of emerging TetX-
mediated resistance of pathogens will be difficult.

Chelation of divalent metal ions by the keto—enol motif at
C11/C12 of tetracycline (deprotonated at physiological pH;
Palm et al., 2008) are not observed in either
of the two TetX binding modes, but in
the active site the side chain of Arg213
compensates the presumed negative charge.
Here, we have to keep in mind that the
protonation pattern of TCs may be ambig-
uous (Aleksandrov et al., 2007). We suggest
that the hydroxyl substituents at Cl12a and
of the C11/C12 keto—enol moiety provide
another key motif for tetracycline binding
in the way that they promote hydrogen
bonding to the flavin in the active site and
also hydrogen bonds in the surface pocket
preformed by TetX packing. The recogni-
tion of polar groups of the A ring (O12a, O1,
O3 and N4) and O12 is retained even after
degradation to isotetracyclines, as observed
in corresponding Tet repressor complexes
(Volkers, Petruschka et al., 2011).

The additional binding sites for MTC that
were identified may play a role in transfer-
ring the substrate to the active site of TetX
even if the observed binding is promoted
by crystal-packing effects and a high MTC
concentration during crystal-soaking
experiments. Nevertheless, they show how
tetracyclines are able to bind to a variety of
protein targets. Binding of tetracyclines to
different sites of other biopolymers is
known for the small ribosomal subunit,
which has up to six tetracycline binding sites
with varying occupancies (Pioletti er al.,
2001), owing to the use of artificially high
concentrations for crystal structure deter-
mination. Only the site with the highest
occupancy is responsible for the antibiotic
activity of tetracyclines on the bacterial
ribosome (Aleksandrov & Simonson, 2008).
Non-antibiotic properties of tetracyclines,
on the other hand, are known to include the
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inhibition of phospholipase A,, in which MTC is found at a
specific site despite having a weak binding constant (Dalm et
al., 2010).

Binding and transfer of dioxygen is essential for the activity
of monooxygenases. We demonstrate that putative dioxygen-
binding sites are located in the substrate-binding domain but
are not directly connected to the active site. Nonetheless, entry
of dioxygen to the active site was observed in molecular-
dynamics simulations using a TetX-TC system. In addition to
confirming the xenon-binding sites, the simulations also
showed additional high-affinity binding regions. Obviously, the
diffusion pathway of dioxygen into the enzyme is not random
but is targeted on the active site along specific channels, as has
previously been shown for other monooxygenases (Baron et
al., 2009). Future experiments with Xe bound to a TetX-TC
complex may show these other binding sites for dioxygen that
are closer to the active site and that are probably only occu-
pied after substrate binding. Substrate binding prior to the
reaction of dioxygen with FADH, is most probably essential to
prevent the oxygenase side reaction which would eliminate
H,O, from the C4a-hydroperoxyflavin (Chaiyen et al., 2012).

Recently, adaptive mutants of TetX were discovered by an
experimental evolutionary approach in resistant E. coli strains
that showed increased minimal inhibitory concentrations of
MTC in vivo (Walkiewicz et al., 2012). Amongst others, two
TetX variants with modifications in the substrate-binding
domain are characterized by threefold to fivefold increased
activities (Phe235Tyr and Thr280Ala). Both amino-acid side
chains may interfere with dioxygen diffusion because Phe235
is in close proximity to the binding site of Xe2 (5.2 A) and
Thr280 is C-terminal to an «-helix which participates in the
binding pocket of Xe2.

The insertion of oxygen into organic compounds is chal-
lenging in chemistry and biotechnology. These crystal struc-
ture analyses provide a basis for how this can be performed
enzymatically for large aromatic substrates. This will support
the understanding and further development of the specific
hydroxylation of structurally related compounds.
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