s1dLIOSNUBIA JoyINy sispund DN 8doin3 ¢

s1dLosnuUep JoyIny sispund DN adoin3 ¢

Europe PMC Funders Group
Author Manuscript
FEBS J. Author manuscript; available in PMC 2019 March 18.

Published in final edited form as:
FEBS J. 2009 February ; 276(4): 964-972. doi:10.1111/j.1742-4658.2008.06832.x.

Data-driven homology modelling of P-glycoprotein in the ATP-
bound state indicates flexibility of the transmembrane domains

Thomas Stocknerl, Sjoerd J. de Vries?, Alexandre M. J. J. Bonvin2, Gerhard F. Ecker3, and
Peter Chiba*

IBioresources, Austrian Research Centers GmbH — ARC, Seibersdorf, Austria 2NMR Research
Group, Bijvoet Center for Biomolecular Research, Utrecht University, The Netherlands 3Emering
Field Pharmacoinformatics, University of Vienna, Austria #Institute of Medical Chemistry, Medical
University of Vienna, Austria

Abstract

Human P-glycoprotein is an ATP-binding cassette transporter that plays an important role in the
defence against potentially harmful molecules from the environment. It is involved in conferring
resistance against cancer therapeutics and plays an important role for the pharmacokinetics of
drugs. The lack of a high resolution structure of P-glycoprotein has hindered its functional
understanding and represents an obstacle for structure based drug development. The homologous
bacterial exporter Sav1866 has been shown to share a common architecture and overlapping
substrate specificity with P-glycoprotein. The structure of Sav1866 suggests that helices in the
transmembrane domains diverge at the extracytoplasmic face, whereas cross-link information and
a combination of small angle X-ray scattering and cryo-electron crystallography data indicate that
helices 6 and 12 of P-glycoprotein are closer in P-glycoprotein than in the crystal structure of
Sav1866. Using homology modelling, we present evidence that the protein possesses intrinsic
structural flexibility to allow cross-links to occur between helices 6 and 12 of P-glycoprotein,
thereby reconciling crystallographic models with available experimental data from cross-linking.
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Multidrug transporters are active efflux pumps that can prevent the influx of potentially
harmful compounds by expelling them from cells in an energy-dependent manner [1,2].
Drug resistance of cancer cells and microbial organisms has been related to the expression of
multidrug efflux transporters [3,4]. An important hallmark of ATP-binding cassette (ABC)
transporters [5] is the presence of nucleotide binding domains (NBD), which use the energy
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of ATP binding and hydrolysis to fuel the transport process. The human ABC transporter P-
glycoprotein (P-gp) plays an important role in xeno-protection because it is expressed in
cells lining the intestinal tract, as well as in the liver and kidney, and at the blood—brain
barrier [6]. Its expression profile has important implications for the pharmaceutical industry
because it has a strong influence on the pharmacokinetics (absorption, distribution,
metabolism, excretion and toxicity) of drugs. At present, no high resolution structure of P-gp
is available, but structures of the homologous bacterial efflux transporters Sav1866 and
MsbA have been solved recently. These structures represent Sav1866 from Staphylococcus
aureus in complex with nucleotides [AMP-PNP, ADP; Protein Data Bank (PDB) codes
20NJ and 2HYD, respectively] [7,8] and MsbA in different conformational states (open apo,
closed apo, AMP-PMP-bound, ADP/Vi-bound; PDB codes 3B5W, 3B5X, 3B5Y, 3B5Z,
3B60) [9]. The structures indicate a common architecture of Sav1866 and MsbA. P-gp has
sufficient sequence similarity with these two transporters to assume that they share a
common fold. Additional evidence for structural homology stem from cross-linking
experiments indicating that helices 10 and 11 of transmembrane domain (TMD) 2 reach over
to the other side of the protein to form contacts with NBD1 [10] and from electron density
maps obtained by a combination of small angle X-ray scattering and cryo-electron
crystallography [11]. Furthermore, Sav1866 has at least partially overlapping substrate
specificity with P-gp because Sav1866 has been found to transport the known P-gp
substrates Hoechst 33324, verapamil and vinblastine [12]. Several recent homology models
of P-gp have been based on the Sav1866 structure [13-15]. Globisch ef a/. [13] and Ravna et
al. [15] used the structure of Sav1866 as a template to investigate pharmacological aspects of
P-gp. O’Mara and Tieleman [14] created P-gp models in different conformational states
relying on the different structures of the nucleotide binding domain (MalK) of the MalFGK»
bacterial maltose importer. These modelling attempts provide structural insights into drug
binding and possible conformational transitions.

In the present study, we used the crystal structure of the ATP-bound state of Sav1866 (PDB
code 2HYD, 3.0 A resolution) [7] as a template for the generation of an outward facing P-gp
model and compared its compliance with data obtained by cysteine cross-linking. Large
deviations of the pore spanning H6—H12 cross-links were apparent. We developed a model
of the cross-linked conformation of P-gp that would explain the spatial proximity of
transmembrane helices 6 and 12 [16-21] as suggested by cysteine cross-linking. Our models
indicate that the wing-like extensions can approach each other to a point to allow formation
of cross-links while retaining structural integrity. The model is discussed in light of the
currently available experimental evidence for the location of the substrate-binding region.

The crystal structures of the bacterial exporters Sav1866 and MsbA in presence of the
nonhydrolysable ATP-analogue AMP-PNP are very similar. These crystal structures show
two symmetrically bound nucleotides sandwiched between the nucleotide binding domains
at the NBD1 and NBD2 compound sites. The structures of Sav1866 obtained in complex
with either AMP-PNP [8] or ADP [7] (PDB code 20NJ and 2HYD, respectively) show an
rmsd of < 0.1 A, whereas the rmsd between Sav1866 (2HYD) and MsbA from Salmonella
typhimurium (PDB code 3B60 resolved at 3.7 A) [9] in complex with AMP-PNP is 2.0 A.
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An additional structure of MsbA in the AMP-PNP bound state at a resolution of 4.5 A (PDB
code 3B5Y) is a Ca-trace only. We therefore used the ADP-bound state of Sav1866 (PDB
code 2HYD) resolved at 3.0 A [7] as a template for model building. Small differences
between the two Sav1866 and the MsbA structures are observed towards the
extracytoplasmic face of the transporters. In the Sav1866 crystal structure, helices 1 and 2
are extended by one helical turn at the extracellular side compared to MsbA. A similar
helical length for P-gp compared to Sav1866 can be inferred for P-gp from the sequence
alignment for helices 7 and 8. Modelling of the extracytoplasmic loop 1 has not been
attempted due to lack of a suitable template.

Model of the open outward facing conformation

The Sav1866 template structure has been solved in an outward facing conformation and we
built a model of P-gp based on this template. Our best outward facing model was compared
with the experimental evidence provided by cysteine cross-linking data for P-gp in either the
ATP or the AMP-PNP bound state (Table 1). Sixteen unique cross-link distances between
pairs of cysteine residues were available [16-19], of which 14 corresponded to distances
between helices in the N- and C-terminal TMDs, whereas two were available for the NBDs.
All distances given in Table 1 are Ca—Ca distances. The majority of cross-links were
obtained with Cu-phenanthroline, a zero length cross-linker, which oxidizes two cysteine
residues to form a disulfide bond; two were obtained with 3,6,9,12-tetraoxatetradecane-1,14-
diyl bismethanethiosulfonate (M14M); and one was obtained with tris-(2-
maleimidoethyl)amine. Seven of the cross-links were found in the presence of ATP as well
as AMP-PNP, indicating that a hydrolysis event is not required for the formation of these
cross-links. The five thiol cross-links between helices 1 and 11 showed an average deviation
per cross-link of 3.0 + 1.5 A for the outward facing model. The experimentally determined
distances between the two cysteine pairs in helices 2 and 11 were satisfied. The same
residues were also cross-linked in the non-energized state, indicating that ATP-binding does
not change the relative orientation of helices 2 and 11. Residues L339 (TM®6) and F728
(TM7), as well as F343 (TM6) and F728 (TM7), were cross-linked with M14M (spacer
length 20.8 A), corresponding to a Ca distance of 29.2 A. This distance between cross-
linked residues is a maximal distance in which the spacer is present in an extended
conformation. Lower bounds for the cross-linkers are not available experimentally and the
reported values therefore represent an upper limit. Distances in our model were 9.7 and 12.3
A, respectively, and are thus consistent with the experimental data. In addition, two cross-
links between the NBDs were measured. The Walker A motif of each NBD could be cross-
linked by Cu oxidation with the signature sequence of the other NBD [20]. Table 1 shows
that experimentally determined cross-link distances between residues in helices 1/11, 2/11
and 6/7 deviate on average by only 3 A.

Model of the cross-linked conformation

Although the model of P-gp in the open outward facing conformation is in accordance with
many cysteine cross-links and the overall electron microscopy (EM) density maps,
additional density in the centre of the transmembrane region has been observed and we find
that distances between helices 6 and 12 are much larger in the outward facing model than
suggested by cysteine cross-links (average deviation of 9.7 + 3.7A). Cross-links that were
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consistent with our model structure were all found within one of the wing-like extensions,
whereas those deviating reached over to the other wing. The question therefore arose as to
whether it would be feasible to explain this experimental information by flexibility in the
TMD region. The concept illustrated schematically in Fig. 1 was developed to build a P-gp
model that would satisfy experimental data. Parts of the TMDs were defined as mobile units
and symmetrically bent towards each other while holding the intracellular portion of the
transporter (intracellular domains and NBDs) in place. A smooth rotation gradient was
applied in a bending region corresponding to that portion of the TMDs predicted to be in
contact with the hydrophobic core of the plasma membrane. The axis of rotation was
oriented at a 90° angle relative to the Z-axis (the Z-axis is parallel to the axis of symmetry of
the molecule and thus perpendicular to the membrane plane) and the bending direction was
sampled in 5° increments in the X'Y-plane. This is illustrated in Fig. 1B. Thirty-seven
models were generated and assessed for compliance with experimental cysteine cross-
linking data. For each cross-link, the deviation between the distances measured in the model
and the experimentally determined distances was plotted as a function of the bending
direction in the X'Y-plane (Figs 1B and 2). A consistent minimum of individual traces in the
range 90-140° was observed, indicating that a simultaneous optimization of distance
constraints was possible. The initial direction and amplitude of bending was determined
based only on Ca—Ca distances of the cross-linked residues and does not take into account
side-chain orientation, size and atom overlap. Therefore, in a subsequent step, the bending
direction and amplitude were adjusted simultaneously to obtain optimal helix packing. The
model of the cross-linked conformation was obtained for a bending direction of 110° and a
bending amplitude of 10° (Fig. 3). In Table 1, the cross-linking distances for this model are
compared with those found for the outward facing model. The overall deviation from the
experimental data is reduced by 30% in the closed model; in particular, the strong distance
deviations between residues in helices 6 and 12 were decreased by 50%. A summary of the
quality of the energy minimized closed TMD model is presented in Table 2. The structural
and geometric parameters are very good and indicate that the bending procedure did not
compromise the structural integrity of our model.

Discussion

P-gp models

In the present study, we probed the compatibility of available experimental data from cross-
linking and small angle X-ray scattering (SAXS)/EM with models of P-gp in the ATP-bound
state by combining homology modelling with data-driven structural modification. The
structure of Sav1866 (2HYD) in the ATP-bound state was used as a template for model
generation. The selection of the template was motivated by the highest crystallographic
resolution and the recently documented similarity in the TMD/NBD interface [10]. In the
template structure, a canonical NBD/NBD interface is present [7-9] and the transmembrane
segments of helix pairs 2/11 and 5/8 are in contact. The latter has also been demonstrated for
P-gp [17,22]. A clear helical periodicity of the formation of cross-links was observed for
residues in these helix pairs and the residues forming cross-links were oriented towards each
other, whereas those that did not pointed in opposite directions.
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Overall, the outward facing P-gp model conforms to its EM density map because the
template Sav1866 structure had previously been shown to fit into this electron density map
[11]. Our outward facing homology model was validated by comparison with the available
cross-linking information. The compliance of the model with experimental evidence is good,
with average distance deviations of 3 A for residues in helix pairs 1/11, 2/11 and 6/7. These
distance deviations lie in the range of thermal fluctuations of proteins that typically are 1-2
A [23-25].

By contrast, on average, helices 6 and 12 were 10 A further apart in the outward facing
model than as determined by measurements in cross-linking experiments. Furthermore,
SAXS/EM density maps of P-gp indicate that helices 6 and 12 are positioned closer to each
other than in the Sav1866 crystal structure. This suggested the existence of a P-gp
conformational state differing from that observed in the crystal structure of the template
Sav1866. We thus tested the hypothesis that a structurally intact P-gp model can be
generated, which is in agreement with all available cross-linking information. We thereby
observed a simultaneous decrease of helix 6 helix 12 distance deviations for a narrow range
of bending directions (Fig. 2). This finding suggests that these cysteine cross-links can occur
simultaneously in one conformational state of the protein. The finding that the L332/L975
cross-link only occurs under conditions in which ATP hydrolysis can take place indicates
that movements of helices 6 and 12 are more intricate than reflected by simply bending the
model structure in the way described in the present study. This is also suggested by two
studies demonstrating considerable conformation changes in the segment V331 to F343 of
TM6 [26,27].

The residues in transmembrane helices 6 and 12 that were cross-linked with Cu-
phenanthroline are highlighted in Fig. 4. These residues face the central cavity, are oriented
towards each other, and come into close proximity in the cross-linked model. We therefore
suggest that P-gp can fluctuate between an outward facing and a cross-linked conformation.
Figure 3 shows an overlay of the outward facing and the cross-linked conformation. These
two model structures suggest that a transition between these two conformations is possible
without encountering any obvious barriers and without compromising the structural integrity
of the transmembrane domains.

Experimental conditions of crystallography, SAXS/EM and cysteine cross-linking studies
may select for different thermodynamically accessible conformations. The techniques used
to obtain crystals of transmembrane proteins and protein preparations for EM studies might
influence the conformational equilibrium of P-gp because the transporter has to be removed
from its native environment and detergent solubilized [28]. Forces experienced by the
transporter in the lipid bilayer might thus be lacking in the crystal environment. The lateral
pressure profile of a phospholipid bilayer indicates that considerable lateral forces can act on
membrane inserted proteins [29,30]. On the other hand, cysteine cross-linking is a non-
equilibrium method and might not reflect the most populated conformation of P-gp inserted
in a physiological membrane, but certainly represents a thermodynamically accessible state.
EPR studies on the multidrug resistance transporter MsbA from Escherichia coli suggest that
the central helices 6 and 12 are neither water nor lipid accessible [31]. In the outward facing
model, a large portion (~ 4400 A2) of the TMD surfaces facing the central cavity are
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hydrophobic, but water exposed. Residues that form cross-links between TM6 and TM12 are
located in regions with higher hydrophobicity. In the cross-linked model, a hydrophobic
surface area of approximately 2000 A2 is buried, which contributes approximately 24
kJ-mol)~1 of stabilization energy [32]. Hydrophobic water-exposed surfaces of similar size
are commonly interpreted as surface patches that drive protein—protein interactions [33]. We
therefore suggest that P-gp can fluctuate between an outward facing and a cross-linked
conformation. This would reconcile the apparently contradictory lines of evidence from X-
ray crystallography, SAXS/EM studies and cross-linking experiments.

Possible implications for substrate binding

The experimental evidence indicates that the transporter conformation changes upon
substrate binding [19]. In the absence of substrate, residues P350 and S993 of helices 6 and
12 can be cross-linked by Cu-phenanthroline in all stages of the catalytic cycle. Substrate
binding induces a conformational change that reduces the formation of this cross-link, but a
new cross-link from residue P350 to residue V991 at the opposite side of helix 12 is
favoured, indicating a translational and/or rotational movement of the central helices 6 and
12.

Site-directed mutagenesis studies have identified residues F728 in helix 7, F343 in helix 6
and 1306 in helix 5 as being involved in the binding of rhodamine 123 (F343) or verapamil
(1306, F728), respectively, and increasing the rate of ATP-hydrolysis [34,35]. Reaction of
these residues with 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium-coupled substrates led to a permanent stimulation of P-gp
ATPase activity, indicating the importance of these residues for the transmission of
conformational changes from the TMDs to the motor domains. 1306, F343 and F728 in
helices 5, 6 and 7 are predicted by our model to lie close to each other within a hydrophobic
patch. Interestingly, a cross-link between V982 in TM12 and F343 in TM6 has been
identified and V982 has been shown to be located close to the substrate binding region [19].
In our closed TMD model, V982 is juxtaposed to 1306, F343 and F728. Hydrophaobic
substrates might be able to insert into this putative hydrophaobic contact region and trigger
the observed changes in cross-links upon substrate binding.

Experimental procedures

Multiple sequence alignments

Sequences of P-gp N and C-terminal halves, Sav1866 and MsbA from E. coli, Vibrio
cholerae and S. typhimurium were aligned with cLustAaLw [36] using a gap penalty of 10 and
a gap extension penalty of 0.05. The alignment was subsequently adjusted manually in helix
1 and in the vicinity of the extracytoplasmic loop 1 (see Fig. S1). Validity of the sequence
alignment was provided by the orientation of residues at the TMD contact helices 5/8 and
2/11 of the models.

Model generation

The crystal structure of Sav1866 (PDB code 2HYD) was used as a template for model
building. Two hundred and fifty models were generated with the mobeLLER 9v2 software [37]
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(refinement settings: ‘very_slow’, automodel procedure). The extracytoplasmic loop 1 and
the linker region were excluded.

Optimization of the model

The best scoring model was further refined in a data driven optimization procedure. For this,
a c++ program was written to allow bending of transmembrane domain helices. The program
divides the protein into three parts: a static core region, a flexible bending region and a
rigidly rotated region. The borders of the bending region are defined by their positions along
the Z-axis. The rotation axis is set normal to the Z-axis. During the bending procedure, the
core region remains in place and the rigid region is rotated around the rotational axis by a
specified angle, whereas the atoms in the bending region are rotated depending on their 2
position within the bending region. This procedure allows bending parts of a protein while
avoiding chain breaks.

The protein’s main axis (corresponding to the axis of rotational symmetry) was aligned with
the Z-axis, normal to the membrane plane. The bending region was defined to coincide with
those parts of the protein predicted to be in contact with the hydrophobic core of the plasma
membrane (Fig. 1A). The axis of rotation was positioned parallel to the membrane plane in
an orientation that makes it pass through the centre of the cavity. Its orientation in the X'Y-
plane was sampled in 5° increments over a 180° range, whereby the bending moved the
rotated parts of the protein towards each other (Fig. 1B). The optimal bending direction was
determined by comparing the residue—residue distances in the model with experimental
cross-linking distances. The bending amplitude was optimized to achieve good helix
packing. The final structure was energy minimized with Gromacs [38] using the vacuum
force field Gromos96 G43B1 [39]. The quality of the final model was assessed with
PROCHECK [40], Prosall [41], ProqQ [42] and wHATCHECK [43].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ABC ATP-binding cassette

EM electron microscopy

M14M 3,6,9,12-tetraoxatetradecane-1,14-diyl bismethanethiosulfonate
NBD nucleotide binding domain

P-gp P-glycoprotein

SAXS small angle X-ray scattering
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Fig. 1.

(A?) Principle of the bending procedure applied to the TMDs of the initial P-gp homology
model. The coordinates of the intra-cellular part remained unchanged. The bending region,
placed in a section of the protein predicted to be in contact with the hydrophobic core of the
membrane, is shown in green. As indicated by the arrows, the extracellular portion of the
transporter was rigidly rotated by 10° (referred to as the ‘bending angle’ in the text). (B) The
range of tested bending directions, which were sampled in 5° increments in the range 0—
180°. The highlighted part of the arch indicates the bending directions that resulted in
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models that complied best with experimental cross-linking data. The two halves were bent
symmetrically.
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H1-H11 68-950
H1-H11 68-953
H1-H11 68-954
H1-H11 69-954
H1-H11 69-957
H2-H11 133-939
H2-H11 137-935
H6-H12 332-975
H6-H12 343-982
H6-H12 343-986
H6-H12 346-989
H6-H12 350-993
H6-H7 339-728
H6-H7 343-728

Generation of a model of the cross-linked conformation: the deviations between measured
distances in the models and experimentally determined cross-link distances are shown as a
function of the bending direction. The area shaded in grey indicates the most favourable
range of bending directions. Distances between H2 and H11, as well as between H6 and H7,
always fulfil the experimental constraints.
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Fig. 3.

Cgmparison of the models representing the outward facing and the cross-linked
conformations in (A) side and (B) top view. The model representing the cross-linked
conformation is shown in cyan (N-terminus) and blue (C-terminus). The outward facing
model is superimposed in white (N-terminus) and grey (C-terminus).
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Fig. 4.

M%del of the cross-linked conformation of P-gp showing residues in helices H6 and H12
that were cross-linked. (A) Top view. (B) Side view. The Ca-atoms of the cross-linked
residues are highlighted. Helices 6 and 12 are shown in bold. Identical colours indicate
cross-linked residues.
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Table 2

Quality assessment of the final energy minimized model.

Total potential energy

-6.5€ + 04 kJ-molt

PROQ
LGscore
MaxSub
PROSAII
Z-score
PROCHECK
Ramachandran (%)
Most favourable
Additionally allowed
Generously allowed
Disallowed
G-factor
Dihedral
Covalent
Overall
WHATCHECK
Structure Z-scores
1st generation packing quality
2nd generation packing quality
Ramachandran plot appearance
chi-1/chi-2 rotamer normality
Backbone conformation
Rms Zscores
Bond lengths
Bond angles
Omega angle restraints
Side-chain planarity
Improper dihedral distribution

Inside/outside distribution

5.621 (extremely good model)
0.312 (very good model)

-12.38

94.3
53
0.2
0.2

-0.04
0.19
0.06

-0.137
-0.836

0.152
-1.644
-0.652

0.706
1.073
0.168 (tight)
1.718
2.508 (loose)
1.141
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