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Identification of Putative Binding Sites of P-glycoprotein

Based on its Homology Model

Christoph Globisch,” liza K. Pajeva,™® and Michael Wiese*®

A homology model of P-glycoprotein based on the crystal struc-
ture of the multidrug transporter Sav1866 is developed, incorpo-
rated into a membrane environment, and optimized. The result-
ing model is analyzed in relation to the functional state and po-
tential binding sites. The comparison of modeled distances to dis-
tances reported in experimental studies between particular resi-
dues suggests that the model corresponds most closely to the
first ATP hydrolysis step of the protein transport cycle. Compari-
son to the protein 3D structure confirms this suggestion. Using
SitelD and Site Finder programs three membrane related binding

Introduction

In recent years significant progress has been made towards
understanding the role and way of functioning of the multi-
drug resistance (MDR) transport proteins of the ABC superfami-
ly." Among the transporters studied P-glycoprotein (P-gp) has
been paid special attention because of its key role in a
number of cellular processes. Being naturally expressed in ex-
creting organs and epithelial membranes P-gp is involved in
the xenobiotic protection of the cells. Its substrates cover a
broad spectrum of compounds of different structure and phar-
macological function including antibiotics, HIV protease inhibi-
tors, steroids, chemotherapeutic, and immunosuppressive
drugs.” In tumor cells the protein recognizes a large variety of
different antineoplastic agents (anthracyclines, Vinca alkaloids,
taxanes) as substrates for an ATP-dependent efflux, minimizing
their intracellular concentrations and, consequently, decreasing
the therapeutic effect.™ Many compounds have been investi-
gated for their ability to inhibit the P-gp function, thus leading
to development of several generations of MDR-modulators.”
Identification of the binding sites of the P-gp substrates and
inhibitors has always been within the focus of research inter-
est. Elucidation of the binding regions and their amino acid
residues is a key step in understanding the molecular basis of
drug transport and function of P-gp as a MDR transporter. Al-
though various experimental data have been accumulated in
the last decade, the number and location of the drug binding
sites remains unclear. Initially a large common binding site was
assumed,” later a minimum of two binding sites was proposed
to explain the complex behavior of P-gp when cooperative,
competitive, and noncompetitive interactions between MDR
modulators are observed.” From experimental studies with P-
gp containing proteoliposomes Shapiro and Ling postulated
two distinct binding sites, the rhodamine (R)- and Hoechst
33342 (H)- sites, which interacted in a positively cooperative
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regions are identified: a region at the interface between the
membrane and cytosol and two regions located in the trans-
membrane domains. The regions contain binding pockets of dif-
ferent size, orientation, and amino acids. A binding pocket locat-
ed inside the membrane cavity is also identified. The pockets are
analyzed in relation to amino acids shown experimentally to in-
fluence the protein function. The results suggest that the protein
has multiple binding sites and may bind and/or release sub-
strates in multiple pathways.

manner” and a third, regulatory binding site for progesterone
and prazosin.®! From radioligand binding experiments at least
four different binding sites were inferred that were able to al-
losterically communicate.” Summarizing data obtained by
competition with photolabeling drugs Safa proposed seven
binding sites that partly interacted with each other: a vinblas-
tine binding site, which also bound verapamil and cyclospori-
ne A; a taxol binding site; a binding site for dihydropyridine
type calcium channel blockers; a binding site for bepridil, pre-
nylamine, and megesterol acetate; for flupentixol; for prazosin-
like structures; and Hoechst 33342."% Loo and Clarke reported
many results from cross-linking experiments on the interaction
and transport characterization of P-gp.""""¥ Differences in the
cross-linking patterns observed upon binding of different
drugs led them to suggest that P-gp could accommodate vary-
ing substrates through an induced-fit mechanism. The authors
proposed that the transmembrane domains TM2/TM11 and
TM5/TM8 between the two halves must enclose the drug-bind-
ing pocket at the cytoplasmic side of P-gp.">'® Using photoaf-
finity labeling and MALDI-TOF mass spectrometry"” Ecker et al.
reported that TM3, TM5, TM8, and TM11 were mostly labeled
by the benzophenone-type photoaffinity ligands.'®

Thus, the localization and structure of the ligand binding
sites continues to be an open question. In the absence of 3D
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structural data of a protein-substrate or a protein-inhibitor
complex, studies using P-gp molecular models could contrib-
ute to this topic. Recently the crystal structure of the bacterial
ABC transporter from Staphylococcus aureus Sav1866 has been
resolved at 3 A" and the first biochemical evidence has
been provided supporting the correspondence in the domain
arrangement between Sav1866 and P-gp as MDR exporters.
Using cysteine mutagenesis and cross-linking Zolnerciks
et al.”" showed that the long intracellular loops of TM2 con-
tacted the first nucleotide binding domain (NBD) confirming in
this way the physiological relevance of the Sav1866 structure.
Thus, the 3D structure of Sav1866 can be considered as an ap-
propriate template for modeling of the human P-gp.

In this paper we report a homology model of P-gp based on
the X-ray structure of Sav1866. The model has been incorpo-
rated into a membrane environment (phospholipids, water,
and ions) and optimized to closely simulate the real environ-
ment of the protein. The resulting structure has been analyzed
in relation to its correspondence to the functional state of the
protein transport cycle. The model has further been used for
generation of protein binding pockets. The binding regions
identified have been analyzed for the amino acids involved
and their role for the drug interaction and transport. The mod-
eling results point to the possibility of multiple binding sites
and multiple pathways for drug transport.

Results
Homology model of P-gp

To explore the influence of the force field and the environment
on the homology structure five models were generated (see
Computational Methods): optimized with CHARMM27 in
vacuum (c1); with an OPLS-AA based force field in vacuum (c2)
and in a membrane environment (c3); with GROMACS imple-
mented force field (ffgmx) in vacuum (c4), and in a membrane
environment (c5). Table 1 reports the comparison between the
structures of Sav1866 and the P-gp models generated. Table 1
part A shows the root mean squared deviation (RMSD) values
of matching the C-alpha atoms for the X-ray and optimized
structures of Sav1866 and the CHARMM27 optimized struc-
tures of P-gp (initial and final models, see Computational
Methods). The RMSD value of 1.32 A for matching all residues
is rather satisfactory, as it is well below the average value of
1.5 A according to the relationship between the expected RMS
deviation and sequence identity.”? There are also no profound
differences between the NBD and the TMD parts of the struc-
tures (Supporting Information Table S1). If the TMD-NBD loops
(P-gp sequences 372-383 and 1014-1026) are excluded from
comparison, RMSD-values lower than one are recorded. Table 1
part B reports the RMSD values of matching between all heavy
atoms for the five P-gp models. The model obtained with
OPLS-AA in vacuum deviates less from the CHARMM27 opti-
mized one (0.34 A) compared to the ffgmx optimized model
(0.49 A). The deviations between the models from optimization
in vacuum and in the membrane are higher for ffgmx than for
OPLS-AA, respectively 0.29 A and 0.20 A, suggesting that the
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Table 1. RMSD values of matching C-alpha atoms (part A) and C-alpha, C-
beta, C, N, and O atoms (part B).
A qlal olb) 3 44
1. Sav1866 X-ray 0.00
2. Sav1866 X-ray min 0.71 0.00
3. Initial P-gp model 0.74 1.02 0.00
4. Final P-gp model 132 1.29 1.1 0.00
B c1® 2 39 c4™ 50
cl 0.00
c2 0.34 0.00
c3 0.21 0.20 0.00
c4 0.49 0.44 0.45 0.00
c5 0.35 0.29 0.32 0.29

0.00
[a] The X-ray structure of Sav1866; [b]After optimization with
CHARMM27; [c] Initial P-gp model (after crude minimization with
CHARMM27); [d] Final P-gp model (see Computational Methods). P-gp
models optimized with: [e] CHARMM27 in vacuum; [f] OPLS-AA in
vacuum; [g] OPLS-AA in a membrane environment; [h] ffgmx in vacuum;
[ ffgmx in a membrane environment.

OPLS-AA optimized model is closer to the CHARMM27 opti-
mized one. Additionally the distances between particular
amino acids were measured in all five models and very similar
values were recorded indicating that the force field used did
not significantly influence the geometry of the model structure
(Supporting Information Table S1). Considering the small differ-
ences in the models generated, the OPLS-AA membrane opti-
mized model was used for further analysis. We took into ac-
count that the OPLS-AA force field performs better in a lipid
environment (the ffgmx force field tends to overestimate the
interactions between the lipids and the protein®)) and that
the model optimized in a membrane environment may more
closely simulate the real structure of the protein.

Figure 1A presents the homology model of P-gp based on
the Sav1866 structure and Figure 1B shows the model incorpo-
rated in the membrane with the electrostatic potential
mapped on the Gaussian contact surface (see Computational
Methods). Clearly seen are the neutral parts of the helices
buried into the membrane. Inspection of the helices points to
differences in their lengths located in the membrane com-
pared to those reported in the Swissprot database® (Table 2).
In most cases the lengths of the membrane located helices
exceed the Swissprot lengths of the TMs; the extracellular do-
mains between TM3-TM4 (EC2) and TM9-TM10 (EC5) are fully
buried in the membrane.

Estimation of the putative functional state

According to Dawson and Locher™ Sav1866 was crystallized
in the presence of ADP, however, the conformation, at the res-
olution used, was undistinguishable from that of the isolated
NBDs containing trapped ATP. The authors concluded that al-
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B)

Figure 1. Homology model of P-gp. A) Face views (front and side); the pro-
tein backbone is colored by the secondary structure; the ADP molecules and
Na ions are presented in space filled form and colored according to the atom
types (C: gray; O: red; N: blue, Na: big blue spheres); B) A membrane incor-
porated model with the electrostatic potential mapped on the Gaussian con-
tact surface of the structure: red-negative values; blue-positive values; gray—
neutral (close to zero); the POPC lipids are orange.
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Table 2. Alignment of the TM helices.”!

TM domain ~ TM1 ™2 T™M3 ™4 ™5 T™6 ™7 T™8 ™9 T™M10 ™11 ™12
Swissprot 52-72 120-140 189-209 216-236 297-317 326-346 711-731 757-777  833-853  854-874  937-957  974-994
Model 49-76  104-138  186-... ...=233 292-323  328-354 707-734  745-777  829-... ...—879 934-965  971-1000

gp (Figure 1B).

[a] According to the Swissprot database and approximate locations of the TM residues estimated from the membrane incorporated homology model of P-

though ADP rather than ATP
was bound, the NBDs in
Sav1866 exhibited the confor-

Cross-linked amino acid pairs

Table 3. Comparison of the distances between amino acids recorded in different functional states of P-gp.?!

Cross-linker/length [A]

Modeled distance [A] Functional state

mation of the ATP bound state.

L332(TM6) Q856(TM10)
In a later study a crystal struc-
ture of Sav1866 in a complex L332(TM6) L976(TM12)
L332(TM6) L975(TM12)

with AMP-PNP (nonhydrolysable

MéM, M8M, M11M 18.0-23.6  33.5
M5M, M6M, M8M 16.8-20.0 20.2
disulfide bond 19.4

no ATP + cross-linker
ATP/VO, + cross-linker
1°* ATP hydrolysis

2" ATP hydrolysis

ATP analogue) at 3.4 A was re-
solved and the comparison with
the previously determined struc-
ture of Savi866 with bound

[a] In the experiments the amino acids were mutated to cysteine and cross-linked with thiol-reactive com-
pounds (see Figure 3 and Table 2 in ref. [26]); in the model the distances were measured between the C-alpha
atoms of the amino acids in the OPLS-AA optimized model of P-gp in a membrane environment; the lengths
of the cross-linkers are corrected by adding 5.5 A (Figure 2).

ADP revealed no significant con-

formational changes.™ The au-

thors concluded that the X-ray structure represented the ATP-
bound state of the transporter in agreement with the out-
ward-facing conformation of the transmembrane domains.

Considering the above facts we tried to more precisely ana-
lyze the putative functional state of P-gp corresponding to our
model. Two ways were explored: 1) the inter-distances be-
tween the C-alpha atoms of different residues were measured
and compared to distances that have been reported for differ-
ent functional states of P-gp in experimental studies; 2) the P-
gp model was qualitatively compared to the 3D structure of P-
gp resolved at 8 A."**

First the distances between the C-alpha atoms of the resi-
dues L332(TM6) and Q856(TM10), L975(TM12), and L976(TM12)
shown to be cross-linked during different steps of the trans-
port cycle of the protein®® were measured. The distances were
than compared to the lengths of the cross-linkers - thiol-reac-
tive methanesulfonate derivatives, MnM. The lengths of the
cross-linkers were defined based on their structures and
their conformations were built and optimized as described in
our previous study.?” Figure 2 shows the cross-linkers used
and their lengths. An additional length of approximately 5.50 A
(2x2.75 R) was added to each linker length as the distance be-
tween the C-alpha atoms of the residues were compared. The
results are summarized in Table 3. As seen from the table the

|-2.75] MnM —|2.75-|
Ca-C-S-8 -linker- §-8S-C-Ca

M5M=11.32
M11M=18.07

M6M=12.49
M14M=21.77

M8M=14.54
M17M=25.37
Figure 2. Lengths (in A) of the cross-linkers; the distances between the cys-
teine S atoms correspond to the extended optimized conformations of the

MnM structures®” (structures of the MnM cross-linkers are taken from
ref. [12]).
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distance between L332 and L976 is close to the distance corre-
sponding to the functional state of the first ATP molecule hy-
drolysis. In the model L332 and L976 as well as L975 faced
each other and could be cross-linked; in contrast Q856 faced a
direction opposite to L332.

Table 4 reports the experimental and modeled distances for
several more cross-linked residues registered in Cys-P-gp mu-
tants. Using no ATP and a nonhydrolysable analogue of ATP
(AMP-PNP) Loo and Clarke®® found no difference in the cross-
linking patterns for the reported amino acids. However, as no-
ticed by themselves,"? at the concentrations used, the cross-
linkers were able to stimulate the ATP activity of Cys-less P-gp
by about 50% thus, suggesting that the cross-linking may also
introduce some conformational changes in the protein struc-
ture. In Table 4 the lengths of the shortest linkers able to cross-
link the particular residues are reported. In general, as seen
from the table, there is no correlation between the experimen-
tal distances and those measured in the model. It is notable
that the biggest difference is recorded for the pairs S222(TM4)-
1868(TM10) and S222(TM4)-G872(TM10): in the cross-linking ex-
periments they are about 17 A apart from each other and in
the model this distance is above 40 A. This observation shows
that TM4 and TM10 may undergo a big repositioning during
the protein transport cycle.

Furthermore the distances between TM2 and TM11, on one
side, and TM5 and TM8, on the other side, were compared.
Amino acids from these domains are shown to be directly
linked by oxidative cross-linking with copper phenanthroline
of human P-gp mutants and this linking is inhibited during the
vanadate trapping of the nucleotide or the presence of some
drug substrates."™'® Vanadate trapping is considered a possi-
bility to characterize the first hydrolysis step because P-gp is
stably inhibited upon trapping of ADP at a single catalytic
site.?® Table 5 presents the correspondence between the re-
ported and modeled distances. The experimental distances
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Table 4. Comparison between the experimental® and modeled distan-
ces
Modeled distance [A]

Amino acid pairs Cross-linker/length [A]

5222 (TM4)-1868 (TM10)  M5M / 16.8 40.7
$222 (TM4)-G872 (TM10) M5M / 16.8 40.7
1306 (TM5)-1868 (TM10) M8M / 20.0 346
1306 (TM5)-G872 (TM10)  M8M / 20.0 34.8
1306 (TM5)-T945 (TM11) M8M / 20.0 322
1306 (TM5)-V982 (TM12)  M8M / 20.0 23.1
1306 (TM5)-V984 (TM12)  M8M / 20.0 253
L339 (TM6)-1868 (TM10) M8M / 20.0 30.7
L339 (TM6)-G872 (TM10) M8M / 20.0 324
L339 (TM6)-F942 (TM11)  M17M / 30.1 27.3
L339 (TM6)-T945 (TM11)  M14M / 27.3 285
L339 (TM6)-V982 (TM12) M11M / 23.6 16.6
L339 (TM6)-V985 (TM12)  M14M / 27.3 19.7

[a] Only the shortest from the reported linkers are shown; the distances
are measured between the C-alpha atoms of the amino acids; the lengths
of the linkers are corrected by adding 5.5 A (Figure 2).

Table 5. Comparison of the modeled and experimental distances be-
tween the pairs TM2-TM11, TM5-TM8, and TM1-TM11.
Modeled distance [A]

Cross-linked amino acids  Cross-link distance [A]

V133 (TM2)-R939 (TM11)  5-7 6.0
C137 (TM2)-A935 (TM11)  5-7 6.3
N296 (TM5)-G774 (TM8)  5-7 6.3
1299 (TM5)-G774 (TM8) 5-7 9.4
1299 (TM5)-F770 (TM8) 5-7 8.3
G300 (TM5)-F770 (TM8) 5-7 6.0
M68 (TM1)-Y950 (TM11)  5-7 10.0
M68 (TM1)-Y953 (TM11)  5-7 8.4
M68 (TM1)-A954 (TM11)  5-7 8.4
M69 (TM1)-A954 (TM11)  5-7 11.8
M69 (TM1)-F957 (TM11) 5-7 109

[a] Cross-linked by copper phenanthroline."®'¢? |n the model the distan-
ces between the C-alpha atoms of the amino acids are measured.

correlate well with those measured in the model, indicating
that the conformation represents the functional state close to
the first step of ATP hydrolysis.

Additionally, the possibility for cross-linking of the cysteine-
mutated residues M68 to Y950, Y953, and A954, as well as of
M69 to A954 and F957 was explored in the model. As reported
by Loo and Clarke these residues could be cross-linked with
copper phenanthroline in the presence of ATP but not in the
presence of ADP or AMP-PNP.?® Table 5 reports the modeled
distances. Analysis of the residues’ location in the model re-
veals that Y950, Y953, A954, and F957 all face the same direc-
tion being well exposed to M68; in contrast, the cross-linking
to M69 although possible (considering the flexibility of the
side chain) could be more difficult in agreement with the
larger differences in the distances of this amino acid compared
to the experimental ones (Table 5). This implies that the model
may not exactly represent the suggested ATP-bound functional
state upon which the cross-linking of these residues has been
performed.
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Supporting Information Table S2 reports the correspondence
of the model distances to the experimentally reported ones for
all five P-gp homology models. Additional to the Loo and
Clarke experimental data, the distances between TM2-TM11
and TM5-TM8 defined in the cross-linking experiments of Sten-
ham et al.” are also compared. A length of about 13 A has
been recorded between the positions of the S atoms in the
structure of the cross-linker N,N-phenylenedimaleimide used
(built and optimized similarly to the above mentioned MnM
linkers). The modeled distances varied from 8.2 A up to 163 A,
thus showing a relatively good correlation with the experimen-
tal distance. Together with the distances reported in Table 5
this comparison confirms that TM2 remains in close proximity
to TM11 and TM5 is also in close proximity to TM8 in the pre-
sumed functional state.

The homology model was further qualitatively compared to
the protein model created with cryoelectron microscopy data
of the P-gp 3D structure resolved at 8 A*® We analyzed the
possible correspondence of the helices in both models and as-
signed them accordingly. Figure 3 represents both models: in
the homology model TMs are shown in colors similar to those
used by Rosenberg et al.”” The suggested TM assignment is
based on the fact that the microscopic model corresponds to
the nucleotide-bound state (AMP-PNP) of P-gp, in which the
protein has already undergone significant conformational
changes (see Discussion). Generally, there is a good corre-

Figure 3. Qualitative comparison of the space-filling displays of the P-gp
side and top views with numbered TMs. A) The model in the nucleotide-
bound form based on cryoelectron microscopy data (extracted and adapted
from ref. [25]. B) The homology model based on Sav1866 structure; purple:
TM6 and TM12; orange: TM5 and TM11; red: TM4 and TM10; blue: TM3 and
TM9; yellow: TM2 and TM8; green: TM1 and TM7; NBDs: magenta.
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spondence between both models, suggesting that the homol-
ogy model has a reasonable structure. However, despite the
general similarity, differences are seen in the conformations of
the helices as well as in the NBDs. Based on these comparisons
we conclude that the homology model of P-gp most probably
represents a conformation closer to the first step of ATP hy-
drolysis rather than a conformation corresponding to the ATP-
bound functional state.

Analysis of the protein surface properties

We further investigated the surface properties of the protein
model. Both, the outside and inside (cavity) surfaces were ana-
lyzed by generating their lipophilic potentials. Figure 4 illus-
trates these potentials mapped on the Connolly surfaces of the
protein as well as on the Connolly channel surface of the
cavity. The hydrophobic character is well seen on the mem-
brane facing surface of the protein (Figure 4A and B, brown re-
gions). The Connolly channel surface illustrates a large intramo-
lecular cavity that is neutral to hydrophobic in the TM part
(Figure 4C).

Identification of the binding regions and pockets

For identification of the protein binding sites two different ap-
proaches have been combined. First, the mode “Find pockets”
with the “Grid” method in SitelD®” was applied to get a gener-
al presentation about the distribution and localization of the
pockets in the structure. Next, the module “Site Finder’®" was
employed to get a more precise characterization of the poten-
tial binding sites. Below the term “binding region” will be used
as representing an aggregate of binding pockets; “binding
pocket” will mean pockets identified by SitelD and Site Finder;
“binding site” will mean a site where a substrate or an inhibitor
may bind to the protein (in this sense “binding site” may be
composed of one or more binding pockets).

Figure 5 illustrates the binding pockets found. SitelD identi-
fied 40 non-overlapping pockets belonging to different struc-
tural units of the protein (Figure 5A). Three main TM related
binding regions can be outlined: binding region 1 located at
the interface between the membrane and cytosol, and binding
regions 2 and 3 located in the transmembrane part of the pro-
tein. The Site Finder (Figure 5B) generally resembled the SitelD
pockets and additionally identified a big cavity pocket (Fig-
ure 5C). A number of binding pockets were also found in the
NBD part of P-gp (shown only in Figure 5A). Considering that
there might be a number of apparent binding pockets that
could be a result of packing problems during the homology
modeling and minimization procedures we further analyzed
the reasonableness of the binding regions identified for pres-
ence of amino acids shown in mutation, cross-linking, and
photolabeling experiments to affect the transport function or
substrate specificity of P-gp.
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Analysis of the binding regions and cavity pocket

Binding region 1. Table 6 reports the amino acids found in the
pockets of binding region 1 and Figure 6 illustrates the region.
The residues are predominantly from the intracellular domains
IC1 (TM2/TM3), IC2 (TM4/TM5), IC3 (TM8/TM9), and IC4 (TM10/
TM11). Single amino acids belonging to the lower parts of
TM2, TM5, TM8, and TM11 as well as to the linkers of TM6 and
TM12 to the NBDs are also involved. The residues that have
been investigated for their effect on the transport function of
P-gp and its substrate specificity in experimental studies are
given in bold in Table 6. Supporting Information Table S3 re-
ports a detailed list of the experimentally studied amino acids
with the corresponding references. In Figure 6 the experimen-
tally studied amino acids are labeled, additionally several other
residues are also labeled that are located in close proximity to
the experimentally studied ones.

Kwan and Gros investigated the influence of random muta-
tions in IC1 and the flanking domains of the mouse P-gp and
found a segment of four consecutive amino acids in positions
169-172 (human T173, L175, T176, are shown in Table 6,
Table S3) of the central portion of IC1, in which mutations
caused a severe overall loss of the protein function.®? The au-
thors suggested that these mutations could influence drug
binding, or, alternatively, they could reduce the basal or induci-
ble ATPase activity of P-gp. A number of mutations in the
region have also been found to affect the substrate specificity
of different cytotoxic agents. Loo and Clarke performed several
glycine to valine mutations in the cytoplasmic loops of human
P-gp, including G141, and demonstrated that these mutations
increase relative resistance to colchicine and doxorubicin, but
do not alter the resistance to vinblastine.®® Mutations in an
eight amino-acid segment of murine IC2 238-245 (239-246 in
human P-gp) have been shown to cause reduction in the re-
sistance to vincristine and paclitaxel and to have no influence
on daunorubicin and colchicines.?**! Hana et al.*® mutated a
number of residues in TM11 of P-gp by alanine and found that
the mutation in positions G935 and 1936 (G939, 1940 in human
P-gp) displayed an overall decrease in resistance to actinomy-
cin, doxorubicin, vinblastine, and colchicine. These amino acids
have not been found in the pocket, however, close to them
F938 has been identified. Furthermore four amino acids (L281,
A284, K285, and G288) constitute a part of the so-called EAA
motif in IC2 (278-294) that is considered to mediate the inter-
actions between the TMs and NBDs.®” Ecker et al."” identified
several protein parts that contributed mostly to the binding
domains of propafenones: 272-286 (IC2), 755-784 (TM8), and
789-798 (IC3), of them residues L281, A284, K285, E782, and
R789 are involved in the pocket. In this region, mutation of
F938 to alanine has been shown to cause a moderate but re-
producible 2-3-fold decrease in resistance to actinomycin D,
doxorubicin, colchicine, and vinblastine.*® In the same region
MTS-rhodamine has been able to inhibit by 51% the S993C
mutant of P-gp."¥

Binding region 2. Table 7 reports the amino acids identified in
the binding pockets of binding region 2. The residues belong
to TM3, TM4, TM5, TM6, and TM8, as well as to the extracellular
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A)

Figure 4. Lipophilic potentials of the P-gp model mapped on Connolly surfaces (A, B, and C) and Connolly channel (D, E, and F). Left: side view; Middle: front
view; Right: top view (from outside, corresponds to side view); brown: highest hydrophobic area; blue: highest hydrophilic area; magenta: the Ca-chain of
the protein.

loops EC2 (TM3/TM4), EC3 (TM5/TM6), and EC4 (TM7/TM8).  perimentally shown to affect the transport function of P-gp
Those mostly contributing are TM5 and TM6, each participat-  and its substrate specificity (shown in bold in Table 7, see also
ing with 13 residues. Figure 7 illustrates binding region 2. Simi-  Table S3 and Figure 7). A number of amino acids (196-207,
larly to binding region 1, many of these residues have been ex-  304-315, 330-342, 758-767, Table 7) belong to the sequences
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Figure 5. Binding regions of P-gp. A) Binding pockets identified by SitelD;"” the pockets are filled with spheres set around the oxygen atoms of the water
molecule; the same color is used for filling the spheres belonging to the same pocket. B and C) Binding pockets identified by Site Finder;®" the pockets are
filled with alpha spheres; gray spheres indicate hydrophobic atoms and red spheres, hydrophilic atoms; the protein backbone is shown as a blue tube; the
membrane-related binding regions and the cavity pocket are outlined with dotted lines; the horizontal dotted lines show the approximate borders of the

membrane.

194-208, 304-316, 327-343, and 755-784 related to the bind-
ing domains of propafenones, T199, and S309 have been sug-
gested to act as a HB-donor for these compounds."”'® W212,

Table 6. Amino acids (AAs) involved in binding region 1.”

TM2: 4 AAs IC1: 16 AAs
W136 Ci137 L138 A140 |G141 1144 H145 K146 R148 G169 N172 T173
1C2: 16 AAs

L175 Ti176 D177 5180 Ki81 1182 N183 Ei184 1240 E243 1244 Y247

G251 A252 A254 E255 L281 A284 K285 G288 K291 A292 A295 N296

TM5 Linker TM6-NBD: 6 AAs TM8 1C3: 9 AAs

1299 P350 E353 A354 N357 A358 A361 |G774 G778 G781 E782 T785

1C4: 17 AAs

K786 R789 T815 A819 N820 A883 D886 K887 L890 E891 A893 G894
™M1

A897 T898 Y920 1924 P927 Y928 5931 L932 K934 A935 ([F938

Linker TM12-NBD: 8 AAs

S993 P996 D997 A999 K1000 A1001 11003  S1004

[a] AAs investigated by mutations, cross-linking, and photolabeling experiments are shown in bold (see also
Table S3); AAs shown in Figure 6 are underlined; TM helices are assigned according to Swissprot (see Table 2).
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K213, and L214 correspond to mouse W208, K209, and L214
(Table S3): these residues are found to be sensitive to altera-
tions and critical for P-gp functioning.®? In this region cross-

linking of cysteine residues lo-
cated in positions $222, 1306,
1340, and A342 have been pro-
tected by MTS-rhodamine, MTS-
verapamil, and  dibromobi-
mane."™ Furthermore, several
mutations in TM6 have been
found to modulate the activity
and substrate specificity of
human P-gp: mutation of V338
causes enhanced resistance to
colchicine and reduced relative
resistance to vinblastine; mutant
G341 to valine confers de-
creased resistance to colchicine
or doxorubicin, while resistance
to vinblastine or actinomycin D
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Figure 6. Binding region 1 with labeled amino acids shown in experimental studies to affect the transport func-
tion of P-gp (see Table 6); the orientation of the helices corresponds to Figure 5B; the residues are presented as

balls and sticks (the nonpolar hydrogens are hidden).

M. Wiese et al.

ure 8B), and the top view from
outside the cell (Figure 8C)
clearly show that the region is
composed of pockets that face
the membrane (identified by the
gray spheres representing hy-
drophobic atoms) as well as the
pore (identified by the red
spheres representing hydrophilic
atoms).

Binding region 3. Table 8 sum-
marizes the residues identified
in the binding pockets of bind-
ing region 3; the residues found
in different experimental studies
to affect the function of P-gp
are presented in bold (see also
Table S3).  Figure 9 illustrates
binding region 3. The amino
acids from TM1, TM2, TM10,
TM11, and TM12 as well as from
the extracellular loops ECI
(TM1/TM2) and EC6 (TM11/
TM12) are involved. As seen
from Figure 5A and B a pocket
partially located outside the
membrane (green color) has
been found, correspondingly a

Table 7. Amino acids (AAs) involved in binding region 2. number of amino acids that
TM3: 9AAs EC2: 6AASs belong to the extracellular loop
G193 S196 M197 T199 F200 F201 G203 F204 G207 R210 G211 W212 EC1 are involved (Table 8). For
TM4: 10 AAs this part of the loop (78-97) de-
K213 1214 T215 1218 1219 221 S222 1225 G226 5228 A229 W232 letion mutants show dramatical-
TM5: 13AAs | tered  d imulated
236 |5298 1299 A301  A302 L304 L1305 I306 Y307  A308 5309 A311 y  altere “‘Q'St'm“ ate
EC3: 13AAs TM6: 13 AAs ATPase activity for different P-gp
L312 W315 [T318 1319 V321 L322 E325 Y326 Q330 V331 V334 S337 substrates. Calcein AM has only
EC4: 6 AAs a little effect; rhodamine 123
V338 1340 G341 A342  S344 V345 A348 5349 1735 F739 T740 1747 and vinblastine are not able to
TM8: 5AAs . | h ILF
K748  N751 L758  F759  L762 G763 F767 stimulate the mutant at all. For
[a] AAs investigated by mutations, cross-linking, and photolabeling experiments are shown in bold (see also Vérépamll th(.e deletion is not so
Table S3); AAs shown in Figure 7 are underlined; TM helices are assigned according to Swissprot (see Table 2). critical showing the same level

is retained; A342 mutation results in reduction of P-gp ability
to confer resistance to the above four drugs; finally mutation
of S344 has been shown to reduce drug stimulated ATPase ac-
tivity of P-gp.*®¥ Mutation of 1299 to methionine, T319 to
serine, and L322 to isoleucine decreases resistance to colchi-
cine and taxol.®® Mutations of murine W231, A301, S308 in
TM4 and TM5 (human W232, A302, S309, Table 7) influence the
resistance profile of the P-gp mutants in relation to steroids
and are distinct from those related to Vinca alkaloids (human
F239, K242, and A246 binding region 1) located within the cy-
toplasmic portion of the protein.®

Figure 8 shows binding region 2 as generated by Site Finder.
The front views from the membrane (Figure 8A), the pore (Fig-

of maximum stimulation but
strong decrease in affinity by a
factor of 100.*" A number of
amino acids involved in this region are also labeled by P-gp
substrates. MTS-rhodamine labels residues Y118, V125, G872,
S943 showing at least 50% inhibition; however, these residues
are not protected from labeling by pre-incubation with rhoda-
mine. This could indicate that they are accessible by substrates
such as MTS-rhodamine but are not close enough to the rhod-
amine binding site. The amino acid A841 is not involved in the
pocket but is adjacent to the identified 1840; A841C is labeled
by MTS-rhodamine but, in contrast to the above mentioned
residues, it could be protected by pre-incubation with rhoda-
mine. The residues L975C and V981C are also labeled by MTS-
rhodamine and protected through pre-incubation by rhoda-
mine, suggesting that A841, L975, and V981 should be close to
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the binding domain of rhodamines. MTS-verapamil labels cys-
teine-mutated residues 1868, F942, Q945, and G984, and dibro-
mobimane labels the residues 1868, G872, Q945, L975, and
A985. In case of MTS-verapamil the amino acids could be pro-
tected from cross-linking by pre-incubation with verapamil and
in the case of dibromobimane by pretreatment with verapamil,
vinblastine, or colchicine.™'**? The double mutation of
human 1840 and N842 (hamster 1837 and N839) together with
G341 and A342 from TM6 show a synergistic effect on the re-
sistance towards actinomycin D suggesting that TM6 coopera-
tes with TM9 to mediate drug resistance.*? In alanine scan-
ning-mutagenesis of the TM11 helix in mice (pockets involved
are 939-940, 942, 945, 947, 950, 952, and 953) changes in the
resistance levels of the mutants towards vinblastine, doxorubi-
cin, colchicine, and actinomycin D is are recorded: Y949A and
F953A (human Y953 and F957) cause a 5-10-fold reduction in
resistance to actinomycin D, colchicines, and daunorubicin and
in the case of F953A to vinblastine.®® For seven conserved resi-
@ER_196 dues in TM12 L975, V981, F983, M986, V988, V991, and A999

(M986 and A999 not identified in the pocket) the alanine-scan-

ning mutagenesis identifies the importance of TM12 for the

substrate specificity of P-gp. The V981A/F983A double muta-

' tion completely inhibits the transport of rhodamine 123, dau-
norubicin, and the L975A/V981A mutant by 50%.”% In a study

’ on murine P-gp five mutations have been identified (N350I,

ILE_340

1862F, L865F, L868W, and A933T) that reduce the capacity of
the compound tRA-96023 to inhibit P-gp-dependent drug re-
sistance. The mutations also affect paclitaxel resistance.®® Fi-
nally, a number of propafenone labeled residues are also pres-

ent: 856, 858-862, 864, 939, 940, 942-953, 955, 958-963, 965,

Figure 7. Binding region 2 with labeled amino acids shown in experimental 968 975 982 983-985. 987-989. 991 and 992117
studies to affect the transport function of P-gp (see Table 7); the orientation F: ' 10 'il ! h ! ! f bindi ion 3 filled
of the helices corresponds to Figure 5B; the residues are presented as balls Igure llustrates the top view of binding region e

and sticks (the nonpolar hydrogens are hidden). with the alpha spheres as generated by Site Finder. Clearly

Figure 8. Binding region 2 filled with alpha spheres: A) Side view from the membrane; B) Side view from the pore; C) Top view (from outside); gray spheres
indicate hydrophobic atoms and red spheres hydrophilic atoms; the amino acids are shown in sticks and colored according to the atom types (C: gray; O:
red; N: blue; S: yellow; the nonpolar hydrogens are hidden); the TM backbones are shown as a blue tube.
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) ) . S C seen are pockets that are simul-
Table 8. Amino acids (AAs) involved in binding region 3.
taneously exposed to the mem-
TM1: 4 AAs ECT: 18 AAs brane (gray spheres) and the
M69  L70 V71 F72  |G73 E74  M75 176 D77 178 F79 A82 .
pore (red spheres) similarly to
G83  E86 D87 RO5 198 G102 F103 N106  L107 E109 D110 MITI the pockets observed in binding
T™M2 T™9 region 2.
T112 R113 Y114 Y116 Y117 Y118 |n21 G122 L126 V127 Y130 |R832 Cavity pocket. Table 9 lists the
TM10 residues involved in the cavity
1836 N839 1840 1843 G846 1847  S850 Q856 T858 L859 L860 L861
™I pocket. Some of them overlap
L1862 1864 V865 1868 AS69 G872 |G939 1940 S943 F944 1945 A947 with amino acids found in the
EC6 binding  regions  described
M948 M949 Y950 F951 5952 Y953 G955 R958 F959 A961 Y962 L963 above (underlined in the table),
™12 but new residues are also iden-
A965 L968 |L975 V981 F983 G984 A985 A987 V988 G989 V991 S$992 i .
tified. In the table the experi-
[a] AAs investigated by mutations, cross-linking, and photolabeling experiments are shown in bold (see also mentally studied amino acids
Table S3); AAs shown in Figure 9 are underlined; TM helices are assigned according to Swissprot (see Table 2). y

.
Sy TYR_118

s [
( \\../ .\'/.
ER_952

862

%

l.'_"
»

¥

Figure 9. Binding region 3 with labeled amino acids shown in experimental
studies to affect the transport function of P-gp (see Table 8); the orientation
of the helices corresponds to Figure 5B; the residues are presented as balls
and sticks (the nonpolar hydrogens are hidden).
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are shown in bold (see also
Table S3). Among them are resi-
dues from TM1 (H61, G64, L65,
M69) mutation of which has been shown to alter the substrate
specificity of P-gp.***? Residues Q128, E180, G183, and D184

cavity (pore)

membrane

Figure 10. A top view (from outside) of binding region 11 3 filled with alpha
spheres: gray spheres: hydrophobic atoms; red spheres: hydrophilic atoms;
the amino acids are shown in sticks and colored according to the atom
types (C: gray; O: red; N: blue; S: yellow; the nonpolar hydrogens are
hidden); the TM backbones are shown as a blue tube.

(human Q132, E184, G187, and D188) belong to mutants that
show reduction in activity compared to the wild-type P-gp;
among them Q183 is characterized as a key residue for the al-
tered protein function.®” Residues labeled by propafenones
are also involved (194-206, 306-310, 336-343, 762-777, and
978-994)."”" Mutation of hamster L338 (TM6) and N988 (TM12)
(human L339 and Q990) causes reduction in the efficacy of the
cyclosporin analogue PSC833, whereas murine L338 has been
shown to cause a profound change in steroid binding.®* This
result is consistent with the proposed interaction of steroids
with TM4, TM5, and TM6 domains of the protein."® The amino
acid V982 has been labeled by TMEA and protected from label-
ing by cyclosporin A, colchicine, verapamil, and vinblastine."
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Table 9. Amino acids (AAs) involved in the cavity pocket.”

™1

G54 T55 A58 159 H61 G62 A63 G64 L65 P66 L67 M69
T™M2 IC1 ™3

E72 Y117 1121 V125 A129 Q132 V133 W136 E184 G187 D188 G191

TM5
M192 F194 Q195 S196 A198 T199 T202 G203 V206 N296 1299 F303
TM6 Link

1306 Y307 Y310 F336 S$337 L339 1340 A342 F343 5344 G346 Q347
T™M7 TM8

P350 A718 N721 G722 Q725 P726 F728 A729 L762 F770 Q773 G774
TM9 TM11

F777 S831 A834 V835 1836 Q838 N839 N842 T845 G846 1849 F938

TM12

F942 Q946 M949 Y950 Y953 F957 F978 S979 Vo81 V982 5983 A985

M986 A987 G989 Q990 5992 5993 F994 D997

[a] AAs investigated by mutations, cross-linking, and photolabeling experiments are shown in bold (see also Table S3); underlined are AAs that overlap

with binding regions 1, 2, and 3; TM helices are assigned according to Swissprot (see Table 2).

Included are also residues F728 and A729 belonging to TM7
that is suggested by Loo and Clarke to be a part of the protein
binding pocket;*” A729, G774, and S993 are labeled by MTS-
rhodamine.”™ In the pocket F343 (TM6) is involved; this amino
acid is reported to be specific for MTS-rhodamine in stimulat-
ing ATP activity.'""! The F343 cysteine mutant has also been la-
beled by the hydrophilic fluorescein maleimide under basal
conditions and the labeling has been lost after nucleotide
binding or hydrolysis.*® This suggests that the TM6 segment,
which the residue belongs to, alters its conformation during
the transport cycle. It should be noted that F343 is identified
in neither of the binding regions; its protrusion to the pore
presumes that the cavity pocket may not represent a binding
site, but a site from where the compounds bound to the pro-
tein from the membrane are released. This suggestion is in
agreement with involvement of residues from binding re-
gions 2 and 3 in the pocket (see the underlined amino acids in
Table 9): these residues compose the pore-facing parts of the
binding regions.

Figure 11 A represents the top view of the pocket—it is
formed by all TMs except TM4 and TM10. As already noted
these TMs are apart from each other and have the largest dis-
tances in the model (see Table 4). Shown are the residues
proven by Loo and Clarke to relate to verapamil (L339, A342,
F942, in light gray) and rhodamine (1340, V981, V982, in dark
gray) binding sites.""" Figure 11B and C illustrate these amino
acids in a space filled form. In the figure, in addition to the do-
mains involved in the cavity pocket (Figure 11A), TM4 and
TM10 are also shown, taken from binding regions 2 and 3, re-
spectively. They also contain residues related to verapamil
binding—S222 in TM4 and 1868 in TM10. In the figures resi-
dues T945 and G984 for verapamil, and A841 and L975 for
rhodamine are also displayed to get a general impression of
the key amino acids related to the interactions of these sub-
strates with P-gp. As seen from Figure 11B and C the location
of the labeled residues reveals two possible binding sites for
rhodamine and verapamil related to either of the binding re-
gions 2 and 3.
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Discussion

After the withdrawal of the X-ray MsbA structures that have
previously been used as templates for homology modeling of
MDR transporters, the recently obtained Sav1866 struc-
tures''”? gave new possibilities for modeling of P-gp. These
structures show a good correspondence to the 8 A resolution
electron microscopy data of P-gp.?* The interaction observed
in Sav1866 between IC4 and the neighboring NBD has also
been experimentally shown in P-gp; additionally both proteins
share some common substrates."” This indicates that Sav1866
is an appropriate template for homology modeling of P-gp. Re-
cently O’Mara and Tieleman™ published a homology model of
P-gp for the closed, open, and semi-open protein conforma-
tions. Our homology model (Figure 1), based on the same
Sav1866 template, represents the outward conformation of P-
gp and closely resembles the open conformation model of
O’Mara and Tieleman (compare the distances in Tables 3, 4, 5,
and S1 and the distances reported in ref. [49]). According to
several quality measures our homology model represents a
valid and feasible protein structure: the PROCHECK Ramachan-
dran plot shows a high percentage (87.6%) of residues in the
most favored angle regions (for Sav1866 it is 86.6%) and no
residues in disallowed regions (Figure S2). The initial P-gp
model shows 0.72 A RMSD to the Sav1866 template for all resi-
dues including loops. The difference in the RMSD values be-
tween the initial and final P-gp model (0.58 A) is comparable
to the same difference for the initial and minimized Sav1866
structures (0.71 A). The RMSD value of 1.32 A for matching all
residues in the optimized structures is also very satisfactory, ac-
cording to the relationship between sequence identity and the
expected RMS deviation,”? thus confirming the quality of the
model. All five P-gp models generated showed very close posi-
tions of the non-hydrogen atoms (Table 1) suggesting only a
minor influence of the applied force field. For identification of
putative binding sites the OPLS-AA optimized structure was se-
lected as it was obtained from a membrane incorporated
model.
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A)
TM8 TM7
™S
™3
B) ™7

Figure 11. Top views: A) Cavity pocket; B) Cavity pocket complemented with
TM4 and TM10; C) Side view of the TM domains with residues related to
rhodamine binding (gray): 1340, A841, L975, V981, V982; residues related to
verapamil binding (light gray): 5222, L339, A342, F942, G984 (data taken
from cross-linking studies)""""¥ the amino acids are shown in space filled
forms; the backbone of the protein is shown as a dark gray line.
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An important question concerning the model is: what is the
functional state of the protein? Dawson and Locher proposed
that in the outward-facing conformation of TMs the bound
substrate can escape into the outer leaflet of the lipid bilayer
or into the aqueous medium surrounding the cell depending
on its hydrophobicity"® Analyzing the cavity observed in
Sav1866 they established the predominant presence of polar
and charged amino acids and suggested that rather than
being a high affinity binding site, it may reflect the extrusion
pathway with little or no affinity for hydrophobic drugs.

The detailed comparison of the modeled distances to those
evaluated in the numerous cross-linking experimental studies
of Loo and Clarke (Tables 3, 4, and 5) and to the highest resolu-
tion microscopic structure of P-gp (Figure 3) points to the first
step of ATP hydrolysis as the most probable functional state
for the model. The low-affinity binding site is thought to be ex-
posed to extracellular medium in the post-hydrolytic state (va-
nadate trapped).”” In this state the protein is suggested to
have already undergone the most essential conformational
changes and might be in a transition from the “open to inside”
to the “close to inside” conformation of the TMs, correspond-
ingly the drug release must have already occurred. Thus, a
low-affinity binding status or a status upon transition from a
low to a high-affinity (basal) binding conformation can be as-
signed to the protein binding sites in the model. Unfortunately,
at the moment there is no clear understanding about what
does “high” and “low” affinity binding site mean at an atomic
level. Probably, the difference between both relates to the con-
formational rearrangements in the site involving the same core
of amino acids, although, some changes of the participating
residues could also be expected. Thus, analysis of the protein
binding regions at either step of the protein catalytic cycle
could contribute to identification of the core amino acid resi-
dues involved in binding.

Three main membrane-related binding regions in P-gp were
outlined (Figure 5A and B). Binding region 1 is located at the
interface between the membrane and the cytosol and two
other binding regions are located in the transmembrane parts
of the protein. The regions contain multiple binding pockets
and involve amino acids from all TMs but also from the IC and
EC structural units of the protein. In the regions the pockets
are close to each other (Figure 5); thus it is possible that
drugs, depending on their structural properties, may bind to
either more hydrophobic or more hydrophilic pockets or even
to more than one pocket simultaneously.

Additionally, a big binding pocket has been found in the
protein cavity (Figure 5C). Inspection shows that it involves
residues from binding regions 1, 2, and 3 and may represent
an “escaping” site, where the compounds that bind to any of
these regions are released from the protein. The analysis of the
cavity illustrates that it maintains hydrophobic to neutral sur-
face properties and could possess potential affinity for hydro-
phobic drugs (Figure 4). Binding regions 2 and 3 contain pock-
ets exposed simultaneously to the pore and to the membrane
(Figure 8, 10). Thus, it can be presumed that more hydropho-
bic drugs may also be released by the protein to the outer
leaflet of the membrane.
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Analysis of the binding pockets revealed that they contain a
large number of amino acids found to have an important
impact on functioning of the protein in various mutational,
cross-linking, and labeling experiments. The residues are
shown to influence the transport activity for a number of sub-
strates and inhibitors of P-gp, thus implying that the pockets
identified might be reasonable. Unfortunately, from the experi-
mental data no consensus conclusion about possible involve-
ment of particular amino acids in the binding of particular
drugs can be outlined. In the absence of 3D structural data of
a ligand bound to P-gp, it is difficult to precisely define the lo-
cation of the binding sites. The experimental data from muta-
tion, cross-linking, and photolabeling studies may reflect ef-
fects that are not directly related to the drug binding and
transport. The picture becomes even more complicated con-
sidering the induced-fit possibility in the drug-protein interac-
tions, so that one cannot differentiate between the residues di-
rectly involved in binding and those located in close proximity
that might be influenced by this binding. Thus, the presence
of residues in the pockets which have not directly been
proven to influence the transport function of the protein in ex-
perimental studies, does not necessarily mean that they are
not involved in binding.

Residues that affect the transport of P-gp substrates and in-
hibitors (anthracyclines, Vinca alkaloids, colchicine, propafe-
nones, rhodamine 123, verapamil, and their derivatives) have
been found in different binding regions. A number of experi-
mentally studied amino acids related to the transport of Vinca
alkaloids, taxol, and PSC388 were identified in binding region 1
(Table 6, Figure 6). It is likely that big compounds, such as
Vinca alkaloids, cyclosporine A, and their analogues, may inter-
act with P-gp within the cytoplasmic compartment. In this
region, as suggested by Gruol et al.?¥ initial interactions of
smaller drugs with the cytoplasmic loops of the protein, may
also take place and these interactions can further influence the
interaction of the protein with the ATP molecules. Using a
FRET approach Logo and Sharom®™ mapped the location of
the putative binding site of rhodamines (R-site) to 18-25 A
away from the “line” connecting C428 and C1071 (hamster P-
gp) in the NBDs. We investigated the approximate location of
this site in the P-gp model. The line between the correspond-
ing human C431 and C1074 was built and the approximate lo-
cation of the R-site was estimated around 25-32 A below the
membrane, thus suggesting that the drug binds to the protein
in its cytosolic part. At the same time, as proven by the studies
of Loo and Clarke" residues related to rhodamine binding are
also found in the transmembrane region presuming also inter-
actions in the transmembrane part of the protein. The rhoda-
mine and verapamil labeled amino acids (Figure 11B and C)
point to possibility for these substrates to interact with the
protein at more than one site. According to the figures, for ex-
ample, rhodamines can interact with P-gp in the vicinity of
V981 and V982 performing cross-linking with either L975 or
1340. According to the location of the labeled amino acids ve-
rapamil may have two binding sites in binding regions 2 and
3. However, it cannot be excluded that these substrates, similar
to the other ones, may interact with the protein in binding
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region 1 and use the pore for release from the cell. It is feasible
that small drugs may have binding sites in more than one
binding region of the protein. These results are in agreement
with the assumption that P-gp has multiple drug-binding sites
which may behave differently.®”

In conclusion, our results suggest that P-glycoprotein has
multiple binding sites and may bind and/or release substrates
in multiple pathways. The binding regions and pockets identi-
fied may help further experimental studies, molecular model-
ing, and dynamics simulations that aim at a more precise loca-
tion and identification of the protein binding sites.

Computational Methods
Homology modeling

Alignment: To find a suitable initial alignment of the con-
served residues both sequences, Sav1866 (code Q99T13) used
as a template and P-gp (code P08183) taken from the Swis-
sprot database,”” were scanned against with ScanProsite®™”
and parts were identified that matched the ABC_TMF1 (ABC
transporter integral membrane type-1 fused domain profile)
and the ABC_TRANSPORTER2 profiles. The matching parts of
the sequences were used as a template for the alignment of
the whole sequences of P-gp on Sav1866 (PDB ID 2HYD") by
the “Align” tool in MOE.P" The extracellular loops between
TM1/TM2 (IC1) and TM7/TM8 (IC4) were assigned to have in-
sertions or deletions in the non-helical regions. For IC4 differ-
ent alignments of two amino acids’ insertion were explored as
leading to a modified loop composition. As an additional tem-
plate for the Y-loop of the NBD, the TAP1 structure (PDB ID
code 1JJ7%%) was selected (in this segment it matches the se-
quence of P-gp better then the Sav1866 structure) and aligned
in MOE. The overall sequence identity between P-gp and
Sav1866 is 29.2% and for the TAP1 part it is 51.4%. The final
alignment of the Sav1866 based model of P-gp is reported in
Supporting Information Figure S1.

Force fields used: For the development of P-gp models the
following force fields were employed: 1) CHARMM27;"4 2) a
mixture of lipid-optimized non-bonded parameters® and pa-
rameters based on the GROMOS87 force field implemented in
GROMACS as ffgmx;*>? 3) a mixture of OPLS based lipid-pa-
rameters® and the OPLS-AA force field® using OPLS combi-
nation rules for the mixed Lennard-Jones parameters (coded
as OPLS-AA for brevity).

Model development: Each transporter half was modeled
within the environment. The first half of P-gp was built using
the first chain of the Sav1866 structure as a template, whereas
the remaining parts as ADP, Na*-ions, water, and the second
chain of Sav1866 were set as environment. The second half of
P-gp was then built based on the second chain of Sav1866
using the model of the first half of P-gp and ADP, ions, and
water from the Sav1866 structure as environment.

Two hundred models were generated using the best inter-
mediate option and crude minimization with CHARMM 27
force field of each model to remove bad contacts. The inter-
mediate models were further examined for the loop composi-
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tion and the best combinations were selected according to the
scoring function and the lowest number of outliers in the pro-
tein report function of MOE. For the Y-loop the TAP1 mono-
mers were superimposed on the Sav1866 structure and a ho-
mology model for both NBDs of P-gp was created. The parts
of the Y-loop were then incorporated into the Sav1866 based
halves. The resulting model (initial model) was further mini-
mized, first with weight constraints on the backbone atoms
and later on without them. The quality of the model was
proven by the protein report of MOE indicating no outliers
and additionally checked with PROCHECK.®" Supporting Infor-
mation Figure S2 shows the PROCHECK Ramachandran plot in-
dicating absence of outliers and 88% residues falling within
the most favored regions.

Lipids: As a starting point we used a pre-equilibrated bilayer
consisting of 128 1-palmitoyl-2-oleoyl-glycerophosphocholine
(POPCQ) lipid molecules (popc128a.pdb and the corresponding
topology file popc.itp) available from ref. [62]. Because the pro-
tein extends the dimensions of the membrane file, the lipids
were extended to a bilayer of 512 lipids.

Membrane incorporation: Prior to the insertion into the
membrane, the protein was minimized with the steepest de-
scent algorithm followed by the conjugated gradient algorithm
up to a gradient of 100 kimol~'nm™". The protein was then
placed into the membrane according to its surface properties
and the overlapping lipids were removed. In cases of only par-
tial overlapping the lipids were explored for possible chain ro-
tamers and kept when steric clashes could be removed. The
lipids were then minimized with strong position restrains
(100000 kimol~"'nm™) on the protein. Water was added and
removed manually from the hydrophobic areas. Subsequently
water molecules were randomly replaced by sodium and chlo-
ride ions to neutralize the system and to reach the physiologi-
cally relevant ion concentration of 154 mmolL™~". Minimization
with position restrains (1000 kJmol™'nm~?) on protein fol-
lowed by a minimization without restraints was performed.

The minimizations of the membrane incorporated models
were carried out using the GROMACS 3.3.1 software pack-
age.® %! The Lennard-Jones interactions were calculated using
a cutoff of 1.0 nm and a long range correction. The particle
mesh Ewald method was used to calculate the electrostatic in-
teractions'®®” with a 0.9 nm cutoff for real space interactions
and a 0.12 nm grid for the reciprocal space interactions using
6™ order spline interpolation. The minimizations of the mem-
brane incorporated models were carried out using periodic
boundary conditions. The SPC (Simple Point Charge) water
model was used in all minimizations.®

Identification of the binding sites

Two approaches, utilizing the programs SitelDE” and Site
Finder®" have been employed. They belong to the category of
the geometrical methods, but use different algorithms. The
SitelD “Find pocket” mode with the grid method is appropriate
when searching for likely binding sites for small molecules and
when there are tight cavities and/or solvent inaccessible voids
in the protein. The disadvantage of the grid method is that it
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depends on the orientation of the molecule in space. However,
it produces non-overlapping and well-separated binding pock-
ets on the protein surface. Site Finder is based on the method-
ology of convex hulls thus producing pockets invariant to rota-
tion of the atomic coordinates. It treats the set of 3D points by
triangulating them and associates each resulting simplex with
a sphere, coded as “alpha sphere”. The radii of the spheres are
proportional to the planes of the convex hull of the point set.
Each sphere is classified as either “hydrophobic” or “hydrophil-
ic" depending on whether the sphere is a good hydrogen
bonding point in the receptor. Hydrophilic spheres not near to
hydrophobic ones are eliminated as they generally correspond
to water sites. The generated pockets consist of one or more
alpha spheres and at least one of them is hydrophobic.

SitelD settings: grid resolution 1.0 A; film depth around pro-
tein 3.0 A; minimum permissible distance between grid points
and protein atom 2.5 A; inclusion radius around grid point for
protein atoms 8.0 A; minimum number of protein heavy atoms
within inclusion radius 80; inclusion radius for grid-grid dis-
tance 2.0 A; minimum number of grid points within above
radius 6. To find out the solvent accessible AAs the minimum
possible value of 3 A was used. Involvement of water bridges
in the interactions with the protein was not considered.

Site Finder settings: the radius of a hypothetical hydrophilic
hydrogen bonding atom 1.4 A; the radii of a hypothetical hy-
drophobic atoms 1.8 A ; isolate donor/acceptor distance 3 A ;
connection distance between clusters of alpha spheres 2.5 A;
minimum site size 3; minimum site radius 2 A.

RMS values: The MOE-ProSuperpose module was used for
calculating the root mean squared deviation (RMSD) values.

Surface potentials: The surface potentials were generated
by MOLCAD®® and “Surface and Maps” module.®"” The fast
Connolly, Connolly channel (a portion of the Connolly surface
that identifies an intramolecular channel or a cavity), and Gaus-
sian contact surfaces were generated using the default set-
tings. The surfaces were color coded by lipophilic and electro-
static properties (CHARMM charges).
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