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Abstract

ABC transporters are a large family of membrane proteins involved in a variety of cellular processes, including multidrug and
tumor resistance and ion channel regulation. Advances in the structural and functional understanding of ABC transporters
have revealed that hydrolysis at the two canonical nucleotide-binding sites (NBSs) is co-operative and non-simultaneous. A
conserved core architecture of bacterial and eukaryotic ABC exporters has been established, as exemplified by the crystal
structure of the homodimeric multidrug exporter Sav1866. Currently, it is unclear how sequential ATP hydrolysis arises in a
symmetric homodimeric transporter, since it implies at least transient asymmetry at the NBSs. We show by molecular
dynamics simulation that the initially symmetric structure of Sav1866 readily undergoes asymmetric transitions at its NBSs in
a pre-hydrolytic nucleotide configuration. MgATP-binding residues and a network of charged residues at the dimer interface
are shown to form a sequence of putative molecular switches that allow ATP hydrolysis only at one NBS. We extend our
findings to eukaryotic ABC exporters which often consist of two non-identical half-transporters, frequently with degeneracy
substitutions at one of their two NBSs. Interestingly, many residues involved in asymmetric conformational switching in
Sav1866 are substituted in degenerate eukaryotic NBS. This finding strengthens recent suggestions that the interplay of a
consensus and a degenerate NBS in eukaroytic ABC proteins pre-determines the sequence of hydrolysis at the two NBSs.
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Introduction

A'TP-binding cassette (ABC) transporters are a large family of
membrane proteins that use MgATP hydrolysis to drive the import
or export of solutes to or from the cytoplasm. They undertake a
number of physiological roles, for example bacterial nutrient
uptake, bacterial drug resistance, tumor drug resistance, and
peptide secretion [1]. Other ABC proteins act as nucleotide-gated
Cl" channels (CFTR) [2,3] or ion channel regulators (SUR) [4,5].

Most ABC transporters consist of two transmembrane domains
(TMDs) that provide a pathway across the membrane for the
transported substrate, and two nucleotide-binding domains
(NBDs) which form two nucleotide-binding sites (NBSs) at their
dimer interface (see Figure 1) [6,7]. In bacterial ABC importers the
four constituent domains are distinct polypeptides. Bacterial
exporters are typically formed by dimers of TMD-NBD half-
transporters. Thus, most bacterial ABC: transporters are formed of
two identical TMDs and two identical NBDs, and feature
consensus nucleotide binding/hydrolysis motifs at both NBSs.
Such motifs are the Walker-A, Walker-B, Q-loop, signature and
switch motifs, as illustrated in Figure 1B [8,9].

ABC transporters are thought to hydrolyze the two MgATP
molecules sequentially, as opposed to simultaneously, possibly
involving a mechanism of alternating catalytic sites [9,10]. This
model implies that the NBD homodimer must adopt an asymmetric
conformation when in a pre-hydrolytic nucleotide-bound configu-
ration, at least transiently [11]. Such conformational switching to
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allow nucleotide hydrolysis at one or the other of the NBSs might be
expected to occur stochastically. Indeed, asymmetric homodimers
have been observed in crystal structures of the MgATP-bound
NBDs of the ABC transporter HlyB [11]. Specifically, an intra-NBD
salt bridge between a basic residue near the signature sequence
(R611) and an acidic residue of the Q-loop (D551) was found to exist
at only one of the two NBDs. An inter-NBD salt bridge involving the
corresponding residues has also been shown to be functionally
important in the eukaryotic ABC transporter Tapl/2 [12].

In contrast to homodimeric bacterial ABC proteins, many
eukaryotic ABC transporters consist of two asymmetric halves,
often resulting in one consensus and one degenerate NBS. The
degenerate NBS typically displays markedly reduced ATPase
activity compared to the consensus NBS [13-15]. Recent
experiments suggest that such asymmetry can lead to the
consensus NBS being first to hydrolyze ATP, followed by the
degenerate site (e.g. in MDR3, Tapl/2) [16,17]. Such a
preferential order of ATP hydrolysis at the two NBSs has been
proposed to help to control the transport of particularly complex
substrates [16,18]. Degenerate NBSs have been identified in
several eukaryotic ABC transporters, including MDR3, TAP1/2,
MRP1, CFTR, and SUR [14-17,19].

In this work we use molecular dynamics (MD) simulations to
explore the transient asymmetry that a homodimeric ABC
exporter may adopt when in a pre-hydrolytic, MgATP-bound
configuration. We simulate the bacterial multidrug exporter
Sav1866, which is thought to represent the core architecture of
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Author Summary

ABC transporters are a large family of membrane proteins
present in all organisms. Typically, they utilize ATP
hydrolysis, the most prominent biological energy source,
to translocate substrates into cells (e.g., bacterial nutritient
uptake) or out of cells (e.g., multidrug exporters that
contribute to antimicrobial resistance in bacteria and
resistance to chemotherapeutic drugs in cancer). Also
clinically relevant non-transport roles have been identified
among ABC proteins. ABC transporters bind two molecules
of ATP but do not hydrolyze them simultaneously.
Therefore, an ABC transporter that consists of two
symmetric halves must temporarily adopt asymmetric
conformations at the two ATP-binding sites. Such transient
conformational changes are difficult to address biochem-
ically, but may be amenable to study by simulation
methods, leading to future experiments. We employ
molecular dynamics simulations to study how asymmetric
switching might occur in the homodimeric bacterial ABC
multidrug exporter Sav1866. The simulations suggest a
mechanism of conformational switching that encompasses
the ATP-binding sites and their interface towards the
substrate-binding site. We extend our findings to show
how asymmetric residue substitutions may render the
switching process non-stochastic in mammalian Sav1866-
like ABC exporters. This contributes to ongoing discussions
about the role of two dissimilar ATP-binding sites in
clinically relevant ABC proteins.

ABC exporters [20,6,21], and has been used widely as a template
for modeling of eukaryotic exporter structures [22,23,18,24].

A number of other ABC transporters (e.g. BtuCD [25,26]) and
their NBDs (e.g. [27-32] have been subjects of MD simulation
before, as such simulations can provide a valuable tool for
exploring the conformational dynamics of channel and transport
proteins in relation to function [33,34]. It is now well established
that MgATP binding/unbinding to the NBS closes/opens the
NBD dimer, and that the helical subdomain of a NBD can rotate
relative to its catalytic core domain [27,28,30,32,35]. However, it
is unclear how a closed symmetric NBD dimer undergoes
asymmetric transitions, and how these are affected by and linked
to the TMDs.

Our multiple MD simulations show that an initially symmetrical
MgATP-bound state of Savl1866 exhibits rapid (initial steps on
~10 ns timescale) and stochastic switching into asymmetric NBD
conformations. The NBDs seemingly adopt hydrolytically favor-
able conformations in only one NBS. We further show how the
switching at the NBS is reflected in a network of charged residues
at the TMD-NBD interface. We extend our observations of
stochastic switching in symmetric NBDs to suggest how degener-
acy in cukaryotic ABC exporters may lead to preferential
switching. This provides a rationale for understanding residue
substitutions in ABC proteins, such as CFTR, MRP1, Tap1/2 and
SUR.

Methods

System Preparation

Polar hydrogens were added to the ADP-bound crystal structure
of Sav1866 (pdb id 2HYD) using GROMACS [36,37]. A doubly
protonated state was chosen for the side chain of H534. Default
protonation states were assumed for all other residues. MgATP
was modeled on the bound ADP by positioning the y-phosphate in
line with the o- and B-phosphate moieties followed by careful
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signature
sequence

B ) Walker-A

Figure 1. Structure of Sav1866. A: Sav1866 in a DPPC lipid bilayer.
Each TMD contacts the NBDs by two cytosolic loops (CL1 and CL2,
labeled in regular font for the green monomer and underlined italic
font for the orange monomer). CL2 carries the coupling helix that is
buried inside the NBD of the opposite monomer. B: Overview of the
MgATP-bound NBD dimer, as seen from the TMDs. Functional motifs
are indicated. ATP is colored green, Mg?" brown. C: Close-up view of the
MgATP binding site. Backbones of functional motifs are colored as in B.
The signature sequence (orange) and the D-loop (lime) are provided by
the other NBD. Selected residues are labeled.
doi:10.1371/journal.pcbi.1000762.g001
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energy minimization. The Mg®" ion was positioned next to the B-
and y-phosphates towards the Walker-B motif. In the default ATP
force field the y-phosphate is singly protonated. We modified this
by removing the hydrogen from the y-phosphate and redistribut-
ing the partial charges evenly over the phosphate oxygen atoms
such that the overall charge of the MgATP is -2e.

The protein was positioned manually in a preformed DPPC
bilayer containing 512 lipid molecules. A shell of lipid molecules
around the protein was removed, and the remaining 376 lipids
were relaxed around the protein by a 0.5 ns simulation with
position restraints on all non-hydrogen protein and MgATP atoms
(harmonic restraints, force constant 1000 k] mol ™' nm™?). In a
similar fashion, we inserted the Sav1866 structure into a POPC
bilayer. A snapshot of the bilayer-inserted Sav1866 structure is
shown in Figure 1A. The position restrained simulations should
allow for water to enter the nucleotide-binding sites. The Sav1866
crystal structure itself contains no waters near the ADP phosphate
moieties.

MD Simulations and Analysis

MD simulations were performed using the GROMACS 3.3.1
software [36,37] and the {I53a6 version of the GROMOS96 force
field [38,39]. The simulation box adopted dimensions of
118x118x185 A, and was solvated by 60750 water molecules,
using the single point charge (SPC) water model [40]. The system
was energy minimized by 1000 steps of steepest descent. After the
position-restrained run (see above), we performed a warm-up
simulation across a temperature interval of 100 K-310 K in steps
of 50 K and 50 ps simulation. Production runs were performed
with a time step of 2 fs. The particle mesh Ewald summation
method [41] with a real space cut-off of 12 A was used to calculate
long-range electrostatic interactions. Hydrogen bonds were
analyzed using a geometric definition, namely a maximum
donor-acceptor distance of 3.5 A, and a maximum acceptor-
donor-hydrogen angle of 30°. Atomic contacts between two
residues were defined individually for each simulation snapshot as
the number of atom pairs between the two residues whose
positions are closer than 4 A. Images were prepared using the
programs VMD [42], ClustalX [43], xmgrace, and MATLAB
(The MathWorks, Inc.). We also included snapshots of the
simulations as a PDB file (see supplementary Text S1) containing
the protein, MgATP, and 40 water molecules that are closest to
the MgATP molecules. The snapshots are from one simulation at
0, 5, 10, 20, 30 and 40 ns.

We first performed six repeat simulations of Sav1866 with
MgATP nucleotide in a DPPC lipid bilayer, each with different
starting velocities and a duration of 40 ns. In order to probe the

beginning of the simulation.
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effects of the lipid environment in our simulations, we also
performed a 30 ns simulation of Savl1866 in a POPC bilayer. In
addition, we performed two further control simulations with
bound ADP and DPPC lipid, both to a duration of 30 ns.

Results

Overall Simulation Quality and Effect of Lipid
Environment

Root-mean-square deviations (rmsd) of Co. atoms in our six
simulations with DPPC lipid and one simulation with POPC lipid
are within typical values observed for protein simulations: 2.5-4 A
for the whole protein, and 2-2.5 A for individual NBD subunits
(see Table 1). Given the relatively large size of dimeric Sav1866
(1156 aa), rmsd values in this range are indicative of structural
stability. The variation seen between graphs of rmsd vs. time of
individual repeats (Figure 2) might be indicative of distinct,
stochastic conformational changes. This would suggest that
different repeat simulations may cover different regions of the
accessible conformational space. However it should be kept in
mind that the variation in rmsds is within experimental limits for a
protein of this size.

The domain-specific rmsd values for the NBDs in the 30 ns
simulation performed with POPC lipid are within the range
observed in the 40 ns simulations with DPPC lipid, but those of
the TMDs are lower in the POPC simulation (Table 1). This
indicates that the different lipid environments may have an effect
on the TMD conformation. However, the rmsd of the whole
protein vs. time for the POPC simulation falls within the range
defined by the other simulations. Further, considering the high
overall stability of the protein and the identical rmsd values seen
for the NBDs, it seems very unlikely that the lipid environment
would have any effect on the cytosolic regions of Sav1866 during
the time covered in our simulations. Therefore, we chose to treat
the POPC simulation as a seventh repeat, and collated data
derived from it with that from the six DPPC simulations.

Distinct MgATP Binding Modes

To identify possible binding modes for MgATP at the two NBSs
we determined atomic contacts between MgATP and the most
important nucleotide-binding residues. In addition to inspecting
various contacts as a function of time for each simulation (e.g.
Figure 3A, SI Figure S1), we analyzed contacts over an ensemble
of seven simulations. In particular, we compared patterns of
atomic contacts (using a 4 A cut-off) at the two NBSs of the protein
via scatter plots with contact numbers at the two NBS on the two
axes (Figure 3B-E). Such a representation allows for visualization

Table 1. Root mean square deviations (rmsd, in A) of C-alpha atoms of different domains of the Sav1866 dimer relative to the

simulation whole protein NBD A+B NBD A NBD B TMD A+B TMD A TMD B
DPPC 1 3.6 25 22 25 39 3.2 4.3
DPPC 2 29 23 2.1 22 2.6 23 25
DPPC 3 4.1 2.7 24 2.6 4.1 3.8 4.4
DPPC 4 39 2.1 2.0 1.9 4.4 43 4.5
DPPC 5 35 24 2.1 24 34 34 3.0
DPPC 6 34 2.6 24 23 3.1 26 3.2
POPC 26 2.1 2.0 1.9 2.1 22 2.1

doi:10.1371/journal.pcbi.1000762.t001
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Figure 2. Structural stability. Root-mean-square deviations of C-
alpha atoms in six repeat simulations with DPPC bilayer (40 ns
duration), and one repeat with POPC bilayer (30 ns duration).
doi:10.1371/journal.pcbi.1000762.9g002

of possible asymmetry between the two NBSs, seen as off-diagonal
elements in the scatter plot. It should be noted that, in our
definition, closely interacting residues will yield more than one
atomic contact. Therefore, the number of contacts is not only an
indication of the existence of an interaction, but also a measure of
its strength.

From this analysis, MgATP appears to form several distinct
binding modes (Figure 3). For example, MgATP and the Q-loop
Gln residue (Q422) show three levels of interaction, exhibiting
either ~5, 10-15, or >15 contacts (Figure 3B). These levels arise
from distinct interaction patterns, corresponding to coordination
of the Mg”" ion by the Gln oxygen atom, H-bonding of the Gln
amide to ATP phosphate oxygen atoms, or both interactions
together. An orientation of the Q-loop Gln that encompassed this
range of GIn-MgATP interactions was observed in the MgAMP-
PNP-bound crystal structure of the Rad50 ATPase domain, which
is homologous to ABC transporter NBDs [44]. The Q-loop-
MgATP association in our simulations supports the idea that the
Q-loop Gln senses the presence of MgA'TP [45]. In comparison,
0422 forms no contacts to nucleotide in the ADP-bound crystal
structure.

Distinct levels of contact are also seen between MgATP and the
Walker-B Glu (E503; Figure 3C), resulting from involvement of
E503 in Mg** coordination. The possibility of direct E503-
MgATP interactions seen in our simulations adds to the
conformational variability available to this crucial catalytic residue
(see also below). It should be noted that we also observe direct
interactions of the Walker-B aspartate D502 with Mg>* (data not
shown).

Our simulations also feature contacts of the switch motif H534
to MgATP (Figure 3D), arising through H-bonding of its e&-NH to
the ATP y-phosphate and electrostatic attractions. The switch
motif His (H534) and the Walker-B motif Glu (E503) are known to
form a functionally important “catalytic dyad” [46]. As can be
seen (Figure 3E) this dyad forms stably in all simulations of the pre-
hydrolytic state, and associates more tightly than in the (ADP-
bound) crystal structure. The relatively wide distribution of
contacts suggests a degree of conformational flexibility with low
energetic barriers for the catalytic dyad (see also Figures 3F,G). In
accordance with this idea, the catalytic dyad adopts various
different conformations in existing ABC NBD crystal structures.
We also find that the switch motif H534 can H-bond directly to
the D509 side chain of the D-loop (SALD motif) of the opposite
monomer (see Figure 3G). This is particularly interesting since the
D-loop has been implicated in inter-NBD cross-talk in other ABC
proteins [27,47].

As noted above, the off-diagonal elements in the scatter plots of
contact numbers (Figure 3B-E) indicate that asymmetric interac-
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Figure 3. Interactions at the MgATP binding site. B-E: Inter-
residue contact numbers (4 A cut-off) of selected residues at the MgATP
binding sites visualized in scatter plots with the two NBS on the two
axes. Higher numbers of contact are indicative of stronger interactions.
Scatter plots were generated from simulation snapshots in 50 ps
intervals (see SI Text S2 for more detail). Contour lines indicate
frequently populated configurations (red: most frequent, blue: less
frequent). The contacts observed in a protonated form of the ADP-
bound Sav1866 crystal structure are indicated by green dots. A: MgATP-
Q422 contacts shown in a time-resolved plot for one of the six
simulations. F, G: Simulation snapshots of MgATP binding.
doi:10.1371/journal.pcbi.1000762.g003
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tions are present in all examined residue and nucleotide pairs.
That is, in individual simulations (or segments of simulations) one
NBS can form more contacts than the other, indicative of
stochastic switching in symmetric NBDs. However, the off-
diagonal elements are not always equally distributed either side
of the diagonal. This is to be expected of intrinsically stochastic
switching, combined with incomplete sampling of the space of
possible interactions in our simulations.

April 2010 | Volume 6 | Issue 4 | €1000762



The ADP-bound simulations show hardly any interactions of
the studied residues with the nucleotide (see SI Figure S7). This is
not surprising, since the studied residues are mostly thought to
interact with the gamma-phosphate moiety of ATP.

Role of Q-loop in NBD-TMD Coupling

The conserved Q-loop motif has been implicated in distin-
guishing between ATP and ADP at the NBS [45]. Because of its
location at the NBD-TMD interface, the Q-loop is also well
positioned to relay conformational changes to the TMDs [20]. In
Sav1866, D423 (of the Q-loop) and K483 (adjacent to the
LSGGQ signature sequence) form inter-NBD charge pairs in the
ADP-bound crystal structure. Likewise, the crystal structures of
HlyB revealed a conserved aspartate of the Q-loop to form a
charge pair with a basic residue next to the signature sequence.
This intra-NBD charge pair was seen only at one NBS in MgA'TP-
bound HIlyB dimers [11]. Mutagenesis studies of the ABC
transporter Tapl/2 suggested that the equivalent charge pair
forms in an inter-NBD manner [12].

In our simulations, inter-NBD D423-K483 interactions were
frequent (Figure 4A) whereas only very few intra-NBD charge
pairs formed (data not shown). We also observed contacts between
D423 and the TMDs (Figure 4B). It is evident from Figure 4A that
the D423-K483 interaction does not occur simultaneously at both
NBDs. Rather, there appears to be competition between K483
and the TMDs for interaction with D423. Thus configurations are
frequent in which D423 of one monomer pairs with K483 of the
other monomer, and D423 of the other monomer interacts with
the TMDs (see time-resolved plots in SI Figure S2, and also SI
Figure S6). In effect, dissociation from K483 frees D423 to interact
with the TMDs. Furthermore, a scatter plot of the D423-K483
contacts versus the Q-loop Gln (Q422) contacts to MgATP
indicates that a strong D423-K483 interaction coincides with the
neighboring Q422 being either in a high-contact binding mode to
MgATP, or being completely dissociated from MgATP
(Figure 4D). This suggests that the conformation of the ATP-
sensing Q422 may influence the interactions of its neighboring
D423 with K483, and vice versa.

In the Sav1866 crystal structures, the D423 residues of each of
the two Q-loops interact with the R474 residues of the so-called x-
loops of the opposite NBDs (Figure 4C, see also below). These
charge pairs dissociate in almost all of our simulations (Figure 4C,
SI Figure S6) and D423 alternates between interacting with K483,
R474 and the TMDs (Figure 4E, SI Figure S6). On most
occasions, the D423 residues of the two monomers interact
asymmetrically with these different residues.

Interactions formed by the Q-loop D423 in the ADP-bound
simulations also show remarkable drift away from their contact
numbers in the starting crystal structure, as shown in a scatter plot
similar to that in Figure 4 (see SI Figure S8). Some of the D423
interactions seem to occur more readily at both monomers in the
ADP-simulations than the MgATP-simulations.

Asymmetric Switching at the NBD-TMD Interface
Sav1866 contains a short sequence motif (the x-loop) at the
NBD-TMD interface that is specific to ABC exporters [20]. It has
been suggested that the GERG motif of the Sav1866 x-loop
connects the TMD cytosolic loops (CLs) in a nucleotide-dependent
manner. To study the role of the GERG motif, we analyzed
contacts of E473 and R474 to the four CLs in a similar fashion to
the analyses presented above (see SI Figure S3). This analysis
confirms the proposed link between the GERG motif and the CLs:
R474 can bind to the CL2 of both TMDs, whilst E473 binds both
to the CL1 of the TMD on the opposite monomer and, frequently,
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Figure 4. Interactions at the NBD-TMD interface. A-D: Scatter
plots of contacts formed by the Q-loop D423. Contacts observed in the
protonated Sav1866 crystal structure are indicted by green dots. Scatter
plots were generated as described for Figure 3 and detailed in SI Text
S2. Subfigure D combines data from both NBDs. E: Different interactions
formed by D423. Regions contributed by different monomers are
distinguished by color and labels: A (grey, pink), B (brown).
doi:10.1371/journal.pcbi.1000762.9g004

to CL2 of the TMD of its own monomer. Most of these
interactions form asymmetrically, indicative of stochastic switch-
ing, but as already seen for the MgATP binding modes the
conformational space is not completely sampled. Instead, the
GERG motif of NBD B forms tight interactions to the TMDs
more often than that of NBD A.

The asymmetric GERG motif interactions with the NBDs arise
from a stacking of the R474 pair on the Savl1866 symmetry axis.
As indicated by the trajectory of the projection of R474 onto the
lipid bilayer normal from one simulation (Figure 5, see also SI
Figure S4), the arginine residues start next to each other but in the
simulations repack to stack on top of one another, breaking the
symmetry (see also Figure 6). As a consequence, the GERG motif
whose R474 sits closer to the TMDs forms more overall
interactions with the TMDs (see also SI Figure S5).

The cytosolic ends of the TMDs, which form the interface to the
x-loops, contain a series of residues along the dimer symmetry axis:
0208, H204, Q200 (see Figure 5). These pairs of residues start the
simulations in asymmetric patterns: the pairs of glutamine residues

April 2010 | Volume 6 | Issue 4 | €1000762



{ Q200

RA74

R474

Asymmetric Switching in a Homodimeric ABC Exporter

€125 [ T T T T T ]
5 WZOWW
B A
2 110 H204 TMD B =
N L -
. | L | . | L
0 10 20 30 40
time (ns)
135 T T T T T T T
‘4 - 4
=130 x-loop R474 NBD A —
Z-g 125
]
S1201  x.loop R474 NBD B i
. | L | . | L
0 10 20 30 40
time (ns)
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alpha traces. Exemplary plots of z-coordinates (along the bilayer normal) of the x-loop R474 and H204 in one of the repeat simulations indicate
asymmetric stacking. See Sl Figure S4 for similar plots in all simulations.

doi:10.1371/journal.pcbi.1000762.g005

face each other with the amine nitrogen atoms next to the oxygen
atoms, while the pair of H204 is stacked along the symmetry axis.
As indicated by time-resolved plots (Figure 5, SI Figure S4), the
pairs of H204 remain stacked throughout the simulations.

Discussion

Mechanistic Implications

The simulations described above reveal a pronounced asym-
metry between the dynamic behavior of two initially identical
Sav1866 monomers, such that several key interactions are found to
exist only at one monomer at a time. These interactions include a
salt bridge (D423-K483) that has also been reported to form in
only one monomer in crystal structures of the homologous
MgATP-bound NBD homodimer HlyB [11]. Interestingly, while
the HlyB study reported this salt bridge to be formed by residues
within the same NBD monomer, it forms befween the two NBDs in
Sav1866. Similar nter-subunit charge pairing has also been
reported for the Tapl/2 transporter [12]. The Tapl/2 study
further suggested that the inter-NBD charge pairs are structurally
coupled and thus tied to conformational changes anticipated
during ATP hydrolysis [12].

Our simulations support this idea of a structural coupling of the
inter-NBD Q-loop D423-K483 charge pair. This pairing may be
dependent on the association of the Q-loop Q422 with MgATP.
Furthermore, when D423 is unbound from K483, it can flip
towards the TMDs and interact with the coupling helix on CL2 of
the opposite monomer (Figure 4B). Interaction of D423 with CL2
can induce further tightening of NBD-TMD interactions, partly
through clamping of the coupling helix by the B-strand on which
D423 is located (Figure 4E). The formation of D423-K483 and
D423-TMD interactions is preceded by breaking of the D423
charge pairs with R474 of the x-loop.

Another region in which we observe asymmetric switching is the
GERG motif of the x-loop. Our simulations support its proposed
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role in linking the CLs together [20]. However, in simulations the
GERG motifs of the two monomers can do so asymmetrically.
This is a consequence of the pair of R474 rearranging along the
Sav1866 central axis, with one R474 interacting tighter with the
TMDs than the other. The complex interplay of charged and
polar residues at the NBDs and across the NBD-TMD interface is
summarized in Figure 6.

Interestingly, Dawson and Locher [48] reported small confor-
mational differences in the x-loop between the ADP-bound crystal
form of Savl866 and a structure crystallized with the non-
hydrolyzable ATP-analog AMP-PNP. However, they were
uncertain about the significance of these differences because of
the limited resolution of the AMP-PNP crystal structure [48]. Our
results indicate that the x-loop rearranges readily between the
ADP-bound and MgATP-bound forms. However, while the x-
loops were modeled symmetrically into the ADP- and AMP-PNP-
bound electron densities, our simulations indicate the possibility of
an asymmetric arrangement along the dimer axis. The x-loop and
K483 lie very close (in the primary sequence) to the LSGGQ
signature sequence, which is important in MgATP binding and
hydrolysis in ABC transporters. Therefore, asymmetric behavior
at these regions may be linked to non-simultaneous hydrolysis
activity at the two NBS.

Our observation of asymmetric switching in Sav1866 is in line
with the asymmetric function of its NBDs. As a comparison to this
finding, we sought for a protein that requires perfect symmetry for
proper function. Selectivity filters of potassium channels are likely
to be dependent on their tetrameric symmetry to ensure K*
conduction and selectivity. Using a simulation trajectory generated
in our laboratory for another study, we examined an inter-residue
interaction at a crucial position near the selectivity filter: that
between (protonated) E71 and D80. The E71-D80 interaction has
been shown to be involved in slow inactivation of KcsA,
underlining its functional importance [49]. We found this
Interaction to be near constant at all four monomers (SI Figure
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Figure 6. Electrostatic interactions at the NBD-TMD interface.
A: Initial symmetric arrangement before simulation. B: Asymmetric
arrangement observed in simulation, involving stacking of the two x-
loop R474 and interactions of Q-loop D423 with the TMDs. Labels
referring to the two monomers are distinguished by regular black font
and bold-italic gray font.

doi:10.1371/journal.pcbi.1000762.9006

S9). Albeit anecdotal, this finding provides a control example in
which functional requirements seem to result in preservation of
symmetry during the course of a simulation.

Asymmetry in the TMDs and Possible Switching Role of
Substrate Binding

In the structure determination of ADP-bound Sav1866, two-
fold non-crystallographic symmetry was applied to large parts of
the dimer, although some pairs of residues were refined in non-
symmetric conformations [20]. Therefore, the starting structure in
our simulations was not perfectly symmetric.

While most asymmetric residue pairs are located on the outside
of the Savl866 dimer and presumably contribute to crystal
packing, a cluster of initially asymmetric residues is found at the
cytosolic end of the TMDs, at the dimer interface along the
symmetry axis (see Figure 5). This cluster includes the two H204
residues, which are positioned on the symmetry axis one above the
other (SI Figures S4, S5). As a consequence of their stacking
rearrangement, one of the two R474 residues can interact with
H204 of the opposite monomer. Therefore, the starting asymme-
try at H204 (H204 of TMD A closer to the NBDs) might have
biased the simulations towards cases in which R474 of NBD B
ends up closer to the TMDs and interacts with H204 of TMD A.
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The asymmetric arrangement of H204, as well as Q200 and
0208, along the symmetry axis may effectively constitute another
molecular switch in Sav1866.

It should also be noted that our simulations were performed in
the absence of a transported substrate. The binding of substrate is
known to promote ATPase activity in ABC transporters including
Sav1866 [21]. It is possible that, in the physiological transport
cycle, substrate binding to Sav1866 induces conformational
changes at the x-loop that render MgATP binding and hydrolysis
more favorable at the NBDs. The homodimeric Sav1866 presents
two symmetric binding sites to substrates. Therefore, the
conformational changes induced by the substrate may also carry
information (possibly via Q200-H204-Q208 and the x-loop) about
which NBS should hydrolyze first in order to optimize transloca-
tion of the substrate in its current binding mode.

Choreography of an Asymmetric Switching Process

Our simulations were set up by changing the nucleotides in the
pseudo-symmetric post-hydrolytic Sav1866 structure into a model
of the pre-hydrolytic nucleotide configuration. This allowed us to
study possible first steps of a putative pre-hydrolytic switching. We
observe asymmetric structural rearrangements relative to the
ADP-bound crystal structure, suggesting that the substitution of
MgATP into the binding sites initiated a switching process.
However, since our simulations are relatively short (and do not
allow for formation or breaking of covalent bonds), we cannot
expect to see beyond the initial steps of this process.

We observe several regions of asymmetric switching. Firstly, the
MgATP-sensing Q-loop Q422 forms a high-contact MgATP
binding mode typically only at one NBS. Secondly, the
neighboring Q-loop residue D423 charge pairs with a basic
residue (K483) near the signature sequence only at one NBS at a
time, as has been reported in the ABC transporters HlyB and
Tapl/2 [11,12]. D423 that is not bound to K483 is free to interact
with the TMD coupling helices and with R474 of the x-loop
GERG motif. Thirdly, the x-loop GERG motif can undergo
asymmetric stacking along the Sav1866 symmetry axis, such that
R474 of one monomer interacts much more tightly with the
TMDs than R474 of the other monomer. Finally, the catalytic
dyad E503-H534 frequently associates in different ways at the two
NBSs. A schematic diagram of these asymmetric interactions in
the simulations is shown in supplementary Figure S6.

Conceivably, the asymmetric interactions in the Sav1866 NBDs
effectively constitute a series of molecular switches (Figures 6, S6).
To complete the asymmetric switching that leads to hydrolysis at
one of the NBSs, each of these switches may have to adopt a
certain state. Such a series of switches may thereby create a
complex, multi-state energy landscape for the conformational
transition in pre-hydrolytic Sav1866. It should be remembered
that our simulations sample only about 270 ns of Sav1866
dynamics in this energy landscape, while full transport events
probably occur on time scales of =102 s. Therefore it would be
statistically unlikely to observe large conformational transitions of
Sav1866. Even the probable first step of such transitions may be
too unlikely to observe, ie, all of the molecular switches to adopt a
state needed to complete the initial asymmetric switching.

Ultimately, the behaviour of Sav1866 appears stochastic at the
level of these molecular switches. A picture emerges in which, at
the atomic level, ABC transporters do not function as molecular
motors with perfectly defined steps. Rather, coincidental stochastic
steps underpin the larger-scale motions required for function.
Therefore, our sequence of simulation snapshots (SI Text S1)
should not be interpreted as a strictly temporal sequence of
conformational change (see also Figure S6). It should be noted,
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though, that this picture may be subject to change in the presence
of transported substrate, which is missing in our simulations.

Methodological Considerations

Many interactions in our system showed considerable variability
in contact numbers and possible binding modes between
individual runs within the ensemble of seven simulations. It seems
likely that substitution of ADP for MgATP at both NBSs left the
initial system in an energetically activated (i.e. non-equilibrium)
state, thus enhancing the extent of conformational space accessible
in relatively short (40 ns) simulations. Thus, our approach of
repeated MD simulations helps to extend the range of conforma-
tions accessed. However, our simulations provide far from
exhaustive coverage of the conformational space. This is apparent
in the lack of diagonal symmetry in many of the scatter plots of
contact numbers. Asymmetric coverage of conformational space
could also be indicative of an inherent bias in the starting
structure, such as the asymmetric starting orientations of residues
along the symmetry axis (see above).

In NBD crystal structures with Mg-nucleotides, interactions of
the Walker-B aspartate with Mg?* are water-mediated. This
suggests that our protocol of solvating the MgATP may have been
insufficient (see Methods), and that our simulations may be missing
a water molecule between the Walker-B motif and the Mg.
Effectively, our hydration protocol may have resulted in an
interchange of parts of the first and second hydration shells of
Mg®" (namely, the Walker-B aspartate and water). Otherwise, our
simulations feature quick rearrangements of the NBD residues to
accommodate for the MgA'TP, for example in case of the “ATP-
sensing” Q-loop Q422. However, it should be noted that it
remains beyond this study to establish a single physiologically
correct MgA'TP binding mode in Sav1866 and ABC exporters in
general. Binding modes of ATP and ATP analogs vary between
crystal structures of ABC NBDs (e.g. Tapl NBD [17] and FbpC
[35]) and may thus be expected to vary in simulations as well.

Finally, we wish to note that our method of visualizing atomic
interactions in scatter plots provides a compact and visually
intuitive picture of the distinct interaction patterns and the arising
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asymmetry accessed by our repeat simulations. Similar methods of
visualization may be of help in future MD simulation studies,
especially as it looks to become more common to extend phase
space coverage by repeat simulations.

Implications for Eukaryotic ABC Transporters

Although our simulations have been performed on a homodi-
meric bacterial ABC transporter, the results have possible
mmplications for its (more complex) eukaryotic counterparts.
Eukaryotic ABC' transporters are often encoded with the two
half-transporters in one protein, thus allowing for sequence and
(potential) functional differences between the two halves. Indeed,
cukaryotic ABC proteins often contain one “consensus” NBS and
one ‘“degenerate” NBS [17] with substitutions at the functional
motifs (Figure 7). This holds in particular for the ABCC subfamily
[19,17,12]. Strikingly, residues that seem to act as molecular
switches in our simulations are frequently degenerate. Thus, the
Q-loop Asp (D423 in Sav1866) is degenerate in NBDI1 of the
ABCC-type proteins MRP1, SURI, and CFTR. The arginine of
the x-loop GERG motif (R474 in Sav1866) is degenerate in NBD2
of all ABCC transporters, the Tapl half of the Tapl/2
transporter, and NBD1 of CFTR. Because of the domain-swapped
NBD interface, the substitution of the x-loop in NBD2 of ABCC
transporters adds to their degeneracy at NBS1. The Walker-B
glutamate (E503 in Sav1866), which is intimately involved in the
intricate catalysis chemistry, is degenerate at NBD1 of the ABCC
transporters. Further degeneracy substitutions are found at the
signature sequence, and the switch motif of NBD1 (Figure 7).

It has been suggested before that the combination of one
consensus and one degenerate NBS may lead to directed switching in
the pre-hydrolytic conformation [16,17]. Eukaryotic ABC trans-
porters may need a certain NBS to always hydrolyze first in order
to optimize the transport of complex substrates [17,16]. Here we
show, for the first time, that many residue positions that contribute
to degeneracy in eukaryotic transporters may act as molecular
switches, in order to control which NBS will hydrolyze MgATP.
Therefore, the identification of these switches in our simulations of
a bacterial ABC exporter may provide a novel basis to rationalize

Walker-A Q-loop
. * LI S . . * . *
hMRP1 NBD1 676 VVGQVGCGKSSLLSALLAEMDKVEG----—-==—============—-——— HVAIKGSVAYVPEQ|714 hMRP1_NBD1
hSUR1_NBD1 711 IVGQVGCGKSSLLLAALGEMQKVSGAVFWSSLPDSEIGEDPSPERETATDLDIRKRGPVAYASQK(775 hSUR1_NBD1
hCFTR_NBD1 456 VAGSTGAGKTSLLMVIMGELEPSEG------———------——---—--——-- KIKHSGRISFCSQF[494 hCEFTR_NBD1
hTAP1 536 LVGPNGSGKSTVAALLONLYQPTGGQLLLDGKP---========== LPQYEHRYLHRQVAAVGQE 587 hTAP1
SAV1866 NBD 372 FVGMSGGGKSTLINLIPRFYDVTSGQILIDGHN----——--——-=-- IKDFLTGSLRNQIGLVQQD 423 SAV1866 NBD
hEMRP1_NBD2 1325 IVGRTGAGKSSLTLGLFRINESAEGEIIIDGIN--------—---— IAKIGLHDLRFKITIIPQD 1376 hMRP1_NBD2
hSURL NBD2 1376 ICGRTGSGKSSFSLAFFRMVDTFEGHIIIDGID---——--——--—— IAKLPLHTLRSRLSIILQD 1427 hSURL_NBD2
hCFTR_NBD2 1242 LLGRTGSGKSTLLSAFLRLLN-TEGEIQIDGVS—-------—---— WDSITLQQWRKAFGVIPGK|1292 hCFTR_NBD2
hTAP2 501 LVGPNGSGKSTVAALLQONLYQPTGGQVLLDEKP-----—--—--—- ISQYEHCYLHSQVVSVGQE 552  hTAP2
x-loop signature seq. Walker-B switch motif
Pk o hp R SN S S HEH :
hMRP1_NBD1 758 RTEIGEKGVNLSGGQKQRVSLARAVY 783 788 IYLFDD 793 820 KTRILVTHSM829 hMRP1_NBD1
hSURL_NBD1 819 QTQIGERGINLSGGQRQRISVARALY 844 849 VVFLDD 854 881 RTVVLVTHRLB890 hSUR1_NBD1
hCFTR_NBD1 538 NIVLGHGGITLSGGQRARISLARAVY 563 568 LYLLDS 573 598 KTRIL 607 hCFTR_NBD1
hTAP1 633 DTEVGEAGSOLSGGOROAVAILARALI 658 663 VLI 668 694 RSVLLI 703 hTAP1
SAV1866 NBD 468 DTEVGERGVKLSGGRKQRLSIARIFL 493 498 ILILDE 503 527 RTTLIVAHRL536 SAV1866 NBD
hMRP1_NBD2 1420 DHE ENL ROTMALARALL 1445 1450 ILVLDE 1455 1479 CTVLTIAHRL1488  hMRP1 NED2
hSURL_NBD2 1471 DAITTEGGENF ROLFICLARAFV 1496 1501 IFIMDE 1506 1530 RTVVTIAHRV1539  hSUR1_NBD2
hCFTR_NBD2 1336 DEVILVDGGCVL IMOLARSVL 1361 1366 ILLLDE 1371 1395 CTVILCEHRI1404  hCFTR_NBD2
hTAP2 597 YTDVGEKGSQ KQRLAIARALV 622 627 VLILDE 632 654 RTVLVIAHRL G663 hTAP2

Figure 7. Degeneracy in eukaryotic ABC proteins. Sequence alignments of conserved NBD motifs in Sav1866 and selected eukaryotic ABC
proteins. Asterisks indicate identical residues. Colons/dots indicate closely/less similar residues. Degeneracy substitutions in functional motifs are

highlighted by surrounding boxes.
doi:10.1371/journal.pcbi.1000762.g007
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degeneracy in eukaryotic transporters. This proposal may be
explored further by extended MD simulations of e.g. recent
eukaryotic ABC transporter structures [50].

Supporting Information

Figure S1 Time-resolved graphs of interactions at the MgATP
binding sites. Selected atomic contacts at the MgATP binding
sites. Data is plotted separately for the two binding sites in the
seven simulations.

Found at: doi:10.1371/journal.pcbi.1000762.s001 (2.04 MB TIF)

Figure S2 Time-resolved graphs of interactions at the NBD-
TMD interface. Selected atomic contacts of Q-loop residues
0Q422-D423 plotted separately for the two NBDs in the seven
simulations.

Found at: doi:10.1371/journal.pcbi.1000762.s002 (1.35 MB TIF)

Figure 83 Interactions of the x-loop GERG motif. Scatter plots
of contacts formed by residues E473-R474 of the x-loop GERG
motif and the TMDs. Contacts observed in the protonated
Sav1866 crystal structure are indicated by green dots. Scatter plots
were generated as described for Figure 3 of the main text and SI
Text S1.

Found at: doi:10.1371/journal.pcbi.1000762.s003 (0.31 MB TIF)

Figure 84 Asymmetric stacking of H204 and R474. Coordinates
along the symmetry axis of Sav1866 (z-coordinates) of selected

residues in the seven repeat simulations.
Found at: doi:10.1371/journal.pcbi.1000762.s004 (0.30 MB TIF)

Figure S5 Example rearrangement of residue pairs along the
Sav1866 symmetry axis.
Found at: doi:10.1371/journal.pchi.1000762.s005 (1.88 MB TIF)

Figure 86 Schematic overview of studied interactions. One-
nanosecond windows are represented by dots. R474 is defined to
be closer to the TMDs if its z-position is different by >2 A to the
other R474 z-position. Q-loop Q422-MgATP interactions are
colored by three different contact levels: <5 contacts blue, >5 and
<14 contacts green, >14 contacts red. Q-loop D423 interactions
to x-loop R474 and to K483 are colored by two levels: <1 contact
blue, >1 contact red. Q-loop D423 interactions to TMD CL2 are
colored: <8 contacts blue, >8 contacts red. All contact values are
determined as the mean value over the respective 1 ns window.

References

1. Holland IB, Cole SPC, Kuchler K, Higgins CF (2003) ABC Proteins: From
Bacteria to Man. Academic Press.

2. Gadsby DC, Vergani P, Csanady L (2006) The ABC protein turned chloride
channel whose failure causes cystic fibrosis. Nature 440: 477-483.

3. Muallem D, Vergani P (2009) Review. ATP hydrolysis-driven gating in cystic
fibrosis transmembrane conductance regulator. Philos Trans R Soc B Biol Sci
364: 247-55.

4. Bryan J, Mufioz A, Zhang X, Diifer M, Drews G, et al. (2007) ABCC8 and
ABCC9: ABC transporters that regulate K+ channels. Pflugers Arch 453:
703-18.

5. Aittoniemi J, Fotinou C, Craig TJ, de Wet H, Proks P, et al. (2009) Review.
SURI: a unique ATP-binding cassette protein that functions as an ion channel
regulator. Philos Trans R Soc B Biol Sci 364: 257-67.

6. Hollenstein K, Dawson RJP, Locher KP (2007) Structure and mechanism of
ABC transporter proteins. Curr Opin Struct Biol 17: 412-8.

7. Oldham ML, Davidson AL, Chen J (2008) Structural insights into ABC
transporter mechanism. Curr Opin Struct Biol 18: 726-33.

8. Chen ], Lu G, Lin J, Davidson AL, Quiocho FA (2003) A tweezers-like motion of
the ATP-binding cassette dimer in an ABC transport cycle. Mol Cell 12:
651-61.

9. Oswald C, Holland IB, Schmitt L (2006) The motor domains of ABC-
transporters. What can structures tell us? Naunyn Schmiedebergs Arch
Pharmacol 372: 385-99.

10. Senior AE, al-Shawi MK, Urbatsch IL (1995) The catalytic cycle of P-
glycoprotein. FEBS Lett 377: 285-289.

@ PLoS Computational Biology | www.ploscompbiol.org

Asymmetric Switching in a Homodimeric ABC Exporter

Found at: doi:10.1371/journal.pcbi.1000762.s006 (0.25 MB TIF)

Figure S7 Interactions at the ADP binding site in the ADP-
bound control simulation. Figure was created in the same fashion
as Figure 3 of the main text, but using the two 30 ns ADP-bound
simulations.

Found at: doi:10.1371/journal.pcbi.1000762.s007 (0.13 MB TIF)

Figure S8 Interactions at the NBD-TMD interface in the ADP-
bound control simulation. Figure was created in the same fashion
as Figure 4 of the main text, but using the two 30 ns ADP-bound
simulations.

Found at: doi:10.1371/journal.pcbi.1000762.s008 (0.17 MB TIF)

Figure 89 Functionally important interactions in a simulation of
the KcsA K+ channel. Distance between the delta-C of protonated
E71 and the gamma-C of D80, and E71-D80 contact numbers,
derived from a KcsA simulation produced in our laboratory (P. W.
Fowler and M. S. P. Sansom, unpublished) and plotted separately
for the four monomers. The E71-D80 interaction is important for
KcesA slow inactivation [50], and is presumably required to form
symmetrically for proper function of the K+ selectivity filter.

Found at: doi:10.1371/journal.pchi.1000762.s009 (0.36 MB TIF)

Text S1 Snapshots from the simulations. Snapshots show the
protein, MgATP, and the 40 closest water molecules to MgATP.
The PDB file contains six snapshots as separate models. All are
from one simulation, at times 0, 5, 10, 20, 30, and 40 ns.

Found at: doi:10.1371/journal.pcbi.1000762.s010 (4.79 MB

TXT)

Text 82 Additional details of method used for generation of
scatter plots (for Figures 3B-E, 4A-D of main text, & SI Figure
S3).
Found at:
DOC)

doi:10.1371/journal.pcbhi.1000762.s011 (0.11 MB

Author Contributions

Conceived and designed the experiments: JA MSPS. Performed the
experiments: JA. Analyzed the data: JA. Wrote the paper: JA HIW FMA
MSPS. Contributed to the writing of the paper and discussions of the
analysis of the simulations: FMA.

11. Zaitseva J, Oswald C, Jumpertz T, Jenewein S, Wiedenmann A, et al. (2006) A
structural analysis of asymmetry required for catalytic activity of an ABC-
ATPase domain dimer. EMBO J 25: 3432-43.

12. Procko E, Gaudet R (2008) Functionally important interactions between the
nucleotide-binding domains of an antigenic peptide transporter. Biochemistry
47: 5699-708.

13. Bienengracber M, Alekseev AE, Abraham MR, Carrasco AJ, Moreau C, et al.
(2000) ATPase activity of the sulfonylurea receptor: a catalytic function for the
KATP channel complex. FASEB J 14: 1943-1952.

14. Kidd JF, Ramjeesingh M, Stratford I, Huan L, Bear CE (2004) A heteromeric
complex of the two nucleotide binding domains of cystic fibrosis transmembrane
conductance regulator (CFTR) mediates ATPase activity. J Biol Chem 279:
41664-41669.

15. de Wet H, Mikhailov MV, Fotinou C, Dreger M, Craig T]J, et al. (2007)
Studies of the ATPase activity of the ABC protein SURI. FEBS J 274:
3532-44.

16. Carrier I, Gros P (2008) Investigating the role of the invariant carboxylate
residues E552 and E1197 in the catalytic activity of ABCBla (mouse MDR3).
FEBS J 275: 3312-24.

17. Procko E, Ferrin-O’Connell I, Ng S, Gaudet R (2006) Distinct structural and
functional properties of the ATPase sites in an asymmetric ABC transporter.
Mol Cell 24: 51-62.

18. Procko E, O’Mara ML, Bennett WFD, Tieleman DP, Gaudet R (2009) The
mechanism of ABC transporters: general lessons from structural and
functional studies of an antigenic peptide transporter. FASEB J 23:
1287-1302.

April 2010 | Volume 6 | Issue 4 | €1000762



23.

24.

26.

27.

28.

29.

30.

31.

32.

33.

34.

9.

Deeley RG, Westlake C, Cole SPC (2006) Transmembrane transport of endo-
and xenobiotics by mammalian ATP-binding cassette multidrug resistance
proteins. Physiol Rev 86: 849-99.

. Dawson RJP, Locher KP (2006) Structure of a bacterial multidrug ABC

transporter. Nature 443: 180-5.

. Velamakanni S, Yao Y, Gutmann DAP, van Veen HW (2008) Multidrug

transport by the ABC transporter Sav1866 from Staphylococcus aureus.
Biochemistry 47: 9300-8.

. Zolnerciks JK, Wooding C, Linton KJ (2007) Evidence for a Sav1866-like

architecture for the human multidrug transporter P-glycoprotein. FASEB J 21:
3937-48.

Lawson J, O’Mara ML, Kerr ID (2008) Structure-based interpretation of the
mutagenesis database for the nucleotide binding domains of P-glycoprotein.
Biochim Biophys Acta 1778: 376-91.

Serohijos AWR, Hegedus T, Aleksandrov AA, He L, Cui L, et al. (2008)
Phenylalanine-508 mediates a cytoplasmic-membrane domain contact in the
CFTR 3D structure crucial to assembly and channel function. Proc Natl Acad
Sci USA 105: 3256-61.

Sonne J, Kandt C, Peters GH, Hansen FY, Jensen MO, et al. (2007) Simulation
of the coupling between nucleotide binding and transmembrane domains in the
ATP binding cassette transporter BtuCD. Biophys J 92: 2727-2734.

Ivetac A, Campbell JD, Sansom MSP (2007) Dynamics and function in a
bacterial ABC transporter: simulation studies of the BtuCDF system and its
components. Biochemistry 46: 2767-2778.

Oloo EO, Fung EY, Tieleman DP (2006) The dynamics of the MgATP-driven
closure of MalK, the energy-transducing subunit of the maltose ABC
transporter. J Biol Chem 281: 28397-407.

Jones PM, George AM (2002) Mechanism of ABC transporters: a molecular
dynamics simulation of a well characterized nucleotide-binding subunit. Proc
Nat Acad Sci USA 99: 12639-12644.

Oloo EO, Tieleman DP (2004) Conformational transitions induced by the
binding of MgATP to the vitamin B12 ATP-binding cassette (ABC) transporter
BtuCD. J Biol Chem 279: 45013-9.

Jones PM, George AM (2007) Nucleotide-dependent allostery within the ABC
transporter ATP-binding cassette: a computational study of the MJ0796 dimer.
J Biol Chem 282: 22793-803.

Jones PM, George AM (2009) Opening of the ADP-bound active site in the ABC
transporter ATPase dimer: evidence for a constant contact, alternating sites
model for the catalytic cycle. Proteins 75: 387-396.

Wen P, Tajkhorshid E (2008) Dimer opening of the nucleotide binding domains
of ABC transporters after ATP hydrolysis. Biophys J 95: 5100-5110.

Roux B, Schulten K (2004) Computational studies of membrane channels.
Structure 12: 1343-1351.

Khalili-Araghi F, Gumbart J, Wen P, Sotomayor M, Tajkhorshid E, et al. (2009)
Molecular dynamics simulations of membrane channels and transporters. Curr

Opin Struct Biol 19: 128-137.

@ PLoS Computational Biology | www.ploscompbiol.org

10

36.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

Asymmetric Switching in a Homodimeric ABC Exporter

. Newstead S, Fowler PW, Bilton P, Carpenter EP, Sadler PJ, et al. (2009) Insights

into How Nucleotide-Binding Domains Power ABC Transport. Structure 17:
1213-1222.

Berendsen HJC, van der Spoel D, van Drunen R (1995) GROMACS: A
message-passing parallel molecular dynamics implementation. Comp Phys
Comm 91: 43-56.

Lindahl E, Hess B, van der Spoel D (2001) GROMACS 3.0: a package for
molecular simulation and trajectory analysis. J] Mol Mod 7: 306-317.

van Gunsteren WF, Billeter SR, Eising AA, Hiinenberger PH, Kriiger P, et al.
(1996) Biomolecular Simulation: The GROMOS96 Manual and User Guide.
ZiirichGroningen: vdf Hochschulverlag AG an der ETH Ziirich and BIOMOS
b.v.

Oostenbrink C, Villa A, Mark AE, Gunsteren WFV (2004) A biomolecular force
field based on the free enthalpy of hydration and solvation: The GROMOS
force-field parameter sets 53A5 and 53A6. ] Comp Chem 25: 1656-1676.
Berendsen HJC, Postma JPM, van Gunsteren WF, Hermans J (1981) Interaction
models for water in relation to protein hydration. Intermolecular Forces.
Dordrecht: Reidel. pp 331-342.

Darden T, York D, Pedersen L (1993) Particle mesh Ewald: An N log(N) method
for Ewald sums in large systems. J Chem Phys 98: 10089-10092.

Humphrey W, Dalke A, Schulten K (1996) VMD: visual molecular dynamics.
J Mol Graph 14: 33-8, 27-8.

Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, et al. (2007)
Clustal W and Clustal X version 2.0. Bioinformatics 23: 2947-8.

Hopfner K, Karcher A, Shin DS, Craig L, Arthur LM, et al. (2000) Structural
Biology of Rad50 ATPase: ATP-Driven Conformational Control in DNA
Double-Strand Break Repair and the ABC-ATPase Superfamily. Cell 101:
789-800.

Smith PC, Karpowich N, Millen L, Moody JE, Rosen ], et al. (2002) ATP
binding to the motor domain from an ABC transporter drives formation of a
nucleotide sandwich dimer. Mol Cell 10: 139-49.

Zaitseva J, Jenewein S, Jumpertz T, Holland IB, Schmitt L (2005) H662 is the
linchpin of ATP hydrolysis in the nucleotide-binding domain of the ABC
transporter HlyB. EMBO J 24: 1901-10.

Masia R, Nichols CG (2008) Functional clustering of mutations in the dimer
interface of the nucleotide binding folds of the sulfonylurea receptor. J Biol
Chem 283: 30322-9.

Dawson RJP, Locher KP (2007) Structure of the multidrug ABC transporter
Sav1866 from Staphylococcus aureus in complex with AMP-PNP. FEBS Lett
581: 935-8.

Cordero-Morales JF, Jogini V, Lewis A, Vasquez V, Cortes DM, et al. (2007)
Molecular driving forces determining potassium channel slow inactivation. Nat
Struct Mol Biol 14: 1062-1069.

Aller SG, Yu J, Ward A, Weng Y, Chittaboina S, et al. (2009) Structure of P-
glycoprotein reveals a molecular basis for poly-specific drug binding. Science

323: 1718-1722.

April 2010 | Volume 6 | Issue 4 | €1000762



