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Molecular-Dynamics Simulations of the ATP/apo State of a Multidrug
ATP-Binding Cassette Transporter Provide a Structural and Mechanistic
Basis for the Asymmetric Occluded State
Peter M. Jones and Anthony M. George*
School of Medical and Molecular Biosciences, University of Technology, Sydney, Australia
ABSTRACT ATP-binding cassette transporters use the energy of ATP hydrolysis to transport substrates across cellular
membranes. They have two transmembrane domains and two cytosolic nucleotide-binding domains. Biochemical studies have
characterized anoccluded state of the transporter inwhich nucleotide is tenaciously bound in oneactive site,whereas theopposite
active site is empty or binds nucleotide loosely. Here, we report molecular-dynamics simulations of the bacterial multidrug ATP-
binding cassette transporter Sav1866. In two simulations of the ATP/apo state, the empty site opened substantially by way of
rotation of the nucleotide-binding domain (NBD) core subdomain, whereas the ATP-bound site remained occluded and intact.
We correlate our findings with elastic network and molecular-dynamics simulation analyses of the Sav1866 NBD monomer,
and with existing experimental data, to argue that the observed transition is physiological, and that the final structure observed
in the ATP/apo simulations corresponds to the tight/loose state of the NBD dimer characterized experimentally.
INTRODUCTION
ATP-binding cassette (ABC) transporters use the energy of
ATP hydrolysis to translocate substrates across cellular
membranes, although in some atypical cases they are gated
channels or transmembrane signal receptors. ABC trans-
porters comprise one of the largest protein superfamilies,
are found in all living organisms, and transport a wide range
of substrates (1–4).Members of this superfamily are involved
in multidrug resistance (MDR) in both human cancers and
pathogenic microbes, and significant human genetic disor-
ders are caused by mutations in many ABC genes (5).

The general architecture of ABC transporters is dimeric,
with each half comprising one domain that spans the
membrane and one cytosolic nucleotide-binding domain
(NBD) or ABC. These domains are configured in various
combinations of two transmembrane domains (TMDs) and
two NBDs as four separate subunits, two half transporters,
or a single polypeptide, with the canonical configuration
TMD-NBD-TMD-NBD, although exceptions with the oppo-
site order or additionalN-terminal or regulatory domains also
exist (6,7). The TMDs form the membrane channel and
contain substrate-binding sites. In contrast to the TMD, the
NBD is highly conserved in sequence and structure. Its
bilobal architecture consists of a catalytic core subdomain
containing the Walker A (P-loop) and B consensus nucleo-
tide-binding motifs, and a flexibly attached a-helical subdo-
main containing the LSGGQ ABC signature sequence (6).

In the assembled transporter, two composite ATP-binding
active sites are formed by the interaction of each LSGGQ
motif with an ATP molecule bound to the Walker A and B
motifs of the opposite NBD (8,9). Structural studies indicate
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that although this head-to-tail NBD dimer is a common
feature, at least three distinct TMDs architectures exist
within the ABC superfamily. Nevertheless, in all whole
transporter structures, the TMDs and NBDs interact through
intracytoplasmic loops (ICLs) that are associated with the
TMDs (10–16), and this interaction is expected to mediate
the coupling of ATP hydrolysis to substrate translocation.
In ABC exporters, two a-helices, which are known as
coupling helices (CHs) and originate from the ICLs, form
a substantial part of the interface between the TMDs and
the NBDs (Fig. 1 A).

A number of experimental studies of MDR-related ABC
exporters have indicated that a state exists in which ATP is
tightly bound in an occluded active site, whereas the oppo-
site active site is unoccupied or binds nucleotide loosely in a
nonoccluded state. This tight/loose state of the active sites is
likely to be important for understanding the enzyme’s cata-
lytic cycle, but it has not been observed in crystal structures.
To try to gain insights into its structural basis, we performed
molecular-dynamics (MD) simulations using the crystal
structure of the Staphylococcus aureus Sav1866, a homo-
dimer of two half-transporters whose primary sequence
and biochemical characteristics identify it as an MDR ABC
transporter (17).

In the Sav1866 crystal structure, two nucleotides are
sequestered in active sites formed by both NBDs and ICLs
in an essentially symmetrical manner with respect to the
two half-transporters. In two simulations beginning with
the predicted cytosolic regions of this structure, with ATP
bound in one site and the opposite site empty, the empty
site opened partially while the ATP-bound site remained
occluded and intact. The transition from the crystal structure
to this asymmetric state occurred substantially by way of
movement of the core subdomain of the NBD, which did
doi: 10.1016/j.bpj.2011.05.028
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FIGURE 1 Sav1866. (A) View from the membrane of the Sav1866 NBD

dimer and both CH2s from the TMDs. The interface between the monomers

runs approximately horizontally through the middle of the dimer. The core

Biophysical Journal 100(12) 3025–3034

3026 Jones and George
not contain ATP bound to its P-loop, away from the LSGGQ
of the opposite, ATP-bound NBD and also away from the
ICLs. We correlate these findings with an elastic network
(EN) analysis of the NBD monomer, simulations of the iso-
lated Sav1866 NBD monomer, and existing experimental
data to argue that the observed transition is likely to have
physiological relevance, and that the final structure observed
in the ATP/apo simulations corresponds to the tight/loose
state of the NBD dimer characterized experimentally.
METHODS

System setup

The starting coordinates for MD simulations were taken from the x-ray

structure of the AMP-PNP-bound ABC exporter Sav1866 (11) (PDB

2ONJ). We prepared a truncated structure comprising the predicted cyto-

solic regions using coordinates for residues 82–138 (ICL1), 183–246

(ICL2), and 300–578 (ICL3-NBD) from each monomer (Fig. 1 B). This

structure includes a short buffer zone at the truncated ends of the ICLs,

which may embody part of the TMD region. The N-terminal residues of

the ICLs were acetylated, and the C-terminal residues of ICLs 1 and 2

were N-methylamidated. To place ATP in the consensus orientation in the

active site, we root mean-square (RMS)-fitted the P-loop and ATP molecule

of ATP-bound MJ0796 (PDB 1L2T; residues 32–49) (9) to Sav1866 using

the Ca coordinates of the P-loop residues (368–385 in Sav1866). The resul-

tant coordinates of the pyrophosphate moiety were used in the starting

structure. Systems of the NBD monomer used coordinates for residues

338–578 from monomer A, with the N-terminal residue acetylated. Each

complex was solvated in a truncated octahedral periodic cell with

a minimum of 20 Å between periodic images of the protein, and neutralized

with a 0.2 M NaCl solution. All histidine residues were neutral and proton-

ated at the 3 nitrogen, with the exception of active-site histidine 534, which

was ionized; all other ionizable residues were in the default ionization state.
Simulation parameters

We performed MD simulations using NAMD versions 2.6 and 2.7b3 (18)

with the CHARMM27 force field (19), including f/j cross-term map

corrections (20), and the TIP3P model for water (21). The SHAKE and

SETTLE algorithms were used to constrain the bonds containing hydrogens

to equilibrium length (22). A cutoff of 11 Å (switching function starting at

9.5Å) for van der Waals and real-space electrostatic interactions was used.

The particle-mesh Ewald method (23) was used to compute long-range

electrostatic forces with a grid density of ~1/Å3. An integration time step

of 2 fs was used with a multiple time-stepping algorithm. Interactions

involving covalent bonds and short-range nonbonded interactions were

computed every time step, and long-range electrostatic forces were

computed every two time steps. Langevin dynamics was utilized to main-

tain a constant temperature of 310 K with a friction coefficient of 5 ps�1

on all nonhydrogen atoms. A Langevin piston was used to control pressure
subdomains are colored yellow, the HDs blue, the a-helix following the

P-loop red, and the CH2s green. The CH2 binds in the cleft between the

core and HDs of the NBD covalently attached to the opposite monomer.

Nucleotides are shown in stick form and are bound between the P-loop

of the core subdomain and the LSGGQ of the HD of the opposite monomer.

(B) ICL-NBD structure. View of Sav1866 parallel to the plane of the

membrane, with regions used in the simulations colored green (monomer

A) and yellow (monomer B). The nucleotides are red space-filled spheres.

Regions not included in the simulations are in gray (Color online.)
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with a target of 1 atm, a decay period of 100 fs, and a damping timescale of

50 fs.
Equilibration

To ensure that the canonical coordination sphere of the catalytic divalent

cation would be in ATP-bound active sites, during the equilibration we

applied harmonic forces with a force constant of 10 kcal/mol$Å2 to the

coordinating atoms of the Mg2þ ion (i.e., two water molecules, a b- and

g-phosphate oxygen, the amido side-chain oxygen of conserved glutamine

422, and the side-chain hydroxyl oxygen of Walker A serine 381), con-

straining them to an equilibrium distance of 2.2 Å from the Mg2þ. The
solvated starting structure was minimized by conjugate gradient minimiza-

tion to a 0.5 kcal/mol$Å RMS gradient with all protein and Mg2þATP
heavy atoms fixed. Water molecules, NaCl ions, and hydrogens were then

further minimized during a 50 ps MD run at 310 K, in which all protein

and Mg2þATP heavy atoms were again fixed. This starting model was

then minimized with harmonic positional constraints on the NCaCO back-

bone. A 100 kcal/mol$Å2 force constant was used to minimize the system

to a 0.5 kcal/mol$Å RMS gradient. The constraints were gradually removed

by subsequent minimizations to a 0.1 kcal/mol$Å RMS gradient, with the

initial force constants scaled by factors of 0.5, 0.15, 0.05, and 0. The mini-

mized structure was then heated from 50 K to 310 K in steps of 25 K using

velocity reassignment during a 30 ps MD run. This system was then simu-

lated for 500 ps using Langevin temperature and pressure controls, with the

harmonic restraints on the coordinating atoms of the catalytic Mg2þ

remaining.
Production runs

The equilibrated system was used for the production runs without restraints.

Five systems (three using the truncated structure and two using the mono-

mer structure) were simulated for 100 ns. The truncated-structure systems

comprised one ATP/ATP system (simulation 1) and two ATP/apo systems

in which the nucleotide was bound to the P-loop of either monomer A or

monomer B (simulations 2A and 2B, respectively). For the NBD monomer,

the ATP-bound and apo states were simulated (simulations 3A and 3B).

Simulation 2B was run for a further 20 ns, as discussed in Results. All simu-

lations remained stable to completion. For analysis, the coordinates were

saved every 10 ps.
Analysis

We performed a principal component analysis (PCA) of the simulation Ca

atom trajectories using the GROMACS package (20). The program Hinge-

finder was used to analyze domain rotations using Ca coordinates, the slow

partitioning algorithm and a tolerance of 70% (24). VMD (25), Xplor-NIH

(26), and Simulaid (27) were used to prepare the system and analyze MD

trajectories. All structural figures and Movie S2 in the Supporting Material

were prepared using PyMol (http://www.pymol.org/pymol), and Movie S1

was made with VMD. We performed an EN analysis of the monomer struc-

ture (residues 338–578 from monomer A) using the online facility with

default settings (28) available at http://ignm.ccbb.pitt.edu/.
RESULTS

To investigate conformational states in an ABC NBD dimer
in the presence of its interaction with the ICLs, we used the
AMP-PNP-bound Sav1866 whole transporter structure
(PDB 2ONJ) (11) as a starting point for MD simulations.
A system using only the cytosolic regions of the transporter,
which comprised the NBD dimer and the ICLs, was simu-
lated (Fig. 1 B). This approach is similar to that used in a
previous MD study of the Sav1866 homolog, the MsbA lipid
A transporter (29), in which only the predicted membrane-
spanning segments were simulated, as well as in many
studies in which isolated TMD (30) or NBD (31–39)
domains of ABC transporters were simulated.
Binding mode of ATP

In the AMP-PNP-bound Sav1866 whole transporter, the
ATP-analog is not bound in the active site in the consensus
configuration observed in other ABC NBDs (Table S1). In
particular, the plane described by the two P-N bonds of
the bridging PNP b-nitrogen, and the plane described by
the two P-O bonds of the bridging phosphoester a-oxygen
are both approximately orthogonal to that universally
observed for the corresponding phosphoester bonds in
P-loop protein-bound ATP (Fig. S1). Thus, the oxygen atoms
of the pyrophosphate moiety do not interact with the P-loop
in the characteristic manner. Also, the structure does not
contain a water molecule that coordinates the catalytic metal
ion and is also hydrogen-bonded to the conserved Walker B
aspartate. To set up a canonical nucleotide-bound active
site, we generated coordinates for Mg2þATP and the missing
water molecule using the active site of ATP-bound MJ0796
as a template. Throughout the equilibration for each MD
run, harmonic restraints were applied between the catalytic
magnesium ion and its six coordinating ligands. The resultant
structure was used without restraints in the production run.

To provide a point of comparison with respect to the
binding mode of ATP with two recent simulations of the
ATP/ATP bound Sav1866 full transporter (40,41), we per-
formed a 100 ns simulation of the truncated structure
described above, with two ATP molecules bound (simula-
tion 1). In pointed contrast to the other MD studies, we
found that ATP remained bound in both active sites in the
consensus configuration with respect to their interaction
with the Walker A motif and Walker B aspartate (Table
S2). Moreover, the coordinating interactions between the
catalytic metal and conserved glutamine side-chain oxygen
were stable and remained intact. In addition, the direct inter-
actions between the g-phosphate and atoms of the LSGGQ
motif remained analogous to those observed in the MJ0796
NBD dimer (9). These findings were also true for all ATP
sites simulated, as discussed below (Table S2).
Simulations of the ATP/apo state show that
rotation of the core subdomain partially opens
the empty active site

Initially, we performed two 100 ns simulations of the ATP/
apo state: one with ATP bound to the P-loop of monomer A
(simulation 2A), and one with ATP bound to the P-loop of
monomer B (simulation 2B). Simulation 2B was extended
to 120 ns (see below). Fig. 2, A and B, show, for simulations
2A and 2B, the time series of the RMS deviation (RMSD) of
Biophysical Journal 100(12) 3025–3034
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FIGURE 2 Time course of RMSD of Ca atoms in the ATP/apo simulations. Ca atoms are in green, NBD monomer A red, NBD monomer B yellow, ICLs

blue, sampled every 50 ps (color online). (A) Simulation 2A, ATP bound in NBD monomer A. (B) Simulation 2B, ATP bound in NBD monomer B.
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Ca atoms of the whole structure from the starting structure,
as well as the breakdown for each NBD and the ICLs sepa-
rately. The plots for overall RMSD show that both structures
remain stable. The plots for the NBDs show that in both
cases, the NBD without nucleotide bound to its P-loop
(apo NBD) undergoes greater changes than the ATP-bound
NBD. This is also illustrated by the time course for each
NBD of the solvent-accessible surface area and the radius
of gyration, the latter giving a measure of the compactness
of the NBD (Fig. S2). The ICL plots include ICLs 1 and 2
from each half, but not the first and last four residues in
the buffer zone at the truncated ends of each ICL, thus
giving a measure of the stability of the predicted cytosolic
TMD regions. These plots show that in both cases, the (unre-
strained) ICLs remain very stable and close to the starting
structure throughout the simulations. Thus, the truncation
of the protein at the level of the membrane did not introduce
instabilities into or significantly alter the regions of the ICLs
that form the NBD/TMD interface.

Throughout both ATP/apo simulations, ATP interactions
with the catalytic metal and the protein, including the ATP
interaction with the LSGGQ motif of the opposite NBD,
remained essentially as they were at the beginning (Table
FIGURE 3 Conformational changes in the ATP/apo simulations. Time course

proximal CH2. The core subdomain movement is monitored by the distance mov

P-loop (Ca atoms of residues 380–387; see Fig. 1 A). The CH2 movement is mon

the CH2 a-helix (residues 210–217). Where trajectory frames were structurally

residues 444–494) of monomer A, the distance moved by the core subdomain o

frames were aligned to the HD of monomer B, the distance moved by the core

sampled every 50 ps (color online). (A) Simulation 2A, ATP bound in NBD mo
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S2). Thus, the relative disposition of the helical subdomain
(HD) and the core subdomain that comprised the ATP-
bound active sites did not alter significantly. In contrast,
the core subdomain of the apo NBD moved significantly
relative to the HD of the opposite NBD. This is illustrated
by plotting movements relative to the HDs. The frames of
the simulation trajectory were structurally aligned using
the coordinates of the HD, and the movement of the helix
immediately downstream from the P-loop within the core
subdomain of the opposite NBD (Fig. 1 A), relative to its
starting position, was plotted (Fig. 3, A and B). Similar plots
of the movement of CH2 from the opposite monomer, rela-
tive to each HD are also shown (Fig. 3, A and B). CH2 from
the opposite monomer sits alongside the HD in the cleft
dividing it from the core subdomain within its NBD mono-
mer (Fig. 1 A). These plots for both simulations show that
both CH2s do not move significantly relative to the proximal
HD. Because the ICLs also remain close to their starting
conformation (Fig. 2, A and B), this shows that the core sub-
domain of the apo NBD moves relative to the rest of the
complex, which remains close to the starting structure.
This movement of the apo NBD core subdomain is illus-
trated in Fig. 4, A and B), which shows the transition of
of movement relative to the HDs of the opposite core subdomain and the

ed from the starting structure by the a-helix immediately C-terminal to the

itored by the distance moved from the starting structure by the Ca atoms of

aligned using coordinates of the HD (Ca atoms of residues 426–438 and

f monomer B is blue and by the CH2 of monomer B red. Where trajectory

subdomain of monomer A is black and by the CH2 of monomer A, green,

nomer A. (B) Simulation 2B, ATP bound in NBD monomer B.
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the core subdomain in simulation 2B and in Movie S1, A and
B, which show the NBD dimer in simulations 2A and 2B,
respectively. The plots of the time course of the solvent
accessibility of each NBD also illustrate how the apo
NBD becomes more accessible to the solvent as its core sub-
domain rotates away from the rest of the transporter
(Fig. S2). It is notable that the transition does not progress
to a stable state, and that opening and closing of the empty
active site occurred.
The apo NBD monomer moves along
its fundamental dynamic mode to open
the active site

Because the simulations were performed using a truncated
structure, the observed conformational changes require
further verification that they may be physiologically rele-
vant. To that end, we performed an anisotropic network
model (ANM (42)) analysis of the Sav1866 NBD monomer.
ANM is a normal-mode analysis that is based on a coarse-
grained model in which the protein is modeled as a set of
points, corresponding to the Ca atom positions, connected
to their nearest neighbors by simple harmonic springs
(43). This model incorporates the geometry and distribu-
tions of interresidue contacts and determines the paths of
least resistance to motion that are imprinted within the
particular architecture. These structural transitions predom-
inantly embody the protein’s functional motions.

We plotted the projection of the motion described by the
ANM mode 1 onto the trajectories of the Ca atoms for each
NBD in both simulations (Fig. 5, A and B). The plots illus-
trate that in both simulations, the structure equilibrated to
a conformation in which the apo NBD had moved signifi-
cantly along the ANM global mode, whereas the ATP-bound
NBD had not (simulation B was extended by 20 ns to ensure
that this was indeed the case). This is also illustrated in
Table S3, which shows for each simulation the percentage
of all Ca atom fluctuations along the ANM mode 1. This
indicates that for both simulations 2A and 2B, fluctuations
along the ANM mode 1 are greater for the apo NBD
compared with the ATP-bound NBD. Table S3 also shows
the correlation between the global mode derived from
FIGURE 4 Opening of the apo active site via

rotation of the core subdomain. Stereo pairs of

the starting structure (A) and from the apo/ATP

simulation 2B at t ¼ 92 ns; (B) showing rotation

of the core subdomain in the apo active site.

ICLs 1 and 2 from monomer A are in red and

ICLs 1 and 2 from monomer B are blue. ICL3

and the NBD from monomer A are in green and

ICL3 and the NBD from monomer B are yellow.

The core subdomain of the monomer A NBD

(apo NBD) is in the bottom right quadrant with

its P-loop indicated by an arrow. The view is

from the membrane, angled to illustrate the move-

ment of the P-loop away from the opposite NBD.

Biophysical Journal 100(12) 3025–3034



FIGURE 5 Movement of the NBDs along the ANM global mode in the

ATP/apo simulations. Projection of the ANM mode 1 on the Ca trajectory

of the NBDs (residues 338–578) from the ATP/apo simulations. Monomer

A, black, monomer B, red (color online). Projection is in nanometres. (A)

Simulation 2A, ATP bound in NBD monomer A. (B) Simulation 2B, ATP

bound in NBD monomer B.
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PCA of the Ca atom trajectory from the simulations, which
shows the largest concerted global motion occurring in the
simulation, with the ANM mode 1. Again, in simulations
2A and 2B, the correlation of the PC mode 1 with the
ANM mode 1 is greater for the apo NBD than for the
ATP-bound NBD.

To further illustrate the relationship between the ANM
global mode and the conformational changes observed in
the MD simulations, we produced a trajectory of one
Sav1866 NBD monomer moving along its ANM global
mode. We then structurally aligned the frames of this trajec-
tory to one monomer in the Sav1866 NBD dimer structure
using the coordinates of the HD. An animation was then
made in which the opposite NBD monomer was static. This
static monomer thus approximated the behavior of the
ATP-bound monomer observed in the ATP/apo simulations
in not moving significantly or sustainably along the ANM
global mode. This animation shows clearly, when in situ
with respect to the NBD dimer, how the motion of one
NBD along its ANM global mode results in movement of
its core subdomain away from the LSGGQ of the opposite
NBD, whereas its HD remains engaged with the ATP in the
opposite NBD and stationary, approximately as observed in
our MD simulations of the ATP/apo state (Movie S2).

Both the ANM global mode and the conformational
change that occurred in the apo monomers in the ATP/apo
Biophysical Journal 100(12) 3025–3034
simulations appeared qualitatively similar to changes
observed between ATP and apo structures of other ABC
NBDs in both crystallographic structures (9,44–46) and
MD simulations (31–33,37). This change is characterized
by a movement of the HD relative to the core subdomain,
such that the HD pivots about the loop at its C-terminus,
moving the LSGGQ away from the P-loop (31). To examine
this, we performed 100 ns unrestrained MD simulations of
the apo and ATP-bound Sav1866 NBD monomer (residues
338–578). In these simulations, as in simulations of the
ATP/apo complexes, the apo monomer underwent a greater
change in conformation than the ATP-bound monomer
(Fig. 6 A), becoming less compact (Fig. S3). The apo mono-
mer also moved along ANMmode 1 significantly more than
the ATP-bound monomer (Fig. 6 B and Table S3). To char-
acterize the motion observed in the apo monomers in all
simulations, we calculated the hinge axes of the rotation
of the HD from the starting structure and compared them
with the hinge axis of the rotation of the HD described by
ANM mode 1. Fig. 6 C illustrates how the motions observed
in the apo NBDs in the monomer and the ICL-NBD
complexes are similar to the motion described by ANM
mode 1, in that the hinge detection algorithm defines the
core and HDs as moving relative to each other about an
axis located approximately in the vicinity of the loop at
the C-terminus of the HD.
DISCUSSION

The nature of the molecular processes whereby the cycle of
ATP hydrolysis in the NBDs is coupled to the cycle of
substrate binding and translocation in the TMDs is a central
and unsolved conundrum in current ABC transporter
research.

Recent findings concerning the occluded state of the
nucleotide are likely to have relevance for understanding
the molecular mechanism. Experiments with the Sav1866
homolog P-glycoprotein (ABCB1) showed that orthovana-
date and beryllium fluoride trap nucleotide by forming stable
complexes that mimic the catalytic transition state (47–49).
In the trapped state, one nucleotide is tenaciously bound
or occluded, whereas the opposite active site can bind
nucleotide that is easily removed, and this site is not occluded
(49). In addition, for ABCB1 in which hydrolysis is abro-
gated by mutation of the putative catalytic base in both
active sites, ATP can be occluded in a conformation similar
to that observed in trapping with transition-state analogs,
with a stoichiometry of one occluded nucleotide per trans-
porter (50,51). In recent studies, investigators found that
they could also generate the occluded nucleotide conforma-
tion in wild-type ABCB1 using the slowly hydrolyzed ATP
analog ATPgS, also with a stoichiometry of one occluded
nucleotide per transporter (52,53). The ATPgS-bound
ABCB1 was in an asymmetric conformation that could
bind nucleotide at the unoccupied site with low affinity (53).



FIGURE 6 Conformational changes in the isolated ATP-bound and apo NBD. (A) RMSD of Ca atoms in the simulations of the isolated Sav1866 NBD

monomer; ATP-bound (black), apo (red). (B) Projection of the ANMmode 1 on the Ca trajectory of the simulations of the isolated Sav1866 NBD monomer;

ATP-bound (black), apo (red). Projection is in nanometres. (C) Comparison of rotation axes of the HD in the simulations and the ANM analysis. Stereo

representation of the Sav1866 NBD with the HD depicted as the three differently shaded helices on the right side of each structure and the remainder of

the NBD shaded differently, on the left and centre of each panel. The rotation axes of the HD are shown by long lines. The shorter lines connect the centre

of mass of the rotating domain with the pivot point on the rotation axis. The pivot points are proximal to the loop joining the C-terminal of the HD to the core

subdomain approximately at the bottom middle of the NBD. Principal component analysis of the Ca trajectories were performed and the hinge axes calcu-

lated between the maximum and minimum projection structures. ANMmode 1 (blue), apo NBD simulation 3B (purple), apo NBD simulation 2A (blue), apo

NBD simulation 2A (green) (Color online.)
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Although these enzymological studies established the
existence of an asymmetric tight/loose state of the trans-
porter in both ATP-bound and post-hydrolysis states, its
structural basis is not known. The occluded site involves
the engagement of the LSGGQ with the nucleotide (54)
and additionally requires interaction with the TMDs
(55,56). In Sav1866, the nucleotide is almost completely
sequestered in a pocket formed by residues from both
NBDs and the ICLs (Fig. S4), and appears likely to represent
the occluded site in MDR exporters. In the trapped state,
nucleotide can freely enter and exit the nonoccluded site;
therefore, the LSGGQ and P-loop that comprise this site
must be further apart than they are in the occluded site. In
current models of NBD function, separation of the LSGGQ
and P-loop is required to allow nucleotide exit and entry,
and closure to form the tight hydrolysis-capable active site.

To investigate the structural and mechanistic basis of the
tight/loose state of the transporter active sites, we performed
unrestrained MD simulations of the Sav1866 structure.
Although previous MD simulations of Sav1866 (40) and
BtuCD (57) revealed asymmetries in the active sites of the
ATP/ATP bound transporter, no significant opening of either
site was reported. Access to the tight/loose state observed
experimentally is probably not achievable with current
MD simulations beginning with the ATP/ATP-bound state.
In an attempt to access the tight/loose state, we performed
simulations of the ATP/apo state. Our rationale for using
this approach was that the loose site would be empty during
the period between nucleotide exit and entry, which presum-
ably would be a significant fraction of the time. In addition,
because previous membrane-embedded MD simulations of
Sav1866 (41) and BtuCD (58) did not reveal any significant
active-site opening between the ATP/ATP and apo/apo
states on the 100 ns timescale, only the predicted cytosolic
regions of Sav1866 were simulated in this study. While
enabling the ICLs to stabilize the NBD dimer, this strategy
Biophysical Journal 100(12) 3025–3034
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could also allow conformational changes in the NBDs
to occur that might not otherwise occur on accessible
timescales, due to their dependence on global changes
involving the TMDs. In this regard, a recent experimental
study indicated that rotation of the NBD HD is a part of
a global conformational change in the maltose permease
(59), and although HD rotation was reported in 10–40 ns
simulations of isolated NBD monomers and dimers (31–
33,37), it was not seen in 30–100 ns MD simulations of
the membrane-embedded Sav1866 (40,41) and BtuCD
transporters (57,58,60).

We ran a 100 ns simulation of the ATP/ATP-bound trun-
cated structure to verify that the tight/loose state is not
readily accessible from the ATP/ATP-bound state on this
timescale or probably well beyond. In this simulation,
both nucleotides remained tightly bound to the Walker A
and B residues and the LSGGQ signature motif, whereas
the core and HDs of the opposing NBDs maintained their
spatial relationship. In contrast, in two 100 ns simulations
of the ATP/apo structure, the core subdomain of the apo
NBD moved significantly relative to the opposite HD,
partially opening the active site, whereas the ATP remained
occluded in the opposite active site. The opening of the apo
site occurred by way of an intramonomer conformational
change in the apo NBD in which the core subdomain rotated
relative to the HD. The ATP-bound NBD remained rela-
tively close to the starting structure, and less marked alter-
ations between its core and HDs occurred. The HD of the
apo NBD remained approximately in place with respect to
the rest of the transporter, and remained engaged with the
ATP in the opposite NBD. The internal rotation in the apo
NBD thus resulted in its core subdomain moving away
from the opposite LSGGQ and also away from the ICLs.

Support for the idea that the conformational change
observed in the NBDs in the ATP/apo simulations is physi-
ologically relevant, and not simply an artifact due to their
interactions with truncated TMDs, comes from a number
of sources. The NBD monomers in the ATP/apo simulations
essentially behaved as the NBD in the isolated NBD simu-
lations: the ATP-bound monomers did not undergo signifi-
cant alterations with respect to the core and HDs, whereas
all the apo monomers underwent similar significant changes
in this respect. This suggests that the behavior of the
NBDs observed in the ATP/apo simulations is intrinsic to
the NBD structure and is largely influenced by its nucleo-
tide-bound and unbound states. This idea is supported by
the fact that the change in the apo monomers from the initial
ATP-bound state in all simulations was qualitatively similar
to that observed between ATP-bound and apo monomers
of other ABC NBDs in both crystallographic analyses
(9,44–46) and MD simulations (31–33,37). The EN analysis
strengthens the idea that the motion observed in the apo
monomer is fundamental and intrinsic to its architecture.
Projection of the ANM global mode on all NBD monomer
trajectories revealed that motion along this mode was
Biophysical Journal 100(12) 3025–3034
consistently greater in the apo state than in the ATP-bound
state, suggesting that ATP-binding stops motion along this
mode (Figs. 4 and 5B). In theATP/apoNBDdimer, this leads
to a similar movement of the core subdomain of the apo
monomer away from the opposite monomer’s LSGGQ, as
observed in the simulations (Movie S1 and Movie S2).

The changes observed in the ATP/apo simulations are
consistent with experimental data. Although the opening
of the apo active site does not appear sufficient to allow
nucleotide binding, the manner of its opening, in allowing
ATP to remain sequestered in the opposite site, indicates
that it is partway toward forming the occluded nucleotide
state, as discussed above (51,53). The final conformation
of the ATP/apo state is consistent with the finding for beryl-
lium fluoride-trapped ABCB1, which is expected to be close
to the prehydrolysis ATP-bound state, in that the unoccupied
binding site is in a hydrophilic environment, whereas the
occluded site is hydrophobic (49). In addition, changes in
the relative orientation of the core and HDs between the
apo and ATP-bound state in a functional ABC transporter
were recently demonstrated in experiments with the maltose
permease system (59).

Rotation of the core subdomain relative to the CHs in the
ATP/apo simulations is consistent with a growing body of
evidence indicating that the NBD/TMD interface alters
during the catalytic cycle. Such dynamic changes have
been observed experimentally between the NBDs and the
CHs for MalK (61), TAP (62), P-glycoprotein (ABCB1)
(63), CFTR (64), LmrA (65), and BmrA (66). The results
of the ATP/apo simulations are supported by cysteine
cross-linking experiments with ABCB1 (63) that suggested
that, while CH2 remains in contact with the cleft between
the helical and core subdomains, nucleotides affected the
ability of residues located in the core subdomain and CH2
to cross-link. In addition, the MD simulations indicate that
the ATP/apo state involves a dynamic opening and closing
of the empty active site (Fig. 3, A and B). These dynamic
changes are consistent with NMR data for the bacterial
MDR LmrA, which showed that the NBDs are highly
dynamic relative to the ICLs in the unliganded state (65).
Moreover, the observation in the ATP/apo simulations that
the P-loop and downstream a-helix were mobile in the
apo NBD core subdomain while the opposite ATP-bound
NBD remained relatively static is consistent with EPR
experiments with MsbA, which consistently showed the
existence of both immobile and mobile components in the
spectra of spin-label pairs located in the equivalent regions
in the ATP-bound state (67).

The structural basis of the tight/loose state of the
occluded ABC transporter is pertinent for elucidating the
molecular mechanism because the biochemical data suggest
that it spans the crucial step between the reactant and
product state of the hydrolysis of at least one ATP molecule.
It might be suggested that, relative to the ATP/ATP sand-
wich dimer, this could occur by rigid-body movements of
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the NBDs, or simply by cracking of the NBD dimer.
However, some flexibility in the NBD monomers would
be required to maintain the engagement of the LSGGQ
with the ATP in the occluded site, as observed in ATP/
ATP sandwich dimers, and which is expected to be required
for hydrolysis to occur. Alternatively, because the HD is
known to be flexibly attached to the core subdomain, the
HD of the ATP-bound monomer could rotate away from
the opposite unoccupied core subdomain to allow nucleotide
to enter and exit the nonoccluded site. However, crystallo-
graphic analyses and MD simulations of isolated NBD
dimers and monomers, as well as whole ABC transporters,
indicate that ATP holds the NBD monomer in a closed state
with respect to rotation of the HD. In contrast, structural and
theoretical analyses have shown that the apo NBD monomer
is in a more open conformation in which the HD is rotated
outward (9,31–33,37,44–46). Here the data indicate that the
conformations of the closed ATP-bound and open apo NBD
monomer are characteristically and inherently distinct, in
particular with respect to the core and helical subdomains.
We suggest that this accounts for the tight/loose or occluded
state of the transporter by promoting rotation of the core
subdomain of the apo NBD to open the unoccupied active
site while the opposite ATP-bound site remains occluded.
Finally, it should be noted that, while the protein will equil-
ibrate to the lowest energy conformation for a particular
state, the transition between any two states may not corre-
spond to one occurring usually in the catalytic cycle.
SUPPORTING MATERIAL
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