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Outward-closed and outward-open conformations of TMD

Helices 1 and 6 were subdivided in 3 segments. The rotation angle formed by the two first
segments (“u” and “m”) of each helix is analyzed. Rotation angle u-m is the rotation angle
of segment “u” around the axis of segment “m” relative to the X-ray structure. For a given
frame, the rotation angle was determined as follow: 1) Alignment of segment “m” to the
X-ray structure; 2) Calculation of the projection of vector u on the plane normal to vector

m; 3) Calculation of the angle between this projection and that of the X-ray structure.
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Figure S1. Rotation of helix 1 and helix 6 characterizes the two different TMD
conformations. A: Top view and side view of helix 1 and helix 6 in the two different TMD
conformations. The scheme illustrates the projection of segment “u” on the plane normal
to segment “m”. B, C: Density histograms of the rotation angle of helix 1 (B) and helix 6
(C) for different nucleotide occupancy states. Higher rotation angles are observed in the
symmetric cases in comparison to the asymmetric cases in both helix 1 and helix 6.



Distribution of possible ligands for allocrite coordination and transport

As observed for Pgp', H-bond donor groups that could interact with allocrites, which
typically carry H-bond acceptor groups, are more concentrated at the membrane-cytosol
interface (Figure S2C). These H-bond donor groups could play a key role in allocrite
recruitment. Near the center of the membrane, residues Glu288 could facilitate the
flopping of cationic allocrites from the intracellular to the extracellular leaflet (Figure
S2D). Contrariwise, an anionic molecule might be retained in the intracellular part of the
protein due to its repulsion by the two Glu288 residues, potentially explaining the failure
of the pump in the presence of anionic amphiphiles (P. Ainismaa, A. Beck, R. Miiller, and
A. Seelig, in preparation).

Figure S2. Representation of the TMD in the outward-closed conformation (2ATP
occupancy state). A: Water molecules in the vicinity of the TMD concentrate at the
intracellular leaflet, with only a few at the extracellular leaflet. B: Close-up view of the top
of the hydrophobic bundle formed by helices 1 and 6 where two pairs of residues form H-
bonds, K38-T279 and D42-T276. C: H-bond donors at the TMD level (highlighted in
magenta) could possibly form H-bonds with allocrites. They concentrate on the
intracellular side, with only a few on the extracellular side. D: Close-up view of the two
E288 residues facing each other around the middle of the bilayer. Blue, positively charged
residues; red, negatively charged residues; green, neutral non-hydrophobic residues; white,
hydrophobic residues. Four lipid molecules (POPC), two from the extracellular leaflet,
two from the intracellular leaflet are shown in panel A and C.



The transport cycle is not driven by association/dissociation of NBDs

The question as to whether NBDs completely dissociate or not during the transport cycle
of ABC transporters has not been solved yet. In the absence of nucleotides (apo), X-ray
structures of MsbA (Ref. 2) and Pgp (Ref. 3) show two completely separate NBDs, while
that of CmABCBI (Ref. 4) displays a state in which the NBDs are close to each other.

In our simulations of apo Pgp and apo Sav, the minimal separation of the two
NBDs is around 15 A (Figure S3A,B), much smaller than that displayed by the apo Pgp X-
ray structure with the two NBDs separated by about 30 A. Nevertheless, in the apo Sav
simulation, the NBS binding distances (Figure S3C) and the interaction distances between
helices 3 and 4 (Figure S6) show higher fluctuations than the other nucleotide occupancy
states. Such flexibility could explain the various NBD separation distances observed in the
X-ray structures. Another example is PglK, for which structures in the apo state are
showing different NBD separations’. The different NBD separations of apo PglK were
attributed to the type of detergent and crystal packing. This might also apply to the apo
Pgp structure. The crystallographic unit cell of the Pgp crystal (PDB ID: 4m1m) reveals
that the NBDs of proteins in adjacent unit cells form contacts (Figure S9). As a result, the
interaction between NBDs of neighboring proteins may favor the dissociation of NBDs
within a protein.

Could the flexibility provided by the apo state be essential to the transport cycle?
Studies showed that this is not the case. Crosslinking the terminal ends of two NBDs of
Pgp does not hinder transport’, but rather favors transport’. Target molecular dynamic
simulations of Sav demonstrated that the large conformational change in NBD obtained by
pulling apart the two NBDs could not change the conformation of the TMDs®. Thus, the
transport cycle seems unlikely to be driven by association and dissociation of the two
NBDs.
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Figure S3. Time-series of binding distance between the center of mass of signature motif
and the center of mass of Walker A for apo Pgp (A), apo Sav (B), and Sav in different
nucleotide occupancy states (C).



Perturbation of NBS upon ATP hydrolysis

Figure S4 shows snapshots taken at t=100ns of the simulations in the 2ATP, ATPI ADPII
and ADPI_ATPII states. These snapshots reveal significant modifications in the network
involving Lys483 in signature motif, GIn422, Asp423 and Asn424 in Q-loop, Glu473 and
Arg474 in X-loop, Vall17 in helix 3, and GIn208 in helix 4, suggesting a possible role in
the coupling between NBD and TMD. In the 2ATP state, the two binding sites hold
different conformations, principally arising from the asymmetry observed in the Sav X-ray
structure’. Key residues at NBS I are highly solvated and do not form a stable interaction
network, whereas they form a tight network in NBS II. In particular, Gln422 interacts
with Mg®*, which is bound between the beta and gamma phosphates of ATP; Asp423
forms a salt-bridge with Lys483; N424 forms a H-bond with Arg474. At NBS I, the other
Arg474 forms a H-bond with the side chain of a GIn208, which itself form a H-bond with
GIn208 from the other subunit. In addition, in both subunits, another H-bond is formed
between Glu473 and Vall17 (Figure S4B).
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Figure S4. Reorganization of NBD upon ATP hydrolysis. A-E: Simulation snapshots
taken at t=100ns are shown for different nucleotide occupancy states. The two NBSs are
shown separately to highlight their asymmetry in 2ATP (A: NBS 1. B: NBS II) and
ATPI_ADPII (C: NBS I. D: NBS II). In the case of ADPI_ATPII, the two NBS are shown
together since they more closely interact with each other (E: stereo view of NBS I and
NBS II). The perturbations induced by ATP hydrolysis reach the bottom of the TMDs and
disrupt the Q208-Q208 interaction. Green, ATP or ADP; yellow, Walker A; red, Signature
motif; pink, Mg2+.



In the ATPI_ADPII state, the initially well-formed network in NBS 1II is severely
disrupted, with the breakage of the following interactions: Mg*"-GIn422, Asp423-Lys483,
Asn424-Argd74, Vall17-Glu473 and GIn208-GIn208 (Figure S4D). The other binding
site, NBS 1, is also influenced with the loss of the H-bonds linking Arg474 to Glu208 and
Glu473 to Valll7 (Figure S4C). This illustrates a possible communication between the
two binding sites.

In the ADPI_ATPII state, more interactions between residues from the two binding
sites are observed (See Figure S4E). Arg474 from NBS II interacts with Asp423 from both
subunits as well as Asn424 from NBS I, while Arg474 from NBS I moves up to interact
with GIn208 and Glu473 at NBS II. With such disruption, the H-bond between GIn208
from the two subunits is broken and GIn208 from NBS I turns to form a H-bond with
Glu473.

Whereas the pre-hydrolysis state holds an outward-closed conformation, the MD
simulations suggest that hydrolysis at one NBS could turn it into an outward-open
conformation. Interestingly, this does not apply to the 2ADP state, suggesting that an
outward-open conformation depends on an asymmetric occupancy of the NBSs.
Superposition of structures extracted from the simulations shows that in asymmetric
nucleotide binding states (ADPI_ATPII, ATPI ADPII), the orientation of Arg474 from
the two subunits differs (Figure S5). When both binding sites are occupied by ADP
(2ADP), the Arg474 residues from the two subunits remain in similar orientation and lie in
a symmetric position. It seems that the perturbations produced by ADP at both NBS allow
for local reorganization of the two Arg474 that minimizes their repulsion without
disturbing the tetra-helix bundle, thus favoring the outward-closed conformation of the
TMD.
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Figure S5. Asymmetry of nucleotide binding seems essential for triggering the movement
of R474. Key residues are shown in a superposition of snapshots taken at t=100ns from
simulations of Sav in the 2ATP, 2ADP, ATPI _ADPII and ADPI_ATPII states.



Interaction and conformation of helices 3 and 4

The interaction distances between helix 3 and helix 4 show important fluctuations in the
case of the 2apo state (Figure S6).

The kink angle in helix 4 is larger in the cases of symmetric occupancy states of
the NBSs (Figure S7). There is however an exception with subunit B in the 2apo state
where the kink angle is smaller. This seems to be due to an unusually small NBS binding
distance attributed to a deformed Walker A (Figure S3).
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Figure S6. Time-series of distances between the center-of-mass of the backbone of the
two GIn208 residues (A), of Gly118 and Gly201 in subunit A (B) or subunit B (C) for the
2apo, 2ADP, apol ATPII and ATPI apoll cases.
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Figure S7. Density histogram of the kink angle for different nucleotide occupancy states
(A: 01 in helix 3. B: 02 in helix 4).



Figure S8. Time-series for the different salt-bridges that form a network among helices 1,

3,4, and 6.
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Figure S9. Crystal packing of Pgp and Sav structures. A: mouse Pgp, PDB ID: 4mIm
(Ref. 3). The NBD of different chains interact with each other (black arrows), possibly
contributing to the stabilization of the large distance between the NBDs of a given chain.
B: Sav1866 of Staphylococcus aureus, PDB 1D: 2hyd (Ref. 10). The TMD of proteins in
neighboring cells interact with each other (black arrows) and possibly stabilize the
outward-open state (green arrow). Different colors are used to distinguish the different
chains.
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Table S2. Helical segments used for the analysis of rotation angles in helices 1 and 6

Helix Segments used for Segment used for
vector definition alignment
1 u: 1-11 m,t: 12-34
m: 12-26
6 u: 277-290 m,t: 291-308
m: 291-300

Table S3. Helical segments used for the analysis of kink angles in helices 3 and 4

Helix Segments used for
vector definition

3 u: 140-158
m: 126-137
4 u: 161-180

m: 183-208
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