Supplemental Materials

Construction of Simulation Systems

The unliganded crystal structure of Pgp (PDB:3G5U [1]) is used for the construction of
membrane-embedded Pgp models that were used in the MD simulations. The models were
based on the polypeptide chain A of the PDB file, including the two half-transporters (V33—
T626, L684-A1271), with the C952A mutation reverted; the protein-associated mercury
ions were removed since they were introduced only for phasing purpose. The unresolved N-
and C-terminal regions (M1-A32, G1272-H1284) were not modeled since they only contain
the signal anchor and the His-tag sequences. The linker peptide between the two half-
transporters (A627-A683) was not modeled either, since several previous studies have shown
that the function of Pgp does not rely on the linkage between the two halves [2-5]. Since
the Pgp models do not include a complete polypeptide chain, the N- and C-termini of both
the two half-transporters in the models were capped individually with acetamide (V33 and
L684) and N-methylamide (T626 and A1271) groups, in order to avoid introducing artificial
charges at these positions.

Based on the pK, values predicted by the PROPKA web server [6], several charged
residues of Pgp (K822, E913, and E1080) were initially modeled as neutral during the equili-
brating phase. However, all three residues became solvent-exposed after 4.5 ns of simulations,
and thus interpreted as charged upon repeated pK, prediction using the PROPKA server.
As a result, all Pgp residues were modeled in their default protonation states during the
production simulations.

To generate membrane-embedded Pgp models, the Pgp structure was first reoriented to
align its long axis with the z-axis of the simulation system, and the axis connecting two
NBDs with the y-axis. The structure was then placed into a POPE bilayer of 100 x 130 A2
dimension, where lipid molecules in close contact with protein structure (any atom, including
hydrogens, within 0.6 A cutoff) removed from the system. The resulting bilayer is composed
of ~300 lipid molecules (typically ~155 in the extracellular leaflet and ~145 in the cyto-
plasmic one). The conformation and dynamics of a membrane-embedded protein in MD
simulations can be affected by its initial lipid contacts, which in turn, depend on how the
protein was initially inserted into the lipid bilayer. In order to enhance the conformational
sampling of the membrane-embedded Pgp, and ensure that our conclusions regarding its
dynamics are not affected by the initial membrane placement, four independent simulation
systems of membrane-embedded Pgp were generated (Systems 1 to 4). Using System 1 as
a structural reference, the Pgp structure was rotated 180°, 30°, and 330 ° about the bilayer
normal axis prior to its membrane insertion in Systems 2, 3 and 4, respectively. In addi-
tion to the membrane-embedded transporter, each of the simulation systems also contained
~48,750 water molecules, ~90 K% ions, and ~90 Cl~ ions. Overall, each simulation system
contained ~200,000 atoms with dimensions of 100 x 130 x 170 A3 prior to equilibration.
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Simulation Protocols

Unless described otherwise, all the MD simulations were performed using NAMD 2.6 [7], with
the force field CHARMMZ27 used for protein [8], lipid [9], and nucleic acids [10]. The TIP3P
model was adopted for water molecules [11]. The simulations were performed at 310K,
and the constant temperature was maintained with Langevin dynamics using a damping
coefficient of v=0.5ps~*. Constant pressure (1.01325bar) was maintained only along the
zaxis (bilayer normal) of the simulation system using the Nosé-Hoover Langevin piston
method [12,13], while the system dimensions in the zy-plane were fixed (NP,AT ensemble,
except for initial equilibration as described below). A 10 A switching distance and a 12 A
cutoff distance were used for the calculation of non-bonded interactions, and the particle
mesh Ewald (PME) method [14] was employed to calculate the long-range electrostatic
interactions. All the simulations used a 2 fs integration time unless specified otherwise.

The equilibration of the membrane-embedded Pgp started with “melting” of the lipid
tails, 7.e., constraining all atoms except the acyl chains of the lipid molecules. After 0.5ns
melting/mixing of the lipid tails, the four systems were further simulated under constant
pressure conditions (NPT ensembles), during which only the protein atoms were harmonically
restrained (5kcal/mol-A?). The protein-restrained simulation was performed for at least
2.5 ns for each system, in order to allow the lipid bilayer to adjust its area and optimally pack
against the TMDs of Pgp. The constant-pressure simulation was continued for additional
1-2ns after the removal of all the restraints, until the membrane area converged into a
relatively stable size without transforming into a gel phase (monitored by calculating the
order parameter Scp of the acyl chains, data not shown). All the equilibration simulations
were performed using 1fs integration time steps. After the initial equilibration, 50 ns of
production simulation were performed (using 2fs time steps) for each of the four systems
using the general protocols described above, and the trajectories were recorded every 5 ps.

Mg-ATP Docking at the Walker A Motifs

During the transport cycle of Pgp, major structural transitions is accompanied/induced
by the binding of Mg-ATP. Therefore, in addition to the apo state, it is desirable to also
study a nucleotide-bound form of Pgp. A model for this form can be generated by the
docking of Mg-ATP to the nucleotide binding sites. However, the conformations of the
Walker A motifs in ABC transporters differ drastically between the Mg-ATP-bound and the
nucleotide-free states (see Fig. 1, notice the overlapping structures between the protein and
the Mg-ATP to be docked). In order to accurately model the nucleotide-bound state and
to prevent rapid nucleotide dissociation during the production simulations, which can easily
arise upon incorrectly modeling the nucleotide in its binding site, one must carefully modify
the conformation near the Walker A motif during the Mg-ATP docking processes.

Taking advantage of the exceptionally high sequence identity of the Walker A motif
among all ABC transporters, and the remarkably similar interactions between the bound
nucleotide and the conserved binding site residues, the crystal structure of the dimeric, Mg-
ATP-bound NBD of the H662A mutant of the Escherichia coli hemolysin exporter, HlyB
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(PDB: 1XEF [15]), was used as a structural template to generate Mg-ATP-bound nucleotide
binding sites in Pgp. To obtain the position of the docked Mg-ATP relative to the nucleotide
binding residues of Pgp, the two NBDs of Pgp were individually superimposed with the chain
A of the HlyB-NBD structure, and the coordinates of the Mg-ATP were copied from the
HlyB structure into the Pgp model. Specifically, the C, atoms at the two secondary structure
elements flanking the Walker A motif were used for the superposition (Q417-G423 and G428—
R438 of Pgp-NBD1; Q1060-G1066 and G1071-R1081 of Pgp-NBD2; and E496-G502 and
G507-R517 of HlyB). The alignment and Mg-ATP docking were done for Systems 1 to
4 individually, using their structures obtained after the initial equilibration phase (details
below).

To transform the conformation of the Walker A motif into a nucleotide-bound arrange-
ment, distance restraints were employed between certain atoms of Mg-ATP and their binding
residues in Pgp. These inter-atomic distance restraints were introduced to the systems in
the form of extra chemical bonds, a feature provided in a then beta version of NAMD 2.7
(more at http://www.ks.uiuc.edu/Research/namd/2.7/features.html). These “extrabonds”
were used only for 1.5ns to adjust the conformation of the nucleotide binding sites (details
below) and were not employed in the following production simulations.

Except for the ring-stacking interactions between the adenine ring of ATP and the aro-
matic side chain of Y397/Y1040 of Pgp (arbitrarily set at 3.5A), the equilibrium distances
used for the extrabonds were derived from the corresponding distances in the HlyB-NBD
crystal structure [15] (averaged from four NBD monomers in the asymmetric unit). The
spring constant of the extrabonds were set according to the observed distances in the HlyB-
NBD structure: a bond shorter than 2.9 A was restrained with a higher spring constant
k =61.6kcal/mol-A? (~100kpgT/A? at 310K); a bond between 2.9-3.1 A was given a mod-
erate spring constant k=30.8 kcal/mol-A? (~50kgT/A?); and a bond longer than 3.1 A
was given a k=12.3kcal/mol-A? (~20kgT/A?). The Mg>* coordinating interactions (typ-
ically shorter than 2.2 A), on the other hand, were constrained with a force constant of
k = 250 keal /mol-A2, analogous to the Fe>* coordinating interactions defined for heme in the
CHARMM force field [16]. All the extrabond parameters for Mg-ATP docking are listed in
Table S1 and their positions are graphically represented in Fig. Sla.

The simulations used for Mg-ATP docking were performed with 1fs time steps. The
simulations started with 3000 steps of energy minimization followed by three stages of MD,
each 0.5ns. During the first stage, positional restraints of k =5kcal/ mol-A? were applied
to all heavy atoms of lipid molecules and all C, atoms in the TMDs of Pgp (V33-K368
and W694-K1010), while the coordinates of the docked Mg-ATP were fixed, so that only the
NBD conformations could change. In the second stage, all the fixed-atom constraints and the
harmonic positional restraints applied to the TMD/lipids were removed, but the extrabonds
between Mg-ATP and the binding sites were retained. In the last stage, the spring constants
of the extrabonds were reduced by five folds to allow the nucleotide binding sites to be more
flexible. The extrabonds were completely removed at t =1.5ns and equilibrium simulations
were continued until t = 7.5 ns. Simulations beyond t =7.5ns (until t = 50 ns) were integrated
using 2 fs time steps.
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Data Analysis

The program VMD [17] was used for analysis and visualization of the trajectories. The
inter-NBD distance is defined as the distance between the centers of masses (CoMs) of the
two NBDs (NBD1: N387-T626; NBD2: N1030-A1271, hydrogen atoms included). The
distance between the nucleotide binding motifs at the two nucleotide binding sites is defined
using the hydrogen-excluded CoMs of the following two sets: a) the Walker A motif of
NBD1 (G423-5430) and the LSGGQ motif of NBD2 (L1172-R1179); b) the LSGGQ motif
of NBD1 (L527-R534) and the Walker A motif of NBD2 (G1066-S1073). The integrity of
transmembrane helices during the simulations was examined by monitoring the hydrogen
bonds between residues i and i + 4, using a distance criterion of less 4.0 A between the
donor (nitrogen) and acceptor (oxygen) atoms, and an N-H-O angle greater than 150°. The
theoretical temperature factors for each C, atoms are derived from their observed RMSF in
the simulations, using the formula 6 = (872/3)x RMSF2.

Structure-based sequence alignment was performed using the Multiseq plugin [18] of
VMD. Crystal structures of inward-facing Pgp (PDB:3G5U [1]), outward-facing SAV1866
(PDB:2HYD [19]), outward-facing MsbA of Salmonella typhimurium (PDB:3B60 [20]), inward-
facing TM287/288 (PDB:3QF4 [21]), and inward-facing ABCB10 (PDB:4AYT, Pike et. al,
to be published) were used for the structure based alignment. Although MsbA proteins
from two other species have been crystallized in different conformations (PDB:3B5W and
PDB:3B5X [20]), due to their lower resolutions these structures were not included in the
alignment. To structurally align all the ABC exporters in different conformational states,
their sequences were initially aligned using the ClustalW method [22]. Based on the sec-
ondary structures of the aligned sequences, the TMD structures of those ABC exporters
were divided into several sections (the “elbow helix” with TM1/7 and TM2/8; TM3/9 alone;
TM4/10 with TM5/11; TM6/12 alone) and each section was individually structurally aligned
using the STAMP method [23]. The multiple alignment was then formatted using the Se-
quence Manipulation Suite [24] web server.

The Gly/Pro contents in the TMDs of ABC exporters were analyzed over 33,741 aligned
sequences retrieved from the database Pfam [25] (family “ABC_membrane”, entry PF00664).
Only residues in the globally aligned regions are counted, so that the distribution of Gly/Pro
content not be biased by proteins containing extra domains, additional transmembrane he-
lices, and /or lengthy loops between transmembrane helices. Note that based on the sequences
with resolved structures in the Pfam alignment, it is found that the aligned region in this
database entry does not cover the elbow helix and the cytoplasmic part of helix TM6/12, so
that the Gly/Pro contents might be systematically underestimated. However, the Gly/Pro
content comparison among different ABC exporters should not be affected significantly by
the incomplete coverage of the alignment.
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Atom-1 Force Constant ~ Equilibrium Atom-2
Residue  Atom (kcal-mol~'-A=2) Distance (A)  Residue  Atom

Y397/1040 CG 12.320 3.50 ATP C2
Y397/1040  CD1 12.320 3.50 ATP N3
Y397/1040  CD2 12.320 3.50 ATP N1
Y397/1040  CE1l 12.320 3.50 ATP C4
Y397/1040  CE2 12.320 3.50 ATP C6
Y397/1040  CZ 12.320 3.50 ATP C5
Y397/1040  OH 12.320 3.50 ATP N7
Y397/1040  OH 61.600 2.74 T431/1074 OG1
N424/S1067 O 30.800 2.95 K429/1072 NZ
$425/1068  OG 61.600 2.71 ATP 01G
G426/1069 N 61.600 2.76 ATP 03B
G428/1071 N 12.320 3.10 ATP O1B
K429/1072  NZ 61.600 2.81 ATP 02G
K429/1072  NZ 61.600 2.88 ATP O1B
$430/1073 N 30.800 3.04 ATP 02B
$430/1073  OG 250.000 2.22 Mg2t  Mg?*
T431/1074  OG1 61.600 2.67 ATP 02A
D551/1196  OD1 61.600 2.84 H,0—(1) O
ATP 02B 250.000 2.11 Mg2t  Mg?*
ATP 03G 250.000 1.87 Mg2t Mgt
Mg2+ Mg2+ 250.000 2.17 H,0-(1) O
Mg2* Mg2* 250.000 2.04 H,0-(2) O
Mg?2* Mg?2* 250.000 2.04 H,0-(3) O

Table S1: The extrabond parameters applied during the first 0.5 ns of Mg-ATP docking. The
positions of the three Mg?T-bound water molecules (numbered 1-3) are labeled in Fig. Sla.
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(b) Walker A Motif Conformations
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Figure S1: The docking of Mg-ATP at the Walker A motif. (a) Close-up view of a Mg-
ATP-docked nucleotide binding site (NBD1 at t=0.5ns of System 1). The configurations
are similar in NBD2 and in all other simulation systems. The stick models are used for
ATP and residues of the Walker A motif, the A-loop tyrosine and the Walker B aspartate.
Mg?" is drawn as a green sphere and its coordinating water in red. The “extrabonds” terms
listed for Mg-ATP-docking simulations are shown as dotted lines. (b) Structural dynamics
of the Walker A motif during the simulations. The Walker A motifs of Pgp (G423-T431 and
G1066-T1074) were superimposed individually on the reference structure (HlyB:G502-T510
from chain A of 1XEF [15]), and the C, RMSD was recorded over all trajectories.
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Figure S2: (a—c) The regularization parameter chosen from the L-curve from Tikhonov
analysis is indicated as a circle for the distance distributions in Fig. 2¢. (d—f) Time-dependent
decays of DEER signal and fits determined by Tikhonov regularization shown in (a—c).
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Figure S3: Distributions of the C,-C, distances between the spin-labeled residues (R613-
A1258) or the closest residues resolved in the crystal structure (K615-A1271 and T626-
K1260) captured in the apo (left) or Mg-ATP-docked (right) simulations. The distances
observed in the crystal structure are marked in dashed lines, and the positions of the spin-
labeled residues are shown in Fig. 1.
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Intradomain Deviations
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Figure S5: RMSD of the entire Pgp structure (black) and of individual domains of Pgp (blue:
NBDI1, red: NBD2, green: combined two TMDs) during the simulations under nucleotide-
free or Mg-ATP-docked conditions.
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TM288  GIWT-AZN-IMMFRVN--————-- VIPSLEYTHSIRY-SL TR I TORVSSQTRKYFYENQ 209
SAV1866 DCHMTH-If#AL-SIMFF-L-D--VK----BTLARFIF -[JF YTV Y FFGRLRKLTRERS 193
MsbA I1E8-#FIM-MFYY—————— S—-WQ--—-S IRLGVIFN-FTVSHATRVSKRFRSISKNMQ 197
CONS_SS HHHHH-HH-H-HH-——————————o—— HHHHHHHHH-HHHHHHHHHHHHHHHHHHHHEH

Pgp-N  KAGAVRE-E--V-BAATRTIME-GGO----KKELERYNYNLEEAKRLGIKKAITANJISM 295

Pgp-C  KELEGSGKIATEAMENF-RTV|YSLT-REQKFETMMAQSL-IPYRNAWMKK-—-AHVFEIT 937
ABCB10 DSLAQRTQLAEERIEGNVRTHRNG-G-KEMTE IEKFASKVY-HVMQLIRKE---AFARGF 398
TM287  ESTDEYUNRVIURENWLGVRVYRNG-R-REEYENENGRKANE-SLRRSHISA---FSLIJYFA 239
TM288  RVLGQIINGIMERDISGLTVEKING-T-REEKEMEKEDRVNE- SLRKVETKA---QIFSEVL 263
SAV1866 QALAEWQGFBHERYOGISVIUKSH-A- IEDNEAKNEDKKNT-NFLTRILKH---TRWNAYS 247
Msba NTMGQYTTSHEMMIIK GHKELEE-G-GREVETKREDKVSY-KMRLOEMKM---VSASSIS 251
CONS_SS HHHHHHHHHHHHHHH-HHHHHH--———- HHHHHHHHHHHH-HHHHHHHHH - - - HHEHHHH

Pgp-N  GARFLLIYASYAAFWYGTSL{ISK--EYSIG-Q-VTVFFSVLIGAFSGQASP-NIEA 350
Pgp-C  FSFTQAMMYFSYNARFRFEAYIBVTIQQILMTFE---NVA-VFSATIVFGAMAVGQVSSFAPD 993

ABCB10 FGRATGLSGNLIVISHLYKEGLMMGSA-HMT-—-—-- WEELSSFLMYAFWGISIG-GLSS 450
TM287  LP@FIFIVNMGMUAFLWFEGVIBVRNN-QME-—-——- f{€sIMAYTNYLMOIMFSLM-MIGN 291

TM288  PPIMMNMVNNLGFALESGFEGWIALKD-IIT---VGTATFIGYSRQFTRPLNELSNQFNM 319
SAV1866 FARINTVTDIGPHMI{IGVEAYIMAISG-SIT--VGTLNAFVGYLELLFGP@RRLVA-SFTT 303
Msba DPHIQLIASLALIFHLYANSFPSVMD-SLTA--GTITVF SSMIALMRP@KSLTN-VNAQ 307
CONS_SS HHHHHHHHHHHHHHHHHHHHH-—————————————— HHHHHHHHHHHHHHHHHHEH - HHHH

Pgp-N  FANARGAAYEVFKIfiDN 367

Pgp-C  YAKATVSASHIIRIFEKR 1010
ABCB10 FYSELMKGLGAGGREWE 467

TM287  ILNFIVRASASAKRJLE 308

TM288  IQMAL-ASAERIFEfLD 335

SAV1866 LTQSFASMDRVFQLEDE 320

MsbA FQRGMAACQTLFAI#DS 324

CONS_SS HHHHHHHHHHHHHHHH-

Figure S6: Structure based sequence alignment of TMDs of known ABC exporter structures.
The position of glycine and proline residues near the helical unwinding regions shown in
Fig. 4a are highlighted in red, and the conserved secondary structure elements (namely, the

“elbow” helix and transmembrane helices TM1/7 to TM6/12) were labeled in yellow.
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Figure S7: Analysis of Pgp dynamics after excluding the first 10ns of the production tra-
jectories. Neither the distributions of inter-NBD distances (a), nor the RMSF of C, atoms
(b) are significantly changed when the trajectories between t =0 and t = 10 ns were excluded
from the calculations.
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