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ABSTRACT: Molecular modeling and simulation approaches have been use to generate a complete model
of the prokaryotic ABC transporter MsbA froBscherichia colistarting from the low-resolution structure-
based @ trace (PDB code 1JSQ). MsbA is of some biomedical interest as it is homologous to mammalian
transporters such as P-glycoprotein and TAP. The quality of the MsbA model is assessed using a
combination of molecular dynamics simulations and static structural analysis. These results suggest that
the approach adopted for MsbA may be of general utility for generating all atom models from low-
resolution crystal structures of membrane proteins. Molecular dynamics simulations of the MsbA model
inserted in a fully solvated octane slab (a membrane mimetic environment) reveal that while the monomer
is relatively stable, the dimer is unstable and undergoes significant conformational drift on a nanosecond
time scale. This suggests that the MsbA crystal dimer may not correspond to the MsbA dimer. irvivo
alternative model of the dimer is discussed in the context of available experimental data.

ATP binding cassette (ABC) transporters are a diverse porter TMD structures (the lipid A exporter MsbA frob
membrane protein family of some biomedical importance. coli; PDB code 1JSQ1I{) and the vitamin B, importer
In Escherichia coliABC transporters are encoded by almost BtuCD from E. coli; PDB code 1L7V 9)) and multiple
5% of the entire genomed). ABC transporters can mediate sequence alignments with other transporters demonstrate that
the translocation of a variety of solutes (also referred to as greater structural and sequence diversity exists in the TMDs
allocrites) across cell membranes. These solutes include polythan in the NBDs. The transmembrane part consists of a
anionic lipids, amino acids, peptides, nucleotides, vitamins, helical bundle with the most common arrangement being six
complex drug molecules, and inorganic ions. In particular, helices per monomer (or per domain when the entire
ABC transporters are one of the major families of microbial transporter is coded as a single polypeptide), as found in
multidrug efflux systems. Other families include the RND MsbA, the eukaryotic drug exporter P-glycoprotein (P-gp),
superfamily, the structure of one member of which, the AcrB and the eukaryotic chloride transporter CFTR. However,
protein, has recently been determined by X-ray crystal- transporters with 1812 helices per monomer have been
lography @). found as, for example, BtuCD and the eukaryotic antigen

Despite the varied composition and structure of the transporter TAP.

allocrites, and the diverse physiological roles of their  To fully understand the transport cycle of a given
transporters, several fundamental features are conserveghedically significant ABC transporter, at least one intact
across the ABC superfamily. All ABC transporters draw their structure of the protein at atomic detail is required, but it
energy from binding and hydrolysis of ATP, enabling them might even be necessary to characterize several intermediate
to move the allocrite across the cell membrane. ABC states. However, the difficulties associated with expressing
transporters possess two nucleotide-binding domains (NBD) (12) and crystallizing membrane proteins are well-established
that are located in the Cyt0p|asm. The NBDs from different (13), and to date on|y a feW,\(GO) membrane protein
members of the family share a high sequence and structurestryctures have been solved (see http://blanco.biomol.uci.edu/
conservation §—9). Both NBD domains are arranged in @ \Membrane_Proteins_xtal.html for a summary), of which only
close association with one another. This is supported by ywo are bacterial ABC transporters. We therefore still eagerly
experiments showing that communication between the NBD await the experimental determination of a mammalian ABC
monomers is critically important for ATP binding and transporter structure. A possible alternative approach is to
hydrolysis (reviewed in re11.0). In addition to the NBDs, employ homology modeling of a mammalian membrane
every ABC transporter dimer has two transmembrane protein based on a bacterial template of known structure.
domains (TMDs). The two recently determined ABC trans- The two crystal structures mentioned abevésbA and
BtuCD—might be used as templates in homology modeling
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structure is higher resolution (0.35 nm) and is only missing
a small number of atoms, but unfortunately, it has low
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(by visual inspection) to be forming any salt bridges and
were not found at inter-dimer or helix interfaces. The

sequence identity with many mammalian transporters. An positioning of the octane slab was guided by aligning the

important aspect of a homology modeling study is the
sequence alignmeni4). For the BtuCD TMD, it is rather
difficult to construct a convincing alignment with mammalian
ABC transporters such as P-gp, CFTR, or TAP.

bands of Trp residues in MsbA with the membrane/water
interfaces.

Analysis.Simulations were analyzed using GROMACS
routines and/or locally written code. Secondary structure was

In contrast to BtuCD, the transmembrane domains of analyzed using DSSP2%). Molecular graphics diagrams
MsbA are more closely related (by sequence homology) to were generated using VMD26) and PovRay (http:/

P-gp than those from any other bacterial transporidy. (

MsbA also aligns with TAP, even though the latter has
additional (predicted) TM helices. Therefore, given the
biomedical importance of mammalian ABC transporters, a

more complete model of the MsbA structure represents an

important first step toward their understanding.
In this paper, the 0.45 nm resolution MsbAx@ace has

been extended to generate a complete model of the MsbA

monomer using a combination of homology modeling and
molecular dynamics (MD) simulation techniques. We employ
MD simulations to investigate the conformational dynamics
of MsbA in a membrane-like environment. We also propose
an alternative model to the X-ray structure for the MsbA
dimer.

MATERIALS AND METHODS

General Modeling and Simulation Methoddomology
models were generated using MODELLER 6vX)( Side
chain conformations were optimized using SCAPBG)(
Model quality was assessed using WHAT-IE7( and
PROCHECK (8). Simulations were run using the GRO-
MACS v3.0 (www.gromacs.org) molecular dynamics simu-
lation package9) with parameter set ffG43a2, a modified
GROMOS96 force field.

WWW.povray.org).

RESULTS

The MsbA model was generated in three stages (Figure
1): (i) building the transmembrane domain (TMD; residues
1-343); (ii) modeling the nucleotide binding domain (NBD;
residues 344582); and (iii) assembly of the intact MsbA
monomer from the TMD and NBD.

Transmembrane DomaiThe MsbA TMD is comprised
of six long a-helices that protrude into the cytoplasm for a
short distance before making contacts with the NBD. The
X-ray structure of MsbA (PDB code 1JSQ) consists of an
incomplete @ trace, based on the 0.45 nm resolution
structure {1). Thus, no side chain or backbone atoms (other
than Gx) are present. Also, a total of 39 entire residues (i.e.,
Co atoms) are missing from the TMD crystal structure: nine
from the N-terminus (residues-B) and 30 from the putative
intracellular domain (residues 26237).

The nine N-terminal residues were modeled as.drelix
continuous with the helix made up by residues-13. The
resulting single long amphipathic helix from residuesl¥
thus sits parallel to the bilayer plane. The secondary structure
of the 30 remaining missing TMD residues (Ala 207 to
Arg 238) was predicted using QUANTA (http://www.

Simulation systems were generated by (i) protein insertion accelrys.com/quanta/) and PSIPREDY)( and the residues

into an octane slab (see 20 for details); (ii) solvation of

were modeled as a short heliloop—short helix motif. The

the protein/octane system using a preequilibrated box of SPCfact that these residues were not resolved in the X-ray

water molecules21, 22); and (iii) addition of randomly
positioned N& and CI ions equivalent to 0.1 mM NaCl.

structure suggests that this region might be quite mobile.
Having defined @ coordinates for all of the TMD (i.e.,

The system was subjected to 100 steps of steepest descentgsidues +343), other missing backbone atoms were gener-

energy minimization.

ated using MAXSPROUTZ28) and missing side chain atoms

The protein coordinates of the resulting systems were thenwere added using MAXSPROUT and MODELLER, using

restrained while allowing solvent molecules to relax their
positions and optimize interactions with the proteins during

the latter to select side chain rotamers.
Modeling the Nucleotide Binding DomaiAt the time of

a 500 ps simulation. During this non-hydrogen protein, atoms writing, six high atomic reolution ABC transporter nucleotide
were restrained harmonically using a force constant of 1000 binding domain structures8{6, 8, 9) have been released.

kJ molt nm=2,
All simulations were performed in the NPT ensemble at

Only one of these, BtuCD9j, has been solved with its
constituent transmembrane domain. All of the elucidated

300 K. Long-range electrostatics were treated via a cutoff NBDs share a highly conserved topology, whereas the

of 1.7 nm and van der Waals interactions with a 1.0 nm

transmembrane domains of MsbA1j and BtuCD 0) show

cutoff. The temperatures of the protein, octane, and solventmarked differences. Multiple sequence alignments for the
(both water molecules and ions) were coupled separately,NBDs show that there is30% sequence identity across the

using the Berendsen thermost2B8)with a coupling constant
of 7+ = 0.1 ps. The pressure was controlled using the
Berendsen algorithm at 1 bar with a coupling constant

1 ps, using a uniform compressibility of 46 1075 bar .

ABC transporter family, which allowed us to employ
homology-modeling techniqueg9).

Only 60% of the MsbA NBD @ trace is resolved in the
crystal structure, namely residues 34B2. The coordinates

The integration time step was 2 fs, and coordinates andfor 97 out of 240 residues were not determined, and much

velocities were saved every 5 ps. The LINCS algorithm was
used to restrain all bond lengtha4j.

The ionization states of MsbA residues located in the
hydrophobic core of the bilayer (i.e., K49, D41, R78, R183,

of the resolved structure does not superimpose well with the
corresponding regions in other NBDs. The first missing
region is for residues 344418 of MsbA. It corresponds to
the highly conserve@-subdomain and part of the F1-type

R296) were taken as neutral because they were not deemetinding core, as denoted by r&f This region contains three
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Ficure 1: Modeling MsbA. The experimentalcCtrace (PDB code 1JSQ) is shown on the left in purple. The modeled structure is shown
on the right in cyan, superimposed on the corresponding fragment (purple) of the experimental structure. The dotted horizontal line indicates
the division between the transmembrane domain (TMD, residue®l3) and the nucleotide binding domain (NBD, residues-3gR).

antiparallels-strands and the ATP binding helix. Also, within  missing 17 residues, bears no resemblance to the correspond-
the first missing region is the functionally important Walker ing domain in any other NBD. The residues that are resolved
A motif (30—33), which binds the phosphate groups of ATP in the X-ray structure (residues 54864) appear to be the
(and is N-terminal to the ATP binding helix). Since the root- last two strands in the F1-type core. These strands exist in
mean-square deviation (RMSD) between any two NBD all of the other NBDs, but in MsbA their positions relative
f-subdomains or F1-type binding cores is approximately 0.15 to the rest of the NBD are different. Although this region
nm, we can assume that MsbA shares a similar topology indoes show the greatest amount of variability, it seems
this region. unlikely that the marked difference between the positions
Following thes-subdomain is the ABC specifig-helical of these strands in MsbA and other NBDs can be attributed
subdomain (residues 43%79). It is thought to be one of to species/transporter specificity.
the important communication points between the transmem- The method employed for modeling the full MsbA
brane and the nucleotide binding domair 8). The transporter involved first constructing a homology model of
a-helical subdomain is flanked at its N-terminus by an the entire NBD and then fitting this domain onto the
invariant Gln residue thought to bind tiggphosphate of ATP  transmembrane domain by least-squares superposition onto
and at its C-terminus by the ABC transporter signature the existing MsbA NBD F1-type coredCcoordinates. The
sequence. The & coordinates for the MsbAa-helical four highest resolution NBD structures (Hish),(MalK (3),
subdomain are resolved in the X-ray structure, but they showMJ1267 ADP-bound structure6), and TAP1 §)) were
little similarity with other NBDs. The closest fit for a  selected as templates for the MsbA homology models. The
superposition is 0.5 nm over 5@Gtoms between the HisP  sequences were aligned using Clustal®¥)( and the four
and the MsbAa-helical subdomains. This is in contrast to templates were input into MODELLER.
an RMSD of ~0.14 nm between any two other higher For each template, 100 models were generated of which
resolution NBDa-helical subdomains. the one with the lowest MODELLER energy was selected.
The best structural agreement between MsbA and the otherThis lead to four MsbA NBD homology models from which
existing NBDs is in the first part of the F1-type subdomain, to choose. A number of selection factors were considered to
which is only partially resolved in MsbA. These residues determine the most appropriate model: (i) template sequence
(419-424 and 483-527) have a least squares deviation of homology to MsbA; (ii) template RMSD to available MsbA
~0.3 nm from the corresponding residues in other NBDs. coordinates; (iii) model drift (stability) in MD simulations
The C-terminal region of the MsbA F1-type core, which is (see below); and (iv) template resolution. A summary of the
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Table 1: MsbA NBD Homology Model Evaluation

X-ray Ca RMSD Ca RMSD
resolution to MsbA? % sequence over 2 ns MD
template (nm) (nm) identity (nm)
HisP 0.15 0.56 21 0.36
MJ1267 0.16 0.73 17 0.45
MalK 0.19 0.49 20 0.58
TAP1 0.24 0.77 40 0.36

aFit and RMSD from @ atoms of residues V419v534 of MsbA.
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Ficure 2: NBD structural drift All residue Gx RMSDs vs time
are shown for the four homology models of the MsbA NBD, derived
from the structures of HisP (solid black line); TAP1 (solid gray
line); MalK (dotted black line); and MJ1267 (dotted gray line).

four NBD models with respect to these factors is shown in
Table 1. The RMS fit of homology models to the X-rapC
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Ficure 3: Simulation setups. The starting orientations of the MsbA
monomer in simulationamonol (tilt angle derived from the
crystallographic dimer) andhono?2 (tilt angle set to ca. 9 are
shown in panels A and B, respectively. The two bands of Trp
residues (shown is spaeéll format) were used to position the
monomers relative to the octane slab (indicated by the broken
horizontal line).

A MsbA dimer was assembled by least-squares fitting the
monomer model onto the TMDs in the X-ray dimer. Local
steric conflicts resulting from the dimer-fitting procedure
were reduced by energy minimization using GROMACS v3.0
with the method of steepest-descents. Both PROCHECK and
WHATIF indicated that 92% of the residues of the MsbA
model had backbone torsion angles in the favored region of

coordinates of MsbA was done disregarding the C-terminus @ Ramachandran plot, as might be expected for such a

because this section in MsbA is radically different from all

modeling strategy35). All other protein-health character-

of the other NBDs. TAP1 bears the highest sequence identity'SticS were within acceptable ranges.

to MsbA over the aligned NBDs. Surprisingly, the model
based on TAP1 does not superimpose well with MsbA.

The final column in Table 1 represents the RMSD of each

homology model from its starting coordinates (i.e., structural
drift) after 2 ns of MD. As can be seen from Figure 2, at
~1.0 ns into the simulation all of the models display a similar

MD Simulationsln an attempt to explore the conforma-
tional stability of the resultant monomeric MsbA model,
multinansecond MD simulations were performed with the
monomer embedded in a membrane-mimetic octane slab,
fully solvated on either side. Two possible initial orientations
of the monomeric MsbA model with respect to the slab were
explored (Figure 3). The first simulatiompnol-see Table

degree of drift. Between 1 and 2 ns the less stable models,) ‘siarteq from the monomer oriented with respect to the

begin to unfold. It should be noted that the high RMSDs for
MJ1267 and MalK are due to protein unfolding rather than

octane slab at an angle similar to that derived from inserting
the crystallographic MsbA dimer in a membrane with the

a more restricted conformational change (determined by imer axis parallel to the membrane normal. An alternative

visual examination of the final structure). Because of its high
stability in MD and its structural homology to the X-ray
structure of MsbA, the HisP-based model of the MsbA NBD

was used to generate the complete MsbA monomer and

dimer models.
Final Model AssemblyFirst, an intact MsbA monomer

orientation was exploredr(ono3 in which the monomer was
rotated 28 such that the TMD helices ran approximately
parallel to the membrane normal (i.e., tlzeaxis). A
simulation for the full MsbA dimer embedded in an octane
slab with the dimer axis parallel towas also rundim).

A simple measure of overall protein stability can be

model was assembled. The homology modeled HisP-basedbtained by plotting the RMSD of the protein structure (fitted
NBD was attached to the TMD part by least squares onto its initial structure) as a function of time. A continuous
superposition of the available F1-type subdomain coordinatesincrease in RMSDs to high values indicates a conforma-

of the X-ray structure of MsbA (419424 and 483527)
with the NBD. This fit placed the:-helical subdomain within
reasonable agreement to the MsbA X-ahelical subdo-
main. Consequently, the linker region of MsbA was too
distant from the NBD. The corresponding linker residues
(330—342) join the TMD to the NBD and are built as helix
residues in the X-ray structure. After fitting, the linker helix
crossed through the ATP-binding helix immediately follow-
ing the Walker A loops. The linker helix was therefore

tionally labile model. From Figure 4A, it is evident that the
RMSD for themonoZlsimulation stabilizes after 1 ns, without
any further drift. When the contributions from the NBD and
TMD are plotted separately, it appears that the larger
component of the overall protein drift is due to the TMD
rather than the NBD. In thenono2simulation, where the
protein was started in a rotated conformation, no stabilization
is observed (yielding a final RMSD of 0.65 nm). The total
Co. RMSD for mono2(not shown) increases monotonically

displaced manually such that it did not cause steric conflicts throughout the 2 ns simulation. In bothonolandmono2

and would not interfere with ATP binding.

the TMD contributes the majority of the structural drift.
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Table 2: MsbA Simulations

final Cat final Ca. final Ca.
simulation total number duration RMSD, all residues RMSD, TMD RMSD, NBD
protein name setup of atoms (ns) (nmy (nmp (nmy
MsbA monomer  Monol initial tilt angle from X-ray dimer 79 585 2 0.55 0.50 0.35
MsbA monomer  Mono2 initial tilt angle set to c&’ 0 60 436 2 0.65 0.68 0.40
MsbA dimer dim1l dimer from X-ray structure 132 946 1 0.70 0.65 0.30
aFor all Ca atoms of each model, averaged over the last 0.2 ns of simulation.
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0.0 Ficure 5: Secondary structure analysis. The time-averaged fre-
0 0.5 L 1.5 2 quency ofa-helical secondary structure vs residue number is shown
B 0.6 ime / na for simulationmonol.The locations of the TM helices and of the
NBD are indicated. The arrows indicate regions where significant
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Ficure 4: Simulationmonol (A) Ca. RMSDs vs time are shown % 1 2 0 1 2
for all residues (solid gray line); TMD helices fitted on the TMD 06. B time (ns) D  fime(ns)
and measured relative to the TMD (solid black line); and NBD ' H6 60
fitted on the NBD and measured relative to the NBD (dotted black o4 Ha
line). (B) Ca. RMSFs vs residue number. The locations of TM £ 2 40
helices H1-H6 are indicated. 2 Hilo A
Q0.2 H5 S 20 | pohw L1
Visual inspection of protein secondary structure inri@no2 - 0
simulation revealed that the protein was unfolding. We will % 1 2 0 1 2
therefore onl i imula- time (ns) time (ns)
y present further analysis of thenolsimula

tion, where the overall secondary structure remains intact Ficure 6: Intra-helix motions. The intra-helix RMSDs (A and B)
and the protein drift appears to have stabilized after ca. 1and tilt angles with respect to the octane slab normal (C and D)
ns. are shown as a function of time. Intra-helix RMSDs were calculated
. . . by fitting each helix on itself and measuring the RMSD relative to
To further characterize the conformational fluctuations of 1q it over time.
the MsbA monomer over the 2 ns simulation, the root-mean
squared fluctuation (RMSF) of theoCoordinates from their ~ (data not shown). Significant helix distortions also occurred
starting positions were calculated as a function of residuein H5 and H6, which are the most dynamic helices as
number formonol(Figure 4B). The RMSF plot reveals that indicated by RMSF values.
the largest fluctuation occurs in the large extracellular loop A large number of fluctuations in secondary structure occur
(Pro50-Val70) between helices 1 and 2. Helices 1, 3, and in the NBD during the first nanosecond of simulation, but
4 show low fluctuations throughout the simulation, while after that time the NBD conformation remains constant. Loss
helices 2, 5, and 6 display a larger degree of mobility (see of helicity occurs in the ATP binding helix (residues 382
below). The most mobile segment of the NBD is the loop 390), which is immediately N-terminal to the Walker A
formed by residues 462420. motif. This loss of helicity is likely due to the placement of
The conformational fluctuations over the course of the the linker helix, which was modeled to pass through the
simulation can be further unpacked by examining their time- NBD, close to the active site. The presence of this linker
averaged secondary structure content (Figure 5). Marked losshelix destabilizes the secondary structure of neighboring
of initial secondary structure occurs at the N-terminus and segments.
in the intracellular loop (Ala 207Arg 238), both of which To investigate further the substantial motions in the TMD,
were entirely model-built because of the absence of experi-the RMSDs of each TM helix relative to itself and tilt angles
mental data. It should be noted that some loss of helicity with respect to the membrane normal were plotted over
was observed in helix H3 (at residues +23). This same  simulation time (Figure 6). During themonolsimulation,
loss of helicity was also observed in three other MsbA helices HX-H3 display low (ca. 0.3 nm) and stable RMSD
screening simulations that were run to test different models values. H6 shows considerable conformational drift, and H4
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FiGUuRe 7: Post-simulation structure fitted onto the starting
conformation formonol (A) The post 2 hs TMD structure (dark
gray) fitted onto the starting TMD structure (pale gray). (B) The
post 2 ns structure (dark gray) fitted onto the starting structure (pale
gray) for each individual helix.

t=1ns

Ficure 8: Dimer simulation. (A) @ RMSDs vs time for all
residues (thin black line); TMD1 (medium black line); TMD2
(medium gray line); and the two NBDs (thick black lines) are
shown. (B) Structure of the dimer at the start50 ns) and endt(

and H5 are intermediate. The helix angles with respect to Z'; ns) of the simulation.

the membrane normal show fluctuations throughout the 2
ns. These fluctuations are most pronounced for H3 and H6. -ecker programs employed. The TM helix packing at
The helix motions can be further assessed by overlaying theggyeral points in the MsbA model is such that ca. 0.4 nm
2 ns structure.of the protein onto'its starting configgration inter-helix gaps exist. These gaps were a result of modeling
(Figure 7). This shows that the high RMSD for H6 in the {he TMD of MsbA without significant deviation of thecC
monolsimulation is due to a distortion of the helix (at Leu  {race from the original X-ray coordinates. It was felt that
294 and Met 295) within the hydrophobic core. Some helix sjnce the only experimental data for the MsbA structure is
distortion also occurs in H3 and H5. In H3, which displayed ¢ crystal structure, reasonable adherence to thérae
the highest amount of tilt in theonolsimulation, the lower  should be maintained during the modeling process.
half of the helix rotates such that it becomes more parallel 5 significant amount of structural rearrangement occurs
with H2. The helix distortions in HS and H6 are probably i, the TMD for both monomer simulations. Although the
due to the presence of proline residues (Pro 253 and 297,|arge degree of motion in the TMDs is not typical of
respectively) that have been shown to distort transmembrangynembrane protein simulations, it may be related to the fact
helices both in X-ray structures3§) and during MD  hat significant repacking of the TMD occurs in P-glyco-
simulations §7—-39). _ _ protein (P-gp)40) and other transporters during the transport
Dimer Slm_ulatlon_.Desplte the fact_ that the_ MONOMENIC  cycle; therefore, the TMDs must inherently be very flexible.
MsbA model is relatively stfible when |nse(ted into the octane Indeed, the helix that displayed the largest amount of motion
slab at the crystallographic angle, the dimer model shows pa5 heen demonstrated to be of functional importance. During
considerable instability in its TMDs (Figure 8). In particular, the monodsimulation, H6 displays the largest intra-helix
the Gu RMSD monotonically increases over just 1 ns of RpSD. In P-gp, H6 has been implicated in substrate binding
simulation. The high RMSD is coupled to a significant loss (41) and may be exposed to both aqueous and lipid
of seco_ndary structure ano_l helix packing (not shown). Both onvironments during the transport cyoli€), confirming that
NBDs, in contrast, were quite stable. The agreement betweeny amatic conformational changes must occur in this helix.
the RMSDs of NBD1 and NBD2 and between the RMSDS  The amount of motion observed during the simulations
of TMD1 and TMD2 is good, suggesting that the observed \ignt be attributed to a lack of tight helix packing, which
drift is reproducible on the time scale of this simulation. cqq cause protein instability during simulation. This lack
Visual inspection (Figure 8B and see below) suggests the ot (ight packing arises from the close adherence to the
TMD instability was coupled to changes at the monomer/ ¢y stallographic MsbA @ coordinates. The nature of the
monomer interface. membrane mimetic might also influence protein stability.
However, early screening simulations demonstrated that the
DISCUSSION use of a lipid bilayer rather than an octane slab did not
Critical Evaluation of the ModelThe protocols employed  improve stability (not shown). Furthermore, simulations of
for modeling the intact MsbA structure made use of several a number of membrane protein®0f and models 42) in
existing algorithms and programs and were derived from the octane have shown the latter to be a suitable membrane
low resolution X-ray structure. The quality of the MsbA mimetic for such studies. Use of a full phospholipid bilayer
model is acceptable based on the assessment of the proteinwould require significantly longer simulation times to reach
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Ficure 9: Alternative models of the dimer. The crystallographic dimer is shown in panels A and C; the alternative model of the dimer in
panels B and D. The TMDs and NBDs are colored blue and purple, respectively. In panels C and D, the dimer contacts are shown using
a contact distance map (colored on a-0120 nm scale) sandwiched between two monomers, the foremost of which is shown in tube format
and the rearmost in cylinder format. (These diagrams were generated using adsi module from Md3Drfer (
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