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Multidrug resistance is a serious barrier to successful treatment of
many human diseases, including cancer, wherein chemotherapeutics
are exported from target cells by membrane-embedded pumps. The
most prevalent of these pumps, the ATP-Binding Cassette transporter
P-glycoprotein (P-gp), consists of two homologous halves each com-
prising one nucleotide-binding domain and six transmembrane heli-
ces. The transmembrane region encapsulates a hydrophobic cavity,
accessedbyportals in themembrane, that binds cytotoxic compounds
aswell as lipids and peptides. Herewe usemass spectrometry (MS) to
probe the intact P-gp small molecule-bound complex in a detergent
micelle. Activation in the gas phase leads to formation of ions, largely
devoid of detergent, yet retaining drug molecules as well as charged
or zwitterionic lipids. Measuring the rates of lipid binding and calcu-
lating apparent KD values shows that up to six negatively charged
diacylglycerides bind more favorably than zwitterionic lipids. Similar
experiments confirm binding of cardiolipins and show that prior
binding of the immunosuppressant and antifungal antibiotic cyclo-
sporin A enhances subsequent binding of cardiolipin. Ion mobility
MS reveals that P-gp exists in an equilibrium between different
states, readily interconverted by ligand binding. Overall these MS
results show how concerted small molecule binding leads to syn-
ergistic effects on binding affinities and conformations of a multi-
drug efflux pump.

mass spectrometry from native state | real time substrate monitoring

P-glycoprotein (P-gp) is an ATP-driven low-specificity efflux
pump that plays an important role in the clearance of

xenotoxins (1, 2). P-gp is also a member of the ATP-Binding
Cassette (ABC) family of transporters and exports hydro-
phobic cytotoxic compounds as well as natural products, cyclic,
and linear peptides (1, 3–5). Overexpression of P-gp in tumor
cells impairs targeted drug delivery and is a major pitfall for
chemotherapies. Small molecule substrates partition in the
plasma membrane (6, 7), before binding in the internal hydro-
phobic cavity formed in the inward conformation of the pump (8).
Export is then thought to proceed in an ATP-dependent way
through conformational changes from the inward to the outward
facing forms, evidenced by FRET spectroscopy (9). Recent high-
resolution structures of eukaryotic P-gp from mouse (8) and
Caenorhabditis elegans (10) were obtained in inward confor-
mations. Two prokaryotic homologs of P-gp [Sav1866 (11) and
MsbA (12)] were captured crystallographically in outward-facing
conformers, reflecting ATP-bound states, as well as two different
inward states for MsbA. From these X-ray structures it is possible
to build up a picture of P-gp, alternating between inward- and
outward-facing conformations.
Despite decades of careful biochemical studies (13), and recent

insights from crystallography, many questions remain, however.
Specifically it has not yet been possible to trap P-gp in an outward-
facing state or to show how substrate binding activates ATPase
activity. Furthermore since ATPase activity and drug efflux of P-gp
are known to be influenced by detergent (14–16), the membrane

bilayer (10, 17), and lipid binding (16, 18), monitoring drug
binding against this background of lipid and detergent transport
presents a major challenge.
Recently MS has been applied to the study of intact membrane

protein complexes. By projecting these complexes into the gas
phase, from detergent micelles formed in solution, intact membrane
assemblies have been transmitted through a mass spectrometer re-
vealing the subunit stoichiometry and presence of endogenous lipids
or nucleotides (19–21). Conformational and compositional hetero-
geneity, captured in the gas phase, can be resolved usingMSwithout
resorting to additional separative methods. One of the remaining
challenges for MS of membrane complexes, however, has been to
study drug binding. Given the high concentration of the detergent
that has to be removed, via collisional activation in the gas phase,
together with the backdrop of lipid binding, preservation of drug
binding is a significant challenge.
Here we useMS to study binding of lipids, nucleotides, and drugs

to P-gp. Our results show that P-gp is able to bind two molecules of
cyclosporin A (CsA), a cyclic peptide inhibitor used to restore the
sensitivity of cancer cells to chemotherapeutic agents. Real-time
monitoring enabled us to study binding of a variety of different
lipids, revealing their stoichiometry, binding rates, and relative
affinity. Preference was observed for negatively charged over
zwitterionic double chain lipids. Binding was also monitored for
bulkier four-chain cardiolipins (CLs) where negative charge pro-
motes binding, with shorter hydrocarbon chains binding preferen-
tially over their longer chain counterparts. Competition experiments
show that P-gp can bind simultaneously to lipids and CsA. Based on
these experiments we used molecular docking to assemble models
of the inward conformation of P-gp bound to CsA and CLs. These
models were stable in lipid bilayer molecular dynamics (MD) sim-
ulations, supporting our experimental data. Ion mobility (IM) cou-
pled to MS revealed the surprising result that nucleotide and
substrate binding are able to perturb the equilibrium between two
states, increasing the population of a smaller conformation.
Overall this study highlights the ability to probe ligand binding to
membrane proteins in the gas phase and to observe directly
allosteric effects.
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Results
Mass Spectra of P-gp Reveal Detergent Binding. The mass spectrum
of mouse P-gp was obtained following nanoflow electrospray
from a solution of n-dodecyl-β-D-maltoside (DDM), a detergent
in which the protein remains fully active (8). Using a gas phase
activation strategy described previously (19), we obtained a rel-
atively broad distribution of charge states (22+ to 29+) (Fig. 1A).
While the vast majority of P-gp molecules are in the apo form,

less than 50% have one or two DDM attached while only 10%
carry three or more DDM molecules. Of the ∼100 DDM mole-
cules that constitute the micelle in solution (22), a very small
subset are retained (Fig. 1A and Fig. S1). This is in contrast to
observations for other membrane complexes in which all detergent
molecules are lost during gas phase activation (20). We speculate
that the low numbers of DDM attached are partially sequestered
in the hydrophobic cavity, consistent with the ability of P-gp to

POPE 16:0 18:1

POPG 16:0 18:1

POPC 16:0 18:1

POPA 16:0 18:1

m/z
5600 5800 6000

25+
apo

0

1

2 3

4

5

6

A

1

2

3

B

C

D

0

2

4

6

8

10

12

K
D
 (μ

M
)

m/z
5600 5800 6000

5000 5500 6000 6500
m/z

E

25+

24+

23+

22+

26+

27+

28+
29+

re
la

tiv
e 

ab
un

da
nc

e

time (min)

0

0.2

0.4

0.6

0.8

0 5 10 15 20

0

1
2

3
4
5
6

H
P
O-
O

O

NH3+
OO

O

O

O

O O

P
O-
O

O

N+O
H

O

O

O

O

O

POPC
DSPC

DMPC
POPE

POPG
POPS

POPA

KD6
KD5

KD4
KD3

KD2
KD1

H
P
O-
OH

O
O

O
O
O

O

O

H
OH

OH
P
O-
O

O
O

O

O
O

O

O O

0

Fig. 1. Interaction of P-gp with detergent and phospholipids. Mass spectra of P-gp recorded following release in the gas phase from detergent micelles
formed in solution from DDM at 2 × the critical micelle concentration (CMC) (A). Selected charge states for mass spectra recorded 15 min after incubation with
two equivalents of zwitterionic lipids (POPE and POPC) (B) or anionic lipids (POPA and POPG) (C). Plot of the relative abundance of seven different species
[(P-gP POPG)0.0.7] as a function of time (D). Apparent KD values calculated from time courses recorded for binding of the xth lipid where x ≤ 6 (E).
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Fig. 2. CL binding to P-gp in real time. Two equivalents of (A) CL24 and (B) CL14 were added to P-gp in DDM micelles. Peaks are assigned as apo P-gp (black)
and incorporation of the first, second, and third CL, labeled cyan, yellow, and green, respectively. Plots of the relative intensity of the peaks assigned to CL24
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transport detergent as substrates and with the X-ray structure
of P-gp from C. elegans wherein two molecules of n-undecyl-
β-maltoside (UDM) were located inside the cavity (10, 15).

Binding of Lipids to P-gp Reveals a Preference for Negatively Charged
Head Groups. P-gp transports lipids as well as detergents (23–25);
we therefore incubated solutions of P-gp in DDM micelles with
seven different phosphoglyceride lipids. Monitoring in real-time
the peak widths and mass differences over a period of 20 min
reveals that lipids bind much more favorably than detergents, dis-
placingDDMwith up to four zwitterionic lipids or six anionic lipids
in complex with P-gp (Fig. 1 B and C, Fig. S1B, and Table S1).
Following the time course for formation of the various lipid-bound
states, we see that after 5 min apo forms of P-gp are depleted by
∼35% and ∼50% for zwitterionic and anionic lipids, respectively
(Fig. 1D and Fig. S2). Using identical activation conditions, ap-
parent KD values were calculated. These values imply favorable
binding for negatively charged 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphate (POPA) with a μM KD value, similar to anionic lipids
with bulkier headgroups (Fig. 1E, Fig. S3, and Table S2). Lower
occupancy is observed for zwitterionic lipids with the same hy-
drophobic chain as the negatively charged lipids. Changes in sat-
uration of the hydrocarbon chains produced much smaller effects
than changes in charge of the headgroup.
Reports of P-gp in human mitochondria (26) as well as the

many reports of P-gp acting as a flippase (24, 27) prompted us to
study binding of mitochondrial CLs (28), with four hydrophobic
chains and a net charge (–2). Monitoring the real-time binding of
CL14:1 (3)–15:1 (CL14) or CL24:1 (3)–14:1 (CL24) revealed
that up to three or one lipid, respectively, could be detected in
complex with P-gp after a 20 min incubation period (Fig. 2 A and
B). Plotting the evolution of the different lipid-bound states as
a function of time allows us to extract apparent KD values (Fig.
2). These KD values are most favorable for negatively charged

lipids and CLs bind more favorably than zwitterionic lipids (Fig.
1E and Fig. S4).
To determine how size affects lipid binding, we compared

lipids of the same net charge (–2, –1, or 0) on a plot of KD versus
the experimental collision cross-section (CCS). We deduced
CCS via IM–MS (29–31), a method that reports on the CCS of
ions based on their ability to traverse a gas-filled mobility cell
under a weak electric field. Results show that the smaller the
lipid, the more favorable the interactions with P-gp, suggesting
that steric effects are important (Fig. S3A). Lipid binding to
P-gp, whether within the cavity or at the membrane interface, is
therefore dictated both by steric effects and net charge.

Substrate Binding to P-gp.A key question concerns the location of
the lipids, particularly given recent X-ray structures of ABCB10
in which lipids and detergents were found both within trans-
membrane helices and outside the cavity [Protein Data Bank
(PDB) ID codes 4AYT and 4AYX] and of P-gp wherein two
molecules of detergent were observed within the cavity (10). To
explore whether lipids could theoretically be accommodated
within the cavity, we calculated a maximum molecular volume
for all molecules detected in complex with P-gp and multiplied
these values by the maximum stoichiometry detected, albeit
at very low intensity. The following values were obtained:
DDM (∼10*459 Å3 = 4,590 Å3), double-chain phospho-
lipids (∼6*700 Å3 = 4,200 Å3), and CLs 14:1 (3)-15:1 (∼3*1,357
Å3 = 4,071 Å3). Interestingly the close similarity of these values
implies that a maximum of six phospholipids, 10 detergents, or
three CL14 could be accommodated within the inner cavity
(∼6,000 Å3). However, we anticipate that steric repulsion likely
leads to substrate binding both inside and outside the pocket.
Since the ligand-binding cavity is formed when P-gp is in an

open inward-facing state, we probed the conformations of P-gp
in solution using IM–MS. IM data show that apo P-gp exhibits
essentially one narrow arrival time distribution (ATD), consistent
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with predominantly one conformation. A shoulder, left of the
major peak, is observed, consistent with a smaller conformation
with higher mobility (Fig. 3A). Incubating one equivalent of
CL24 for 30 min with P-gp showed no appreciable difference in
the population of these two different conformers.
To relate these conformations to structures of P-gp, we cal-

culated the CCS difference between the inward- and outward-
facing forms of the homolog MsbA (12). We used MsbA structures
as MsbA is structurally and functionally very close to P-gp and
because there are no published X-ray structures of full-length P-gp
in additional conformations. The difference calculated between
the outward and open inward conformers of MsbA is 13.5% (Fig.
3 B and C). This value corresponds closely to the experimental
difference measured for P-gp (13%). Since the two ATD peaks
are well-resolved, they suggest a well-defined difference between
two discrete states rather than a continuum of interconverting
populations. While we cannot rule out the existence of additional
conformations of P-gp or the potential for perturbation of P-gp
structure in the gas phase, the close similarity with the difference
between the two MsbA structures is compelling.
Using a molecular docking approach (SI Methods), we iden-

tified three potential binding pockets for the smaller CL14 in the
open inward conformation of P-gp. The first CL14 was located at
the top of the cavity in 58% of the models (Fig. S5A). The second
CL14 was located in two binding sites beneath the first one in
52% of the models (Fig. S5B). In most cases, hydrophobic in-
teractions with nonpolar residues account for the binding of the
small CL14 within the cavity. We also identified electrostatic
interactions between phosphate groups and K230 or K822, which
could explain the preference for negatively charged lipids (Fig.
3C). In theory the cavity could also accommodate two of the
larger CL24 molecules (2*1,916 Å3 = 3,832 Å3). This was not
observed in the mass spectra, however, consistent with molecular
docking, wherein only one large CL24 can be accommodated
within the cavity, in three different orientations (Fig. S5C).

Drug Binding to P-gp. To determine if drug binding could be
retained following release of the membrane protein from the
detergent micelle in the gas phase, we added one, five, and 10
equivalents of CsA, an immunosuppressant known to inhibit
P-gp ATPase activity (32). Well-resolved peaks were detected for
one and two molecules of CsA binding to P-gp (Fig. 4). The
broad baseline is attributed to the low-level background of deter-
gent molecules, also present within the cavity. Similar experiments
confirmed the binding of six other cyclic peptides (Fig S6A) in line
with the polyspecificity of the pocket (8) and highlight the potential
for MS to uncover drug binding to P-gp. Moreover, following in-
cubation of drug or lipid with P-gp and another membrane protein
in the same solution, we observe binding exclusively to P-gp. This
allows us to conclude that the binding observed between P-gp and
lipids and drugs is not simply a function of interaction with any
hydrophobic membrane protein surface (Fig. S7).
In support of this experimental data, molecular docking lo-

cated the first CsA in 98% of all models at the top of the cavity
(Fig. S5D). For the second CsA, 85% have CsA molecules lo-
cated in the same binding site, beneath the first one. Two other
clusters were found with the second CsA binding either inside or
at the entrance of the cavity (Fig. S5E). The third CsA was lo-
cated inside the cavity or at the entrance portal (Fig. S5F). MD
simulations of P-gp, bound to different numbers of CsA and
CL14, were performed after molecular docking and energy re-
finement. Within the timescale of the simulations (∼100 ns), we
observed greater rmsd of both CsA and CL14 atoms (i.e., reduced
stability) for systems with more than two ligand molecules docked
in the binding site (Fig. S8 A–D). This is in accord with the low-
intensity MS peak corresponding to binding of the third CsA/
CL14. MD simulations, following molecular docking, also
revealed that CsA and CLs molecules were more stable at the
apex and bottom of the cavity, respectively, than in alternative
locations (Fig. S8 E–G). Irrespective of the binding site, however,
CL14 was found to be more stable in the cavity than CsA,

providing a rationale for the ready dissociation of CsA observed
in MS (Figs. S6B and S8G). Interestingly, for the two different
CLs and CsA, ∼10% of molecules found in the TM region, but
outside the cavity, were located at an entrance portal (Fig. S5,
pink clusters). The position of these molecules, at the same loca-
tion as the hydrophobic tail of UDM in the recent X-ray structure
(10), suggests a favored access route into the cavity. Given the
close agreement between binding stoichiometry, relative size of
ligands, and dimensions of the cleft, it is tempting to speculate
that the ligands bind inside the cavity. In a physiological context,
steric repulsion between hydrophobic molecules would likely
prevent full occupancy of the cavity and alternative modes of
interactions, along the favored access route, are highly probable.

Concomitant Binding of Lipids, Nucleotides, and Drugs. To explore
simultaneous binding of lipids, nucleotides, and drugs to P-gp, we
first incubated apo P-gp in a solution containing DDM micelles
separately with each component to establish the extent of binding.
Addition of a 20-fold excess of ATP to apo P-gp revealed two
further well-resolved peaks, consistent with binding of one and two
nucleotides. Similar results were obtained for a nonhydrolysable
analog ATPγS. Under identical MS conditions, but with a fivefold
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excess of CsA, two further well-resolved peaks are attributed to
CsA-bound forms.
Since lipids could affect entry of drugs (8) or adapt the cavity

for drug recognition (33), we added lipids before binding of CsA
and recorded the mass spectrum. Comparison (Fig. 5B, i, red
line) with the summed mass spectral peaks for lipid and drug
binding alone (red lines Figs. 3C and 5A, i) reveals no appreciable
difference in intensity implying that lipid binding does not affect
subsequent drug binding. Interestingly, however, if P-gp is pre-
incubated with CsA, an unexpected ∼twofold increase in binding
is observed for CL24 or CL14 (Fig. 5B, i, red line and Fig. S9).
These results imply, therefore, that CsA is depleted when binding of
CL takes place, possibly through conformational changes or adap-
tation of the cavity that favors CL binding at the expense of CsA.
Conformational changes of P-gp associated with concomitant

ligand binding were investigated using IM–MS. First the effects
of individual ligand binding were established and similar to binding
of CL14, CsA, ATP, or nonhydrolysable nucleotides with Mg2+

showed no significant shift in the equilibrium (Fig. 5A, ii and Fig.
S9 D and E). Surprisingly, however, when P-gp is incubated con-
comitantly with nucleotide and CsA, a significant increase in pop-
ulation of the smaller conformer occurs (Fig. 5B, ii and Fig. S9D).
Similarly, when CL and CsA are present simultaneously, popu-
lation of the two conformers is approximately equal. We conclude,
therefore, that concomitant binding of nucleotides, lipids, or drugs
induces a greater population of the smaller conformer than would
be anticipated for independent binding of small molecules.

Discussion
We have shown that we can detect independent and simulta-
neous binding of lipids, nucleotides, and drugs to a membrane
protein complex using MS. Monitoring lipid binding in real-time
demonstrated a preference for lipids with an overall negative
charge and showed that bulky lipids, such as CLs, were also able
to access the hydrophobic pocket. Relative KD values were

obtained from time course reactions and found to be in the
μM range. These values correlate well with values obtained for
other small molecules binding to P-gp, demonstrating the po-
tential for MS to deliver relative affinity measurements (34).
Binding of CsA, or six further cyclic peptides, to P-gp was also

studied using MS. The observation of drug binding is a significant
advance given the difficulties of introducing these complexes in
detergent micelles and the background of detergent and lipid
molecules transported by this indiscriminate pump. Our results
are consistent with CsA adapting the cavity for subsequent lipid
binding. It is interesting to speculate that CsA binding occurs at
the apex of the hydrophobic pocket, the favorable binding sites
defined by molecular docking and identified crystallographically
(8). This CsA binding event holds P-gp in an open conformation
for subsequent enhanced CL binding, which then promotes ex-
pulsion of CsA. Given that CL also likely binds at the apex of the
binding pocket (Fig. S5) but that subsequent CsA binding was
not enhanced, we propose that the long hydrocarbon chains of
the CLs stabilize the open conformation of P-gp but do not
enhance CsA binding, possibly due to steric clashes. Consistent
with this proposal, subsequent CsA binding is less favorable with
prior binding of CL24 than with CL14 (Fig. S9C). Overall,
therefore, while both CL and CsA could stabilize open con-
formations of P-gp for subsequent binding, the effect is only
observed with CsA as there are fewer potential steric clashes for
the incoming CL.
The two conformations identified by IM–MS were unanti-

cipated. The close correlation between values for the differences
calculated for open and closed MsbA structures and the experi-
mental difference measured here imply that P-gp exists pre-
dominantly in a larger conformation, most likely the inward-facing
conformer defined crystallographically (8). Independent binding
of nucleotides, lipids, or CsAs is not sufficient to induce a signifi-
cant shift in the equilibrium. Given the preponderance of X-ray
structures for related ABC transporters, with nucleotide-binding
driving formation of an outward state (12, 20, 35, 36), we might
have expected an increased population of the smaller conformer.
Recently, however, an ABC transporter (ABCB10) was crystal-
lized, with nucleotides present, in an inward conformation (PDB
ID codes 4AYT and 4AYX).While apo forms of P-gp frommouse
and C. elegans were crystallized in the open inward conformation,
as was the GltPh aspartate transporter, the latter was shown by
EPR spectroscopy to be equally distributed between outward- and
inward-facing states (37, 38). This result, together with the absence
of X-ray structures for P-gp with nucleotides or CsA bound, in an
outward-facing form (39), imply that nucleotide or drug binding
alone is not sufficient to stabilize an outward-facing conformer (9,
37, 38). Concomitant binding of nucleotides, lipids, and drugs did,
however, show an increase in the population of a smaller con-
former. Our results, together with those from FRET, which
monitored the distances between nucleotide-binding domain
during drug and/or nucleotide binding and found them to be in-
dependent and additive events (9), allow us to speculate that the
smaller conformer arises from an outward-facing form. Conse-
quently, P-gp exists in a delicately balanced equilibrium, pre-
dominately in the open inward form.
Synergistic binding of lipids, nucleotides, and drugs appears

sufficient to perturb the equilibrium between states, populating
more of the outward-facing state, poised for efflux.We cannot rule
out the possibility that lipidsmight affect conformational dynamics
through binding to the surface of the protein. The stoichiometry
obtained for the CL binding, however, is in good agreement with
docking in the cavity, indicating that lipids might modify the
conformational state of P-gp either through binding at the mem-
brane interface or from within the cavity. Since it is established
that drugs can affect the distribution of lipids within membranes
(40), and given that lipids and drugs are transported indiscrimin-
ately through P-gp (41), distinguishing the effects of small mole-
cule binding in this way is an exciting advance. Conformational
states of membrane transporters are currently studied mainly by
FRET (9) or EPR spectroscopy (37, 38) where labeled residues
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Fig. 5. Binding of nucleotides lipids, and drugs. Spectra recorded after 30
min of incubation of P-gp with 5, 20, or one equivalent of CsA, ATP, or CL24
individually (A, i) or concomitantly as indicated (B, i). Binding of the first and
second ATP, CsA, and CL (24)3–14 are labeled cyan and yellow, respectively.
Simulated spectra for lipid and drug binding alone and summed for con-
comitant binding are shown (red lines). Corresponding ATDs for the 26+
charge state of P-gp and ligands as indicated (A, ii and B, ii). Different
conformations are represented schematically with predominant species in
darker green.
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are inserted in the protein of interest, providing distance mea-
surement between residues. However, such methods cannot dis-
tinguish directly the effects of unlabeled lipids and drugs when
added simultaneously. As such, the method exemplified here, for
probing the effects of drugs and lipids on the equilibrium in P-gp,
is likely to have important consequences for studying drug binding
to a broad range of membrane protein complexes.

Methods
Materials. Lipids were purchased from Avanti Polar Lipids. CsA, ammonium
acetate, and nucleotides were purchased from Sigma-Aldrich.

Protein Purification. His-tagged P-gp was expressed in Pichia pastoris and
purified as described previously (8). Before analysis P-gp was buffer exchanged
into 200 mM ammonium acetate pH 7 supplemented with 0.02% DDM, using
micro Bio-Spin-6 devices (Bio-Rad Laboratories).

Ligand Binding. The protein concentration was determined with the bicin-
choninic acid protein assay kit (Pierce) using BSA as a reference. Lipids were
first prepared at 2 mM in chloroform and then diluted to 20 μM in 200 mM
ammonium acetate pH 7 supplemented with 0.02% DDM. Cyclosporin was
first dissolved at 8 mM in methanol and then diluted to 5–100 μM in 200 mM
ammonium acetate pH 7, supplemented with 0.02% DDM.

Mass Spectrometry. Samples were introduced into the ion source via gold-
coated nanoflow capillaries prepared in house (42). Calibrationwas performed
using a 10 mg/mL solution of cesium iodide. MS and IM–MS spectra were ac-
quired on a Q-TOF2 (43) and a Synapt2 (44) (Micromass) modified for the
transmission and detection of high-mass complexes. Parameters were set as
described in SI Methods. Theoretical CCSs were calculated using the projection
approximation method implemented in MOBCAL and scaled using a scaling
factor of 1.14, as described previously (45).

Simulation of Spectra and Kinetic Fits. Data analysis was performed using our
in-house software Massign described recently (46) (SI Methods).

Modeling and Hierarchical Clustering. The docking of CsA and CL was per-
formed using Patchdock and refined with FireDock. The best scored models
were clustered using in-house scripts as described in SI Methods.

MD Simulations. All MD simulations were performed at constant temperature
(300K) using GROMACS v4.5.4 at 300K (47) (SI Methods).
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