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ABSTRACT 
 
Unlike most transmembrane proteins, phospholipids can migrate from one leaflet of the 
membrane to the other. Because this spontaneous lipid translocation (flip-flop) tends to be very 
slow, cells facilitate the process with enzymes that catalyze the transmembrane movement and 
thereby regulate the transbilayer lipid distribution. Non-enzymatic membrane-spanning proteins 
with unrelated primary functions have also been found to accelerate lipid flip-flop in a non-
specific manner and by various hypothesized mechanisms. Using deuterated phospholipids, we 
examined the acceleration of flip-flop by gramicidin channels which have well-defined structures 
and known function, features that make them ideal candidates for probing the protein-membrane 
interactions underlying lipid flip-flop. To study compositionally and isotopically asymmetric 
proteoliposomes containing gramicidin, we expanded a recently developed protocol for the 
preparation and characterization of lipid-only asymmetric vesicles. Channel incorporation, 
conformation, and function were examined with small-angle X-ray scattering, circular dichroism 
and a stopped-flow spectrofluorometric assay, respectively. As a measure of lipid scrambling we 
used differential scanning calorimetry to monitor the effect of gramicidin on the melting 
transition temperatures of the two bilayer leaflets. The two calorimetric peaks of the individual 
leaflets merged into a single peak over time suggestive of scrambling activity, and the effect of 
the channel on the transbilayer lipid distribution in both symmetric POPC and asymmetric 
POPC/DMPC vesicles was quantified from proton NMR measurements. Our results show that 
gramicidin increases lipid flip-flop in a complex, concentration-dependent manner. To determine 
the molecular mechanism of the process we used molecular dynamics simulations and further 
computational analysis of the trajectories to estimate the amount of membrane deformation in the 
samples. Together, the experimental and computational approaches were found to constitute an 
effective means for studying the effects of transmembrane proteins on lipid distribution in both 
symmetric and asymmetric model membranes. 
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INTRODUCTION 
 
Membranes are an essential component of all living organisms. Their structure and organization 
serve many functions and are tightly regulated by the cell. One prominent example is the 
transverse lipid distribution in cell membranes: whereas a self-assembled lipid bilayer has the 
same lipid composition in its two leaflets (i.e., it is symmetric), the leaflet compositions in the 
plasma membranes of eukaryotic cells differ (i.e., the bilayer is asymmetric), and this difference 
is actively maintained by the cell. Not surprisingly, the biophysical mechanisms underlying 
membrane asymmetry are the subject of intense studies [1-5] which are rapidly increasing in 
number as a result of recent advances that have enabled the preparation and biophysical 
characterization of asymmetric lipid-only model membranes in vitro [6-8]. Because such model 
membranes are not at chemical equilibrium and their asymmetry is not actively maintained, the 
time window for examining their properties is limited by the gradual redistribution of the lipids 
between the two leaflets until a symmetric lipid composition is achieved. Such unassisted 
interleaflet lipid movement is often referred to as spontaneous lipid flip-flop (SLF) [9].  
 
The key lipid and bilayer properties that determine the kinetics of SLF include chain length, 
headgroup size and charge, and cholesterol concentration (see Ref. [10] for a current review of 
both experimental and computational studies on the topic). In general, the flip-flop rates of 
phospholipids are many orders of magnitude slower than other typical lipid motions, such as 
rotation or lateral diffusion [11], due to the large energy barrier for translocating a polar lipid 
headgroup from one side of the bilayer to the other, a process that requires traversing the 
bilayer’s hydrophobic core. In cells, the one-directional movement of lipids between the 
extracellular and intracellular leaflets is catalyzed by ATP-dependent enzymes such as flippases 
that move phospholipids from the extracellular leaflet to the intracellular leaflet (e.g., P-type 
ATPases) [12] and floppases that move phospholipids from the intracellular leaflet to the 
extracellular leaflet (e.g., ABC transporters) [13], respectively. An additional bi-directional, and 
often non-specific movement of lipids across the two leaflets is catalyzed by ATP-independent 
scramblases, which include the Ca2+ activated TMEM (TransMEMbrane) family of proteins 
[11]. It is through this careful balance between the activity of the enzymes and scramblases that 
cells maintain the desired lipid compositions in their two membrane leaflets. 
 
In addition to the flippases, floppases and scramblases, a wide variety of proteins with non-
related primary functions can catalyze lipid flip-flop through different proposed mechanisms that 
include pore-mediated scrambling [14, 15] and the so-called “credit-card” lipid movement [11]. 
For some proteins this “side” function has been proposed to have biological implications [16]; 
for others the physiological role, if any, remains unclear. Still, the ability of a variety of 
membrane proteins to scramble lipids has direct implications for the design and interpretation of 
studies employing asymmetric protein-laden membranes and therefore needs to be carefully 
examined. A particularly interesting case are single-span transmembrane (TM) proteins that 
often are used to study protein-membrane interactions in vitro [17]. Such proteins can facilitate 
lipid flip-flop through the so-called perturbation-mediated mechanisms, that is, lowering the 
energy barrier for lipid translocation between the leaflets by changing the bilayer structure and/or 
dynamics in the vicinity of the protein [18-22]. 
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One single-span TM protein, which reportedly affects lipid flip-flop only under certain 
conditions, is the functional dimer form of the bacterial ion-channel gramicidin (gA) [23]. To our 
knowledge, the channel has been shown to accelerate lipid translocation in three separate studies, 
but to different extents: up to 30-fold in erythrocytes at moderate gA concentrations (gA:lipid 
ratio of about 1:200) [24]; from 2 to 10-fold in supported lipid bilayers at high gA:lipid ratios 
(1:50) [25]; and to a somewhat lesser extent in 400 nm diameter liposomes with high gramicidin 
ratios (1:20) in which flip-flop was unmeasurable in the absence of gA [14]. At the same time, 
flip-flop enhancement was not detected in erythrocytes at gA concentrations at which the 
channel performs its ion-conducting function [24]. The disparate results from these studies 
highlight limitations in the experimental methodologies, which include quantifying the 
distribution of lipids in the two leaflets using rather indirect methods, e.g. extraction with 
albumin (which in its own right could perturb the bilayer) [24], or approximating the kinetics of 
lipid flip-flop by measuring the translocation rate of a chain-labeled fluorescent lipid analog [14]. 
The choice of system is also important: complex and asymmetric cell membrane environments 
like erythrocytes present challenges both for the interpretation of the results and the 
quantification of the gA:lipid ratio, whereas the unavoidable bilayer defects in supported lipid 
bilayers prepared with the Langmuir-Blodgett/Langmuir-Schaefer (LB/LS) technique could 
accelerate lipid flip-flop in a manner that is difficult to control [26]. 
 
Here we address these challenges using a new platform for measuring protein-mediated lipid 
flip-flop in vitro. The approach utilizes free-floating and stress-free large unilamellar vesicles 
with precisely controlled symmetric and asymmetric lipid composition, both in the presence and 
absence of protein. This experimental setup allows for a wide range of biophysical assays and, 
importantly, enables the direct measurement of the flip-flop kinetics of unlabeled lipids in 
chemically symmetric and asymmetric bilayers using 1H NMR. Thus this framework overcomes 
many of the limitations in the previous approaches by providing a robust model system for 
studying the effects of proteins on the transverse bilayer organization. Using this protocol, we 
examined the effect of gramicidin on lipid flip-flop in both isotopically and compositionally 
asymmetric vesicles. Our results show that gramicidin speeds up lipid translocation in both 
systems, and that the rates are not directly proportional to gA concentration. Further 
computational analysis revealed that membrane deformations likely play a role in the observed 
effects at high gA mole fractions, suggesting the existence of mechanistically different regimes 
of gA-mediated changes in bilayer organization. 
 
 
MATERIALS AND METHODS 
 
Materials. Gramicidin and all phospholipids (POPC, POPG, POPC-d31, POPC-d13 and DMPC-
d54, see Table 1 for a list of abbreviations) were purchased from Avanti Polar Lipids (Alabaster, 
AL) as dry powders and used as supplied. The phospholipids were dissolved in HPLC-grade 
chloroform and gramicidin was dissolved in HPLC-grade methanol. Both phospholipids and 
gramicidin were stored at -80°C until use. Methyl-β-cyclodextrin (MβCD), praseodymium(III) 
nitrate hexahydrate {Pr(NO3)3 6H2O}, sucrose, NaCl, and hydrochloric acid were purchased 
from Fisher Scientific. Thallium nitrate (TlNO3) and ANTS were purchased from Sigma Aldrich 
and Invitrogen, respectively. Ultrapure H2O was obtained from a High-Q purification system 
(Wilmette, IL) and D2O (99.9%) was purchased from Cambridge Isotopes (Andover, MA). 
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Preparation of liposomes without gramicidin. Large unilamellar vesicles (LUVs) with 
symmetric lipid distribution (sLUVs) were prepared by first mixing appropriate volumes of lipid 
stocks in organic solvent with a glass Hamilton syringe. The solvent was evaporated with an Ar 
stream followed by high vacuum overnight. The dry lipid film was hydrated at room temperature 
(for POPC) or 35-40°C (for mixtures with DMPC) for at least 1 h with intermittent vortexing 
every 15 min. The resulting multilamellar vesicle (MLV) suspension was subjected to at least 5 
freeze/thaw cycles using a -80°C freezer, then extruded through a 100 nm pore-diameter 
polycarbonate filter with a mini-extruder (Avanti Polar Lipids) by passing the suspension 
through the filter 31 times. All sLUVs were doped with 5 mol% POPG to ensure unilamellarity 
[27]. 
 
Asymmetric LUVs (aLUVs) were prepared following the protocol described in [28] with slight 
modifications. Briefly, an MLV suspension of the donor lipid (i.e., the lipid to be exchanged into 
the outer leaflet of the aLUVs) was prepared in a 20% w/w sucrose solution as described above. 
The sample was diluted 20-fold with water and centrifuged at 20°C for 30 min at 20K × g. The 
supernatant was discarded, the pellet was re-dissolved using a 35 mM MβCD solution in water at 
a nominal donor lipid:MβCD ratio of 1:8, and the MβCD/donor mixture was incubated at room 
temperature for 2 h with gentle stirring. sLUVs of the acceptor lipids (i.e., the lipids to be present 
on the inner leaflet of the aLUVs) were prepared in a 25 mM NaCl solution as described above. 
These were added to the MβCD/donor mixture at a nominal donor:acceptor ratio of 2:1 or 3:1 
(see Table S1). The MβCD/donor/acceptor slurry was incubated for 30 min at room temperature 
with gentle stirring. Immediately after this incubation the sample was filtered with a centrifugal 
filter device (Amicon Ultra-15, 100,000 Da molecular weight cutoff), pre-washed with water 7 
times) for 25 min at 2.5K × g. The retentate was diluted with water 8-fold and centrifuged for 30 
min at 20K × g and 20°C. The supernatant was carefully transferred to centrifugal devices (as 
described above), concentrated to 250-500 µL and washed with H2O or D2O a minimum of 3 
times. The aLUVs were recovered from the final retentate and stored in a plastic centrifuge tube 
at room temperature until further use. 
 
Preparation of liposomes with gramicidin. Symmetric large unilamellar vesicles with 
gramicidin (gA-sLUVs) were prepared as follows. The lipids were first mixed in organic solvent, 
and gA was added from a methanolic solution with a glass Hamilton syringe at the appropriate 
gA:lipid ratio. The organic solvent was evaporated on a rotary evaporator, followed by high 
vacuum overnight. The dry sample was gently hydrated on a rotary evaporator for 30-60 min, 
then incubated at room temperature until the film was fully dissolved and the solution looked 
uniform (typically overnight). Vortexing was performed only occasionally and at the lowest 
setting. The sample was subjected to at least 5 freeze/thaw cycles using a -80°C freezer and then 
extruded with a 100 nm pore-diameter polycarbonate filter as described above. All gA-sLUVs 
were doped with 5 mol% POPG to ensure unilamellarity. 
 
Asymmetric LUVs with gramicidin (gA-aLUVs) were prepared following the protocol described 
above with the only modification that gramicidin was added to the symmetric acceptor liposomes 
as described above. That is, instead of acceptor sLUVs, acceptor gA-sLUV vesicles were added 
to the MβCD/donor mixture after the 2 h incubation. All other steps of the protocol were the 
same (see Fig. S1). 
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Gas chromatography-mass spectrometry (GC/MS). The overall lipid composition of the 
aLUVs and gA-aLUVs was determined from GC/MS analysis of fatty acid methyl esters 
(FAMEs) generated by acid-catalyzed methanolysis. The detailed protocol is described in [28]. 
Briefly, about 100 µg of the sample were dried on a rotary evaporator, dissolved in 1 mL of 1 M 
methanolic HCl, flushed with Ar and incubated at 85°C for 1 h in a glass culture tube sealed with 
a Teflon-lined cap. After allowing the sample to cool for a few minutes, 1 mL water was added 
and the sample was briefly vortexed. Then, 1 mL hexane was added and the sample was vortexed 
vigorously to form an emulsion and extract the FAMEs. The solution was centrifuged at low 
speed (~ 400 × g) for 5 min to break the emulsion, and the upper (hexane) phase containing the 
FAMEs was transferred to a GC autosampler vial. The total volume in the vial was brought up to 
1 mL with hexane. FAME analysis was performed using an Agilent 5890A gas chromatograph 
(Santa Clara, CA) with a 5975C mass-sensitive detector operating in electron-impact mode and 
an HP-5MS capillary column (30 m × 0.25 mm, 0.25 µm film thickness). After injection of a 5 
uL aliquot into the chromatograph, a pre-programmed column temperature routine was initiated 
as described in [28]. Total ion chromatogram peaks were assigned and integrated using GC/MSD 
ChemStation Enhanced Data Analysis software. The ratio of the different lipid components was 
determined from the ratio of the respective peak areas of the FAMEs corresponding to the lipid 
fatty acid chains. 
 
Small-angle X-ray Scattering (SAXS). LUV samples for small angle X-ray scattering (SAXS) 
measurements were prepared as described above and concentrated to 15-20 mg/mL. SAXS 
measurements were performed using a Rigaku BioSAXS-2000 home source system with a 
Pilatus 100K 2D detector and a HF007 copper rotating anode (Rigaku Americas, The 
Woodlands, TX). SAXS data were collected at a fixed sample-to-detector distance (SDD) using 
a silver behenate calibration standard, with a typical data collection time of 3-4 h. The one-
dimensional scattering intensity 𝐼(𝑞) [𝑞 = 4𝜋 sin(𝜃)/𝜆, where 𝜆 is the X-ray wavelength and 2𝜃 
is the scattering angle relative to the incident beam] was obtained by radial averaging of the 
corrected 2D image data, an operation that was performed automatically using Rigaku SAXSLab 
software. Data were collected in 10 min frames with each frame processed separately to assess 
radiation damage; there were no significant changes in the scattering curves over time. 
Background scattering from water collected at the same temperature was subtracted from each 
frame, and the background-corrected 𝐼(𝑞) from the individual frames was then averaged, with 
the standard deviation taken to be the measurement uncertainty. 
 
Circular dichroism (CD). Samples for CD were first diluted to 1 mg/mL lipid concentration, for 
a protein concentration between 5-13 µM. The lipid concentration was estimated from dynamic 
light scattering (DLS). gA conformation was measured using a J-815 spectropolarimeter 
equipped with a PTC-423S Peltier temperature controller (Jasco, Easton, MD). CD spectra (raw 
ellipticity 𝜃 in units of millidegree vs. wavelength) were collected at 25°C using a 2 mm path 
length cuvette, a scan rate of 100 nm/min, and 30 accumulations. The spectrum of each gA-
containing sample was first corrected for the lipid background by subtracting the spectrum of a 
corresponding lipid-only sample. The only exception was the gA-aLUV sample, for which the 
background was taken to be the spectrum of the POPC acceptor sLUVs, which were similar in 
size to the gA-aLUVs, as determined from DLS. The background-corrected data were then 
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converted to mean residue molar ellipticity [𝜃] (in units of degree cm2 dmol-1) using the 
relationship: 

 

 [𝜃] =
103𝜃
𝑙𝑐𝑁 , (1) 

 
where 𝑙 is the cell path length in mm, 𝑐 is the protein concentration in µM, and 𝑁 = 15 is the 
number of amino acids in the gA protein.  
 
Gramicidin-based fluorescence assay (GBFA). Gramicidin function was quantified using a 
fluorescence quench protocol [29]. For the present studies the acceptor sLUVs were prepared 
with a gA:lipid ratio of 1:20,000 and hydrated with 25 mM ANTS instead of 25 mM NaCl. 
Following the last concentration step, the gA-aLUVs were washed once with H2O and 3 times 
with elution buffer (35 mM NaNO3 and 6 mM HEPES at pH 7.0). The rate of quenching of the 
ANTS trapped inside the vesicles was measured with a Tl+ buffer (35 mM TINO3 and 6 mM 
HEPES at pH 7.0) in a single-mixing experiment and quantified with a regular stretched 
exponential [29]. As a control, gA-sLUV acceptors hydrated with ANTS were also washed 3 
times with elution buffer and the rate of ANTS quenching was measured as described above. 
 
Differential scanning calorimetry (DSC). Samples for DSC were diluted to ~ 5 mg/mL and 
measured using a Nano DSC (TA Instruments, New Castle, DE). The LUV suspension was 
loaded into the sample capillary cell, and degassed solvent was loaded into the reference 
capillary cell. The cells were pressurized to 3 atm to suppress the formation of air bubbles, and a 
cooling scan was initiated from 30°C to -8°C at a rate of 0.2°C/min. All thermograms showed 
either a series of peaks or a single broad peak between ~ -5°C and 20°C. A sloping background 
contribution was accounted for by fitting a portion of the thermogram on either side of the peaks 
of interest to a third-order polynomial which was then subtracted from the raw data. 
 
1H NMR. The interleaflet lipid distribution in the aLUVs and gA-aLUVs was quantified with a 
shift reagent assay performed on either a Bruker Avance III 400 MHz spectrometer (at ORNL) 
or a Bruker Avance III HD 500 MHz spectrometer (at Weill Cornell Medical College) as 
described in [26]. Briefly, a standard 1H pulse sequence with a 30º flip angle and 2 s delay time 
was collected at 35°C. For all samples measured in H2O, the signal from the solvent was 
suppressed using the standard excitation sculpting sequence zgesgp. A sample aliquot was first 
diluted with D2O or H2O to a total volume of 600 µL and a concentration of ~ 0.5 mg/mL. The 
diluted sample was loaded into an NMR tube and a spectrum was recorded. A small aliquot (1-2 
µL) of 20 mM Pr3+/D2O was then added to the NMR tube and mixed with its contents by 
inverting the tube 3 times ([Pr3+] » 50 µM), and spectrum was recorded immediately thereafter; 
another aliquot of Pr3+ was added, and the procedure was repeated. A total of at least three Pr3+ 
titrations were performed, and their spectra were recorded and used to establish the measurement 
uncertainty as described below. The typical elapsed time between the first exposure of the 
sample to Pr3+ and completion of the experiment was 40 min. Each Pr3+ titration resulted in a 
further shift of the resonance peak of the protiated choline headgroups exposed on the outer 
leaflet of the vesicles as shown in Fig. S2. 
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NMR analysis was performed by fitting each spectrum as a sum of Lorentzians using Origin or 
custom Mathematica scripts. The choline resonances were identified, and the fraction of exposed 
and protected choline headgroups was quantified from the areas of the shifted and unshifted 
choline peaks and used to determine the fraction of protiated-headgroup lipid in each leaflet. The 
measurement uncertainty was calculated as the standard deviation of peak areas determined from 
the Pr3+ titration data described above. This information, together with the GC results, was used 
to calculate the composition of the two bilayer leaflets as described in [28, 30]. 
 
Analysis of lipid flip-flop kinetics. The rate of lipid flip-flop, kf, was measured from the time-
dependent changes in the transverse distribution of protiated-headgroup lipids in each sample as 
described in [26]. Briefly, the NMR time traces of relative changes in the lipid distribution were 
expressed as: 

 ∆𝐶(𝑡) =
𝐶;<=(𝑡) − 𝐶?@(𝑡)
𝐶;<=(0) − 𝐶?@(0)

, (2) 

where 𝐶(𝑡) is the area of the shifted (outer leaflet) and unshifted (inner leaflet) choline peaks at 
time 𝑡 with subscripts out and in denoting the outer and inner leaflet, respectively. The data was 
modeled as:  

 ∆𝐶(𝑡) = 𝑒BCDE=, (3) 

with the corresponding half-time 𝑡F/C given by 
 

 𝑡F/C =
ln	(2)
2𝑘J

. (4) 

All samples were kept on the bench between NMR measurements, and consequently the flip-flop 
kinetics reported here correspond to sample behavior at an ambient temperature of ~ 22°C. 
 
Molecular Dynamics (MD) simulations. All-atom MD simulations of gramicidin in the 
symmetric and compositionally asymmetric bilayers from the in vitro experiments were 
performed as described below. 
 
For the symmetric system, a POPC bilayer with 100 lipids per leaflet (200 lipids total) was first 
constructed with CHARMM-GUI [31-33]. The bilayer was hydrated with 70 waters per lipid, 
and a total of 35 Na+ and 35 Cl- ions for a salt concentration of 138 mM. After a short initial 
equilibration with CHARMM-GUI’s protocol, the system was run for 226 ns. From the last 
frame of the trajectory all water and ion atoms were removed, and a single gramicidin dimer 
(PDB: 1JNO) was manually inserted in the bilayer by replacing 10 lipids from each leaflet with a 
gA monomer. The system was then hydrated and ionized with VMD’s solvate and autoionize 
plugins, respectively, resulting in a bilayer patch with 90 lipids per leaflet (180 lipids total), 1 gA 
dimer, 67 waters per lipid and 30 Na+ and 30 Cl- ions for a salt concentration of 138 mM NaCl. 
 
For the asymmetric system, we first identified the appropriate number of lipids in the asymmetric 
lipid-only bilayer with top leaflet composed of DMPC/POPC 75/25 mol%, and a bottom leaflet 
composed of DMPC/POPC 10/90 mol%, following the protocol in [34]. The resulting tension-
free bilayer contained 104 and 100 lipids in the top and bottom leaflets respectively, and was 
constructed and equilibrated with CHARMM-GUI’s protocols. After a production run of 445 ns, 
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gramicidin was manually inserted in the bilayer by removing 8 lipids from each leaflet while 
maintaining the overall leaflet compositions. The system was hydrated with VMD’s solvate 
plugin, resulting in a bilayer patch with 96 lipids in the top leaflet, 92 lipids in the bottom leaflet, 
1 gA dimer and 55 waters per lipid. 
 
All simulations were performed with the NAMD software [35] and the CHARMM36 force field 
for lipids [36, 37] in the NPT ensemble under constant pressure of 1 atm and temperature of 
25°C. The force field parameters for gA were kindly provided by Andrew Beaven and were 
based on those used in [38], made compatible with the CHARMM36 force field. Namely, the D-
amino acids were treated in the same way as L-amino acids (except for their chirality) whereas 
the parameters for the two gA termini (formyl and ethanolamine) were the same as in [38] with 
the particular atom types renamed to conform to the CHARMM36 atom notation. For both the 
symmetric and asymmetric bilayers with gA, the system was first energy minimized for 104 
steps, then run for 100 ps with a 1 fs time step. Following this initial relaxation, the POPC/gA 
bilayer was simulated for 887 ns and the asymmetric bilayer with gA was simulated for 705 ns 
with a 2 fs time step. For more details on all simulated systems and the corresponding simulation 
parameters, see Section S1 in SM. 

 
Quantification of membrane deformation from simulations. To quantify the deformation of 
the membrane around gramicidin, the trajectories were first centered and aligned on the 
backbone of gA. Since gA can tilt with respect to the bilayer normal in the course of the 
simulations, special care was taken to ensure that the alignment step did not result in abnormal 
tilting of the membrane effectively leading to artificial changes in the bilayer thickness in the 
vicinity of the protein. The gA-lipid boundary was identified separately for each leaflet as the 
outermost layer of the time-averaged occupancy map (constructed on a 2 x 2 grid) of the 
respective gA monomer atoms projected onto the xy plane. The leaflet thickness at the gA-lipid 
boundary was calculated from the interpolated z-positions of the lipid atoms in the respective 
grid points, as described in Section S2 in SM. The leaflet thickness at the gA-lipid boundary was 
used to obtain the optimal deformation profile around a gA monomer by a self-consistent free 
energy minimization procedure as described in Section S3 in SM. The leaflet deformation around 
gA at distance 𝑟 from the gA center was calculated as the squared deviation in thickness 
averaged over the area between the grid points at distance 𝑟 from the gA center and the gA-lipid 
boundary (the bulk leaflet thickness was taken from the corresponding lipid-only simulations). 
The membrane deformation was taken as the sum of the deformations of the two leaflets. 
 
Quantification of membrane deformation in experiments. To estimate the amount of 
membrane deformation at each of the gA:lipid ratios used in the experiments, we first 
approximated the number 𝑁 of gA dimers on a vesicle from: 1) the total surface area of a vesicle 
with diameter 130 nm (the average vesicle size measured with DLS); 2) the average area per 
lipid 64 Å2 (calculated from MD simulations for a POPC bilayer); and 3) the area per gA 
monomer 208 Å2 approximated from the occupancy map of the gA monomers described above. 
𝑁 gA dimers were then distributed uniformly on the surface of a sphere with diameter 130 nm 
using MATLAB, and the distance 𝑑 between them was recorded. The membrane deformation at 
a given gA:lipid ratio was estimated as the membrane deformation at a distance 𝑑/2 from the gA 
center. 
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RESULTS 
 
Gramicidin incorporation, conformation, and function are the same in symmetric and 
asymmetric liposomes. We modified a recently developed protocol for the construction of 
asymmetric lipid-only vesicles [30] to enable the preparation of asymmetric proteoliposomes. As 
described in Methods, the protocol involves mixing two populations of symmetric vesicles (only 
one of which contains pre-incorporated protein) and exchanging the lipids between their outer 
leaflets with MβCD (Fig. S1). Using this procedure we prepared two types of gramicidin-
containing vesicles: 1) compositionally symmetric but isotopically asymmetric liposomes 
(s*LUVs) with an inner leaflet composed of POPC or its headgroup-perdeuterated variant 
(POPC-d13), and an outer leaflet exchanged with its chain-perdeuterated variant (POPC-d31); 
and 2) compositionally asymmetric vesicles (aLUV) with the same inner leaflet composition and 
an outer leaflet exchanged with the chain-perdeuterated variant of DMPC (DMPC-d54). Table 
S1 shows the donor mole fraction in the final samples as determined from GC/MS (see Methods) 
which ranged between 0.32 and 0.4 for the s*LUVs and between 0.35 and 0.45 for the aLUVs. 
The size of the vesicles was measured with DLS and was on average 130 nm in diameter with 
polydispersity index of < 0.2. 
 
To examine the effect of the sample preparation protocol on the gramicidin, we assayed its 
incorporation, conformation, and function in the asymmetric proteoliposomes. Fig. 1A shows 
evidence of unaltered bilayer incorporation of gA from small-angle X-ray scattering (SAXS) 
data. In a SAXS experiment, hydrogen and deuterium scatter X-rays in the same way and the 
form factor of an isotopically asymmetric sample is indistinguishable from the form factor of the 
corresponding protiated sample. Moreover, because of the short length of gA relative to the 
bilayer thickness, larger amounts of the channel in the bilayer lead to systematic lift-off (i.e. 
increase in the intensity) of the first minimum in the SAXS form factor, as shown in the series of 
symmetric POPC LUVs with increasing gA mole fractions (Fig. 1A). Comparing (in Fig 1A) the 
isotopically asymmetric gA-containing LUVs (gA-s*LUV) prepared at a gA:lipid ratio of 1:40, 
with the series of symmetric LUVs, shows that the concentration of gA in the asymmetric LUVs 
is very close to the nominal mole fraction of gA initially incorporated in the acceptor vesicles; 
the incorporation was efficient and very little (if any) gA was lost during the asymmetric 
proteoliposome preparation. 
 
Next we examined the structural properties of the incorporated gA. In addition to its canonical 
helical dimer conformation, gramicidin can exist in other non-functional conformations such as a 
dimeric helix in which two gA monomers are intertwined into a single extended helix [39]. The 
dimeric helix conformation can arise from hydrophobic mismatch (or from keeping gA in some 
nonpolar solvents) and has a distinct CD spectrum [40]. Fig 1B shows the CD spectrum of gA in 
the compositionally asymmetric LUVs in comparison with the spectra of gA in symmetric LUVs 
made of either just POPC or DMPCd54. The data show that most of the 0.025 mol% gA in the 
symmetric samples existed in a helical dimer conformation, and that the conformation remained 
unchanged during the steps of the gA-aLUVs preparation protocol. 
 
To evaluate the function of gA in the asymmetric liposomes, we measured the rate with which a 
fluorophore (ANTS) trapped inside the vesicles was quenched by an externally added quencher 
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(Thallium, Tl+). This assay provides a measure of the equilibrium dimer-to-monomer ratio of gA 
in the bilayer by taking advantage of the fact that Tl+ can enter the vesicles and quench ANTS 
only through functional gA dimers [29]. Fig. 2A shows the ANTS fluorescence decay as a 
function of time in the initially symmetric acceptor vesicles (66.1) and the final isotopically 
asymmetric gA-s*LUVs (62.9). According to the ratio of the two rates (0.95), the dimer-to-
monomer equilibrium of gA in the isotopically asymmetric vesicles was essentially unaffected 
by the cyclodextrin-mediated lipid exchange. We obtained a similar ratio of 0.99 for the 
compositionally asymmetric liposomes (Fig. 2B), confirming that in both asymmetric samples 
gA function remained intact. 

 
gA scrambles lipids in compositionally asymmetric vesicles. That gramicidin can scramble 
lipids first became evident in differential scanning calorimetry experiments. In DSC 
experiments, thermodynamic phase transitions (such as transitions between gel and fluid) are 
detected by monitoring the release of heat from a sample as a function of temperature. Fig. 3 
shows a cooling temperature scan performed after sample preparation (scan 1) for 
compositionally asymmetric vesicles without (Fig. 3A) and with (Fig. 3B) gramicidin (see 
Methods). Two transition peaks are visible in both samples, likely coming from the different 
melting temperatures of the POPC-rich inner leaflet (POPC melting temperature is –2°C) and the 
DMPC-d54-rich outer leaflet (DMPC-d54 melting temperature is 19°C), see Fig. S3. After the 
first scan, the temperature was again brought to 30°C and a second cooling scan (scan 2) was 
performed without any observable changes in the DSC spectra, indicating that cycling through 
the temperature range of –8°C to 30°C (and consequently through the gel-liquid crystalline 
transition of each leaflet) by itself did not result in any major redistribution of the lipids between 
the two leaflets. In the gA-aLUV sample, however, after a set of fixed temperature incubations 
(20°C for 12 hrs, followed by 45°C for 5 h), the two peaks began to merge (scan 3, Fig. 3B) 
whereas those of the aLUV sample without gA remained unchanged (scan 3, Fig. 3A). The 
changes in the gA-aLUV sample were even more pronounced after subjecting the samples to 
another set of fixed temperature incubations (scan 4). These results indicate that gramicidin 
facilitated the exchange of lipid between the two leaflets, presumably through its ability to 
accelerate lipid flip-flop, which eventually would result in a symmetric bilayer with a single 
transition temperature peak (grey dashed lines in Fig. 3). 
 
gA increases the rate of lipid flip-flop in compositionally asymmetric vesicles. To quantify 
the effect of gA on lipid flip-flop, we used 1H NMR to measure the rate of lipid translocation in 
the presence and absence of the channel (see Methods). The nine equivalent protons on a 
protiated choline headgroup produce a clearly defined resonance peak at 3.1-3.6 ppm. The shift 
reagent Pr3+, when added externally to the sample, interacts only with the lipid headgroups 
exposed on the outer leaflet of the vesicles and shifts their resonance downfield [41, 42]. After 
exchanging lipids with protiated choline headgroups (POPC-d31 or DMPC-d54) into acceptor 
vesicles composed of the headgroup-deuterated POPC-d13, the only detectable resonance comes 
from the exchanged donor lipids. The distribution of the protiated-headgroup lipids across the 
two bilayer leaflets thus can be determined from the ratio of the areas of the shifted (𝐶;<=) and 
unshifted (𝐶?@) choline peaks in the NMR spectrum. Repeating the shift experiment on different 
aliquots of the sample over time allows for direct quantification of the lipid flip-flop rate [42]. 
The sample was thus incubated at room temperature in the absence of Pr3+; the shift reagent was 
used only during the measurement as described in Materials and Methods. 
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Fig. 4 shows the relative changes in transverse lipid distribution ∆𝐶 (see Eq. 2) as a function of 
time 𝑡 for both the chemically symmetric (Fig. 4A) and asymmetric (Fig. 4B) liposomes with 
different amounts of gramicidin (see Methods). Table 2 lists the corresponding lipid flip-flop 
rates and half-times calculated as described in Methods. Whereas the spontaneous lipid flip-flop 
rate in the absence of gA is immeasurably slow in the s*LUVs, it is visibly increased when 
DMPC is exchanged into the outer leaflet of POPC. Importantly, the rate of lipid translocation in 
both samples increases in the presence of the channel, in a gA-concentration dependent manner. 

 
Models for gA-mediated lipid flip-flop. If every gA dimer accelerated the movement of lipid 
between the leaflets, the rate of lipid flip-flop would vary linearly with gA mole fraction [20]. 
Fig. 5 shows the flip-flop rates calculated from the NMR data (Table 2), as a function of the 
gA:lipid ratio. Indeed, the data for the s*LUV samples (shown in blue) are consistent with the 
model of single gA channel-mediated lipid translocation. In the aLUV samples (shown in red), 
however, the linear relationship predicted from the model is not as clear, and the uncertainty in 
the data precludes any firm conclusions. Considered together, the two data sets introduce a 
conundrum: in the absence of gramicidin, the flip-flop rate in the compositionally asymmetric 
bilayers is clearly faster than the rate in the symmetric membranes, yet in the presence of gA at 
gA:lipid ratio of 1:40 this trend is reversed and the flip-flop kinetics in the aLUVs are much 
slower than those in the s*LUVs. This result suggests a mechanism different from a single 
channel-induced perturbation by which gramicidin catalyzes lipid translocation, based on the 
following considerations: 1) as the gA channel is relatively short, it is likely to cause thickness 
deformations in the membrane; and 2) the thickness deformations in a POPC bilayer could be 
alleviated in the presence of a shorter-chain lipid like DMPC. Thus gA-induced bilayer stress 
could be a plausible contributing factor to the observed trends. 
 
Membrane deformations are likely to play a role in gA-mediated lipid flip-flop. Gramicidin 
has been routinely used as a model peptide to study local bilayer deformations that result from 
protein-membrane interactions [43, 44]. It is in this context important that the gA channel’s 
helical pitch is invariant with respect to changes in the channel-bilayer hydrophobic mismatch, 
meaning that bilayer will adjust to the channel rather than the channel adjusting to the bilayer (in 
bilayers having a hydrophobic thickness greater than the channel length) [45]. gA has been 
shown to induce thinning in a pure DMPC bilayer [46] and one would expect that the same effect 
would be observed in bilayers with hydrophobic thickness greater than DMPC, such as a 
membrane composed of POPC [47]. Such local deformations produce a stress on the membrane 
that will increase with increasing gA concentration in the membrane and could potentially affect 
lipid flip-flop. We therefore investigated the response of the bilayer to the presence of a single 
gA channel in the two experimentally studied systems.  
 
MD simulations, in combination with the continuum theory of membrane deformations (CTMD) 
[48], were used to estimate the amount of membrane deformation at the different gA mole 
fractions from the experiments by first quantifying the changes in membrane thickness as a 
function of distance from the channel, and then relating them to the average distances between 
channels in the samples. To enable this protocol, MD simulations were performed on a system 
containing a single gA channel embedded in a symmetric POPC bilayer, or in an asymmetric 
membrane with a top leaflet of DMPC/POPC 0.75/0.25 and a bottom leaflet of DMPC/POPC 
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0.10/0.90. The compositions of the two leaflets were based on a different set of samples prepared 
for small-angle neutron scattering experiments (unpublished), and were similar to the leaflet 
compositions of the samples examined with NMR in the present work (Table S1). At the end of 
the simulations, the thickness of each leaflet at the gA-lipid boundary was analyzed and used to 
calculate the optimal thickness deformation profile around gA using the CTMD formalism, as 
described in Methods and Section S3 in SM. Because the membrane deformation energy varies 
with the square of the hydrophobic mismatch (see Eq. S3 in SM), Fig. 6A shows the resulting 
average squared deviations in thickness as a function of distance from the gA center in both 
systems. The amount of membrane deformation decreases gradually further away from the 
protein in the two bilayers, and it is less in the asymmetric membrane, indicating that gA is able 
to adapt more easily to the asymmetric bilayer environment. 
 
To examine whether membrane deformations could be involved in the ability of gramicidin to 
scramble lipids, we approximated the packing density of gA dimers within the experimentally 
prepared LUVs. We estimated the distance between the channels at each gA mole fraction by 
assuming that they are uniformly distributed on the surface of the vesicles (see Methods). The 
dashed lines on Fig. 6A indicate the respective half distances between the gA centers. The 
compositionally symmetric sample with gA at gA:lipid ratio of 1:40 in which the rate of lipid 
flip-flop was highest (Table 2) also seemed to have the largest membrane deformation among the 
examined asymmetric proteoliposomes. Fig. 6B shows the relationship between the measured 
rates of lipid flip-flop in the four gA-aLUVs and the corresponding amounts of membrane 
deformation as quantified by the analysis in Fig. 6A. Whereas the correlation between gA-
mediated lipid scrambling and membrane deformation at gA mole fractions of 0.01 and higher is 
very strong (0.998), the sample with gA:lipid ratio of 1:200 did not follow the same relationship 
and appeared as an outlier (Fig. 6B). This result suggests that the stress induced in the membrane 
as a result of gA-membrane interactions is an important contributor to the observed effects of gA 
on lipid scrambling, and that at high mole fractions the channels accelerate lipid flip-flop in a 
mechanistically different way than at low gA concentrations. 
 
 
DISCUSSION 
 
In the study of protein-membrane interactions, the effects of the membrane (e.g. its composition 
and structure) on protein function and oligomerization have been examined extensively. It is 
equally important, however, to account for the protein’s effect on the membrane, because a 
protein embedded in a bilayer is prone to introduce defects that can perturb the bilayer structure 
and affect its transverse and lateral organization. We have, therefore, developed new protocols 
for the systematic investigation of protein-mediated changes in the lipid compositions of the two 
bilayer leaflets by utilizing model systems that allow for fine tuning of various membrane 
parameters. As discussed below, these protocols have been devised to exploit specific 
biophysical properties that bring to light specific elements of the complex interplay between the 
protein and the membrane, and to quantify the consequences. 
 
We first discuss the preparation and properties of the gA-containing asymmetric lipid vesicles; 
we then discuss the effect of gA on lipid flip-flop; and, finally, we present a possible mechanism 
for the gA-induced lipid scrambling. 
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Preparation and biophysical characterization of asymmetric proteoliposomes. Asymmetric 
membranes containing transmembrane (TM) proteins have been successfully prepared in the 
past. Two general types of approaches have been adopted. In one, the protein (either soluble or 
micelle-stabilized) is added externally to pre-formed asymmetric membranes including LUVs 
filled with sucrose [49], droplet interface bilayers [50] and planar supported bilayers [51]. In the 
other, also employed here, the protein is first reconstituted into symmetric vesicles, then the 
outer leaflet of the vesicles is exchanged for specific lipids. For example, following the latter 
approach Vitrac et al. prepared sonicated small unilamellar vesicles (SUVs) with the 12-
transmembrane protein LacY from E. coli and examined the effect of asymmetric charge 
distribution on the topology of the protein [4, 52]. In a different study, asymmetric SUVs with 
the nicotinic acetylcholine receptor (AChR) were prepared by using MβCD-loaded lipid 
complexes to exchange the lipids on the outer leaflet of symmetric SUVs containing AChR, with 
sphingomyelin [3]. While these examples illustrate how a variety of TM proteins can be 
incorporated into asymmetric model membranes of different geometries, the effect of the protein 
(and protein incorporation) on the lipid compositions of the two bilayer leaflets can vary and 
therefore has to be examined explicitly. With respect to this effect, the protocols and assays 
presented here constitute an advantageous platform for the biophysical characterization of the 
sample, much improved by utilizing large tensionless proteoliposomes free from either the 
potential effects of curvature, or the commonly found residues of organic solvents, or polymer 
cushion supports. Thus, we found only minimal effects of the preparation protocol on the 
incorporation, conformation and function of gramicidin (Figs. 1 and 2), but these are likely to 
depend on the types of lipids in the vesicles, and their negligible magnitude cannot be taken for 
granted. Indeed, the energy cost of gA dimer formation increases with increasing bilayer 
thickness, meaning that the monomer-to-dimer equilibrium of gA is shifted towards the 
monomeric state [40, 53], and in such cases the gA monomers have been shown to more easily 
exchange between vesicles [54]. This could result in a loss of the protein during the CD-
mediated lipid exchange between donor and acceptor vesicles. Furthermore, a preference of a gA 
monomer for the composition of one leaflet vs. another in the gA-aLUVs may require additional 
tests of the interleaflet gA localization and vesicle stability. The thermodynamic phase properties 
of the bilayer in the presence of gA (whether in dimeric or monomeric state), should also be 
considered. For example, we found that gA broadens and slightly lowers the transition 
temperature of DMPCd54 (Fig. S4), but this effect is likely to depend on both the protein type 
and concentration in the membrane, and may be different for other proteins. A gel environment 
could affect not only the protein dynamics but also the efficiency of lipid exchange during the 
aLUV preparation protocol (see [28]). 
 
Rates of lipid flip-flop measured with NMR. The slow rate of spontaneous lipid flip-flop that 
we measured in the chemically symmetric vesicles in the absence of gA is consistent with 
previous reports [14, 55]. The flip-flop kinetics in the compositionally asymmetric membranes, 
however, were significantly faster (Fig. 5). Because both POPC and DMPC have phosphocholine 
headgroups, this increase is likely due to differences in the chain lengths of the lipids (16 and 18 
carbons for POPC and 14 carbons for DMPC) and the corresponding leaflet thicknesses (Table 
S2). This explanation is consistent with results from small-angle neutron scattering experiments 
showing a faster flip-flop rate in DMPC LUVs compared to POPC LUVs [55], and the 
corresponding free energy for flip-flop in the two bilayers, quantified with MD simulations [56]. 
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Our results for the gA-mediated half time of lipid translocation in the POPC liposomes (𝑡F/C ≈
64 h at a gA:lipid ratio of 1:40) are comparable to those of Fattal and coworkers with the chain-
labeled fluorescent lipid analog NBD-PC (𝑡F/C > 96 h) [14]. This similarity is surprising in light 
of the different chemical structures of the acyl chains of NBD-PC relative to POPC and suggests 
that, in agreement with earlier experimental observations [57], the nature of the lipid headgroup 
is the dominant factor in determining the flip-flop rate. Yet, the chain structure also has been 
shown to strongly affect flip-flop for lipids with multiple double bonds [58]. In contrast, the 
reported kinetics of lipid translocation in the presence of gA in erythrocytes [24] and supported 
lipid bilayers [25] are much faster, likely due to the specific experimental conditions in the 
studies as discussed in the Introduction. 
 
The lipid flip-flop rates accessible to NMR measurements are limited by the time needed to 
perform a single shift experiment. Depending on the type of instrument (i.e. the strength of the 
magnet) and sample concentration, one measurement in the absence of shift reagent, followed by 
3 Pr3+ titrations (needed to obtain error bars, for example) could take anywhere from 15 min to 1 
hour. Thus this technique can be used to measure only slower time-dependent translocation 
processes. However, since the lipid flip-flop rate would be expected to increase with increasing 
temperatures, systems with expected faster rates can be compared if incubated at lower 
temperatures, see also [59]. The samples in this study were incubated on the benchtop at an 
ambient temperature of ~22°C. 
 
Mechanisms of gA-induced lipid scrambling. It has previously been proposed that the ability 
of gA to scramble lipid analogs is not due to bilayer perturbations induced by individual gA 
channels because [23, 24]: 1) gA increases the translocation rate of lysophosphatidylcholine only 
at concentrations much higher than those where gA performed its normal function as a 
conducting channel, but where gA produces non-specific solute leakage; and 2) formylation of 
gA’s tryptophan residues, which prevents formation of gA clusters, abolished the gA-catalyzed 
lyso-lipid scrambling. Instead, it was proposed that gA at gA:lipid mole fractions of 1:2000 or 
higher forms some sort of aggregate(s) in the erythrocyte membrane, which may be 
intermediates for the formation of hexagonal phases. The proposed clusters would induce 
transient defects in the bilayer with subsequent formation of aqueous leaks that allow for the 
passage of molecules as large as choline and sucrose across the cell membrane, as well as the 
translocation of lipid analogs [24]. The proposed formation of gA clusters would depend on 
channel-bilayer hydrophobic mismatch because gA did not cause detectable aggregates in 
DMPC bilayers, where there is minimal channel-bilayer hydrophobic mismatch [46] and little 
accumulation of stress in the membrane. Though we cannot exclude the existence of gA 
aggregates in our samples, their presence is unlikely [46, 60] and the lamellar SAXS form factors 
(Fig. 1A) definitively exclude the presence of non-lamellar phases known to form at high gA 
concentrations under different experimental conditions [19]. Our NMR and computational 
analysis further illuminate the importance of the frustration energy in the bilayer: At high 
channel densities, the bilayer thickness is not able to relax to its unperturbed state between the 
channels (Fig. 6), leading to bilayer-deformation-induced stress. This stress would increase the 
probability of transient clusters of bilayer-spanning gA channels, e.g. [61, 62], which could serve 
to decrease the energy barrier for lipid translocation and thereby increase the lipid flip-flop rate 
[63]. The deviation of the gA-aLUVs at gA:lipid ratio of 1:200 from the other samples in Fig. 6B 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 2, 2018. ; https://doi.org/10.1101/383463doi: bioRxiv preprint 

https://doi.org/10.1101/383463


 16 

further suggests that at this lower gA mole fraction the role of the frustration energy is different, 
resulting in a mechanistically distinct route for the observed gA effect. 
 
 
CONCLUSIONS 
 
Using new methodologies and protocols for preparing and characterizing asymmetric 
proteoliposomes to the system of gramicidin channels, we have demonstrated the ability of gA to 
accelerate inter-leaflet lipid translocation in both chemically symmetric and asymmetric 
membranes. The mechanistic analysis of the results show that the channel-induced bilayer 
deformation likely contributes to the rate of lipid flip-flop. The ability to characterize and 
quantify the interplay between transmembrane proteins and their solvating lipid environment 
allows us to determine the properties of the protein-laden bilayers. If such properties are 
considered properly, e.g., with the type of methodology illustrated here, the mechanistic 
understanding of much more complex biomimetic systems becomes feasible and practical. 
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Table 1. List of abbreviations 
 
POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
POPC-d13 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine-1,1,2,2-d4-N,N,N-trimethyl-d9 

(headgroup-deuterated POPC) 
POPC-d31 1-palmitoyl-d31-2-oleoyl-sn-glycero-3-phosphocholine (chain-deuterated POPC) 
DMPC-d54 1,2-dimyristoyl-d54-sn-glycero-3-phosphocholine (chain-deuterated DMPC) 
POPG 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) 
LUV Large unilamellar vesicle 
sLUV Compositionally symmetric LUV 
s*LUV Compositionally symmetric but isotopically asymmetric LUV 
aLUV Asymmetric LUV 
gA Gramicidin A 
gA-LUV Large unilamellar vesicle with gA 
gA-sLUV Compositionally symmetric LUV with gA 
gA-s*LUV Compositionally symmetric but isotopically asymmetric LUV with gA 
gA-aLUV Asymmetric LUV with gramicidin 
MLV Multilamellar vesicle 
M𝛽CD Methyl-beta-cyclodextrin 
GC/MS Gas chromatography/mass spectrometry 
SAXS Small-angle X-ray scattering 
CD Circular dichroism 
GBFA Gramicidin-based fluorescence assay 
DSC Differential scanning calorimetry 
1H NMR Proton nuclear magnetic resonance 
MD Molecular Dynamics 
CTMD Continuum theory of membrane deformations 
𝐶;<=  Area of shifted peak in 1H NMR spectra after addition of shift reagent 
𝐶?@  Area of unshifted peak in 1H NMR spectra after addition of shift reagent 
∆𝐶  Difference between 𝐶;<= and 𝐶?@ relative to time 0, (𝐶;<= − 𝐶?@)/(𝐶;<=(0) − 𝐶?@(0)) 
𝑘J  Rate of lipid flip-flop 
𝑡F/C  Half-time of lipid flip-flop 
 
Table 2. Translocation kinetics in the examined systems. Shown are the corresponding half 
times and rates of lipid flip-flop calculated from the NMR data shown in Fig. 4 as described in 
Methods. The numbers in brackets represent 95% confidence intervals.  
 

Outer leaflet gA:lipid 𝑡F/C [h] 𝑘J	/	10BSs-1 
POPC-d31 / POPC-d13 0 ~ 8900 ~ 0.1 

1:100 141 [125; 163] 6.8 [5.9; 7.7] 
1:40 64 [55; 76] 16.0 [12.6; 17.4] 

DMPC-d54 / POPC-d13 0 376 [251; 748] 2.6 [1.3; 3.8] 
1:200 160 [153; 168] 6.0 [5.7; 6.3] 
1:40 116 [104; 132] 8.3 [7.3; 9.2] 
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Figures 
 
 

 
 
 
Figure 1. Gramicidin incorporation and conformation remain the same in symmetric and 
asymmetric liposomes. A) Color-coded SAXS form factors of a series of POPC gA-sLUVs with 
increasing concentration of gA and isotopically asymmetric LUVs, gA-s*LUV, composed of 
deuterated variants of POPC and prepared with a nominal gA:lipid ratio of 1:40. B) Circular 
dichroism spectra of gA-containing DMPC-d54 (blue) and POPC (red) sLUVs, and 
compositionally asymmetric LUVs composed of DMPC-d54 and POPC (yellow). All liposomes 
were prepared at a gA:lipid ratio of 1:40, and all measurements were performed at 25°C. See text 
for details. 
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Figure 2. Gramicidin channel function remains intact in asymmetric liposomes. Changes in 
ANTS fluorescence over time for the isotopically (A) and compositionally (B) asymmetric 
samples (in red) and their corresponding symmetric acceptor vesicles (in blue). Replicate traces 
are shown in grey; their averages are shown in color. A constant background fluorescence 
measured before addition of Tl+ has been subtracted from all traces. The average rates calculated 
from the traces are indicated in the legends. All measurements were performed at ambient 
temperature of ~ 22°C. 
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Figure 3. Gramicidin scrambles lipids in compositionally asymmetric vesicles. DSC data of 
compositionally asymmetric LUVs with DMPC-d54 and POPC, and without (A) or with (B) 
gramicidin at gA:lipid ratio of 1:40. Four consecutive cooling scans were performed as follows: 
after the asymmetric vesicle preparation (scan 1, blue); after scan 1 (scan 2, red); after 
subsequent incubation at 20°C for 12 h followed by incubation at 45°C for 5 h (scan 3, yellow); 
and after another set of incubations at 20°C for 12 h and 45°C for 5 h (scan 4, purple). Also 
shown for comparison with grey dashed lines is data for the symmetric samples (scramble) with 
the same overall composition as the asymmetric vesicles (Table S1). 
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Figure 4. Gramicidin increases the rate of lipid flip-flop in isotopically and compositionally 
asymmetric vesicles. Time evolution of the interleaflet distribution of POPC-d31 in s*LUVs (A) 
and DMPC-d54 in aLUVs (B) either without gA (black) or with gA at gA:lipid ratio of 1:40 
(red), 1:100 (blue) and 1:200 (green). Both plots show the time-dependent changes in the 
distribution of POPC-31 between the outer and inner leaflets, relative to the first time point 
measured after vesicle preparation (∆𝐶). See text for details. Error bars represent standard 
deviations of at least 3 consecutive Pr3+ additions. Each time trace in panel A is from a single 
sample. The time traces of the compositionally asymmetric vesicles in panel B are from 1 
(gA:lipid 1:40), 2 (no gA) and 3 (gA:lipid 1:200) separately prepared samples, respectively. The 
kinetics reported here correspond to sample behavior at an ambient temperature of ~ 22°C. 
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Figure 5. Rate of lipid flip-flop shows a complex relationship with gA mole fraction. Flip-flop 
rates calculated from the data in Fig. 4 for the compositionally symmetric (blue) and asymmetric 
(red) LUVs (see Table 2) as a function of the nominal gA mole fraction in the samples. Error 
bars represent 95% confidence intervals. 
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Figure 6. The gA-mediated lipid flip-flop rate at high gA concentrations correlates with the 
membrane deformation. (A) Average squared deviations in bilayer thickness as a function of 
distance from gA center for a symmetric POPC bilayer (blue) and an asymmetric bilayer like in 
the NMR experiments in Fig. 4 (red). The thickness deviations were calculated from the 
membrane deformation profiles around a single gA channel obtained by a CTMD-guided free 
energy minimization utilizing information from MD simulations (see Methods). Dashed lines 
indicate the approximated half-distances between gA channels on the surface of the LUVs at 
three different gA:lipid ratios: 1:40 (black), 1:100 (green) and 1:200 (yellow). (B) gA-mediated 
lipid flip-flop rate from Fig. 5 as a function of the corresponding membrane deformation from 
panel (A). The data points are color coded according to gA concentration as in panel (A). 
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