
Biophysical Journal, Volume 113
Supplemental Information
Cholesterol Promotes Protein Binding by Affecting Membrane Electro-

statics and Solvation Properties

Milka Doktorova, Frederick A. Heberle, Richard L. Kingston, George
Khelashvili, Michel A. Cuendet, Yi Wen, John Katsaras, Gerald W. Feigenson, Volker M.
Vogt, and Robert A. Dick



Supporting Material for: 
 
 
Cholesterol promotes binding of retroviral matrix protein by indirectly 
affecting membrane electrostatics and solvation properties 
 

 
Milka Doktorova,1,# Frederick A. Heberle,2-4, *,# Richard L. Kingston,5 George 
Khelashvili,6 Michel A. Cuendet,6 Yi Wen,7 John Katsaras,2,4,8,9 Gerald W. Feigenson,7 
Volker M. Vogt,7 and Robert A. Dick7, *,# 

 
1Tri-Institutional PhD Program in Computational Biology and Medicine, Weill Cornell 
Medical College, New York, New York 10065, United States; 2The Bredesen Center for 
Interdisciplinary Research and Graduate Education, University of Tennessee, Knoxville, 
Tennessee 37996, United States; 3Joint Institute for Biological Sciences, Oak Ridge 
National Laboratory, Oak Ridge, Tennessee 37831, United States; 4Biology and Soft 
Matter Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, United 
States; 5School of Biological Sciences, The University of Auckland, Auckland, New 
Zealand; 6Department of Physiology and Biophysics, Weill Cornell Medical College, 
New York, New York 10065, United States; 7Department of Biochemistry and Molecular 
Cell Biology, Cornell University, Ithaca, New York 14853, United States; 8Department 
of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, United 
States; 9Shull Wollan Center, Oak Ridge National Laboratory, Oak Ridge, Tennessee 
37831, United States; 
 

 

#Contributed equally 
*Co-corresponding authors 
 
 
 
 
  



2 
 

DETAILED METHODS 
 
SANS data analysis. SANS data were modeled with a heterogeneous core-shell (HCS) 
form factor (1) with modifications discussed here. This model is appropriate for 
describing scattering from a “patchy” spherical shell particle, such as a phase-separated 
or protein-bound unilamellar lipid bilayer vesicle, shown schematically in Fig. S2A. The 
coherent scattered intensity of such a particle contains three contributions: 
 

𝐼 𝑞 = 𝐼$%& 𝑞 + 𝐼()*+, 𝑞 + 𝐼()*-+ 𝑞 .										(𝑆1) 
 
The first term in Eq. S1 accounts for the homogeneous contribution to the total scattering 
arising from structure normal to the plane of the bilayer. Differences in the atomic 
composition of lipid headgroups and chains generally results in different average neutron 
scattering length densities (NSLDs) for these layers, with the NSLD variation along the 
bilayer normal described quantitatively by a radial NSLD profile 𝜌 𝑟 , where 𝑟 is the 
radial distance from the center of a vesicle. In a phase-separated vesicle with two 
coexisting environments, the transverse structure from each phase contributes to the 
homogeneous scattering, which can be expressed as: 

𝐼$%& 𝑞 = 4𝜋 2 𝜋𝑀: 𝑞 + 2 𝜋𝑎<𝑊: 𝑞
>
,								(𝑆2) 

𝑀: 𝑞 = 𝜌@ 𝑟 − 𝜌B 𝑟>𝑗: 𝑞𝑟 𝑑𝑟
E

:

,										(𝑆3) 

𝑊: 𝑞 = 𝜌< 𝑟 − 𝜌@ 𝑟 𝑟>𝑗: 𝑞𝑟 𝑑𝑟
E

:

.										(𝑆4) 

Here, 𝜌<, 𝜌@, and 𝜌B refer respectively to the NSLD of the domain phase, continuous 
phase, and surrounding aqueous solvent, 𝑎< is the fraction of the vesicle surface area 
occupied by the domain phase, and 𝑗: is the zeroth order Bessel function. From Eqs. S2-
4, it is clear that 𝐼$%& depends only on the radial (transverse) bilayer structure and relative 
amounts of the two phases, but not on the size or spatial organization of domains. The 
latter information is accounted for by the second and third terms in Eq. S1, 𝐼()*+, and 
𝐼()*-+. Making use of a spherical harmonic expansion of the vesicle scattering amplitude, 
the intradomain scattering contribution is given by: 

𝐼()*+, 𝑞 = 4𝜋𝑁< 𝑤I:(𝛼<)
> 𝑊I(𝑞) >

E

IKL

,										(𝑆5) 

𝑊I 𝑞 = 𝜌< 𝑟 − 𝜌@ 𝑟 𝑟>𝑗I 𝑞𝑟 𝑑𝑟
E

:

,										(𝑆6) 

𝑤I: 𝛼< =
2𝑙 + 1
2𝑙 cos 𝛼< 𝑃I cos 𝛼< − 𝑃ITL(cos 𝛼<) ,									(𝑆7) 
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where 𝑁< is the number of domains, 𝛼< is the angle formed by vectors pointing from the 
vesicle center to the domain center and edge, and 𝑃I is the Legendre polynomial of degree 
l. Finally, the interdomain scattering arising from coherent interference between different 
domains is given by: 

𝐼()*-+ 𝑞 = 4𝜋 𝑤I: 𝛼<
> 𝑊I(𝑞) >𝑃I cos 𝜃WX

E

IKLWYX

,										(𝑆8) 

 
where 𝜃WX is the angle between the vesicle center and the centers of domains J and K. The 
effects of vesicle size polydispersity are included by averaging the monodisperse 
intensity 𝐼(𝑞, 𝑅)	(i.e., Eqs. S1-8) over a Schulz distribution: 
 

𝐺 𝑅 =
1

𝑅&𝜎>
L/_` 𝑅(L/_`aL)

Γ(1/𝜎>) 𝑒𝑥𝑝
−𝑅
𝑅&𝜎>

,										(𝑆9) 

 
where 𝑅& is the most probable vesicle radius, 𝜎 is the root mean square deviation from 
𝑅&, and Γ is the gamma function. The polydisperse intensity 𝐼g 𝑞  is then given by: 
 

𝐼g 𝑞 = 𝐼 𝑞, 𝑅 𝐺 𝑅 𝑑𝑅
E

:

.										(𝑆10) 

 
To summarize, the HCS model requires as input: 
 

1. Radial SLD profiles for the domain and continuous phases, 𝜌< 𝑟  and 𝜌@ 𝑟 . 
Assuming that the radial bilayer structure does not depend on vesicle size 𝑅, then 
𝜌 𝑟; 𝑅 = 𝜌 𝑧 + 𝑅  for all 𝑅, where 𝜌< 𝑧  and 𝜌@ 𝑧  are transverse SLD profiles 
centered at 𝑧 = 0. Diverse models for transverse SLD profiles can be found in the 
literature (reviewed in (2)); our analysis used a simple “slab” model described 
below. 

2. The size and spatial arrangement of domains on the vesicle surface, given by the 
angle 𝛼< and the distribution of domain center-center angles 𝜃WX. Our analysis 
assumed circular domains with a fixed area of 1375 Å2 (corresponding to the 
cross-sectional area of an MA monomer), randomly arranged on the vesicle 
surface. 

3. A vesicle size distribution 𝐺 𝑅; 𝑅&, 𝜎 . We note that for vesicles larger than ~ 
300 Å diameter, the precise values of 𝑅& and 𝜎 do not affect 𝐼(𝑞) for 𝑞 > 0.05 Å-

1. In our analysis, we fixed these parameters at 500 Å and 125 Å, respectively 
(i.e., a relative polydispersity of 0.25). 

 
Transverse bilayer structure was modeled for each phase separately, using volume 
probability distributions for different lipid and protein “quasi-molecular fragments”. The 
lipid headgroups and hydrocarbon chains were modeled as separate fragments with 
uniform probability distributions: 
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𝑃( 𝑧 =
𝑁(𝑉(
𝐴m𝜎(

Θ z − z( − Θ(z − z( − 𝜎() ,										(𝑆11) 

Θ 𝑥 = 0, 𝑥 < 0
1, 𝑥 ≥ 0	,										(𝑆12) 

 
where 𝑉( is the fragment volume, 𝜎( is the fragment width along the bilayer normal, 𝐴m is 
the unit cell area, 𝑧( is the fragment’s lower boundary (𝑧( + 𝜎( is the upper boundary), 
and Θ is the unit step function. For the domain phase, externally-bound protein was 
modeled with a Gaussian probability distribution: 
 

𝑃g 𝑧 =
2𝜒g𝑉g
2𝜋𝐴m𝜎s

𝑒𝑥𝑝
− 𝑧 − 𝑧s

>

2𝜎s>
	.										(𝑆13) 

 
In Eq. S13, 𝜒g is the protein mole fraction in the protein+lipid sample; because the 
bilayer unit cell by definition contains exactly two lipids, the (fractional) number of 
proteins per unit cell is given by 𝑁g = 2𝜒g. All lipid and protein fragment volume 
probability functions satisfy the following relationships: 
 

𝑃( 𝑧 𝑑𝑧 =
𝑁(𝑉(
𝐴m

	,										(𝑆14) 

𝑃 𝑧 = 𝑃( 𝑧 + 𝑃t 𝑧 = 1
(

,										(𝑆15) 

 
where 𝑁( is the number of fragment 𝑖 contained in the unit cell, 𝑃t is the water 
probability, and 𝑃 is the total probability. These equations enforce local volume 
conservation: any volume not occupied by a lipid or protein fragment must be occupied 
by water. Equation S15 can be rearranged to define the water probability function in 
terms of lipid and protein fragment probabilities: 
 

𝑃t 𝑧 = 1 − 𝑃( 𝑧
(

.										(𝑆16) 

 
The scattering length density profile is then given by a weighted sum of the lipid and 
protein fragment probabilities: 
 

𝜌 𝑧 = 𝜌(𝑃((𝑧)
(

,										(𝑆17) 

𝜌( =
𝑏(
𝑉(
,											(𝑆18) 

 
where 𝑏( is the fragment’s coherent scattering length. In the case of mixtures of two or 
more lipids, the lipid fragments are composites whose properties represent average 
properties of the mixture, and are approximated as mole fraction-weighted sums of 
individual lipid properties, i.e.: 
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𝑉( = 𝜒w𝑉(w
w

,										(𝑆19) 

𝑏( = 𝜒w𝑏(w
w

,										(𝑆20) 

 
where 𝑉(w and 𝑏(w are the fragment 𝑖 volume and scattering length of mixture component 
𝑗, respectively, and 𝜒w is the component 𝑗 mole fraction. Values for the volumes and 
scattering length densities of the different lipid and protein species are given in Table S3. 
The total bilayer (Luzzati) thickness 𝐷y is calculated from the total lipid volume 𝑉m and 
area per lipid: 
 

𝐷y = 𝑉m/𝐴m,										(𝑆21) 
 
where 𝑉z  and 𝑉{ are the lipid chain and headgroup volumes, respectively, and 𝑉m = 𝑉z +
𝑉{. Similarly, the hydrocarbon chain thickness 2𝐷z  is calculated from the hydrocarbon 
chain volume and area per lipid: 
 

2𝐷z = 2𝑉z/𝐴m.										(𝑆22) 
 
Finally, to account for the smearing effects of thermal disorder, the NSLD profile was 
smoothed by convolution with a Gaussian function: 
 

𝜌 𝑧 = 𝜌 ∗ 𝑔 = 𝜌 𝑥 𝑔 𝜎B; 𝑧 − 𝑥 𝑑𝑥
E

aE

,										(𝑆23) 

 
with the width of the smoothing window 𝜎B fixed at 2 Å. 
 
X-ray crystallography. All crystals were grown using the sitting-drop vapor diffusion 
technique. Crystallization conditions were identified using screening experiments based 
on orthogonal arrays (3). Details are given in Table S1. Prior to data collection crystals 
were transferred into cryo-protective solutions, and vitrified by direct immersion in liquid 
nitrogen. Diffraction data were collected by the oscillation method, using both laboratory 
and synchrotron radiation sources (Table S1), with crystals maintained at 100–110 K in a 
cold gas stream throughout. Data integration and scaling were performed with the 
program HKL2000 (4). 
 
The structure of RSV MA was determined by the method of Multiple Isomorphous 
Replacement with Anomalous Scattering (MIRAS). To produce isomorphous derivatives, 
the crystals were soaked for 2-10 minutes in cryo-protective solutions incorporating 
either 1 M NaI or 1 M NaBr, prior to immersion in liquid nitrogen. Diffraction data on 
NaBr-soaked crystals were collected at several wavelengths near the Bromine K edge, 
while diffraction data on NaI-soaked crystals were collected at wavelengths of 1.033 and 
1.653 Å. The program SHELXD (5) was used to identify the halide-binding sites. The 
NaI and NaBr-derivatized crystals shared a common site, with an additional unique site 
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for the NaI derivative. The program SHARP 2.0 (6) was used to refine site occupancies 
and calculate phases, producing a partially interpretable electron density map in which 
helices were clearly visible. Repeat rounds of model building and refinement using the 
programs Coot (7) and Refmac (8) allowed for the completion of a structural model for 
the N-terminal region of the molecule (amino acids 1-102). There was no interpretable 
electron density associated with the remainder of the sequence (amino acids 103-155). 
Subsequently structures of a truncated variant (MA2-102) were determined by the 
method of molecular replacement, using the program Phaser (9) to position the structural 
model where required. Statistics associated with the native data sets and refined structural 
models are shown in Table S1. 
 
MD simulations. All MD simulations were performed with the NAMD software, 
versions 2.7-2.10 (10) and analyzed with VMD (11) and custom Tcl scripts. Protein 
secondary structure was calculated using DSSP (12). 
 
The two bilayers, POPC/POPS  70/30 mol% and POPC/POPS/Chol 34/30/36 mol%, 
were constructed with CHARMM-GUI (13) and simulated as described in (14). The 
bilayers contained 70 and 100 lipids per leaflet, respectively, and were solvated with 45 
waters/lipid and 50 mM NaCl. The POPC/POPS bilayer was simulated for a total of 191 
ns and the POPC/POPS/Chol bilayer for a total of 270 ns. The last 100 ns of each 
simulation were used for subsequent analysis. 
 
MA was placed on top of each bilayer using coordinates taken from the last frames of the 
two bilayer-only simulations. MA was oriented with respect to the membrane surface as 
previously done (15). The systems were energy minimized for 24000 steps and run for 
1.2 ns with a 1 fs time step before the production runs. Three replica simulations were run 
for the POPC/POPS +MA system with total simulation times of 184 ns, 242 ns and 198 
ns. The POPC/POPS/Chol +MA system was simulated for 74 ns, after which time two 
replica simulations were started and run for an additional 132 and 141 ns respectively. 
The last 100 ns of the trajectories were used for subsequent analysis. 
 
To ensure that the applied periodic boundary conditions did not affect the interaction of 
the protein with the bilayer, an additional simulation was performed in which two MA 
proteins were placed as described above, but on each side of a POPC/POPS/Chol bilayer 
(i.e., one on the top leaflet and one on the bottom leaflet). Thus, any modes of interaction 
that could cause large leaflet deformations and accumulation of pressure if applied only 
on one side of the bilayer, would be counterbalanced and not suppressed. The simulation 
was run for a total of 204 ns and the interaction of each of the two MA proteins with their 
respective leaflets was analyzed separately. Since the results were the same as in the 
systems with a single MA, they were treated as two additional replicas of the 
POPC/POPS/Chol +MA system and were analyzed jointly with the other simulations. 
 
Calculations of electrostatic potential and fraction of bound protein. The electrostatic 
potential on the membrane surface was calculated using the analytical solution to the 
non-linear Poisson-Boltzmann equation (Eq. 15 in (16)) with the membrane surface taken 
as z = 0. Surface charge density was calculated as the mole fraction of charge divided by 
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the average area per lipid of the bilayer, with units of e-/Å2. Unless otherwise noted, the 
areas per lipid calculated from MD simulations were used. 
 
To generate the contour plots in Fig. 6B of the main text, the fraction of bound protein 𝑓 
from protein binding assays (i.e., the data in Fig. 5F of the main text) was modeled as a 
sigmoidal function of the membrane surface potential 𝜓: 
 

𝑓(𝜓) =
𝑎

1 + 𝑒� �a�∗ ,										(𝑆24) 
 
where 𝑎 is a scaling factor representing the maximum bound fraction, 𝑏 is a stretching 
factor representing the width of the sigmoidal binding transition, and 𝜓∗ is the surface 
potential at half-maximum binding. The three adjustable parameters were optimized with 
Mathematica’s built-in NonlinearModelFit function using a Levenberg-Marquardt 
algorithm. The best-fit parameter values were: 𝑎 = 70.9%, 𝑏 = 0.285, and 𝜓∗ = -55.9 mV 
(Fig. S10). This parameter set was used with Eq. S24 to map the calculated membrane 
surface potential (Fig. 6B, left-hand plot) to the percentage of bound protein, generating 
the right-hand plot in Fig. 6B (main text). 
 
Monte Carlo simulations of equilibrium lipid distributions. Monte Carlo simulations 
of a 100 ´ 100 triangular lattice in the canonical ensemble were performed using custom 
code written in Mathematica and available from the authors upon request. Each lattice 
site represented either a PC or PS lipid, with the composition fixed at 70/30 mol% PC/PS. 
Neglecting multibody and long-range electrostatic interactions, the total energy of a 
lattice composed of a fixed number of PS and PC lipids (𝑁g� and 𝑁gz , respectively) is 
given by the sum of unique nearest-neighbor pairwise interactions (17): 
 

𝑈� =
𝑍𝑁g�𝑈g�ag�

2 +
𝑍𝑁gz𝑈gzagz

2 + 𝑁g�agz∆𝐸&,										(𝑆25) 
 

∆𝐸& = 𝑈g�agz − (𝑈g�ag� + 𝑈gzagz)/2,										(𝑆26) 
 
where 𝑈g�ag� and 𝑈gzagz  are the interaction energies for a neighboring pair of PS and 
PC lipids, respectively, 𝑁g�agz  is the total number of PC/PS contacts, and 𝑍 is the 
number of nearest neighbors in a lattice site (6 for a triangular lattice). The sole 
adjustable parameter ∆𝐸& is the excess mixing energy of a PC/PS pair. The first two 
terms in Eq. S25 do not depend on the lipid distribution and therefore do not contribute to 
non-ideal mixing. As a result, only the third term was updated. For each proposed update, 
the position of two randomly chosen lipids was exchanged, generating a change in the 
lattice energy ∆𝑈� ≡ 𝑈)-t� − 𝑈()(*�  that was either favorable/neutral (∆𝑈� ≤ 0) or 
unfavorable (∆𝑈� > 0). Importance sampling was based on the Metropolis criterion, 
whereby a favorable move was always accepted, and an unfavorable move was accepted 
with probability 𝑃 = exp	 −∆𝑈� 𝑘y𝑇  by first drawing a random number 𝑅 from a 
uniform probability distribution 𝑅~𝑈[0,1] and then performing the exchange if 𝑅 ≤ 𝑃. 
Each simulation was equilibrated for a minimum of 103 MC cycles, where a cycle is 
defined as a number of proposed exchanges equal to the lattice size (here, 104 
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exchanges). Equilibrium was judged by convergence of the lattice energy upon starting 
from either (a) a completely random distribution of the lipids, or (b) a block distribution 
of the lipids. The number of MC cycles required to reach convergence increased with 
increasing ∆𝐸&, varying from ~ 300 cycles for  ∆𝐸& = + 0.1 kBT to ~ 104 cycles for ∆𝐸& 
= + 0.5 kBT. For additional details on MC lattice simulations, we point the reader toward 
several studies relevant to lipid bilayers (17-27). 
 
Calculation of relative surface potential from Monte Carlo snapshots. To calculate a 
surface potential map from MC snapshots, lattice sites were assigned relative real space 
coordinates 𝒍 = (𝑙�, 𝑙�, 0) using the relationship between the triangular lattice spacing 𝜆 
and the unit cell area 𝐴: 
 

𝜆 =
2𝐴
3

L/>

,										(𝑆27) 

 
and taking 𝐴 to be the area per lipid (63 Å2). The potential 𝑉 at an arbitrary point 𝒑 =
(𝑝�, 𝑝�, 𝑝�) is then given by: 
 

𝑉 = 𝑘-
𝑞w
𝑟ww

,										(𝑆28) 

 
where 𝑘- is Coulomb’s constant, 𝑟w = 𝒍𝒋 − 𝒑  is the distance between point 𝒑 and lattice 
site j, 𝑞w is the charge at lattice site j (i.e., 0 for a neutral PC lipid and the elementary 
charge e– for an acidic PS lipid), and the sum is over all lattice sites j. Because the 
absolute potential depends strongly on the lattice size, 𝑉 was normalized to a reference 
potential 𝑣 arising from a uniformly charged lattice calculated as: 
 

𝑣 = 𝑘-𝜒𝑒a 𝑟waL
w

,										(𝑆29) 

 
where 𝜒 is the mole fraction of charged lipid in the mixture (here, 0.3). Finally the 
relative potential 𝑉 at point 𝒑 was calculated as 𝑉 = 𝑉/𝑣. 
 
MM/GBSA calculations. The molecular mechanics-generalized Born and surface area 
(MM-GBSA) method (28, 29) is a so-called end-point free energy approach to estimate 
the binding free energy between two molecular binding partners, based on a sample of 
molecular conformations of the complex generated by all-atom molecular dynamics 
simulation. The MM-GBSA method has been used successfully to estimate the binding 
free energy of ligands to proteins, and to calculate single-residue contributions to binding 
free energies of large protein-protein complexes (28-30). For each trajectory frame, the 
solvent and ions are stripped away and only the coordinates of the binding partners are 
kept. In the one-trajectory MM-GBSA approach employed here, coordinates for each 
partner in isolation are extracted from the same trajectory frames of the complex, 
assuming that these are also acceptable conformations for the molecules in solution. As in 
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the preceding molecular mechanics-Poisson Boltzmann surface area (MM-PBSA) 
method (31), the solvation effects are approximated by immersing the molecules in a 
continuous medium with high relative dielectric constant 𝜀+solv = 80. Following the 
thermodynamic cycle shown in Fig. S11, the binding free energy between two binding 
partners, here membrane (M) and protein (P), is expressed as  
 

∆𝐺�� ¡ = ∆𝐸intvac+∆𝐺¡¦§¨©ª 𝑀 +∆𝐺¡¦§¨©ª 𝑃 −∆𝐺¡¦§¨©ª 𝑀𝑃 + Δ𝑆bindvib 	.										(𝑆30) 
 
In general, ∆𝐸intvac is the difference in internal bonded and non-bonded energies in M and 
P upon binding, calculated with the same Charmm36 parameters (32) as in the MD 
simulation. Here, a lot of terms cancel out since we use the same coordinates for bound 
and unbound molecules, such that ∆𝐸intvac boils down to the Van der Waals and 
electrostatic interaction energies between M and P. Δ𝑆bindvib  is the difference in internal 
vibrational entropy upon binding, which we neglect in the present application. The 
desolvation penalty for molecular system X is composed of a polar and a non-polar term, 
 

∆𝐺¡¦§¨©ª 𝑋 = 	∆𝐺¯,¡¦§¨©ª 𝑋 + ∆𝐺°¯,¡¦§¨©ª 𝑋 .										(𝑆31)	 
 
The non-polar term accounts for energetic and entropic effects in the solvent related to 
creating the cavity occupied by X. This term is simply proportional to the SASA,  
 

∆𝐺°¯,¡¦§¨©ª 𝑋 = 	𝛾	𝑆𝐴𝑆𝐴 𝑋 ,										(𝑆32) 
 
with 𝛾 = −0.0072 kcal/mol/Å2 (33). The SASA is calculated by rolling a virtual 1.4 Å 
radius ball over the molecules. The polar solvation term is calculated using the 
generalized Born (GB) equation (28, 31) with an additional Debeye-Hückel correction to 
account for ionic screening (28): 
 

∆𝐺¯,¡¦§¨©ª 𝑋 =
𝑐
2

1
𝜀+vac

−
𝑒a³+́ µ

GB

𝜀+solv
𝑞(𝑞w
𝑟(wGB(,w∈¹

	.										(𝑆33) 

 
Here, the 𝑞( are atomic partial charges, 𝑐 = 332.0672 kcal/mol Å / u2, and 𝜅 is the 
Debeye-Hückel screening constant expressed in Å-1 as 𝜅 = 0.316 salt , where salt  is 
the monovalent ion concentration in mol/L (34). The modified atomic distances entering 
the GB equation are given by 
 

𝑟(wGB = 𝑟(w> + 𝛼(𝛼w	exp −
𝑟(w>

8𝛼(𝛼w
.										(𝑆34) 

 
Critical quantities for the accuracy of the GB model are the Born radii 𝛼(, which 
essentially express how far each atom is from the molecular surface. To calculate these, 
we use the GB-MV2 method (35, 36) implemented in the CHARMM software (37), 
which was shown to yield very good accuracy compared to Poisson-Boltzmann results.  
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Because all energies in the MM-GBSA framework are expressed in terms involving 
single atoms or pairs of atoms, ∆𝐺�� ¡ can be decomposed in contributions from separate 
groups of atoms (29, 30). For the Van der Waals, electrostatic, and GB pair terms, half of 
the interaction energy is attributed to each atom of the pair. When applied to amino acid 
side chains, this decomposition yields contributions comparable to those obtained by 
computational alanine scanning (38). In the present case, summing over all residues in M 
or P allows us to attribute contributions of each binding partner to ∆𝐺�� ¡. These 
contributions can differ due to different desolvation penalties on each side. The MM-
GBSA free energy decomposition were carried out using a custom set of scripts built 
upon the original implementation of V. Zoete (30, 38, 39) and the CHARMM version 37 
software (37). 
 
To perform the MM-GBSA analysis on each of the two MA/membrane systems, we first 
created a single trajectory file by concatenating the last ~150 ns from the respective 
replica simulations of a single MA and the bilayer. The trajectories of the –Chol and 
+Chol systems consisted of a total of 5929 and 3450 frames, respectively, all output with 
a stride of 80 ps. Only the top membrane leaflet was considered in the reported energy 
analysis (taking the bottom leaflet into account had an insignificant effect on the 
energies). The calculation was set up and run with 50 mM salt and a 20 Å cutoff for VdW 
and electrostatics. 
 
ESR measurements. ESR was performed as previously described (40) with the 
following changes. Multilamellar vesicles were extruded to form 100 nm large 
unilamellar vesicles (LUVs). The LUVs were incubated with MA protein at a ratio of 
0.31 mg protein to 1 mg lipid (the same ratio used for SANS measurements) in buffer (20 
mM Tris HCl pH 8, 50 mM NaCl, 2 mM TCEP) for no less than 30 minutes at ambient 
room temperature (~22 °C) prior to loading into glass ESR capillary tubes. The final 
protein concentration in the ESR experiment was ~ 68 µM, or approximately three times 
the MA binding constant measured by SPR (41) for similar binding reactions. The model-
free order parameters for POPC/POPS LUVs with and without MA were each 0.11, and 
the model-free order parameters for POPC/POPS/Chol LUVs with and without MA were 
each 0.22 (42). 
 
Continuum mean-field modeling of MA protein-membrane interactions. To quantify 
the extent of lipid segregation around the MA protein adsorbed to a membrane, we used a 
previously developed continuum mean-field (CMF) computational approach (43, 44). 
The CMF method quantifies essential components of the energetics of protein-lipid 
interactions and describes the combined kinetic effect of many lipid species interacting 
with the membrane-adsorbed protein. The protocol defines the steady state of the system 
consisting of the membrane-associated protein, and includes all important degrees of 
freedom (electrostatics, mixing entropy of lipids and solution ions), as described in detail 
in our publications (43-47). To this end, a hybrid representation of the computational 
model is constructed in which membrane-associated proteins are treated at detailed 
atomic level in three dimensions, and the lipid membrane is considered as a continuum 
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elastic medium comprised of two-dimensional smooth charged surfaces representing the 
lipid polar headgroups, and a low-dielectric hydrocarbon core volume.  
 
This system is subjected to a self-consistent minimization of the governing mean-field-
based free energy functional F that depends on local lipid component densities φ(x,y) and 
mobile ion concentrations c+ and c- (for positive and negative ionic species, respectively) 
in the solution. In particular, as detailed in (43, 44), F can be written as the sum of 
electrostatic energy (Fel), lipid mixing entropy (Flip), and salt ion translational entropy 
(Fion) contributions:  
 

𝐹 = 𝐹-I + 𝐹I(s + 𝐹(%),					(𝑆35) 
 
where,  
 

𝐹-I = 	
1
2 𝜖:𝜖t

𝑘y𝑇
𝑒> ∇𝛷 >𝑑𝑣

¿

,							(𝑆36) 

 

𝐹I(s =
𝑘y𝑇
𝑎 𝜑 𝑙𝑛

𝜑
𝜑:

+ 1 − 𝜑 𝑙𝑛
1 − 𝜑
1 − 𝜑:

𝑑𝐴
Â

,										(𝑆37) 

 

𝐹(%) = 𝑘y𝑇 𝑐T 𝑙𝑛
𝑐T
𝑐:
+ 𝑐a 𝑙𝑛

𝑐a
𝑐:
− 𝑐T + 𝑐a − 2𝑐: 𝑑𝑣

¿

.										(𝑆38) 

 
In the above, kB is the Boltzmann constant, T is the temperature, e is the elementary 
charge, 𝜖:	is the permeability of free space, and 𝜖t = 80	is the dielectric constant of the 
aqueous solution. Φ represents reduced (dimensionless) electrostatic potential in space, a 
denotes the area per lipid, c0 is the salt concentration in the bulk, and φ0 represents bulk 
concentration of a charged lipid species. The φ(x,y) local field relates to the surface 
charge densities σ(x,y) through σ(x,y) = (e/a)φ(x,y)z(x,y), where z(x,y) denotes valency of 
the lipid at (x,y). Minimization of F with respect to c+ and c- leads to the non-linear 
Poisson-Boltzmann (NLPB) equation (48):  
 

𝛻𝛷 = 𝜆a> 𝑠𝑖𝑛ℎ𝛷,										(𝑆39)	
 
which is solved to obtain Φ in space (λ being the Debye length of the electrolyte 
solution). As seen from Eqs. S35-38, this electrostatic potential is self-consistently 
dependent on the local lipid concentrations through the entropic penalty (𝐹I(s) due to lipid 
segregation or de-mixing. Thus, a self-consistent search for the free energy minimum is 
conveniently carried by linking Φ (obtained from the NLPB equation) and spatial 
charged-lipid compositions φ on each leaflet of the membrane to the respective 
electrochemical potentials µ through the Cahn-Hilliard (CH) equation (49): 
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𝜕𝜑(𝑟, 𝑡)
𝜕𝑡 = 𝐷I(s𝛻>𝜇 𝑟, 𝑡 .										(𝑆40)	

 
To quantify interactions between MA protein and the membrane composed of 70/30 
mol% mixture of POPC/POPS lipids with the CMF approach, we took one of the top 5 
simulation frames with the lowest MA-bilayer total interaction energy (as calculated from 
MM/GBSA). Then, by applying only global transformations to the protein, we positioned 
MA in a manner where we maximized the exposure of its lysine residues to a flat lipid 
surface of σ(x,y) ~ 4.93´10-3 e– charge density, corresponding to ~30 mol% PS lipid 
content (assuming a = 60.9 Å2). 
 
The self-consistent minimization of 𝐹 was then carried out for the protein by solving the 
NLPB equation using the multigrid solver of the Adaptive Poisson-Boltzmann Solver 
(APBS) suite (50) on 1 Å-spaced cubic 256 Å3 mesh as described previously (43). This 
was done using a 0.05 M ionic solution of monovalent counterions (corresponding to λ = 
13.49 Å Debye length), and a dielectric constant of 2 for the membrane interior and 
protein, and 80 for the solution. The protein models were positioned so that the minimum 
distance between the protein and the lipid surface was 2 Å (43, 47). 
 
The CMF calculation shows the adsorption free energy of MA protein, ΔF = F-
(Fprot+Fmemb) (Fprot and Fmemb representing the free energy of protein and membrane 
system in separation) onto the POPC/POPS 70/30 mol% lipid membrane is ~ -9 kBT (see 
Fig. S4A). Importantly, lipid de-mixing had an insignificant effect on ΔF (the 
minimization procedure resulted in a change in ΔF of < 1 kBT, Fig. S4A) as the local 
concentration of PS under the adsorbed protein calculated by integrating the charge map 
of the smallest rectangle enclosing the protein shadow, was ~ 31%, or only slightly 
higher than the bulk PS concentration of 30% (see Fig. S4B). The minor extent of lipid 
segregation, together with the concomitant insignificant change in the adsorption free 
energy, suggests that MA protein adsorbs onto the PC/PS membrane mainly through the 
electrostatic sensing of PS lipid domains. 
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SUPPORTING TABLES 
 
Table S1. Protein crystallization conditions, and statistics associated with the X-ray 
diffraction data and atomic models. 

Protein RSV MA RSV MA2-102 RSV MA2-102 

Crystallization  Conditions    
Protein concentration (µM) 680 540 540 
Reservoir Solution 2.60 M Ammonium formate 

0.20 M β-Alanine/KOH pH 10.3  
 

18%(w/v) PEG 8000 
0.2 M Succinic acid/KOH pH 5.5 
1.0 M Ammonium nitrate 

0.6 M Malonic acid /KOH pH 9.1 
0.1 M Boric acid /KOH pH 9.1 
 

Temperature (°C) Ambient 18 18 
X-ray diffraction data    
Cryoprotectant 4.00 M Ammonium formate 

0.20 M β-Alanine/KOH pH 10.3  
30  %(v/v) Ethylene glycol 
 

20%(w/v) PEG 8000 
0.1 M Succinic acid/KOH pH 5.5 
1.0 M Ammonium nitrate 
20  %(v/v) Ethylene glycol 

0.6 M Malonic acid /KOH pH 9.1 
0.1 M Boric acid /KOH pH 9.1 
20  %(v/v) Ethylene glycol 

Space group I4122 I41 I4122 
Unit cell lengths (Å) a=b= 66.2, c= 218.8 a=b= 79.0, c= 27.8 a=b= 67.4, c=220.8 

X-ray source ALS Beamline 8.2.1 Rigaku MicroMax-007 HF Rotating 
Copper Anode 

Rigaku MicroMax-007 HF Rotating 
Copper Anode 

X-ray wavelength (Å) 1.03320 1.54179 1.54179 
Sample Temperature (K) 100 110 110 
Data resolution limits (Å) a 49.0  - 2.85 ( 2.95 - 2.85) 39.5 - 1.86 ( 1.93 - 1.86)  49.7 - 3.20  (3.31 - 3.20) 
Number of unique observations a 6104 (582) 7363 (681)  4535 (429) 

Mean Redundancy a 8.7 (9.0) 12.4 (11.4) 10.1 (10.5) 
Completeness (%) a 99.9 (100.0) 99.5 (94.6) 99.9 (100.0) 
Rmeasure 

a ND (ND) 0.058 (0.289) 0.139 (0.703) 
Rmerge 

a 0.070 (0.455) 0.055 (0.277) 0.132 (0.678) 
Mean I / 𝜎I a 34.0 (4.1) 56.0 (10.0) 22.2 (4.5) 
Crystallographic models    
Number of protein molecules in 
the asymmetric unit 

1 1 1 

Rwork / Rfree b 0.195 / 0.239 0.164 / 0.210 0.202 / 0.249 
Total number of protein atoms 767 741 791 

Number of water molecules 7 54 6 
Other ligands - Ethylene Glycol 

NO3
- 

- 

Disorder Model Individual Isotropic B-factors Individual Isotropic B-factors Individual Isotropic B-factors 

Mean total isotropic B-factor, all 
protein atoms (Å2):  

67.4 23.1 74.7 

Bulk Solvent model Mask Mask Mask 
RMSD from ideal geometry : 
Bond lengths (Å) / Bond angles 
(°) 

0.008 / 1.325 0.011 / 1.392 0.013 / 1.695 

Residues in Favoured / Allowed   
regions of Ramachandran plot 
(%)c 

100.0 / 100.0 97.1 / 100.0 95.3 / 100.0 

PDB ID code 5KZ9 5KZA 5KZB 
aNumbers in parentheses are for the highest resolution shell.  bCalculated from a randomly selected 5% of observations omitted from 
all model refinement.  cDefined by the MolProbity web-server (51). 
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Table S2. Bilayer structural parameters obtained from the refinement of SANS data. 
Italicized values indicate constrained parameters, and asterisks indicate parameters that 
were varied during the fitting routine (all remaining structural and compositional values 
are obtained through mathematical relationships). 

Parameter 
- Cholesterol + Cholesterol 
- RSV-MA + RSV-MA - RSV-MA + RSV-MA 

global 
𝜒gÉgz  0.7 0.7 0.34 0.34 
𝜒gÉg� 0.3 0.3 0.3 0.3 
𝜒z{Ém -- -- 0.36 0.36 

POPC-rich domain 
𝜒gÉgz  0.9 ± 0.1* 0.9 ± 0.1* 0.46 ± 0.02* 0.45 ± 0.07* 
𝜒gÉg� 0.1 ± 0.1 0.1 ± 0.1 0.18 ± 0.02 0.19 ± 0.07 
𝜒z{Ém -- -- 0.36 0.36 

𝑉m [Å3] a  1234 ± 2 1236 ± 2 1012 ± 1 1012 ± 2 
𝐴m [Å2] b 63.1 ± 1.4* 61.5 ± 2.0* 48.2 ± 0.6* 47.7 ± 0.9* 
𝐷y [Å] c 39.2 ± 0.9 40.3 ± 1.2 42.0 ± 0.5 42.4 ± 0.8 
2𝐷z  [Å] d 29.0 ± 0.7 29.9 ± 0.9 33.8 ± 0.4 34.1 ± 0.6 
𝐷{ [Å] e	 6.9 ± 1.5* 6.2 ± 0.6* 7.2 ± 1.4* 6.6 ± 1.3* 
POPS-rich domain 

𝜒gÉgz  0.3 ± 0.3 0.3 ± 0.3 0.08 ± 0.03 0.19 ± 0.09 
𝜒gÉg� 0.7 ± 0.3 0.7 ± 0.3 0.56 ± 0.03 0.45 ± 0.09 
𝜒z{Ém -- -- 0.36 0.36 

𝑉m [Å3] a  1222 ± 5 1222 ± 5 1003 ± 2 1005 ± 3 
𝐴m [Å2] b 63.0 ± 4.3* 65.2 ± 2.3* 48.8 ± 4.4* 47.4 ± 2.9* 
𝐷y [Å] c 38.9 ± 1.4 38.6 ± 0.9 41.7 ± 1.9 42.2 ± 1.3 
2𝐷z  [Å] d 29.1 ± 1.1 29.0 ± 0.6 33.8 ± 1.5 34.2 ± 1.0 
𝐷{ [Å] e	 9.2 ± 1.0* 6.4 ± 1.3* 7.8 ± 1.7* 7.6 ± 1.8* 
Protein bound to POPS-rich domain 
𝐴g [Å2] f  1375  1375 
𝑧g [Å] g -- 35.9 ± 0.8* -- 38.0 ± 0.6* 
𝜎g [Å] h -- 7.2 ± 0.6* -- 6.6 ± 0.4* 
𝑁m i -- 21 ± 1 -- 29 ± 2 
𝑁gÉg� j -- 15 ± 5 -- 13 ± 3 
𝑓g k -- 0.47 ± 0.04* -- 0.50 ± 0.05* 
𝑎g l -- 0.35 ± 0.04 -- 0.40 ± 0.04 
aaverage lipid volume calculated as mole fraction-weighted sum of lipid and chol molecular volumes  baverage area per 
lipid  ctotal bilayer (Luzzati) thickness  dbilayer hydrocarbon thickness eheadgroup thickness  farea per protein  gcenter 
of Gaussian protein volume distribution  hwidth of Gaussian protein volume distribution  iaverage number of outer 
leaflet lipids in protein shadow  javerage number of outer leaflet POPS in protein shadow  kfraction of protein bound to 
vesicle  lvesicle area fraction bound by protein 
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Table S3. Molecular volume V, neutron scattering length b, and neutron scattering length 
density 𝜌 of different species. 

 V [Å3] b [fm] 𝜌 [fm Å-3] 

D2O 30.1 19.145 0.636 
RSV-MA in 

D2O 20280a 6325b 0.312 

 Head Chains Head Chains Head Chains 
POPCc 331 916 60.072 -26.624 0.181 -0.029 

POPC-D31c 331 916 60.072 296.086 0.181 0.323 
POPSd 278 917 115.789 -26.624 0.417 -0.029 

POPS-D31d 278 917 115.789 296.086 0.417 0.323 
asum of residue volumes taken from ref. (52)  baccounts for exchangeable protons following ref. (53)  cvolume data 
from ref. (54)  dvolume data from ref. (55)   
 
Table S4. Estimated composition (56-58) and surface charge density (calculated from the 
mole fraction-weighted charge and area) of the mammalian plasma membrane inner 
leaflet. 

lipid mole fraction 
𝜒 

charge [e-] area [Å2] 
per lipid 𝜒-weighted per lipid 𝜒-weighted 

Chol 0.4 0 0 27a 10.8 
(PO)PE 0.28 0 0 59b 16.5 
(PO)PC 0.05 0 0 65c 3.3 
(PO)PS 0.18 -1 0.18 64d 11.5 
(SA)PI 0.08 -1 0.08 68e 5.4 

(SA)PIP2 0.02 -3 0.06 68e 1.4 
Total 1.0  0.32  48.9 

aref. (59)  bref. (60)  cref. (54)  aref. (55)  eref. (61) 
 

Table S5. Decomposition of the interaction energy of MA and the lipids calculated with 
the MM-GBSA method from the simulation trajectories as described in the SM text. 
Shown are the Van der Waals (VdW) and electrostatic (Elec) energies calculated in 
vacuum and their sum, ∆𝐸intvac; the polar (P) and nonpolar (NP) desolvation penalties and 
their sum, ∆∆𝐺B%IÊ; and the total binding free energy approximated by ∆𝐸intvac+∆∆𝐺B%IÊ. 
All energy units are in kcal/mol. 

system component 
Interaction energy in 

vacuum 
Desolvation penalty 

total 
VdW Elec ∆𝐺()Ê,@ P NP ∆∆𝐺B%IÊ 

MA and 
PC/PS 

MA -9.3 -607.8 -617.1 620.9 -4.8 616.1 -1.0 

lipids -9.3 -607.8 -617.1 620.6 -4.2 616.4 -0.7 

MA and 
PC/PS/Chol 

MA -8.5 -765.6 -774.1 779.1 -5.1 774.0 -0.1 

lipids -8.5 -765.7 -774.1 773.1 -4.8 768.3 -5.8 
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SUPPORTING FIGURES 
 
 

 
 
Figure S1. (A) Crystal structure of the resolved MA dimer, with monomers colored in green and 
grey. Helix 6 of the grey-colored monomer is shown in red. (B) Snapshots of the protein at the 
start and finish of the water box simulation. Helix 6 (red) is fixed during the simulation and is 
displayed in the same plane while the rest of the protein (referred to protein body from here on) 
rotates ~ 30 degrees. An arrow denotes the observed structural change. (C) Time evolution of the 
distance between the centers of mass of helix 6 and the protein body (residues 1-90, blue). Also 
plotted are the full protein backbone RMSD with respect to the starting structure after alignment 
on helix 6 (dark purple) and the protein body RMSD after alignment on the protein body (light 
purple). (D) Overlay of the monomer crystal structure of MA (red) and the structure of MA used 
in the simulations (blue). The backbone RMSD between the two structures (excluding helix 6 
which is not present in the monomer crystal structure) is 2.8 Å. 
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Figure S2. Bilayer structure from analysis of SANS data. (A) Schematic illustration of a 100 
nm LUV and the two environments used in the model to analyze the SANS data. The structural 
model accounts for both transverse and lateral structure. Transverse structure arises from the 
layered distribution of matter projected onto the bilayer normal, and is mathematically described 
by parameters related to the volume probability distributions of inner and outer leaflet lipid 
headgroups, and hydrocarbon chains, in addition to bound protein. Lateral structure can arise 
from lipid clustering or phase separation, as well as partial surface coverage of bound protein 
monomers; it is mathematically described by parameters related to the domain size, shape and 
spatial arrangement (here, domains were modeled as circular disks, randomly arranged on the 
vesicle surface). Two distinct coexisting environments were modeled—the domain and the 
surrounding continuous phase—with the lipid composition and transverse structure of each 
allowed to vary as described in the SM text. (B) Structures of lipids used in SANS experiments. 
Palmitoyl chain-perdeuterated variants of POPC and POPS (i.e., d-POPC and d-POPS) were used 
to provide a scattering length density contrast in order to highlight lateral structure. (C-F) 
Scattering data (open circles) and fits (solid lines) for four different neutron contrast data sets, 
with different sample compositions: POPC/POPS 70/30 mol% (C); POPC/POPS 70/30 mol% + 
RSV MA (D); POPC/POPS/Chol 34/30/36 mol% (E); POPC/POPS/Chol 34/30/36 mol% + RSV 
MA (F). 
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Figure S3. ESR spectra of (A) POPC/POPS with and without MA, and (B) POPC/POPS/Chol 
with and without MA. All LUVs contained 0.5 mol% of 16:0-16 Doxyl PC. 
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Figure S4: (A) Convergence of the adsorption free energy (ΔF) in the CMF calculations. Shown 
is the change in ΔF as the mean-field free energy functional is minimized. Value of ΔF at 0th 
minimization step corresponds to the adsorption free energy onto homogeneous membrane 
composed of charged and neutral lipids generating a surface charge density of 4.93´10-3 e- 
(corresponding to a PC/PS lipid mixture with ~30 mol% PS). (B) View of the MA protein 
(cartoon) adsorbing on the lipid membrane (as seen from the side). The level of PS lipid 
segregation by the protein, calculated with CMF approach, is illustrated (as ratios of local and 
bulk lipid fraction values) in color code. Lysine residues close to the surface are shown in licorice 
and color according to the following: K6 – gray, K13 – purple, K18 – green, K23 – light blue, 
K24 – dark blue. (C) View of the lipid membrane (as seen from above). Highlighted with a black 
box is the smallest rectangle enclosing the protein shadow , whose charge density was integrated 
to calculate the local concentration of PS under MA (~31 mol%). 
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Figure S5. Number density profiles calculated from four different MD simulations. Color coded 
are the profiles of lipid acyl chains (grey), water (blue), POPC headgroups (red), POPS 
headgroups (green), Chol (yellow) and MA (purple) calculated from the last 100 ns of each 
simulation: (A) POPC/POPS 70/30 mol%; (B) POPC/POPS 70/30 mol% with MA; (C) 
POPC/POPS/Chol 34/30/36 mol%; and (D) POPC/POPS/Chol 34/30/36 mol% with MA. 
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Figure S6. (A) Time evolution of MA’s secondary structure in bilayers composed of 
POPC/POPS 70/30 mol% (left) or POPC/POPS/Chol 34/30/36 mol% (right). The secondary 
structure assignment of each residue was calculated with the DSSP software. They are as follows: 
H, alpha helix; G, 3-turn helix; I, pi helix; B, residue in isolated beta-bridge; E, extended beta 
sheet; T, hydrogen bonded turn; and CS, coil and bend. (B) Heat map of lysine-lipid contacts 
defined as having no more than 4 Å distance between the centers of mass of the NH3 Lysine 
group and either the serine or phosphate groups on the lipid headgroups. Each row represents a 
single frame and the color denotes the number of instantaneous lysine-POPC or lysine-POPS 
contacts. Shown is data from the last 100 ns of three replica simulations for each system. (C) Tilt 
distributions of helices 1, 2 and 5 with respect to bilayer normal. The helices direction vectors are 
defined by the Ca atoms of residues E2 and K13, K23 and Q34, and E70 and A84, respectively, 
and the bilayer normal is the z-dimension of the simulation cell. The broad distributions in the 
absence of Chol indicate the dynamic nature of MA orientation with respect to the membrane 
(dashed lines, Movie S1A), which becomes more stable upon the addition of Chol (solid lines, 
Movie S1B). (D) The acyl chain order parameter of the palmitoyl chain of POPC, 𝑆CD, increases 
by more than 65% in the presence of Chol as denoted by the red arrow. 
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Figure S7. Charge density of POPC (blue), POPS (red), Chol (yellow), all lipids (black) and 
sodium (dashed purple line) from the two bilayer-only simulations of POPC/POPS (A) and 
POPC/POPS/Chol (B). The positively charged choline group on the POPC headgroups 
counteracts the negatively charged serine group on the POPS headgroups, and depending on the 
PC/PS ratio, the net effect is the accumulation of a higher (A) or lower (B) positive charge 
density on the bilayer surface (~ 27 and 30 Å, respectively). Note that since the charge density 
calculation is performed at high resolution (slabs in z with thickness of 0.2 Å) on individual 
atoms with assigned partial charges, relative imbalances in the distributions of hydrogen and 
carbon atoms result in a peak of positive charge density at the interface between the two leaflets. 
If the calculation is instead performed on the neutral chemical atomic groups (e.g. methylene, 
methyl), instead of the individual atoms, the positive density at the midplane would disappear. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



23 
 

 

 
Figure S8. Non-ideal mixing does not induce large changes in membrane surface potential 
but may influence the spatial organization of bound protein. Upper, plots of the lateral 
distribution of a binary lipid mixture (70/30 mol% neutral/charged) obtained from Monte Carlo 
lattice simulations. Increasing the unfavorable pairwise interaction energy ΔEm results in larger 
clusters of the charged lipid (colored regions) within the neutral lipid matrix (gray regions). 
Lower, corresponding maps of the relative electrostatic surface potential calculated 3 Å above the 
bilayer surface and normalized to the potential of a uniformly mixed bilayer having the same 
average charge density. Also displayed for reference are the relative sizes of the MA protein (4 
nm diameter) and a lipid nanodomain (15 nm diameter (62)). Scale bar 10 nm.  
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Figure S9. (A) Solvent exposed surface area (SASA) of each leaflet of the bilayer patch in the 
MA shadow. The MA shadow is defined as the set of atoms whose x and y coordinates are within 
3 Å of the x and y coordinates of any protein atom. MA is interacting directly with the top leaflet. 
(B) Area of the MA shadow calculated as the area of the convex hull containing all 2D atomic 
coordinates in the MA shadow. (C) Distribution of the number of water molecules per POPC or 
POPS headgroup calculated from the bilayer-only simulations. A water per headgroup is defined 
as a water molecule within 3 Å of any lipid atom of a POPC or POPS lipid. (D) Distribution of 
the number of POPC or POPS lipids in the top leaflet from the MA-bilayer trajectories, whose 
phosphate atoms are within the MA shadow. (E) Number of different lipid counts in the top 
leaflet of the bilayer patch in the MA shadow in the two systems. POPS and POPC are 
represented with their phosphate atoms and Chol with its O3 atom. All distributions in this figure 
were constructed from calculations performed across all frames of the respective simulation 
trajectories. 
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Figure S10. RSV MA membrane association as a function of NaCl concentration. (A) 
Example of a calculated membrane surface potential as a function of increasing NaCl 
concentrations for POPC/POPS (70/30 mol%) (light blue) and POPC/POPS/Chol (34/30/36 
mol%) (purple) bilayers. (B) % of LUV-bound MA plotted against decreasing NaCl 
concentration. (C) Binding data from B plotted against calculated membrane surface potential. 
(D) Best sigmoidal fit to the MA binding data versus surface potential from Fig. 5F (see SM text 
for more details). 
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Figure S11: Thermodynamic cycle underlying the MM-GBSA method. For each frame of the 
trajectory, the binding free energy ∆𝐺�� ¡ is estimated from the vacuum interaction energy and 
the desolvation penalties for each binding partner and the complex. 
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Figure S12. Fluctuations of the distance between MA and bilayer surface. Time evolution of 
the MA-bilayer distance defined as the distance in z between the center of mass of the protein and 
the center of mass of the phosphate atoms in the MA-proximal leaflet. Data is shown for the –
Chol (left) and +Chol (right) systems. Colors denote different replica simulations (or in the latter 
also proteins interacting with different leaflets). 
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Figure S13. Orientation of MA with respect to the bilayer surface. Top Fig. 2AB with two 
axes (director vectors) shown, defining the orientation of MA relative to the bilayer surface: one, 
connecting the C𝛼 atoms of K13 and K72, and another one connecting the C𝛼 atoms of K24 and 
K82. Time evolution of the tilt angle of each axis (middle and bottom rows) with respect to the 
bilayer normal (z dimension of the simulation box) is shown for the –Chol (left) and +Chol 
(right) systems. Colors denote different replica simulations (or in the latter also proteins 
interacting with different leaflets). After about 80 ns of initial relaxation, the tilts fluctuate ~103º 
for K13-K72 and ~41º for K24-K82 with standard deviations within 10 degrees for individual 
replicas, and within 16 or 10 degrees across different replicas for –Chol and +Chol systems 
respectively. 
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Supporting Movies 
 
SI Movie 1. Cholesterol enhances MA-membrane contacts. Simulation segment showing 40 ns 
of MA interaction with POPC/POPS .7/.3 (A) and POPC/POPS/Chol .34/.3/.36) (B) membranes. 
Lipid acyl chains and head groups are in light and dark gray, respectively. MA coloring is as 
described in main text. All lysine residues are shown in ball-and-stick representation and colored 
according to the helix to which they belong, except for K18 (gold) which is positioned in a loop, 
and K95 (silver) which is positioned in helix 6. Water and ion atoms are omitted for viewing 
clarity. 
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