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ABSTRACT Binding of the retroviral structural protein Gag to the cellular plasma membrane is mediated by the protein’s matrix
(MA) domain. Prominent among MA-PM interactions is electrostatic attraction between the positively charged MA domain and
the negatively charged plasma membrane inner leaflet. Previously, we reported that membrane association of HIV-1 Gag, as
well as purified Rous sarcoma virus (RSV) MA and Gag, depends strongly on the presence of acidic lipids and is enhanced
by cholesterol (Chol). The mechanism underlying this enhancement was unclear. Here, using a broad set of in vitro and
in silico techniques we addressed molecular mechanisms of association between RSV MA and model membranes, and inves-
tigated how Chol enhances this association. In neutron scattering experiments with liposomes in the presence or absence of
Chol, MA preferentially interacted with preexisting POPS-rich clusters formed by nonideal lipid mixing, binding peripherally to
the lipid headgroups with minimal perturbation to the bilayer structure. Molecular dynamics simulations showed a stronger
MA-bilayer interaction in the presence of Chol, and a large Chol-driven increase in lipid packing and membrane surface charge
density. Although in vitro MA-liposome association is influenced by disparate variables, including ionic strength and concentra-
tions of Chol and charged lipids, continuum electrostatic theory revealed an underlying dependence on membrane surface
potential. Together, these results conclusively show that Chol affects RSV MA-membrane association by making the electro-
static potential at the membrane surface more negative, while decreasing the penalty for lipid headgroup desolvation. The
presented approach can be applied to other viral and nonviral proteins.

INTRODUCTION

For HIV and Rous sarcoma virus (RSV), formation of an
infectious form of the virus requires interaction of the viral
structural protein Gag with the acidic inner leaflet of the
plasma membrane (PM). The resulting lateral Gag-Gag
interactions lead to the formation of a Gag lattice and sub-
sequently a budding virus particle. The N-terminal matrix
(MA) domain of Gag mediates interaction with the PM by
responding to multiple signals, including electrostatic and
hydrophobic interactions, and in some cases, specific inter-
action with lipid headgroups (1). Cholesterol (Chol), an
abundant PM lipid, is a critical component of the viral
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envelope (2). Compared with the PM, the viral envelope is
enriched in sphingomyelin and anionic lipids, including
phosphatidylserine (PS) and phosphatidyl(4,5)-inositol
bisphosphate (PI(4,5)P2) (3-5). Moreover, viral budding
sites colocalize with tetraspanin-rich domains (6). These
data suggest that Gag selects or modulates compositionally
distinct domains in the PM.

Neutron reflectometry (NR) has shown that for HIV and
RSV Gag, the highly basic region of MA is oriented toward
the membrane surface (7,8), and that the Gag conformation
changes upon addition of a nucleic acid (9). One drawback
of NR is the requirement of a supported lipid bilayer that can
influence lipid diffusion (10) and mixing behavior (11).
Moreover, NR is primarily sensitive to the time-averaged
matter distribution in the direction perpendicular to the
bilayer plane, whereas in-plane structural information is
much more difficult to access. However, a related technique,
small-angle neutron scattering (SANS), can provide
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information about both in-plane and out-of-plane bilayer
structure. Because neutrons are scattered differently by
protium ("H) and hydrogen’s stable isotope deuterium
(*H), mixtures of protiated and deuterated lipids generate
a strong in-plane contrast upon clustering or phase separa-
tion, resulting in a distinct SANS signature (12), thus
providing a unique tool to probe lipid lateral organization
(13). SANS can also easily be applied to liposomes of the
type used in biochemical or nuclear magnetic resonance
(NMR) analyses of protein-membrane interaction (14,15).

Complementing the time-averaged structural data from
SANS, molecular dynamics (MD) simulations provide
atomistic detail, allowing a focused examination of different
protein binding modes and their dependence on membrane
structure. For example, a coarse-grained MD study found
that HIV MA can sequester multivalent but not monovalent
acidic lipids upon anchoring in membranes without Chol
(16). However, the cellular PM contains ~40 mol % Chol
(17), and liposome binding of both RSV and HIV Gag is
stimulated by physiological Chol concentrations in model
membranes (18). Both in vitro and in silico experiments
have shown that the addition of Chol to fluid bilayers causes
significant structural changes, including increased bilayer
thickness (19,20), increased headgroup spacing (21) and
hydration (22), and reduced water penetration into the mem-
brane hydrocarbon region (22,23).

Here, using SANS, MD simulations, and liposome
binding assays, we investigated the mechanism by which
Chol influences RSV MA membrane binding, and whether
protein binding changes the structure or lateral organization
of lipids in the bilayer. Our results show that in bilayers with
a fixed concentration of acidic lipids, Chol promotes
binding of RSV MA by making the electrostatic potential
above the membrane surface more negative, while at the
same time decreasing the energetic penalty for lipid head-
group desolvation. We also find that MA selectively binds
to preexisting patches of acidic lipids, but does not signifi-
cantly affect their structure or composition. These findings
reveal the intrinsic ability of lipid membranes to modulate
the electrostatically driven binding of charged molecules,
and have important implications for interpreting in vitro
binding data.

MATERIALS AND METHODS
Materials

Phospholipids were purchased from Avanti Polar Lipids (Alabaster, AL) as
dry powders and dissolved in HPLC-grade chloroform. Lipid stock concen-
trations were determined by inorganic phosphate assay (24) with an error
<2%. Cholesterol powder was purchased from Nu-Chek Prep (Waterville,
MN) and prepared as chloroform stock solutions at defined concentration
using standard gravimetric procedures. Ultrapure H,O was obtained from
a High-Q purification system (Wilmette, IL). D,O (99.96%), deuterated
Tris buffer (Tris-D11, 98%), and deuterated glycerol (glycerol-D8, 99%)
were purchased from Cambridge Isotopes (Andover, MA). Deuterium chlo-
ride (DCI) and Tris(2-carboxyethyl)phosphine (TCEP) were purchased
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from Sigma-Aldrich (St. Louis, MO) and AMRESCO (Solon, OH), respec-
tively. Buffer solutions were filtered through a prerinsed 0.2 um filter
before use.

Protein purification and liposome binding

Protein was purified as previously described (8) and stored at —80°C until
use. Preparation of 100 nm extruded liposomes and binding reactions
were performed as previously described (25). Briefly, all binding reactions
were performed with 15 ug (4.7 uM) protein and 50 ug (328—431 uM)
lipid in 200 uL at 20 mM Tris-HCI pH 8, and adjusted with buffer to the
stated NaCl concentration. Binding reactions were subjected to centrifuga-
tion at 90,000 RPM (relative centrifugal force = 351,955 X g) in a
TLA-100 rotor (Beckman Coulter, Brea, CA) for 45 min at 4°C to pellet
the liposome-bound protein. Pelleted protein was subjected to sodium
dodecyl-sulfate polyacrylamide gel electrophoresis analysis. Gels were
stained with Coomassie Blue and then destained, and band intensity was
determined by densitometry analysis using ImageQuant 5.2 (Molecular
Dynamics, Sunnyvale, CA). Each binding reaction was repeated no fewer
than four times. The binding data reported in Fig. 5 is the average, and error
bars the SD, of measurements from these independent replicate samples.

SANS sample preparation

Lipid mixtures were prepared by transferring lipid and cholesterol chloro-
form stocks to a glass vial with a glass syringe. Organic solvent was
removed with a nitrogen stream and gentle heating, followed by vacuum
drying for >12 h. Dry lipid films were hydrated to 40 mg/mL total lipid
concentration with liposome storage buffer (D,O, 50 mM NaCl, 20 mM
Tris-D11-DCI, 2 mM TCEP, pD 8), then vortexed vigorously to generate
multilamellar vesicles. The multilamellar vesicle suspension was incubated
for 1 h with intermittent vortexing, followed by 5 freeze/thaw cycles. Large
unilamellar vesicles (LUVs) were prepared using a miniextruder (Avanti
Polar Lipids) by passing the lipid suspension 31 times through a single
100-nm-pore-size polycarbonate filter. RSV-MA solution in protein storage
buffer (D,0, 375 mM NaCl, 20 mM Tris-D11-DCl, 2 mM TCEP, 5 wt %
glycerol-D8, pD 8) at 40 mg/mL was prepared from protein in H,O buffer
by serial dilution and centrifugal filter concentration.

Samples for SANS measurements were prepared by combining and
pipette-mixing 57 uL of the protein solution with 150 uL of the liposome
solution and 390 uL pure D,0. By design, a small excess of osmolytes in
the vesicle interior (liposome storage buffer) compared to the extravesicular
buffer after mixing (D,0, 48 mM NaCl, 7 mM Tris-D11-DCI, 0.7 mM
TCEP, 0.5 wt % glycerol-D8, pD 8) generated slightly hypotonic conditions
that tended to swell the vesicles. This precaution was necessary to avoid
distorted or partially collapsed vesicles, which result in complex scattering
curves that cannot be analyzed with conventional spherical shell form fac-
tors. The final protein and lipid concentrations of SANS samples were
3.8 mg/mL (0.227 mM) and 10 mg/mL (13-16 mM, depending on the lipid
composition), respectively, with all protein located in the extravesicular
fluid. At these concentrations, enough protein was present to cover
70-80% of the vesicle surface area, assuming complete binding and average
lipid and protein cross-sectional areas of 48—65 and 1375 A, respectively.
The actual surface coverage determined by analysis of the scattering curves
was 35-40% (Table S2), indicating that approximately half of the protein
was bound to vesicles, with half remaining free in solution.

SANS data collection

SANS measurements were performed using the BL-6 extended Q-range
small-angle neutron scattering (EQ-SANS) instrument of the Spallation
Neutron Source at Oak Ridge National Laboratory, Oak Ridge, TN.
Samples were loaded into 2 mm path-length quartz banjo cells (Hellma
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USA, Plainview, NY) and mounted in a temperature-controlled cell holder
with ~1°C accuracy. EQ-SANS data were taken at a 2.5 m sample-to-detec-
tor distance with a 2.5-6.0 A wavelength band for a total scattering vector of
00l <g<05 A~ Scattered neutrons were collected with a 2D (1 x 1 m)
*He position-sensitive detector (ORDELA, Oak Ridge, TN) with 256 x 192
pixels. The 2D data were reduced using the software package Mantid (26).
During reduction, data were corrected for detector pixel sensitivity, dark
current, and sample transmission, as well as background scattering from
buffer. The 1D intensity /(q) (¢ = 4m sin(#)/A, where A is the neutron wave-
length and 24 is the scattering angle relative to the incident beam), was ob-
tained by radial averaging of the corrected 2D data.

SANS data analysis

SANS curves were fit with a laterally heterogeneous core-shell form factor
(27) to account for coherent scattering contributions from both transverse
(out-of-plane) and lateral (in-plane) neutron scattering length density
(NSLD) variation within the vesicle (a detailed description of the model
is provided in the Supporting Material). As shown schematically in
Fig. S2 A, transverse NSLD variation arises primarily from the different
atomic composition of the lipid headgroup and hydrocarbon layers, whereas
lateral NSLD variation is primarily due to lipid clustering resulting from
nonideal mixing or phase separation, and is pronounced when some lipid
species are selectively deuterated. Both the transverse and lateral NSLD
variation are further influenced by the presence of surface-bound protein,
which has a different NSLD than lipid or water.

The heterogeneous core-shell form factor requires as input the trans-
verse NSLD profiles of the domain and continuous phases, as well as
the size, surface coverage, and spatial arrangement of the domains
(Fig. S2 A). Our analysis allowed for the possibility of nonrandom lipid
mixing, which we modeled as a PS-rich domain phase surrounded by a
continuous phase depleted in PS. The compositions of the two phases
were allowed to vary in the fit, but not independently; given a fixed overall
vesicle composition, a domain composition, and phase area fractions, the
composition of the continuous phase was constrained by material balance.
Following Kucerka et al. (28), NSLD profiles for the domain and contin-
uous phases were derived from underlying lipid volume probability distri-
butions, modeled as the sum of separate distributions for the lipid
headgroups and hydrocarbon chains. The total unit cell volume was calcu-
lated as a mole-fraction weighted sum of lipid component volumes
obtained from the literature (Table S3) and constrained in the fit, leaving
adjustable parameters for the area per lipid A; and headgroup thickness
Dy. Additional structural parameters, including the total bilayer thickness
Dg and the hydrocarbon thickness 2D, were derived from relationships
between the adjustable parameters and the lipid headgroup and hydrocar-
bon volumes as described in the Supporting Material. For MA-containing
samples, a Gaussian volume probability distribution with adjustable
parameters for position (z,,) and width (o,,) was added to the domain phase.
NSLD profiles were then obtained as a sum of the separate headgroup,
hydrocarbon, and protein volume probability distributions multiplied by
their respective total scattering lengths. Lateral structure was modeled by
assuming round domains with a 21 A radius (corresponding to a cross-
sectional area of 1375 A2 for an MA monomer) that were randomly
arranged on the vesicle surface. The in-plane contributions to the vesicle
form factor were calculated to 200 expansion orders and included an
adjustable parameter for the fraction of the vesicle surface area occupied
by domains, a,.

For each nominal sample composition (i.e., POPC/POPS 70:30 mol %
and POPC/POPS/Chol 34:30:36 mol %), separate SANS samples with
different contrast were prepared using the four permutations of protiated
and palmitoyl chain-perdeuterated variants of the two phospholipids (i.e.,
POPC or POPC-D31, mixed with POPS or POPS-D31; Fig. S2, C-F).
Fitting was implemented in the softwares Mathematica 11.0 (Wolfram
Research, Champaign, IL) and MATLAB R2013b (The MathWorks,
Natick, MA). Each data set was fit independently, and the reported struc-
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tural parameters represent the mean and SD from the four fits. A complete
list of the structural parameters is found in Table S2.

High-resolution structure of MA

To provide the structural models required for the detailed interrogation of
molecular interactions, we crystallized full-length RSV MA (155 amino
acids) and determined an experimentally phased x-ray structure at 2.8 A
resolution. Residues 1—102 were well resolved but there was no interpret-
able electron density for the remainder of the molecule. We therefore char-
acterized a truncated variant (MA2—102) with the disordered region
removed. This variant crystallized in the same form as the full-length mole-
cule (space group 14,22), and also in an alternate form (space group 14,).
Structures were determined to 3.2 and 1.8 A resolution, respectively. The
three crystallographic models (Table S1) differ in detail from an earlier
NMR solution structure for the first 88 amino acids (29). This likely reflects
both the limited restraint set and the methodology used to derive the NMR
model (30). However, consistent with NMR relaxation measurements (29),
the basic surface loop (residues 14—22), which is critical for membrane
association, is the most mobile element in the crystallographic models.
For crystals in the space group 14,22, the final helix of the N-terminal
domain (helix 6, residues 89—102) interdigitates with the corresponding
helix from a neighboring molecule, forming a symmetric dimer (Fig. S1
A). In contrast, for space group 14, crystals, the C-terminal sequence is
disordered and neither helix 6 nor the dimer is observed. Because deletions
in the C-terminal region of MA (amino acids 87—155) do not abrogate viral
budding and infectivity (31), and because there is no evidence that MA
dimerizes in solution (8) or when membrane associated (32), it is likely
that the crystallographic dimer is biologically irrelevant. Because the mono-
mer structure was not available when our MD simulations were carried out,
one subunit of the dimer was adapted as the working model for the in silico
experiments reported here (see below and Fig. S1).

MD simulations

All MD simulations were performed with the software NAMD (33) and the
CHARMMS36 force field for lipids and protein (34,35). The simulations
were run with a 2-fs time-step with all bonds to hydrogens constrained,
in NPT ensemble with semiisotropic (for bilayer simulations) or isotropic
(for water box simulation) pressure coupling at 1 bar and 293 K. Temper-
ature and pressure were controlled with a Langevin thermostat and barostat,
with a damping parameter set to 5 ps~ ', a piston period of 200 fs, and a pis-
ton decay of 50 fs. The vdwForceSwitching option in NAMD was used for
all membrane simulations (36). The van der Waals cutoff and switching
distances were set to 12 and 10 A, respectively. Particle mesh Ewald was
used with a grid spacing of 1.0 A.

To determine a starting conformation for MA in subsequent MA-mem-
brane simulations, we first simulated one monomer from the crystal dimer
structure of MA (Fig. S1 A) in an aqueous environment consisting of a
water box with 13,470 water molecules and 20 mM NaCl. Following the
hypothesis that the large angle between the C-terminal helix of MA (resi-
dues 91-102) and the rest of the protein body was dimer-specific and would
not be a stable conformation of the MA monomer, we fixed the C-terminal
helix in space and monitored the relaxation dynamics of the rest of the
protein. The system was energy minimized for 5400 steps, then run for
500 ps with a 1-fs time step, followed by a production run of 110 ns. In
the course of the simulation, the protein body moved closer to the C-termi-
nal helix, adopting a stable compact conformation (Fig. S1, B and C). The
protein coordinates from the last frame were used as the starting MA
conformation for the MA-membrane simulations described below.

The two simulated bilayers (POPC/POPS 70:30 mol % and POPC/POPS/
Chol 34:30:36 mol %) were taken from (37). After the production runs (191
and 270 ns, respectively), MA was placed on one or both sides of the bilayer
and oriented with respect to the membrane surface in a way that optimized



interactions between lysines and the surface as described for HIV MA (7),
and for RSV MA (38). Multiple replica simulations of the bilayer-protein
systems in 50 mM NaCl were run for ~200 ns each and analyzed jointly
as described in the Supporting Material.

RESULTS AND DISCUSSION

MA binds to lipid headgroups without perturbing
the overall bilayer structure

We used SANS to determine the bilayer structure before and
after RSV MA binding to 100-nm-diameter unilamellar
vesicles (i.e., LUVs, also referred to as “liposomes”
throughout) at 20°C and 50 mM NaCl. Motivated by previ-
ous work showing that cholesterol enhances MA binding
(18), we examined two compositions having a fixed amount
of the negatively charged lipid POPS, namely POPC/POPS
70:30 mol % and POPC/POPS/Chol 34:30:36 mol %. The
POPS concentration was based on estimates of the concen-
tration of charged lipids in the PM inner leaflet (32 mol %;
Table S4). These compositions allow for a direct compari-
son that isolates the effect of cholesterol, and are simple
enough to be tractable in a SANS analysis. Scattering data
(Fig. S2, C-F) were analyzed with a model describing the
projected distribution of matter (i.e., lipid headgroups, lipid
chains, protein, and water) along the bilayer normal, as a
function of distance from the bilayer center. In particular,
we used volume probability distributions to model the rela-
tive locations of the different components, which enabled
the determination of bilayer structural parameters including
area per lipid, total bilayer thickness, hydrocarbon thick-
ness, and the position of the bound protein within the bilayer
and the transverse water distribution (Supporting Material).

Fig. 1 shows the lipid and protein matter distribution for
bilayers without (Fig. | B) and with Chol (Fig. 1 C) obtained
from SANS analysis. The bulk of the protein density (purple
curves) resides above the lipid headgroups (green curves),
although a small degree of overlap suggests that some resi-
dues are able to intercalate between lipid headgroups.
Importantly, practically no protein density overlaps with
the lipid hydrocarbon region (red curves), an indication
that MA does not penetrate the bilayer’s hydrophobic
core, and binds in a manner consistent with electrostatic
attraction to the negatively charged headgroup region.
Structural parameters recovered from our analysis are in
agreement with published values for POPC and POPS bila-
yers (39,40). The replacement of 36 mol % of POPC with
Chol (mimicking physiological Chol concentrations and
charged-to-neutral headgroup ratios) reduced the area per
lipid (defined here and throughout to include Chol) by
~25%, from 63.0 to 48.8 A” (Fig. 1 D). Hydrocarbon chain
thickness increased by nearly 5 A, from 29.1 to 33.8 A
(Fig. 1 E), also consistent with published data (41). Neither
the area per lipid nor the hydrocarbon thickness changed
significantly in the presence of MA, suggesting that protein
binding does not perturb the bilayer structure. This finding
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was supported by electron spin resonance (ESR) measure-
ments showing that the lipid acyl chain order parameter
did not change in the presence of MA (Fig. S3). A complete
list of structural parameters obtained from the SANS
analysis is found in Table S2.

MA binds to POPS clusters

Neither POPC/POPS nor POPC/POPS/Chol bilayers are
phase separated at 20°C (L. Goh, personal communication).
Such mixtures may nevertheless be heterogeneous on small
(<5 nm) length scales (42). To a first approximation, noni-
deality arises from the different nearest-neighbor interac-
tions of unlike lipids (e.g., POPC and POPS). Interactions
between unlike phospholipids can be unfavorable (43),
resulting in clustering of like lipids to reduce unlike con-
tacts. To account for the possibility of such nonrandom lipid
mixing, we analyzed our scattering data using a form factor
appropriate for laterally heterogeneous vesicles (27). We
analyzed four combinations of protiated and palmitoyl
chain-perdeuterated variants of POPC and POPS (Fig. S2
B) to take full advantage of neutron contrast for detecting
possible lateral segregation of these lipids. The scattering
model allowed for two distinct bilayer environments whose
compositions were varied in the fit while maintaining over-
all matter balance (Fig. S2 A). In the analysis of data from
MA-containing samples, the compositions of the protein-
bound and protein-free portions of the bilayer were also
allowed to vary. Consistent with previous reports (44), the
SANS analysis indicated a patchy bilayer characterized by
lipid clusters that are enriched approximately twofold in
POPS (Fig. 1 F). In MA-containing samples, we found a
similar amount of PS enrichment in the protein-bound
bilayer composition (Fig. 1 F). The addition of Chol did
not have a significant effect on the extent of nonideal mixing
of POPC and POPS, either in the presence or absence
of MA.

Although the lateral heterogeneity observed in our SANS
analysis is statistically significant, the large uncertainties in
PS enrichment (Fig. 1 F) do not allow us to draw any con-
clusions regarding the ability of MA to sequester charged
lipids upon binding. To test this possibility, we applied a
previously developed computational method based on con-
tinuum mean-field theory (45,46) to quantify the extent of
lipid redistribution in response to protein binding to an
ideally mixed bilayer, and to calculate changes in the corre-
sponding adsorption free energy upon the demixing process
(Fig. S4; Supporting Material). Our calculations predict that
MA cannot effectively sequester POPS as has been shown
previously for other proteins (see (46) and references
therein); minimal lipid segregation was achieved, which
produced an insignificant change in the adsorption free en-
ergy (<1 kgT). Taken together with the SANS results, this
calculation suggests that MA does not induce lipid redistri-
bution. Rather, the protein takes advantage of the inherent
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FIGURE 1 MA binds peripherally to lipid
bilayers with minimal structural perturbation.
(A) An MD simulation snapshot showing the
different lipid and protein components modeled in
the SANS analysis: inner leaflet headgroups (yel-
low) and chains (orange), outer leaflet chains (red)
and headgroups (green), protein (purple), and water
(blue). Below the cross-sectional view, the volume
probability profiles obtained from experimental
SANS data are displayed (thick lines surrounding

water 3

| I P

protein

o
T

Volume probability

POPC/POPS/Chol + RSV MA

the volume probability profiles reflect uncer-
tainties): POPC/POPS 70:30 mol % with bound
RSV MA (B); POPC/POPS/Chol 34:30:36 mol %
with bound RSV MA (C). (D—F) Structural param-
eters obtained from SANS analysis of POPC/POPS
bilayers without and with Chol, in the absence
(white bars) or presence (hatched bars) of RSV
MA: average area per molecule (D); lipid hydrocar-
bon thickness (E); and fold-enrichment of POPS

e |

Distance from bilayer center [nm]

Hydrocarbon

A lipid [A2 A
rea perlipid [A°] thickness [A]

] -MA
+MA
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patchiness of the nonideally mixed bilayers, binding to the
membrane primarily at sites already enriched with anionic
lipids.

Cholesterol enhances MA lysine-membrane
contacts

To investigate the atomic-level details of MA-membrane
interactions, we performed MD simulations mimicking the
SANS experimental conditions, i.e., monomeric MA in
the presence of a lipid membrane composed of either
POPC/POPS at 70:30 mol % (Fig. 2 A), or POPC/POPS/
Chol at 34:30:36 mol % (Fig. 2 B) in 50 mM NaCl solution
at 20°C. The MA structure used as a starting point in these
simulations was obtained from the monomer of the dimer
crystal after relaxation in water (see Materials and
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F

over the average composition in PS-rich clusters
(F). The reported structural parameters and errors
represent the mean and SD from independent fits
to four different neutron contrast data sets as
described in the text and Supporting Material.
A complete list of structural parameters is found in
Table S2.

Fold POPS
enrichment

0
-Cho

+Chol

Methods), and is similar to the independently determined
monomer crystal structure (the backbone RMSD between
the two structures is 2.8 A; Fig. S1 D).

The protein’s secondary structure remained stable during
the simulations (Fig. S6 A), and the protein density did not
penetrate further than the lipid headgroup region in either
system (Fig. S5), consistent with the SANS results (Fig. 1,
B and C). However, in the presence of Chol the helices’ tilts
changed slightly, facilitating the exposure of K13, K18,
K24, and K72 to the membrane (Fig. S6 C). Of the protein’s
10 lysine residues, two did not interact with either the
POPC/POPS or POPC/POPS/Chol bilayer, whereas six
exhibited a greater number of contacts with the +Chol
membrane (Fig. 2 C). The slight conformational changes
of the protein were accompanied by a moderate increase
in the number of instantaneous lysine-POPS contacts



MA binding to POPC/POPS bilayer

MA binding to POPC/POPS/Chol bilayer
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FIGURE 2 Cholesterol enhances MA-membrane contacts. Given here are snapshots of MA interacting with POPC/POPS (A) and POPC/POPS/Chol
(B) bilayers after 100 ns of simulation (for corresponding movies, see Movie S1, A and B). The protein is displayed in silver with specific lysine residues
labeled and shown in space-fill representation (“N” and “C” denote the protein termini). Lipid tails and headgroups are shown as light and dark gray lines,
respectively, and water and ions are omitted for clarity. (C) Shown is the difference in the percent time that MA lysine residues spend in contact with the
bilayer in the absence and presence of Chol, where contact is defined as a distance not greater than 3 A between any residue atom and any lipid atom. K13,
K18, and K72 spend a mean 22% more time in contact with the membrane when Chol is present, whereas K82 and K95 are never in contact with either

bilayer.

(Fig. S6 B). For example, during the last 100 ns of the sim-
ulations when the bilayer contained Chol, up to seven lysine
residues (as opposed to six in the POPC/POPS bilayer)
simultaneously came into contact with PS, and the probabil-
ity of a single PS lipid interacting with three lysine residues
was 25 times greater than in the POPC/POPS bilayer. These
results are consistent with a stronger electrostatic interaction
between MA and the Chol-containing membrane.

The modes of RSV MA-membrane interaction observed
in the simulations have been implicated in functional pheno-
types in vivo (47). In the simulations, the basic residues in
the first 35 amino acids of the protein were actively engaged
in contacts with the bilayer. The exception was K35, which
spent <20% of the time close to the membrane, consistent
with the unaffected budding of virus particles in the K35Q
mutant (47). In the simulations, neither K82, R61, or R85
(K82, K61, and K85 in the RSV strain studied in (47))
came in contact with the lipids, which agrees with the less
severe reductions in virus particle release observed in the
double mutants of K61Q/K82Q and K61Q/K85Q. Further-
more, in contrast to E25 and E70, the location of D52 on
helix 4 keeps that residue away from the bilayer surface in
the simulations, helping clarify the experimental observa-
tion of full versus partial rescue of a budding-defective
mutant upon lysine substitution of the glutamic or aspartic
acids, respectively (47).

Cholesterol increases the membrane surface
charge density

Neither SANS nor MD simulations provided evidence for a
direct interaction between MA and Chol, although SANS
showed a reduction in area per lipid and an increase in

hydrocarbon thickness for Chol-containing bilayers
(Fig. 1, D and E). We therefore hypothesized that Chol
indirectly influences MA binding by inducing changes in
the bilayer structure that promote electrostatic interactions
with the protein. To test this hypothesis, we first compared
the structural properties of the two simulated bilayers
in the absence of protein. It is important to note that because
the ratio of negative charge to total lipid was fixed, the
PC/PS ratio in the —Chol and +Chol bilayers was different
(7:3 and 3.4:3, respectively). This choice was made to
isolate the effects of cholesterol without changing the total
negative charge.

Incorporation of Chol increased the lipid acyl chain order
parameter by >65% (Fig. S6 D), consistent with ESR mea-
surements (18). This change was accompanied by a 28%
decrease in the average area per lipid from 60.9 to
435 A% and a 6 A increase in bilayer thickness from 40.5
to 46.9 A similar to SANS results (Fig. 1, D and E; Table
S2). The reduction of bilayer area led to an increase in the
PS surface density: for example, a 6.5 X 6.5-nm membrane
patch would contain on average 42 or 60 charged head-
groups in the absence or presence of 36 mol % Chol, respec-
tively. The greater PS area density increased the bilayer’s
negative surface charge density (i.e., charge per unit area),
which together with the lower PC/PS headgroup ratio (see
Fig. S7 for the individual contributions of PC and PS to
the charge density) completely eliminated the small peak
of positive charge density observed in the —Chol bilayer,
thus making electrostatic interactions with the +Chol mem-
brane more favorable (Figs. 3 and S7).

To relate the changes in surface charge density to MA bind-
ing, we calculated the bilayer electrostatic potential (defined
here and henceforth as 3 A above the surface) using nonlinear
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FIGURE 3 Cholesterol influences the membrane surface charge density.
Charge distribution along the bilayer normal is calculated from the two
simulated bilayers in the absence of MA. Addition of Chol increases the
negative charge density in the headgroup region (arrow B), eliminating
the peak of positive density at the water-lipid interface present in the
POPC/POPS bilayer (arrow A). See Fig. S7 for the individual contributions
of the membrane components.

Poisson-Boltzmann theory and the Gouy-Chapman model of
the electrical double layer (48). The potential is a function of
salt concentration, temperature, and surface charge density,
with the latter calculated as the ratio of POPS mole fraction
to the average area per lipid and having units of ¢ /A2 (the
reference potential in the bulk water far from the surface is
zero). This formulation assumes that the charges are uni-
formly distributed on a continuum flat surface and therefore
reports an average surface potential. Calculations based on
conditions used in the MD simulations yielded potentials of
—67 and —76 mV for the respective —Chol and +Chol bila-
yers, suggesting that the preference of MA for Chol-contain-
ing membranes is due to a stronger electrostatic attraction,
because MA bears a net +3 charge.

Nonideal mixing of POPC and POPS lipids has a
small effect on surface potential

Bilayers for MD simulations were constructed from an
initially random lateral arrangement of phospholipids and
Chol by using CHARMM-GUI (49). In light of the SANS
finding of POPS clusters (Fig. 1 F), and because the simula-
tion length of ~200 ns did not allow sufficient time for lipids
to explore their conformational space through lateral diffu-
sion, it is important to independently examine the effect of
nonideal mixing on the bilayer’s electrostatic potential. To
this end, we performed Monte Carlo lattice simulations of
a binary mixture of neutral and charged lipids in a 70:30
ratio, to obtain their equilibrium lateral distribution (Support-
ing Material). In this simple model, the lipid distribution is a
function of a single adjustable parameter, the excess mixing
energy AE,, of a PC/PS pair, which accounts for all nonideal
interactions between these lipids (43). To examine different
degrees of nonideal mixing we varied AE,, from zero (i.e.,
random mixing) to +0.5 kBT, which is just below the
threshold for complete phase separation (50).

Static snapshots of the equilibrium lipid distributions with
an increasing degree of nonideal mixing are shown in
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Fig. S8 (see Supporting Material for details). Also shown
(Fig. S8, lower panels) are corresponding maps of the elec-
trostatic surface potential relative to that of a uniform
bilayer with 30 mol % charged lipids (Supporting Material).
Although some patchiness of the potential is observed with
increasing nonideality, in most cases the local potential var-
ied by <10% from the average value, indicating that for low
to moderate degrees of nonideal mixing the average poten-
tial calculated with the uniform Gouy-Chapman model is a
reasonable approximation for the potential above the bilayer
surface. Taken together with the SANS results showing
similar degrees of nonideal mixing of POPC and POPS in
the presence and absence of Chol, as well as the calculated
13% decrease in the average potential in the +Chol mem-
brane, these findings suggest that nonideal mixing cannot
account for the Chol-enhanced MA/bilayer interaction
observed both in vitro (18) and in silico (this work).

Cholesterol increases the MA/bilayer electrostatic
interaction and decreases the penalty for
headgroup desolvation

To examine the specific energetic contributions of the pro-
tein and bilayer in the MA-membrane interaction, we used
the molecular mechanics-generalized Born surface area
(MM-GBSA) approach to estimate the binding free energy
AGyping of MA with the POPC/POPS and POPC/POPS/
Chol bilayers, based on conformations sampled in the MD
simulations (51,52). In the MM-GBSA framework, AGy;q
is approximated as the sum of the interaction energy of
the two binding partners (here, MA and bilayer) in vacuum
AEYE, and the penalty for displacing water molecules upon
protein binding. The latter is expressed as a difference in the
energetic cost for desolvating the MA-bilayer complex and
each partner separately, and is referred to as AAGgyy-

Our analysis showed that in the presence of Chol, the
binding free energy was >4 kcal/mol more favorable than
in the absence of Chol (-5.8 * 0.3 vs. -1.6 *= 0.2 kcal/mol,
respectively). Decomposition of AGy,gq into electrostatic
and desolvation contributions confirmed the much stronger
electrostatic interaction of MA with the Chol-containing
bilayer (—1531 vs. —1215 kcal/mol for +Chol and —Chol
bilayers, respectively), while also revealing a similar trend
in the polar desolvation penalties (1552 vs. 1242 kcal/mol),
as shown in Table S5. When the two partners bind, the favor-
able electrostatic attraction between them is partially offset
by the displacement of water molecules from the binding
interface, which incurs an unfavorable desolvation penalty
resulting from the high dielectric strength of water and
charge screening by the salt.

Further insight was gained by decomposing
AGping = AEY + AAG,,y into the separate contributions
from each binding partner (52,53). Whereas the balance
between AEYY and AAG,,, for MA was similar in the

nt

two MA-bilayer systems (Fig. 4 A, blue bars), the energetic
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FIGURE 4 Cholesterol decreases the energetic penalty for lipid desol-
vation. (A) Given here are contributions of MA and lipids to the total
binding free energy AGy;yq of the MA-bilayer complex estimated using
the MM-GBSA method. Each energetic contribution is the sum of the
interaction energy in vacuum for the respective system and the solvation
penalty calculated separately for MA and the lipids. The presence of
Chol results in a 5 kcal/mol reduction in the solvation penalty of the
lipids relative to AE}:, resulting in a more favorable bilayer contribution
to AGy;ng compared to the PC/PS bilayer. For a detailed breakdown of the
energy contributions and details of the underlying calculation, see
Supporting Material. (B) A schematic illustration of the lipid headgroups
(gray) on the bilayer surface in the +Chol and —Chol membranes, and the
water molecules that solvate them (blue dots). Due to the area occupied
by Chol itself, there are fewer lipid (PC or PS) headgroups in a bilayer
patch of given size. Thus, even though Chol increases the number of
bound waters per headgroup, it decreases the SASA per unit area of
the bilayer (see text). Note that the spacing between the lipid headgroups
in the +Chol schematic has been exaggerated to emphasize the lower
packing density in this region.

cost for desolvating the lipids was lower for the +Chol
bilayer, resulting in a more favorable MA-membrane inter-
action energy (Fig. 4 A, orange bars). The desolvation
penalty is closely related to both the charge density and
the solvent-accessible surface area (SASA) of the binding
partners. Thus, the smaller desolvation penalty of
the +Chol bilayer could be due to either a lower charge
density, and/or smaller solvent-exposed molecular surface
to desolvate in the presence of Chol. The area of the MA
shadow (defined by the projection of the MA coordinates
onto the bilayer plane) in the two bilayers was practically
identical (Fig. S9 B), and the 4+-Chol bilayer had on average
one more POPS lipid than the —Chol bilayer (Fig. S9 E),
thereby excluding the former possibility.

Mechanism of Chol-enhanced Binding

To test for the latter, we compared the SASA of the top
leaflet patch in the MA shadow in the two bilayers. As
expected, the +Chol bilayer had a significantly smaller
SASA than the —Chol bilayer (Fig. SO A). At first glance,
a smaller SASA in the presence of Chol suggests fewer
waters per lipid. Interestingly, a count of the number of wa-
ters within 3 A of a POPC or POPS lipid revealed that,
consistent with experimental data (22), lipids were in fact
better hydrated in the +Chol bilayer, having roughly 13.3
waters/headgroup compared to 12.3 in the Chol-free bilayer
(Fig. S9 C). However, due to the surface area occupied by
Chol itself, there were on average four fewer lipid head-
groups under the protein in the presence of Chol (Fig. S9
D). This resulted in ~30 fewer lipid-bound waters in the
MA shadow in the +Chol bilayer compared to the —Chol
bilayer (226 vs. 258), in agreement with the observed
SASA difference. A count of the number of PC, PS, and
Chol molecules in the MA shadow further confirmed that
this difference was due to the replacement of POPC with
Chol (Fig. S9 E). Thus, whereas Chol increases headgroup
hydration, it decreases the overall bilayer SASA per unit
of planar area in the bilayer, as illustrated schematically in
Fig. 5 B, resulting in a smaller desolvation penalty of the
POPC/POPS/Chol membrane upon protein binding. There-
fore, our MM-GBSA analysis indicates that Chol both
increases the electrostatic attraction between MA and the
bilayer, and decreases the cost for headgroup desolvation
when the protein binds. These two effects, in concert, result
in the energetically more favorable interaction of MA with
the +Chol membrane.

The membrane electrostatic potential is a key
determinant of MA binding affinity

Although the effects of Chol on membrane thickness and
lipid packing are well known (see (54)), the calculations
of the previous sections demonstrate that bilayer structural
perturbations induced by Chol constitute a general mecha-
nism by which the molecule can indirectly mediate electro-
static interactions with proteins. To further explore
retroviral MA-membrane association in the context of these
interactions, we used liposome pelleting (25) to measure
binding of RSV MA to LUVs with varying POPS and
Chol concentrations, and at varying salt concentration.
The data were analyzed in terms of calculated electrostatic
potential above the membrane surface (Figs. 5 and S10).
Consistent with previous results for RSV and HIV MA
and Gag (8,25,38,55), increasing the POPS concentration
from 15 to 45 mol % resulted in increased RSV MA binding
to LUVs from ~10 to 70% (Fig. 5 C, blue triangles).
A significant enhancement in binding affinity was observed
when 36 mol % POPC was replaced with Chol (Fig. 5 C,
purple squares): for example, at 20 mol % POPS, Chol
increased MA association with LUVs from 10 to 40%. We
also directly tested the ability of Chol to enhance binding

Biophysical Journal 113, 2004—2015, November 7, 2017 2011



Doktorova et al.

A B 65 —7 &
[ 50 mM NaCl xio® | <
e e e e R = 60) E

kDa = [

25~ [l 100 mM NaCl 2 54 63

20~ e — —— - = [0)

9] o
15- a 50f s
[l 150 mM NaCl 8 S
- e <45 5 §
o B 5
o = M @ & g & g 4 >
© © e e ° 9o 5 0 10 20 a0 40 50 @
Cholesterol mol% Cholesterol mol%
C D
100 100
POPC/POPS

£ ] £

§ w0 POPC/POPS/Chol * 5 #0

[o% 1 [o%

5 60 * i 5 60 _i

c < c -

RS : E

8 40 * - 8 40 * -

> N > N

) 4 =) 3

=120 'l' —1 20 'L

2 : * P

0
15 20 25 30 35 40 45 40 50 60 70 80 90
POPS mol% Surface potential ¢ (mV)
E F
10 100
= 50mM NaCl

< | =100mM NaCl c

© 80f = 150mM NaCl @ 80

g , P38 R

- 60 ,} - 60 *

c c

3 ¥ 3 i

8 40 [] O 40 [}

3 ' 3 '

2 20 i 20 i

o o
S . e | '
o % = u = 0 [l
0 10 20 30 40 50 30 40 50 60 70 80

Cholesterol mol% Surface potential ¢ (mV)

FIGURE 5 RSV MA membrane association is quantitatively explained
by membrane surface potential. (A) Coomassie-stained gel of pelleted
MA associated with LUVs with increasing Chol concentration
(0-50 mol %, lanes 2-7). “Back” (lane 8) represents the amount of MA
pelleted in the absence of LUVs and “Total” (lane 9) represents the total
MA in each binding reaction. (B) Calculated membrane surface charge
density (right axis, red) and average area per molecule (left axis, black)
for POPC/POPS/Chol bilayers plotted versus Chol concentration.
(C) Percent of LUV-bound MA plotted against POPS concentration for
membranes without (light blue triangles) and with (purple squares)
36 mol % Chol. (D) Given here is binding data from (C) plotted versus
calculated y. (E) Percent of MA bound to LUVs at 30 mol % POPS
with increasing Chol and decreasing POPC concentration at different
NaCl concentrations: 50 mM (green), 100 mM (orange), and 150 mM
(blue). (F) Binding data from (E) is plotted versus calculated y. Legend
in (A) corresponds to (A, E, and F); legend in (C) corresponds to
(C and D). All data points are the average, and error bars are the SD,
of no fewer than four independent replicate samples.

under a range of ionic strengths by incrementally replacing
POPC with Chol at a fixed POPS concentration of 30 mol %.
This replacement decreases the average area per molecule
from 62 to 45 A2, and increases the surface charge density
from 4.8 x 1073 to 6.6 x 107> /A% (Fig. 5 B). At
100 mM NaCl, we observed a significant increase in the
amount of RSV MA associated with LUVs upon increasing
Chol concentration (Fig. 5 E, red squares). Reducing the
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NaCl concentration to 50 mM resulted in increased binding
at all Chol concentrations (Fig. 5 E, green squares), whereas
increasing NaCl concentration to 150 mM practically elim-
inated binding (Fig. 5 E, blue squares).

Importantly, the binding trends for all bilayers with and
without Chol, and at different ionic strength, collapse onto
a single curve when plotted against the electrostatic poten-
tial above the membrane surface, v, calculated using the
Gouy-Chapman model (Fig. 5, D-F). In all cases, MA
shows little membrane affinity at ¥ > —50 mV, whereas a
dramatic increase in binding occurs as ¥ drops to =70 mV.
We also observed a similar trend when MA binding was
measured as a function of varying NaCl concentration
(Fig. S10). Taken together, these results reveal a sigmoidal
dependence of binding on membrane surface potential,
and demonstrate that the ability of Chol to enhance RSV
MA membrane association can be explained by changes in
bilayer structure that increase the surface charge density.

Implications for MA binding at the plasma
membrane

Fig. 6 A shows a model of a mammalian PM taken from
published estimates of the outer and inner leaflet lipid
composition (5,17,56). Using literature values for individual
lipid areas, we calculated the average molecular area
(48.9 Az) and charge (0.32 e") for the PM inner leaflet
composition (Table S4), which results in an average surface
charge density of 6.5x107° ¢ /A% 1t is instructive to
consider this charge density in the context of our binding
results. Fig. 6 B shows a contour plot of y as a function of
average molecular area and charge at physiological ionic
strength (150 mM NaCl) and temperature (37°C), calculated
with the Gouy-Chapman model. Also shown is a contour
plot of the percentage of membrane-bound MA protein un-
der the same conditions, obtained by mapping the sigmoidal
binding curve of Fig. 5 F to the calculated surface potential
(Fig. S10; Supporting Material). Whereas ¥ changes gradu-
ally as a function of surface charge density, the fraction of
bound protein exhibits large changes over a relatively small
range of ¥, from ~-50 to —60 mV. The average PM compo-
sition is located approximately at the —-50 mV contour, a
point that corresponds to weak binding, but that is near
the edge of the binding transition. Compositional perturba-
tions such as nonideal mixing that increase the local concen-
tration of charged lipid (corresponding to movement in
the +y direction), or increase the local concentration of
Chol (corresponding to movement in the —x direction), could
therefore act as a binding switch. For example, a 10 A?
reduction in the average lipid area—which corresponds to
a 107> e /A? increase in charge density, or roughly a 20%
increase in the local PS density in a patch of average con-
centration of 30 mol %—could be sufficient to promote
electrostatic binding. Thus, by tuning the local lipid compo-
sition in the inner leaflet, cells could create binding
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platforms enriched in monovalent charged lipids and Chol,
which can attract proteins by means of electrostatic
interactions.

The mechanistic insights gained from this study also
enable predictions for the effect on protein binding of
Chol relative to other lipids. Our results indicate that Chol
enhances protein binding through two synergistic effects:
it both increases the charge density of the bilayer and
decreases the energetic cost of displacing water from the
lipid headgroups. As mentioned earlier, the penalty for
headgroup desolvation is related to the SASA per unit of
planar area. Thus, increasing the membrane’s charge density
at fixed SASA (for example, by adding PIP2 lipids instead
of Chol to a POPC/POPS membrane with a fixed PS mole
fraction) should cause a large increase in protein binding.
Indeed, this has been shown experimentally for a number
of different proteins and model peptides (see Fig. 8 in
(25)). On the other hand, decreasing the bilayer’s desolva-
tion penalty (or SASA/unit area) at a fixed membrane
charge density should result in a smaller increase in binding.
One such example can be seen directly in the binding data in
Fig. 5 C: namely, the —Chol bilayer with 25 mol % PS and
the 4+Chol bilayer with 20 mol % PS have a similar charge
density of ~4 x 107> e /A2, yet the binding to the +Chol
bilayer is stronger. This is likely due to Chol’s effects on
the solvation properties of the membrane. PE lipids, which
are abundant in the PM inner leaflet, have smaller head-
groups (hence, smaller SASA) and smaller cross-sectional

areas than corresponding PC or PS lipids (57). Due to their
small SASA and ability to reduce the bilayer area, PE and
Chol should have similar effects on binding. Indeed,
although at 25 mol % PS, 27% and 53% MA is bound to
POPC/POPS and POPC/POPS/Chol bilayers, respectively
(Fig. 5 C), we find that 58% MA 1is bound to the correspond-
ing POPE/POPS liposomes under the same conditions.

CONCLUSIONS

We have shown how the interactions crucial for Gag asso-
ciation with the PM can depend on the types of lipids
present in the PM inner leaflet. Model membrane studies
have previously shown that: 1) electrostatic interactions
are critical for MA binding (1,58), 2) cholesterol enhances
MA and Gag binding (18,59), and 3) cholesterol con-
denses the membrane area (60). Our work is the first to
explain these observations by describing cholesterol’s
role using Gouy-Chapman electrostatics. For example,
HIV virions are enriched in charged lipids compared to
the cellular plasma membrane, and contain 30—40 mol %
cholesterol (5), yet many studies of viral protein binding
to model membranes do not include cholesterol. Our
results suggest that cholesterol enhances MA binding by
affecting both the electrostatic and solvation properties
of the membrane. Thus, it is an essential component in
model membranes, recreating a surface potential and bind-
ing conditions representative of the PM inner leaflet.

Biophysical Journal 113, 2004—2015, November 7, 2017 2013



Doktorova et al.

Moreover, we found that the nonideal mixing behavior of
neutral and charged lipids can promote the formation of
anionic lipid clusters that act as protein binding sites.
We conclude that membranes can mediate nonspecific
electrostatic interactions with proteins even in the absence
of multivalent acidic lipids, and that bilayer mixing
behavior and structural properties should be considered
when interpreting protein binding data.

SUPPORTING MATERIAL

Supporting Materials and Methods, thirteen figures, five tables, and two
movies are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(17)30987-6.
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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) = Ihom(q) + Iintra(Q) + Iinter(q)- (S1)

The first term in Eq. S1 accounts for the iomogeneous 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 p(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:

Inom(q) = 4n[2vM,(q) + 2Vma,W,(q)]

o]

Mo(q) = f l0e() = plrZjo(qrdr,  (S3)

2
)

(52)

Wo(q) = f [pa(r) — peIr2o(qrdr.  (S4)

Here, pg, pc, and pg 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;;q and
Iinter- Making use of a spherical harmonic expansion of the vesicle scattering amplitude,
the intradomain scattering contribution is given by:

N 2
linera(@) = 4Ny ) [@ @[ W@, (55)
=1

Wi(q) = f [0a(™) — per2i(grydr,  (S6)

J2I+ 1D

o [cos ay Pi(cosay) — Pppi(cosay)l, (87)

Wlo(ad) =



where N is the number of domains, a is the angle formed by vectors pointing from the
vesicle center to the domain center and edge, and P, is the Legendre polynomial of degree
[. Finally, the interdomain scattering arising from coherent interference between different
domains is given by:

lineer @ = 4 ) Y [0 @) IM(@IPP(c0s 8)),  (58)

J#K l=1

where 6 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 /(q, R) (i.e., Eqs. S1-8) over a Schulz distribution:

1 )(1/02) R(1/0%-1) [ —R ]

GR) = (Rmaz r(1/o2) PR, o2

(59)

where R, is the most probable vesicle radius, ¢ is the root mean square deviation from
R,,, and I is the gamma function. The polydisperse intensity I»(q) is then given by:

(o]

In(q) = f 1@ RGRR.  (S10)
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To summarize, the HCS model requires as input:

1. Radial SLD profiles for the domain and continuous phases, p,(r) and p.(r).
Assuming that the radial bilayer structure does not depend on vesicle size R, then
p(r;R) = p(z + R) for all R, where p;(z) and p.(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 ay and the distribution of domain center-center angles 6. Our analysis
assumed circular domains with a fixed area of 1375 A (corresponding to the
cross-sectional area of an MA monomer), randomly arranged on the vesicle
surface.

3. A vesicle size distribution G(R; R,,,0). We note that for vesicles larger than ~
300 A diameter, the precise values of R,,, and o do not affect I(g) for g > 0.05 A"
'. In our analysis, we fixed these parameters at 500 A and 125 A, 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:



N;V;

Pi(z) = 4,0, [0(z —z;) — O(z — z; — 07)], (511)
T

where V; is the fragment volume, g; is the fragment width along the bilayer normal, 4; is
the unit cell area, z; is the fragment’s lower boundary (z; + g; is the upper boundary),
and O is the unit step function. For the domain phase, externally-bound protein was
modeled with a Gaussian probability distribution:

2
2xpVp —(z—zp)
Pp(z) = ex . S13
P( ) \/%ALJP p [ 20_p2 ( )

In Eq. S13, yp 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 Np = 2yp. All lipid and protein fragment volume
probability functions satisfy the following relationships:

N;V;
fPi(Z)dZ: 1 (514)

L

P(z) = Z P(2)+P,(z)=1, (515

where N; is the number of fragment i contained in the unit cell, P, 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:

P,(z)=1— Z P(z).  (S16)

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

p() =) pP@),  (S17)

_ b 518

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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where V;; and b;; are the fragment i volume and scattering length of mixture component
J» respectively, and y; 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 V; and
area per lipid:

DB :VL/AL' (521)

where V and Vy; are the lipid chain and headgroup volumes, respectively, and V; =V, +
Vy. Similarly, the hydrocarbon chain thickness 2D, is calculated from the hydrocarbon
chain volume and area per lipid:

ZDC == ZVC/AL' (522)

Finally, to account for the smearing effects of thermal disorder, the NSLD profile was
smoothed by convolution with a Gaussian function:

e}

D =prg= [ pWgloiz—ndx,  (523)

with the width of the smoothing window a fixed at 2 A.

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 HKL.2000 (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 Nal 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 Nal-soaked crystals were collected at wavelengths of 1.033 and
1.653 A. The program SHELXD (5) was used to identify the halide-binding sites. The
Nal and NaBr-derivatized crystals shared a common site, with an additional unique site



for the Nal 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



the average area per lipid of the bilayer, with units of /A%, 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 1:

a
f@) = PRpTI=DE (524)

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 ¥ * 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 Y* = -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 x 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 (Npg and Np, respectively) is
given by the sum of unique nearest-neighbor pairwise interactions (17):

_ ZNpsUps_ps  ZNpcUpc—pc
B 2 + 2

AE;, = Ups—pc — (Ups—ps + Upc—pc)/2, (526)

UT

+ Nps—pcAEm, (525)

where Ups_ps and Upq_pc are the interaction energies for a neighboring pair of PS and
PC lipids, respectively, Npg_po 1s 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 AE,, 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 AUT = Ul,, — UL, that was either favorable/neutral (AUT < 0) or
unfavorable (AUT > 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 (—AUT /kgzT) 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 10° MC cycles, where a cycle is
defined as a number of proposed exchanges equal to the lattice size (here, 10°



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 AE,,, varying from ~ 300 cycles for AE,, =+ 0.1 kgT to ~ 10* cycles for AE,,
=+ 0.5 kgT. 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 I = (ly, l,,, 0) using the relationship between the triangular lattice spacing A
and the unit cell area A:

1/2

,1=<2—) o (s27)

and taking A to be the area per lipid (63 A%). The potential V at an arbitrary point p =
(Px» Py, D7) is then given by:

V= kezﬂ, (528)
> Ty

where k, is Coulomb’s constant, 7; = ||l]- — p|| is the distance between point p and lattice
site j, q; 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 ¥ arising from a uniformly charged lattice calculated as:

7= ke)(e‘er_l, (529)

J

where y is the mole fraction of charged lipid in the mixture (here, 0.3). Finally the
relative potential ¥ at point p was calculated as V = V /7.

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



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 £5°V = 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

AGbind = AEi‘gj}cc-l'AGdesolv(IW)+AGdesolv(P)_AGdesolv(]VIP) + ASI‘)/iiEd . (S?’O)

In general, AEYC 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 AEJ: boils down to the Van der Waals and
electrostatic interaction energies between M and P. ASYY, 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,

AGdesolv(X) = AGP,desolv (X) + AGNP,desolv (X) (53 1)

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,

AGNP,desolv(X) = }/SASA(X), (532)

with y = —0.0072 kcal/mol/A* (33). The SASA is calculated by rolling a virtual 1.4 A
radius ball over the molecules. The polar solvation term is calculated using the
generalized Born (GB) equation (28, 31) with an additional Debeye-Hiickel correction to
account for ionic screening (28):

cf 1 e q:9;
l
AGP,desolv(X) = E(Svac T _solv ) GB] . (533)
r &r ijex U

Here, the q; are atomic partial charges, ¢ = 332.0672 kcal/mol A / v’, and k is the

Debeye-Hiickel screening constant expressed in A™ as k = 0.3164/[salt], where [salt] is
the monovalent ion concentration in mol/L (34). The modified atomic distances entering
the GB equation are given by

T2
riS’.B = \[ré + a;a; exp {— 80(Ua } (534)

1%

Critical quantities for the accuracy of the GB model are the Born radii «;, 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.



Because all energies in the MM-GBSA framework are expressed in terms involving
single atoms or pairs of atoms, AGy;nq 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 AGping. 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 A cutoff for VAW
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 HCI 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 uM, 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 LUV 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 ¢(x,)) and
mobile ion concentrations ¢+ 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 (F,), lipid mixing entropy (F},), and salt ion translational entropy
(Fion) contributions:

F = Fel + Flip + FL'OTU (535)

where,

1 kT
Fu = 5606w (;—2) f (Vo)2dv,  (S36)
174
kBTf [ ® 1- w)l
Fy, = 2— In—+ (1 -¢)lIn—""|d4, 537
i a 4 ®Do ¢ 1- §00) ( )

c c_
Fion = kBTf [C+ l‘nc—+ +c_ lnc— —(c4 +c_— 2C0)] dv. (538)
0 0

4
In the above, kg is the Boltzmann constant, 7 is the temperature, e is the elementary
charge, €, is the permeability of free space, and €,, = 80 is the dielectric constant of the
aqueous solution. @ represents reduced (dimensionless) electrostatic potential in space, a
denotes the area per lipid, ¢y is the salt concentration in the bulk, and ¢, represents bulk
concentration of a charged lipid species. The ¢(x,y) local field relates to the surface
charge densities a(x,y) through o(x,y) = (e/a)p(x,y)z(x,y), where z(x,y) denotes valency of
the lipid at (x,y). Minimization of F with respect to ¢+ and c. leads to the non-linear
Poisson-Boltzmann (NLPB) equation (48):

Vo = A7 %sinh @, (539)

which is solved to obtain @ in space (4 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 (F;;,) due to lipid
segregation or de-mixing. Thus, a self-consistent search for the free energy minimum is
conveniently carried by linking @ (obtained from the NLPB equation) and spatial
charged-lipid compositions ¢ on each leaflet of the membrane to the respective
electrochemical potentials # through the Cahn-Hilliard (CH) equation (49):
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= Dy, V2u(#,t).  (540)

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 o(x,y) ~ 4.93x10” e charge density, corresponding to ~30 mol% PS lipid
content (assuming a = 60.9 A?).

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 A-spaced cubic 256 A’ mesh as described previously (43). This
was done using a 0.05 M ionic solution of monovalent counterions (corresponding to A =
13.49 A 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 A (43, 47).

The CMF calculation shows the adsorption free energy of MA protein, AF = F-
(FprottFmemb) (Fprot and Frnemp representing the free energy of protein and membrane
system in separation) onto the POPC/POPS 70/30 mol% lipid membrane is ~ -9 kgT (see
Fig. S4A). Importantly, lipid de-mixing had an insignificant effect on AF (the
minimization procedure resulted in a change in AF of < 1 kgT, 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 MA; 102 RSV MA; 102

Crystallization Conditions

Protein concentration (uM) 680 540 540

Reservoir Solution 2.60 M Ammonium formate 18%(w/v) PEG 8000 0.6 M Malonic acid /KOH pH 9.1

0.20 M B-Alanine/KOH pH 10.3

0.2 M Succinic acid/KOH pH 5.5
1.0 M Ammonium nitrate

0.1 M Boric acid /KOH pH 9.1

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

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

Temperature (°C) JAmbient 18 18
X-ray diffraction data
(Cryoprotectant 4.00 M Ammonium formate 20%(w/v) PEG 8000 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

14,22

4,

14,22

[Unit cell lengths (A)

la=b=66.2, c=218.8

la=b=79.0, c=27.8

la=b=67.4, c=220.8

[X-ray source

IALS Beamline 8.2.1

Rigaku MicroMax-007 HF Rotating
ICopper Anode

Rigaku MicroMax-007 HF Rotating]
ICopper Anode

[X-ray wavelength (A) 1.03320 1.54179 1.54179
Sample Temperature (K) 100 110 110
Data resolution limits (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® (6104 (582) 7363 (681) 4535 (429)
Mean Redundancy * 8.7 (9.0) 12.4 (11.4) 10.1 (10.5)
Completeness (%) * 99.9 (100.0) 99.5 (94.6) 99.9 (100.0)
Rmeasure " IND (ND) 0.058 (0.289) 0.139 (0.703)
Rinerge * 0.070 (0.455) 0.055 (0.277) 0.132 (0.678)
Mean I/ ol* 34.0 (4.1) 56.0 (10.0) 22.2 (4.5)
Crystallographic models
INumber of protein molecules infl 1 1
the asymmetric unit
Ruork / Rree 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 -

NO}’

IDisorder Model

Individual Isotropic B-factors

Individual Isotropic B-factors

Individual Isotropic B-factors

Mean total isotropic B-factor, alll67.4 23.1 74.7

protein atoms (A%):

Bulk Solvent model Mask Mask Mask
RMSD from ideal geometry :0.008/1.325 0.011/1.392 0.013 / 1.695
Bond lengths (A) / Bond angles|

)

Residues in Favoured / Allowed|100.0 / 100.0 97.1/100.0 95.3/100.0
regions of Ramachandran plof

(%)°

IPDB ID code 5KZ9 SKZA 5KZB

“Numbers in parentheses are for the highest resolution shell. "Calculated from a randomly selected 5% of observations omitted from
all model refinement. “Defined 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).

— Cholesterol + Cholesterol
Parameter
— RSV-MA | + RSV-MA — RSV-MA | + RSV-MA

global

Xpopc 0.7 0.7 0.34 0.34

Xpops 0.3 0.3 0.3 0.3

XchoL - - 0.36 0.36
POPC-rich domain

Xpopc 0.9+0.1% 0.9+0.1% 0.46 + 0.02* 0.45 +0.07*

Xpops 0.1+0.1 0.1+0.1 0.18 £0.02 0.19 +0.07

XchoL - - 0.36 0.36
v, [A%)® 1234 +2 1236 +2 1012 + 1 1012+2
A, [A7° 63.1 + 1.4* 61.5+2.0% 48.2 +0.6* 47.7 +0.9*
Dy [A]° 39.2+0.9 403+1.2 42.0+0.5 424+0.8
2D [A]¢ 29.0+0.7 29.9+0.9 33.8+0.4 34.1+0.6
Dy [A]€ 6.9 +1.5% 6.2 +0.6% 7.2+ 1.4% 6.6 +1.3%
POPS-rich domain

Xpopc 03403 03403 0.08 +0.03 0.19 +0.09

Xpops 0.7+0.3 0.7+0.3 0.56 +0.03 0.45 +0.09

XchoL - - 0.36 0.36
v, [A%)® 1222+5 1222+5 1003 +2 1005 + 3
A, [A7° 63.0 +4.3* 65.2 +2.3% 48.8 + 4.4*% 474 +2.9%
Dy [A]° 389+ 1.4 38.6+0.9 41.7+1.9 422+13
2D [A]¢ 29.1+1.1 29.0+0.6 33.8+1.5 342+ 1.0
Dy [A]€ 9.2 +1.0% 6.4 +1.3% 7.8+ 1.7% 7.6+ 1.8%
Protein bound to POPS-rich domain
Ap [ATF 1375 1375
zp [A] ¢ -- 35.9 +0.8% -- 38.0 £ 0.6*
op [A]" - 7.2+ 0.6% -- 6.6 + 0.4%
N, -- 21+1 -- 2942
Npops ! - 15+5 -- 1343
fo " - 0.47 + 0.04* - 0.50 + 0.05%
ap’ -- 0.35+0.04 -- 0.40 + 0.04

%average lipid volume calculated as mole fraction-weighted sum of lipid and chol molecular volumes °average area per
lipid ‘total bilayer (Luzzati) thickness “bilayer hydrocarbon thickness headgroup thickness farea per protein Scenter
of Gaussian protein volume distribution "width of Gaussian protein volume distribution ‘average number of outer
leaflet lipids in protein shadow J‘average number of outer leaflet POPS in protein shadow “fraction of protein bound to
vesicle 'vesicle area fraction bound by protein
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Table S3. Molecular volume V, neutron scattering length b, and neutron scattering length
density p of different species.

V [A%] b [fm] p [fm A7)
D,O 30.1 19.145 0.636
RSV-MA in a

D,0 20280 6325° 0.312
Head Chains Head Chains Head Chains
POPC® 331 916 60.072 -26.624 0.181 -0.029
POPC-D31° 331 916 60.072 296.086 0.181 0.323
POPS! 278 917 115.789 -26.624 0.417 -0.029
POPS-D31¢ 278 917 115.789 296.086 0.417 0.323

3sum of residue volumes taken from ref. (52) "accounts for exchangeable protons following ref. (53) ‘volume data
from ref. (54) dyolume 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 charge [e] area [Az]
X per lipid x-weighted per lipid x-weighted

Chol 0.4 0 0 27" 10.8
(PO)PE 0.28 0 0 59° 16.5
(PO)PC 0.05 0 0 65° 3.3
(PO)PS 0.18 -1 0.18 64° 11.5
(SA)PI 0.08 -1 0.08 68° 5.4
(SA)PIP2 0.02 -3 0.06 68° 1.4
Total 1.0 0.32 48.9

iref. (59) °ref. (60) ‘ref. (54) °ref. (55) °ref. (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, AE5; the polar (P) and nonpolar (NP) desolvation penalties and
their sum, AAG,,;,; and the total binding free energy approximated by AER“+AAG.;,-
All energy units are in kcal/mol.

Interaction energy in Desolvation penalty
system component vacuum total
VAW | Elec | AGZS® P NP [ AAG,y,
MA and MA 93 |-607.8 | -617.1 | 6209 | -48 | 616.1 -1.0
PC/PS lipids 93 |-607.8 | -617.1 | 6206 | -42 | 6164 -0.7
MA and MA 85 | -765.6 | -7741 | 779.1 | -5.1 7740 | -0.1
PC/PS/Chol [ipids 85 | -7657 | -7741 | 7731 | -48 768.3 5.8
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SUPPORTING FIGURES
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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 A.
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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 (AF) in the CMF calculations. Shown
is the change in AF as the mean-field free energy functional is minimized. Value of AF at 0"
minimization step corresponds to the adsorption free energy onto homogeneous membrane
composed of charged and neutral lipids generating a surface charge density of 4.93x10° ¢
(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 SS. 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 A distance between the centers of mass of the NH; 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, S¢p, 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 A, respectively). Note that since the charge density
calculation is performed at high resolution (slabs in z with thickness of 0.2 A) 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.
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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 AEm 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 A 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 A 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 A 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 AGypingq 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. 7op Fig. 2AB with two
axes (director vectors) shown, defining the orientation of MA relative to the bilayer surface: one,
connecting the Ca atoms of K13 and K72, and another one connecting the Ca 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 ~103°
for K13-K72 and ~41° 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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