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Abstract Ebola virus (EBOV) causes severe hemor-
rhagic fever in humans and is lethal in a large per-
centage of those infected. The EBOV matrix protein
viral protein 40 kDa (VP40) is a peripheral binding
protein that forms a shell beneath the lipid bilayer in
virions and virus-like particles (VLPs). VP40 is
required for virus assembly and budding from the
host cell plasma membrane. VP40 is a dimer that can
rearrange into oligomers at the plasma membrane
interface, but it is unclear how these structures form
and how they are stabilized. We therefore investi-
gated the ability of VP40 to form stable oligomers
using in vitro and cellular assays. We characterized
two lysine-rich regions in the VP40 C-terminal
domain (CTD) that bind phosphatidylinositol-4,5-
bisphosphate (PI(4,5)P2) and play distinct roles in
lipid binding and the assembly of the EBOV matrix
layer. The extensive analysis of VP40 with and
without lipids by hydrogen deuterium exchange mass
spectrometry revealed that VP40 oligomers become
extremely stable when VP40 binds PI(4,5)P2. The
PI(4,5)P2-induced stability of VP40 dimers and olig-
omers is a critical factor in VP40 oligomerization and
release of VLPs from the plasma membrane. The
two lysine-rich regions of the VP40 CTD have
different roles with respect to interactions with
plasma membrane phosphatidylserine (PS) and PI(4,5)
P2. CTD region 1 (Lys221, Lys224, and Lys225) in-
teracts with PI(4,5)P2 more favorably than PS and is
important for VP40 extent of oligomerization. In
contrast, region 2 (Lys270, Lys274, Lys275, and
Lys279) mediates VP40 oligomer stability via lipid
interactions and has a more prominent role in release
of VLPs.
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Ebola virus (EBOV) is a collective name for six spe-
cies of filovirus, four of which are known to cause a
severe and often fatal hemorrhagic fever in humans (1).
The FDA has approved a vaccine and antibody cocktail
focused on the EBOV glycoprotein (2, 3), which studs
the exterior of the virus particle during infection.
Despite these efforts, there are currently no approved
small molecule therapies for EBOV. Accordingly, other
targets are being explored in filovirus infection such as
host-virus interactions (4, 5) and the matrix protein
viral protein 40 kDa (VP40) (6–8).

EBOV VP40 is a 326-residue protein required for
virus assembly, budding, and escape from the host cell
plasma membrane (9, 10). VP40 in the absence of other
EBOV proteins is sufficient to produce virus-like par-
ticles (VLPs) from the host cell plasma membrane that
resemble authentic virions (11–14). VP40 therefore ful-
fils several distinct and essential tasks, which is facili-
tated by its ability to exist as a dimer, filament of
dimers, and RNA-binding octameric ring (9, 15, 16).
Following viral infection and uncoating, VP40 enters
the host cell nucleus (17) and is also thought to bind
RNA as an octamer to regulate viral transcription in the
cytoplasm (9, 15). Subsequently, VP40 dimers interact
with host lipids such as phosphatidylserine (PS) (18, 19)
in order to localize at the inner leaflet of the plasma
membrane (9, 18–21) and form stable dimer-dimer in-
teractions (9, 16, 18–23). If the inner leaflet of the host
plasma membrane contains phosphatidylinositol 4,5-
bisphosphate (PI(4,5)P2), this allows the formation of
large VP40 oligomers (23) from PS-induced VP40
hexamers (9, 18–20, 24). Lipid-induced VP40 oligomer-
ization is supported by a recent cryoelectron
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tomography study showing the VP40 matrix layer
forms from a patchwork of VP40 assemblies initiated at
different points at the plasma membrane interface (16).

Although PS and PI(4,5)P2 play important roles in the
EBOV life cycle, the molecular basis and structural
consequences of VP40–PI(4,5)P2 interactions are mostly
unknown. VP40 has two cationic loop regions in its C-
terminal domain (CTD region 1: Lys221, Lys224, Lys225,
CTD region 2: Lys270, Lys274, Lys275, Lys279), and molec-
ular dynamics (MD) studies have shown that PS interacts
predominantly with CTD region 1 in the absence of
PI(4,5)P2 (19). Notably, the VP40 dimer is necessary for
localization to the plasma membrane, which does not
occur for the VP40 monomer (9, 19). Dimer interactions
with plasma membrane lipids may induce the structural
changes needed to form VP40 dimer-dimer interactions
(16) and larger oligomers as the basis of the viral matrix
layer (9, 16, 22, 23). The VP40 octamer that regulates viral
transcription has not been detected at the plasma
membrane, nor in virions or VLPs, and has a much
lower affinity for PS than the VP40 dimer (19).

We previously reported that VP40 requires the
presence of PI(4,5)P2 in the plasma membrane to
form large oligomers, which are in turn needed for
VLP formation and budding (23). A MD model indi-
cated that VP40 could cause the clustering of PI(4,5)P2

via C-terminal lysine residues (25). We therefore
investigated the mechanism of VP40–lipid binding at
the plasma membrane in more detail and the struc-
tural consequences of VP40 interactions with PS and
PI(4,5)P2.
MATERIALS AND METHODS

Molecular biology
Primers were designed for single and double VP40 mutants

and synthesized by Integrated DNA Technologies (Coralville,
Iowa). The following primers were used: K104A: Forward 5′-
CCTCTAGGTGTCGCTGATCAAGCGACCTACAGCTTTGA
CTC-3′, Reverse 5′-GAGTCAAAGCTGTAGGTCGCTTGAT-
CAGCGACACCTAGAGG-3′. K221A: Forward 5′-GCCCCATT
CTTTTACCCAACGCAAGTGGGAAGAAGGGGAAC-3′,
Reverse 5′-GTTCCCCTTCTTCCCACTTGCGTTGGGTA
AAAGAATGGGGC-3′. K224A: Forward 5′-CCCAACAAAAG
TGGGGCGAAGGGGAACAGTGCCGATCTAACATCTCC
GG-3′, Reverse 5′-CCGGAGATGTTAGATCGGCACTGTT
CCCCTTCGCCCCACTTTTGTTGGG-3′. K225A: Forward
5′-CCCAACAAAAGTGGGAAGGCGGGGAACAGTGCCG
ATCTAACATCTCCGG-3′, Reverse 5′-CCGGAGATGTTA-
GATCGGCACTGTTCCCCGCCT TCCCACTTTTGTTG
GG-3′. K236A: Forward 5′-GCCGATCTAACATCTCCG
GAGGCA ATCCAAGCAATAATGACTTCAC-3′, Reverse
5′-GTGAAGTCATTATTGCTTGGATTG CCTCCGGAGAT
GTTAGATCGGC-3′. H269A: Forward 5′-GCCAGAAACTCT
GGTCGCCAAGCTGACCGGTAAGAAGG-3′, Reverse 5′-CCT
TCTTACCGGTCAGCTTGGCGACCAGAGTTTCTGGC-3′.
K270A: Forward 5′-GCCAGAAACTCTGGTCCACGCGC
TGACCGGTAAGAAGG-3′, Reverse 5′-CCTTCTTACCGG
TCAGCGCGTGGACCAGAGTTTCTGGC-3′. K274A: For-
ward 5′-GGTCCACAAGCTGACCGGTGCGAAGGTGA
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CTTCTAAAAATGG-3′, Reverse 5′-CCATTTTTAGAAGT
CACCTTCGCACCGGTCAGCTTGTGGACC-3′. K275A:
Forward 5′-GGTCCACAAGCTGACCGGTAAGGCGGTGA
CTTCTAAAAATGG-3′, Reverse 5′-CCATTTTTAGAAG
TCACCGCCTTACCGGTCAGCTTGTGGACC-3′. K279A:
Forward 5′-CCGGTAAGAAGGTGACTTCTGCAAATGGA
CAACCAATCATCCC-3′, Reverse 5′-GGGATGATTGGTT
GTCCATTTGCAGAAGTCACCTTCTTACCGG-3′. K291A:
Forward 5′-CCCTGTTCTTTTGCCAGCGTACATTGGGT
TGGACCCG-3′, Reverse 5′-CGGGTCCAACCCAATGT
ACGCTGGCAAAAGAACAGGG-3′. K224A/K225A: Forward
5′-CCCAACAAAAGTGGGGCGGCGGGGAACAGTGCCGA
TCTAACATCTCCGG-3′, Reverse 5′-CCGGAGATGTTAGA
TCGGCACTGTTCCCCGCCGCCCCACTTTTGTTGGG-3′. K2
74/K275A (made from K274A template): Forward 5′-
GGTCCACAAGCTGACCGGTGCGGCGGTGACTTCTAAA
AATGG-3′, Reverse 5′-CCATTTTTAGAAGTCACCGCCGC
ACCGGTCAGCTTGTGGACC-3′. Site-directed mutagenesis
was performed using a Quikchange XL cloning kit as
described by the manufacturer (Agilent Technologies, Santa
Clara, CA). Sanger sequencing was used to verify mutagenesis
(University of Notre Dame Genomics Facility).

Protein expression and purification
VP40-6xHis-pET46 Ek/LIC was expressed in Rosetta BL21

DE3 cells (EMD Millipore Corp, Billerica, MA) as previously
described (19, 26). Briefly, cells were grown to A600 of 0.6 then
induced with 1 mM IPTG for 5 h at room temperature. Pro-
tein was purified with a Ni-NTA affinity column followed by
size-exclusion chromatography (HiLoad Superdex 200 pg).
Protein concentration was determined by BCA assay (Thermo
Fisher Scientific, Waltham, MA), and protein was stored at 4◦C
for up to 2 weeks.

All-atom simulations of VP40 dimer and plasma
membrane

The crystal structure of VP40 dimer was obtained from the
Protein Data Bank (PDB ID: 4LDB). The protein and plasma
membrane complex was set up (27) using the Charmm-Gui
web server (28). The plasma membrane systems consisted of
different types of lipids: 1-palmitoyl-2-oleoyl-sn-phosphati-
dylcholine (POPC), 1-palmitoyl-2-oleoyl-sn-phosphatidyl-etha-
nolamine (POPE), 1-palmitoyl-2-oleoyl-sn-phosphatidyl-serine
(POPS), palmitoylsphingomyelin (PSM), 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoinositol (POPI), palmitoyl-oleoyl-
phosphatidylinositol-(4,5)-bisphosphate (PIP2), and choles-
terol (CHOL). Two different systems were constructed: one
with PIP2 and another with POPI. The lipid composition for
the PIP2 containing membrane was in the ratio (21:11:32:17:9:10)
(CHOL:POPC:POPE:POPS:PIP2:PSM) for the inner leaflet of
the plasma membrane, and the outer leaflet had the ratio
(19:33:8:3:4:33). There were 250 lipids in the outer leaflet and
244 in the inner leaflet. A similar membrane was constructed
containing POPI with a lipid composition ratio of
(21:11:32:17:9:10) (CHOL: POPC: POPE: POPS: POPI: PSM) for
the inner leaflet and (19:32:8:3:4:34) for the outer leaflet. There
were 244 lipids in outer leaflet and 247 in the inner leaflet for
this system. Lipids were placed randomly in the bilayer, while
VP40 was placed in close proximity to the bilayer to optimize
computational efficiency, but there were only a few protein
atoms in contact within 2 Å of any lipid atoms.

Both dimer-membrane systems were solvated using TIP3
water molecules. Both systems (PIP2 setup and POPI set up)
consisted of a total of ∼210,000 atoms. We performed all-atom



MD simulations using NAMD 3.0 (29) with the CHARMM36m
force field for both systems. The particle mesh Ewald method
was used to treat long-range electrostatic interactions, and the
SHAKE algorithm was employed to constrain hydrogen-
containing covalent bonds. The system was minimized for
10,000 steps followed by a six-step equilibration process.
Pressure was controlled using a Nose-Hoover Langevin-piston
method. Langevin temperature coupling with a friction co-
efficient of 1 ps-1 was used to control the temperature, and a
2 fs time step was used for production runs. Each system was
simulated for 500 ns.
Lipid vesicle pelleting assay
All lipids were purchased from Avanti Polar Lipids, Inc.

(Alabaster, AL). The liposome pelleting assay was adapted
from Julkowska et al. (30). Lipid films were hydrated with
fresh raffinose buffer (250 mM Raffinose pentahydrate,
150 mM NaCl, 10 mM Tris, pH 8.0) by thorough heating to
37◦C and vortexing. Resuspended lipids were then extruded
through a 200 nm filter with an Avanti Polar Lipids lipid
extruder. Dynamic light scattering (Delsa Nano S particle size
analyzer, Brea, CA) was used to confirm liposome size. Lipo-
somes were then diluted and added to the reaction at a final
concentration of 1.6 mM lipid and 3.3 μM protein. Reaction
mixtures were incubated at room temperature for 30 min
then centrifuged at 75,000 g for 30 min at 22◦C. Three inde-
pendent experiments were performed for each VP40 protein
tested.
Surface plasmon resonance analysis
Surface plasmon resonance measurements were made us-

ing a Biacore X (Cytiva, Marlborough, MA) with an L1 sensor
Chip (Cytiva). Liposomes were prepared by hydrating lipid
films in 10 mM Tris, pH 7.4, containing 150 mMNaCl followed
by extrusion through a 100 nm filter. All experiments were
performed at room temperature in 150 mM NaCl, 10 mM Tris,
pH 7.4, using the method previously described in detail (18).
The lipid composition used was POPC:DOPE (80:20) on flow
cell 1 and POPC:DOPE:PI(4,5)P2 75:20:5 on flow cell 2. The
apparent affinity (Kd) was determined in Kaleidagraph
(version 4.1) with the following equation: Req= Rmax/(1+Kd/
[P]), where [P] is protein concentration, and R is response units.
Cell culture and transfection
COS-7 cells were maintained in a humidified incubator at

37◦C and 5% CO2. The cells were kept in DMEM with L-
glutamine, D-glucose, and sodium pyruvate (Life Technolo-
gies, Carlsbad, CA) with 10% FBS (Sigma, St. Louis, MO) and 1%
penicillin-streptomycin (Life Technologies) at 37◦C, 5% CO2.
For imaging, cells were seeded in 8-well imaging plates
(MatTek, Ashland, MA) and transfected with Lipofectamine
2000 or Lipofectamine LTX™ with Plus reagent (Life Tech-
nologies) and 0.4 μg DNA in optiMEM (Life Technologies) for
12–14 h. Transfection reactions were scaled up proportionally
for scanning electron microscopy and VLP experiments.
Confocal imaging
A Zeiss LSM710 laser scanning microscope was used to

image the enhanced green fluorescent protein (EGFP)-VP40
phenotype in COS-7 cells. A 488 nm laser was used to excite
EGFP. All EGFP-VP40 expressing cells as either presenting
VLPs or not were counted. EGFP-VP40 mutants were
compared to WT as previously described (23). Each construct
was counted and imaged over at least three independent ex-
periments (at least 100 cells counted in each experiment). For
number and brightness (N&B) experiments, an Olympus
FV1000 instrument was used according to the procedure
explained in depth previously (31). Data analysis was per-
formed in SimFCS software (Globals Software, Irvine, CA) as
previously described in detail (32, 33), and three independent
experiments were performed for each VP40 construct.
Scanning electron microscopy analysis
Transfected cells were scraped from plates 12–14 h post

transection as described previously in detail (23). Images were
acquired on a Field Emission Scanning Electron Microscope
Magellan 400 (FEI, Hillsboro, OR) at the University of Notre
Dame Integrated Imaging Facility. Five to seven cells were
imaged for each experiment.
VLP collection and Western blot analysis
VLPs were harvested 24 h post transfection as described

previously in detail (23). Briefly, VLPs were washed from
cells with 1X PBS and applied to a sucrose cushion. Samples
were centrifuged at 100,000 g, at 4◦C for 2 h. During the
centrifugation, cells were scraped from plates and lysed with
RIPA buffer. Soluble protein was isolated from cell lysate via
centrifugation at 17,000 g at 4◦C for 15 min, followed by
removal of the soluble fraction of samples. Samples were
then stored at −80◦C. A BCA assay was used to determine
protein concentration of all samples, 15 μg of each cell lysate
was loaded for SDS PAGE and Western Blot. A proportional
volume of the VLP sample was loaded for SDS PAGE and
Western blot. For VP40 detection, mouse anti-EGFP (F56-
6A1.2.3, ThermoFisher Scientific) primary antibody and
sheep anti-mouse HRP (AB 6808, Abcam, Cambridge, United
Kingdom) secondary antibody was used. For GAPDH
detection, an anti-GAPDH antibody was used (AB 8245,
Abcam, Cambridge, MA) and sheep anti mouse HRP (AB
6808, Abcam) secondary antibody was used. ECL blotting
substrate was used according to the manufactures in-
structions (Thermo Scientific). Three independent experi-
ments were performed for each construct. Blots were
imaged on a GeneGnome (Syngene, Frederick, MD). ImageJ
was used to quantify band density and determine budding
efficiency.
Hydrogen deuterium exchange analysis
Hydrogen deuterium exchange mass spectrometry (HDX-

MS) experiments were performed as described in detail pre-
viously with Marburg virus VP40 (32, 34). For EBOV VP40,
multilamellar vesicles (MLVs) of the following compositions
were used: phosphatidylcholine (PC) (50% POPC, 50% DOPE),
12.5% PI(4,5)P2 (47.5% POPC, 40% DOPE, 12.5% PI(4,5)P2), and
60% POPS (30% POPC, 10% DOPE, 60% POPS). 3 μg protein
and 2.8 mM MLV were incubated at room temperature for
30 min prior to the HDX experiments, and technical repli-
cates were performed for each condition. HDX data were
analyzed as previously described in detail (32, 34) and mapped
to VP40 dimer (PDB ID: 4LDB) with modeled CTDs (25, 27).
Reproducibility and statistics
At least three experimental replicates were performed for

all experiments unless otherwise noted. A two-tailed students t
PI(4,5)P2 binding sites in VP40 matrix assembly 3



test was used to determine statistical differences. A P value of
0.05 or less was considered statistically significant. Error bars
are shown as the standard error of the mean in all graphs
unless otherwise noted.
RESULTS

VP40 features two CTD cationic regions that are
hypothesized to bind PI(4,5)P2

VP40 sequences from Zaire, Sudan, Taï Forest, Bun-
dibugyo, Bombali, and Reston EBOV were aligned us-
ing UniProt to reveal sequence conservation among the
C-terminal lysine residues that may bind PI(4,5)P2. We
found that Lys224, Lys225, Lys274, and Lys279 were
completely conserved, whereas Lys221 had mutated to
Arg in the Taï Forest strain, Lys225 had mutated to Arg
in the Bundibugyo strain, and residue 270 can be Arg or
Lys among the six strains (Fig. 1A). Both Arg and Lys
are commonly found in protein domains that bind
PI(4,5)P2 (35), so we hypothesized a similar role in VP40.
We therefore used scanning mutagenesis in the
conserved CTD of Zaire VP40 to convert Lys104, Lys221,
Lys224, Lys225, Lys236, His269, Lys270, Lys274, Lys275, Lys279,
and Lys291 into alanine residues. When mapped onto
the VP40 structure, the lysine residues in the 220–230
region (blue) and those in the 270–280 region (green)
formed distinct, adjacent domains, which we named
Fig. 1. VP40 sequence and structure revels two potential PI(4,5)P
highlighting several lysine residues in the 220 and 269 amino acid
terminal domain. B: VP40 dimer structure (PDB ID: 4LDB with mis
colored in blue, and region 2 lysine residues colored in green.
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region 1 and region 2, respectively (Fig. 1B and zoomed
inset).

Molecular dynamics simulations of VP40 and
membrane bilayers

To gain insight into the molecular basis of PS and
PI(4,5)P2 coordination by VP40, we performed MD
simulations of VP40 dimers (Fig. 2) with bilayer systems
containing PI(4,5)P2 or POPI for 500 ns each. Both
membrane systems were asymmetric bilayers to
partially mimic the cellular plasma membrane. For the
PI(4,5)P2 system, CHOL:POPC:POPE:POPS:PIP2:PSM
was used with different ratios for the inner
(21:11:32:17:9:10) and outer (19:33:8:3:4:33) leaflets. For the
POPI system, CHOL:POPC:POPE:POPS:POPI:PSM was
used with inner (21:11:32:17:9:10) and outer (19:32:8:3:4:34)
membrane ratios differing. H-bonding was calculated
from the last 100 ns of each simulation. VP40 forms key
H-bonds with the anionic lipids by basic residues Lys224,
Lys225, Lys274, and Lys275 (Figs. 2 and 3). The PI(4,5)P2/
PS membrane system showed that PI(4,5)P2 dominated
PS in protein binding (Fig. 3C) with appreciable H-
bonding of PI(4,5)P2 by Lys224, Lys225, Lys274, and Lys275.
Whereas in the POPI/PS system lacking PI(4,5)P2, PS H-
bonds predominantly with Lys225, Lys274, and Lys275, a
result supported by previous identification of VP40
residues that modulate PS-binding (19).
2 binding sites. A: Consensus sequence of Ebola VP40 strains
regions of the protein and positioned at the surface of the C-
sing Lys loop residues modeled in) with region 1 lysine residues



Fig. 2. Molecular dynamics simulation of a VP40 dimer. A: interacting with an asymmetric membrane containing CHOL:-
POPC:POPE:POPS:PIP2:PSM (21:11:32:17:9:10) on the bottom leaflet. POPS lipids are shown in purple and PI(4,5)P2 lipids in light brown.
B: Close up of the CTD of the VP40 protomer on the left highlighting CTD region 1 residue interactions with POPS and CTD region
2 interactions with PI(4,5)P2. C: Close up of the VP40 protomer on the right demonstrating abundant PI(4,5)P2 and POPS interactions
with CTD regions 1 and 2.
HDX-MS differentiates the mode of PS and PI(4,5)P2
interactions by VP40

HDX-MS was used to investigate the structural
changes that occur when VP40 binds PS and PI(4,5)P2.
Complete coverage of the VP40 protein was achieved
with many overlapping peptides (supplemental Fig S1)
as we previously determined with MARV VP40 (34). To
ensure lipid samples that allow for saturation of EBOV
VP40 membrane binding, we prepared MLVs with
elevated levels of PI(4,5)P2 or PS (supplemental Fig S2).
We chose this MLV method as it previously allowed for
saturation of MARV VP40 lipid binding to compare
different lipid binding conditions (34). Samples were
incubated for 10, 100, 1000, 10,000, or 100,000 s. Changes
in deuterium incorporation during these time periods
are shown in supplemental Fig S3 for VP40 alone and
VP40 with PC MLVs and supplemental Fig S4 for VP40
with PS- and PI(4,5)P2-containing MLVs, respectively.
Figure 4 shows ribbon maps with the level of deute-
rium incorporation mapped to the protein sequence,
whereas Figures 4–6 show the influence of PC, PS, and
PI(4,5)P2, respectively.

The deuterium incorporations for each time point
and lipid were also mapped to the VP40 dimer struc-
ture (Fig. 7), the relevant structure for VP40 matrix
assembly (16). Figure 7A shows the percent deuterium
incorporation mapped to the dimer structure, whereas
Figure 7B shows the influence of PI(4,5)P2 focused on
an area (residues 57–73) just below the α-helical dimer
interface and CTD regions 1 and 2. In the presence of
PC, VP40 deuterium exchange is slightly increased
compared to samples without the lipid as shown by the
light red regions in the N- and CTDs (Figs. 4 and 7A).
The structural changes deduced from the less extensive
incorporation of deuterium after VP40 binds PI(4,5)P2

were highly stable, with less than a 20% change in
deuterium incorporation between the 10 s and 100,000 s
time points (Fig. 6). Most of the decrease in deuterium
incorporation was abolished in the PS samples after the
10,000 s time point (Fig. 5). These data strongly support a
model in which PS is required for VP40’s initial asso-
ciation and conformational change, whereas PI(4,5)P2

plays a more important role in stabilizing the resulting
VP40 oligomers.

Deuterium incorporation was reduced at all time
points in the regions containing lysine residues pro-
posed to bind PI(4,5)P2. Notably, CTD region 1 (Lys221,
Lys224, and Lys225) and CTD region 2 (Lys270, Lys274,
Lys275, and Lys279) yielded different deuteration pro-
files, with region 1 registering a smaller decrease in
deuterium incorporation (Figs. 6 and 7C). The residues
between positions 221 and 229 and 270 and 275 have
previously been shown to interact with PS, and the
HDX-MS data support these observations (Fig. 5). PI(4,5)
P2-binding residues in CTD region 2 (Lys270, Lys274,
Lys275, and Lys279) had a slower rate of deuterium
PI(4,5)P2 binding sites in VP40 matrix assembly 5



Fig. 3. Molecular dynamics simulations of VP40 dimer. A: Snapshot from MD simulations in Figure 2 demonstrates interaction of
region 1 (Lys224) with PS. B: MD simulations from Figure 2 demonstrated predominant PI(4,5)P2 interactions with region 2 (Lys270 and
Lys274 here) and a lack of PS interactions for this region. C: Percentage of hydrogen bond occupancy for region 1 and region 2 lysine
residues over the time course of MD simulations (from Fig. 2). Region 1 residues display interactions with PS and PI(4,5)P2, whereas
region 2 residues interact predominantly with PI(4,5)P2. D: Percentage of hydrogen bond occupancy for regions 1 and 2 lysine
residues over the time course of MD simulations with membranes containing POPI (in place of PI(4,5)P

2
) and PS. Region 2 residues

interact with PS as does region 1 Lys
225.
exchange with both PS and PI(4,5)P2 vesicles (Figs. 5, 6,
and 7C), although a more substantial reduction was
observed with PI(4,5)P2 compared to PS over the time
course of the interaction.

The most dramatic changes were observed in the N-
terminal domain (NTD) residues 57–73 (Figs. 6 and 7),
which appear to be important for VP40 dimer and
perhaps dimer-dimer interaction stability. Residues
57–73 pack against the N–N terminal α-helical dimer
interface (Fig. 7B), and residues in this region (residues
52–61) were recently shown to play a critical role in
VP40 dimer stability (36). HDX-MS studies are highly
sensitive to secondary structural formation and
although we did not observe secondary structure
changes in VP40 residues 57–73 in MD simulations, we
cannot rule out that such changes occur. The α-helical
dimer interface structure (residues 109–119) is
extremely stable, given that no deuterium is incorpo-
rated even after 100,000 s under all conditions
(supplemental Figs S3 and S4). PI(4,5)P2 and PS both
significantly reduced deuterium incorporation be-
tween residues 57 and 73, with PI(4,5)P2 providing
greater stability over the experimental time frame,
highlighting the importance of PI(4,5)P2 in VP40 dimer
6 J. Lipid Res. (2024) 65(3) 100512
stability and potentially dimer-dimer interactions in the
membrane bound state.

VP40 oligomerization
The depletion of PI(4,5)P2 in the plasma membrane

by Myc5-PtaseIV was previously shown to inhibit the
formation of large VP40 oligomers (23). Given that
VP40 oligomer formation depends on the presence of
PS in the plasma membrane (20, 33), these data suggest
that PS and PI(4,5)P2 play different roles in the struc-
ture and assembly of the viral matrix layer. We
therefore used a VP40 oligomerization assay in live
cells (20–23, 32, 33, 37) to compare the oligomerization
abilities of mutants deficient in PI(4,5)P2 binding
compared to wild-type VP40. N&B analysis was used as
previously described (20–23, 31–33, 37). As VP40 as-
sembles via dimer-dimer interaction at the plasma
membrane inner leaflet in patches (16, 37), N&B anal-
ysis allows for assessment of VP40 oligomerization
when fluorescently tagged (37). Since VP40 builds fil-
aments via addition of dimers, we defined VP40 size as
small (monomer-hexamer), medium (hexamer-12mer),
and large VP40 oligomers (12mer and greater
(12mer+)), for the purpose of analysis and the



Fig. 4. Influence of phosphatidylcholine vesicles on the HDX-MS profile of VP40. VP40 was incubated with MLVs containing
POPC, and the reaction stopped at 10 s, 100 s, 1000 s, 10,000 s, and 100,000 s. The complete amino acid sequence is shown for VP40
including the N-terminal His tag. Red (see scale bar) indicates regions with faster exchange of deuterium in the presence of PC
compared to VP40 in solution. Blue shows regions that exchange slower in the presence of PC. Three technical replicates were
performed for each experiment.
resolution of the assay (33). We found that the region 1
mutants K221A, K224A, and K225A strongly inhibited
the assembly of oligomers larger than a hexamer and
significantly increased the monomer-hexamer popu-
lation compared to wild-type VP40 (Fig. 8). In contrast,
some large oligomers were detected for the region 2
mutants K270A, K274A and K275A, although still
significantly less than the amount formed by wild-type
VP40 (Fig. 8). There was also a small drop in the
number of oligomers formed by mutant K279A. These
data confirm the previous results with Myc5-PtaseIV
(23) but suggest the two cationic regions may
contribute differently to the oligomerization and sta-
bilization of VP40 filaments where region 1 had more
prominent effects on oligomerization compared to
region 2.

Assessment of potential PI(4,5)P2 binding residues
for PI(4,5)P2-binding, plasma membrane
localization, and budding

To determine which VP40 residues are responsible
for PI(4,5)P2 interactions, a LUV assay was employed to
monitor the binding of WT VP40 and VP40 lysine
mutants to PI(4,5)P2 containing vesicles. There was no
significant difference in binding when comparing wild-
type VP40 and the mutants K104A and K236A, whereas
mutants K221A, K224A, K225A, K270A, K274A, K275A,
and K279A showed a significant loss in binding to
LUVs containing PI(4,5)P2 (Fig. 9).

The transfection of COS-7 cells with a construct
encoding wild-type VP40 fused to the EGFP produced
an abundance of fluorescent VLPs at the plasma
membrane 12–14 h posttransfection (Fig. 10). The WT
signal for plasma membrane localization was normal-
ized to 100% to compare a series of EGFP-VP40 con-
structs based on the mutant VP40 sequences and the
proportion of transfected COS-7 cells producing VP40
plasma membrane localization to those expressing the
wild-type EGFP-VP40 control (Fig. 10). Mutants K221A
and K225A showed the most dramatic reduction in
plasma membrane localization, with <10% of the
transfected cells producing detectable plasma mem-
brane localization. Furthermore, <20% of cells
expressing K221F and K224A produced detectable
plasma membrane localization, and ∼50% of cells
expressing K270A, K274A, and K275A produced some
level of plasma membrane localization. Also, note in
Figure 10 additional images for K270A, K274A, and
K275A indicating some pre-VLP structures detectable
in some of the cells with plasma membrane localization.
The remaining mutants (K104A, K236A, H269A,
K279A, and K291A) had a phenotype-like wild-type
VP40. The limited PI(4,5)P2 binding by K221A may
reflect a loss of PS or nonspecific electrostatic
PI(4,5)P2 binding sites in VP40 matrix assembly 7



Fig. 5. Influence of phosphatidylserine containing vesicles on the HDX-MS profile of VP40. VP40 was incubated with MLVs
containing POPC, and the reaction stopped at 10 s, 100 s, 1000 s, 10,000 s, and 100,000 s. The complete amino acid sequence is shown for
VP40 including the N-terminal His tag. Red (see scale bar) indicates regions with faster exchange of deuterium in the presence of PC
compared to VP40 in solution. Blue shows regions that exchange slower in the presence of PC. Three technical replicates were
performed for each experiment.
interactions as MD simulations indicated little detect-
able H-bonding by Lys221 with PI(4,5)P2, while the LUV
binding assay indicated K221A had reduced binding to
vesicles containing PI(4,5)P2.

Scanning electron microscopy (SEM) was used to
determine the morphological phenotype of COS-7 cells
transfected with wild-type VP40 or mutations. For SEM
analysis, we selected three mutants from region 1 and
three from region 2, representing mutants that affected
PI(4,5)P2 binding and plasma membrane localization,
and one (K104A) that had no effect on either of these
processes (Fig. 11). In cells transfected with K221A,
K224A, or K225A, the filopodia were sparser compared
to WT or K104A (Fig. 11). In contrast to region 1 muta-
tions, region 2 mutations (K274A, K275A, K279A) were
less abundant than WT but more prominent than re-
gion 1 mutations. This showed that K104A formed VLPs
similar in length and density to wild-type VP40,
whereas region 1 mutations greatly reduced VLP den-
sity, and region 2 mutations reduced VLP density
slightly.

PI(4,5)P2-binding residues are needed for efficient
VLP formation

We used lysates and VLPs prepared from COS-7 cells
20–24 h post transfection to determine the budding
8 J. Lipid Res. (2024) 65(3) 100512
efficiency of wild-type VP40 and corresponding mu-
tants in Western blot experiments. The region 1 K225A
mutation made 85% less VLPs than WT (Fig. 12)
consistent with a low level of plasma membrane local-
ization and pre-VLP formation as detected using SEM
(Fig. 11). K224A, also in region 1, reduced VLP forma-
tion by 60%. Given that oligomer formation and plasma
membrane localization were inhibited by more than
90% in mutant K221A, we were surprised to observe
little difference in budding efficiency compared to WT
(Fig. 12). Region 2 mutations K274A and K275A did not
produce detectable VLPs despite some detectable
plasma membrane localization and pre-VLPs in SEM.
K279A also showed a significant decrease in budding
efficiency, which is consistent with the limited binding
to PI(4,5)P2 in vitro. However, this mutant produced
detectable quantities of pre-VLPs and showed only a
small decrease in the formation of large oligomers.
Because Lys279 is important for lipid binding in vitro,
we hypothesize that even a small decrease in PI(4,5)P2

binding and VP40 dimer-dimer interactions may have
dramatic effects on the late stages of budding required
for high efficiency of VLP production. It should be
noted in the context of interpreating VP40 cellular data
that WT VP40 and some mutations did not always have
equal expression in cell lysates (e.g., K221A and K279A).



Fig. 6. Influence of PI(4,5)P2 containing vesicles on the HDX-MS profile of VP40. VP40 was incubated with MLVs containing
POPC, and the reaction stopped at 10 s, 100 s, 1000 s, 10,000 s, and 100,000 s. The complete amino acid sequence is shown for VP40
including the N-terminal His tag. Red (see scale bar) indicates regions with faster exchange of deuterium in the presence of PC
compared to VP40 in solution. Blue shows regions that exchange slower in the presence of PC. Three technical replicates were
performed for each experiment.
Different expression of VP40 mutants has been previ-
ously observed (14, 19, 20, 26, 32) and may be attributed
to flux of VP40 going out of the cell in VLP formation
or interactions with host proteins that sequester or alter
VP40 stability.

K104A reduced the efficiency of budding even
though it did not affect the efficiency of pre-VLP
formation and did not block interactions with PI(4,5)
P2 in vitro. Although this mutation is found in the NTD,
it folds against the CTD adjacent to Asp193 in the dimer.
Its interaction with lipids is therefore unlikely to be
required for PI(4,5)P2-dependent assembly, but we
cannot rule out a role in interdomain interactions or
host protein interactions necessary for VLP release.

DISCUSSION

Binding of VP40 to PI(4,5)P2 is mediated in part by
lysine residues in region 1 (Lys221, Lys224, and Lys225)
and region 2 (Lys270, Lys274, Lys275, and Lys279), which
contributed to in vitro PI(4,5)P2 binding, plasma mem-
brane localization, VP40 oligomerization, and/or
budding. In addition, these two binding regions have
distinct VP40 phenotypes. For example, region 1 lysine
residues are required for the formation of oligomers
larger than a hexamer, whereas region 2 lysine residues
harbor more significantly reduced VLP formation but
did not have as a profound of an effect on the for-
mation of large VP40 oligomers. These data agree with
the confocal imaging and assessment of cell pop-
ulations with SEM imaging (Fig. 11) and VLP formation
(Fig. 12).

The HDX-MS data confirmed these VP40 binding
sites are distinct as they have different deuterium in-
corporations when bound to PI(4,5)P2 containing vesi-
cles. HDX-MS was recently used to study Marburg virus
VP40 oligomerization and lipid binding (32, 34). MARV
VP40 (mVP40) interacts with anionic membranes
through electrostatic interactions (37) and HDX-MS
confirmed that these interactions occur via CTD resi-
dues and that mVP40 undergoes oligomer formation
when bound to anionic membranes (32, 34). In contrast
to EBOV VP40, the lifetime of the mVP40 interactions
with anionic membranes was relatively short (34). In
region 1 of the VP40 CTD, PS contributed to a slower
exchange rate with deuterium than that of PI(4,5)P2, and
this region was more important for formation of VP40
oligomers larger than a hexamer. Previously, region 1
was shown to interact with PS (19), and PS was necessary
for formation of VP40 oligomers larger than hexamers
(18, 33). Thus, region 1 may be able to bind PS or PI(4,5)P2

with PS providing an interaction that is able to induce
PI(4,5)P2 binding sites in VP40 matrix assembly 9



Fig. 7. HDX-MS reveals changes in VP40 solvent accessibility when coincubated with lipid vesicles of different compositions. A:
Deuteration level changes of VP40 at 10,000 s time point after a 30-min incubation with control liposomes, PS containing liposomes,
or PI(4,5)P2 containing liposomes. B: The VP40 dimer structure is shown with deuteration profile changes highlighted (as in A) with
influence of PC+PI(4,5)P2 vesicles at the 100,000 s time points. The black boxes around the NTD dimer interface and CTD lipid-
binding regions are further highlighted with two insets (residues 57–73 and regions 1 and 2). C: The influence of PC, PC+PS, or
PC+PI(4,5)P2 containing vesicles on deuterium incorporation in the two regions highlighted in B. The y-axis is the number of
deuterium incorporated into the peptide fragment (peptide 57–73 or peptide 267–287) with respect to time on the x-axis. Three
technical replicates were performed for each experiment, * P value < 0.05.
VP40 dimer conformational change to a greater extent.
Lys225 may be a key residue in this regard as the current
and previous study (19) suggest Lys225 interacts with PS
more significantly than other CTD region 1 residues
(Fig. 3). More significant exploration of dynamic and
structural consequences of lipid head group binding by
VP40 will be necessary to delineate the molecular basis
of these conformational transitions.

In region 2, PI(4,5)P2 slowed exchange more signifi-
cantly than PS, indicating a more stable VP40 complex.
Residues in region 2 had differential effects on VP40
dependent properties depending upon the assay. Lys274

seems to be a key PI(4,5)P2 interacting residue, which
was supported by the MD simulations. Lys275 also made
important contributions to PI(4,5)P2 binding in in vitro
and in silico assays, and like K274A, K275A reduced
VP40 oligomerization and VLP formation. Lys270 and
10 J. Lipid Res. (2024) 65(3) 100512
Lys279 in region 2 also play a significant role in aspects
of PI(4,5)P2-mediated budding as both K270A and
K279A mutants show reduced binding to LUVs and
K279A reduced pre-VLP formation. In contrast, K279A
large oligomers formed like WT (Fig. 8B), suggesting
the contacts K279A facilitates with the membrane or
among VP40 oligomers is critical to budding. Despite a
reduction in PI(4,5)P2 binding and VP40 oligomeriza-
tion, K270A was sufficient for approximately the same
budding efficiency as WT. K104A is a thought-
provoking mutation as it sits at the N-C terminal
domain interface and may be an important residue
involved in the unlatching in larger oligomers (as
determined with N&B analysis, Fig. 8), indicating it may
promote larger oligomer formation.

The HDX-MS studies also revealed PI(4,5)P2 induced
structural changes in residues 57–73 as evidenced by



Fig. 8. Number and Brightness analysis to determine VP40 oligomerization in live cells. A: Representative image frame from the
100 images acquired for each imaging experiment. All images were collected at the same zoom (16.4). Scale bar = 10 μm. B:
Normalized VP40 oligomer formation. To compare changes between WT VP40 and mutations, the average EGFP-VP40 population
determined for monomer-hexamer, hexamer-12mer, and 12mer+ was normalized to 100% for each condition. WT and mutant
EGFP-VP40 oligomer population values are shown ± the SEM, * P value < 0.05.

Fig. 9. VP40 C-terminal domain lysine residues are important for PI(4,5)P2 binding. A: Representative SDS PAGE of the LUV
pelleting assay to measure VP40 binding to control (1,2-dipalmitoyl-sn-glycero-3-phosphocholine and cholesterol (50:50)) or vesicles
containing 5% PI(4,5)P2. Both vesicle mixtures had a trace amount of dansylPE for visualization of the lipid vesicle pellet. Molecular
weight is labeled for each VP40 protein gel panel above and below the VP40 band in kDa. B: Average fraction bound to LUVs shown
± the SEM, * P value < 0.05. Three independent replicates were performed for each protein construct.

PI(4,5)P2 binding sites in VP40 matrix assembly 11



Fig. 10. VP40 and VP40 mutant phenotypes in COS-7 cells. A: Representative images of WT-EGFP-VP40 and EGFP-VP40 mutants
14 h posttransfection in COS-7 cells. Scale bars are 10 μm. B: Percentage of the cell population expressing detectable plasma
membrane localization 14 h posttransfection, normalized to WT EGFP-VP40 plasma membrane localization. Three independent
experiments were performed with at least 100 cells counted for each experiment. WT VP40 pre-VLPs detectable in cells were
normalized to 100% to compare changes in pre-VLP detection for mutant constructs. Average values are shown ± the SEM, * P value
< 0.05.
dramatic reduction in deuteriumexchange in this region.
It should be noted that recent computational and exper-
imental studies demonstrated mutation of residues at or
near this region (R52A andH61A) abrogatedVP40 dimer
formation (36). Mutation of R52A and H61A abrogated
VP40 dimer formation in vitro (36) and computational
studies predicted other amino acids in this region are
critical for VP40 dimer stability and interactions across
the two protomers. Thus, PI(4,5)P2 may stabilize
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interactions across the dimer interface in themembrane-
bound form facilitating more effective dimer-dimer in-
teractions or VP40 oligomer stability. However, it should
be noted that HDX-MS analysis is highly sensitive to sec-
ondary structural changes in proteins, and structural
changes in this region cannot be ruled out. Although our
MD analysis could predict and validate lipid-protein in-
teractions for the VP40 CTD, we did not observe struc-
tural changes in residues 57–73 throughout the



Fig. 11. Scanning electron microscopy of VP40 and VP40 mutant expressing cells to assess virus-like particle production prior to
release (pre-VLPs). Representative SEM images of COS-7 cells (5–7 cells imaged per experiment) expressing WT and mutant VP40
constructs at 12–14 h posttransfection. Scale bar is as shown in each figure.
simulation time. Thus, more detailed in vitro and
computational studies will be required to rule out sec-
ondary structural changes in these residues. An alterna-
tive explanation could be that residues in this region are
interacting with the membrane. This hypothesis is sup-
ported by recent MD simulations of VP40 interactions
Fig. 12. VLP budding efficiency of WT and mutant VP40. A: Wes
the cell lysate (CL) fractions. GAPDH (CL) was used as a loading co
are shown for all blots to verify band size for EGFP-VP40 and GAP
Average values are shown of three independent replicates ± the SE
with the membrane of VLPs, which demonstrated resi-
dues 58 to 67 contacted the membrane (38).

Late-stage budding and scission of EBOV or EBOV
VLPs is still not well understood. Several host proteins
have been deemed critical for effective budding of
EBOV or VP40-based VLPs (39–44) through direct or
tern blots of WT and mutant VP40 detect VP40 in the VLP and
ntrol for these experiments. Molecular weight markers (in kDa)
DH. B: Quantified budding efficiency normalized to VP40-WT.
M, *P < 0.05.

PI(4,5)P2 binding sites in VP40 matrix assembly 13



indirect VP40 interactions, but the mechanisms by which
VP40-lipid interactions facilitates interaction or dissocia-
tion of VP40 and host components is still unknown. VP40
also contains two Late domains, a PTAP and PPxY motif
(14, 45), that can mediate interactions with E3 ubiquitin
ligases and components of the ESCRT pathway (46, 47).
While the VP40 basedVLPs can still be released from the
plasma membrane when the Late domains are deleted
(48), VP40-lipid interactions could facilitate conforma-
tional changes of the late domain regions facilitating or
disassembling VP40-host interactions. Notably, some
VP40 host interactions have been deemed antiviral by
causing sequestration or degradation of VP40 (49, 50).
VP40-mediated lipid interactions could mediate VP40
stability and weaken interactions with host proteins.
While the unveiling of the mechanisms by which VP40
protein-protein and lipid-protein interactions facilitate
release of virus particles from the plasma membrane is
still emerging, this study has opened new horizons in
determining how PS and PI(4,5)P2 differentially effect
these processes. Region 1 lysine residues interactions with
PS or PI(4,5)P2 most prominently reduced budding by
limiting large VP40 oligomers from forming and
reducing pre-VLPs when mutated to alanine. Region 2
lysine residuesmore readily stabilized the VP40 structure
when bound to PI(4,5)P2 compared to PS strengthening
the stability ofVP40oligomerswith amorenotable effect
on VLP release.
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