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Ebola virus (EBOV) is a filamentous lipid-enveloped virus that
causes hemorrhagic fever with a high fatality rate. Viral protein
40 (VP40) is the major EBOV matrix protein and regulates viral
budding from the plasma membrane. VP40 is a transformer/
morpheein that can structurally rearrange its native homodimer
into either a hexameric filament that facilitates viral budding or
an RNA-binding octameric ring that regulates viral transcrip-
tion. VP40 associates with plasma-membrane lipids such as
phosphatidylserine (PS), and this association is critical to bud-
ding from the host cell. However, it is poorly understood how
different VP40 structures interact with PS, what essential resi-
dues are involved in this association, and whether VP40 has true
selectivity for PS among different glycerophospholipid head-
groups. In this study, we used lipid-binding assays, MD simula-
tions, and cellular imaging to investigate the molecular basis of
VP40 –PS interactions and to determine whether different
VP40 structures (i.e. monomer, dimer, and octamer) can inter-
act with PS-containing membranes. Results from quantitative
analysis indicated that VP40 associates with PS vesicles via a
cationic patch in the C-terminal domain (Lys224, 225 and
Lys274, 275). Substitutions of these residues with alanine reduced
PS-vesicle binding by >40-fold and abrogated VP40 localization
to the plasma membrane. Dimeric VP40 had 2-fold greater
affinity for PS-containing membranes than the monomer,
whereas binding of the VP40 octameric ring was reduced by
nearly 10-fold. Taken together, these results suggest the differ-
ent VP40 structures known to form in the viral life cycle harbor
different affinities for PS-containing membranes.

The Filoviridae family includes Ebola virus (EBOV)2 and
Marburg (MARV) virus, which use a negative sense RNA
genome to replicate in the host cell (2). To date, no Food and
Drug Administration-approved vaccines or therapeutics are
available for EBOV or MARV, and with fatality rates as high as
90% (3, 4), these viruses are classified as category A pathogens
by the National Institutes of Health. The EBOV genome
encodes seven genes that can express eight proteins, including
nucleoprotein, VP24, VP30, VP35, and L protein, which
together constitute the nucleocapsid (5); the viral-surface gly-
coprotein (GP), a secreted glycoprotein GP; and the viral matrix
protein VP40. VP40 is a peripheral membrane protein that reg-
ulates budding as well as virus structure and stability (6 –8).
VP40 is the most abundant protein contained in mature virions
(9) and can associate with (10) and oligomerize on (8, 11–14)
the plasma membrane (PM) inner leaflet, where it acquires the
viral lipid envelope.

VP40, as the only EBOV protein expressed in mammalian
cells, is sufficient to form virus-like particles (VLPs) that are
nearly indistinguishable from authentic virions (10, 15). Thus,
VP40 has served as a safe and viable model to study the binding,
assembly, and egress processes of EBOV outside of BSL-4 lab-
oratories. The absence of VP40 prevents proper trafficking of
the nucleocapsid to the plasma membrane (16). Therefore,
understanding how VP40 regulates assembly of VLPs both in
vitro and in cells is crucial for understanding the viral life cycle
and could have a significant impact in identifying potential
therapeutic targets.

The first X-ray structure of VP40 (17) demonstrated that
VP40 harbored an N-terminal domain that has been shown to
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mediate VP40 oligomerization (1, 7, 18) and a C-terminal
domain that can interact with anionic membranes (1, 13,
19 –22). Additionally, VP40 harbors an �43-amino acid-long
N-terminal region that has not been resolved in crystal struc-
tures. This region contains the late domains (23–25) and the
ALIX-binding motif (25), and it may also have latch-like prop-
erties with the C terminus (26).

Membrane interaction of the C-terminal domain has been
hypothesized to induce structural rearrangement of VP40 to
regulate oligomerization (1, 8, 13, 21, 22). Although the molec-
ular basis of VP40 association with the anionic inner leaflet of
the PM is unknown, it is clear that both electrostatic (19) and
hydrophobic interactions (10, 13) play an important role.
Hydrophobic residues in the C-terminal domain are critical for
localization, membrane penetration, and budding (13), whereas
interactions with phosphatidylserine (PS) have been shown to
be important for association with lipid vesicles in vitro (19, 20,
22, 27) and budding from the plasma membrane of mammalian
cells (27). Moreover, VP40 oligomers have been detected in
VLPs and UV-inactivated virions (7, 8) and reside predomi-
nantly in filamentous structures emanating from the PM (12,
13, 28, 29). Larger oligomeric structures of VP40 may also play
a role in viral assembly and egress (1, 12, 14).

Recently, VP40 was shown to be a dimer, which is mediated
through an N-terminal domain �-helical interface mediated
mostly by hydrophobic interactions (1). VP40 is a transformer/
morpheein (30) as it can also form an octameric ring structure
that binds RNA (6) as well as a hexameric filament through
C-terminal domain (CTD) contacts (1). The dimer also
revealed a cationic interface (Fig. 1) that lies adjacent to the
hydrophobic residues that penetrate the PM (13). Mutation or
deletion of these cationic residues, namely Lys224, Lys225,
Lys274, and Lys275, greatly dampened budding and PM localiza-
tion of VP40. To determine whether VP40 binds PS in a selec-
tive manner and whether these CTD cationic residues play a
role in VP40 membrane binding and viral budding, we per-
formed lipid binding and PM-localization analysis of WT VP40
and a panel of VP40 mutations. Together these studies reveal
that VP40 associates selectively with PS compared with other
glycerophospholipids, and electrostatic interactions between
the C-terminal domain and the PM are critical to VP40 binding
and PM association, and the VP40 dimer has higher affinity for
PS-containing membranes than the VP40 monomer or VP40
octamer.

Results

Generation of eVP40 conformational mutants

VP40 was recently established to be a dimeric protein in
which dimerization is mediated by an N-terminal domain
�-helical interface, a critical interaction necessary for viral bud-
ding (Fig. 1) (1). Recent and extensive structural analysis pro-
vided by Bornholdt et al. (1) indicates that VP40 exists in sepa-
rate structural states for separate functions and that point
mutations may affect one for more of these states or may
change the equilibrium among them. Mutations of VP40, such
as I307R, can lock VP40 in an octameric ring structure, for
example.

A number of earlier studies have examined the role of PS in
lipid vesicle binding and cellular assembly of VP40 demonstrat-
ing an important role for PS in membrane binding and mem-
brane curvature changes (13, 19, 20, 31, 32) as well as a critical
requirement of plasma membrane PS levels in VLP formation
(27). However, the majority of this previous work predated
knowledge on purification conditions and mutations that may
influence VP40 dimeric, monomeric, hexameric, or octameric
ring structure. In fact, previous work from the Stahelin labora-
tory using a GST-VP40 expression system with subsequent
cleavage of the GST tag (13, 20) demonstrated purification of
monomeric VP40 identified by chemical cross-linking.3

Thus, we sought to better understand the mode by which
different VP40 structures interact with PS-containing mem-
branes. We also wanted to examine the role of the 43 amino
acids of unknown structure at the N terminus of VP40 in PS
binding. We employed several different VP40 expression con-
structs for in vitro measurements, including a full-length WT
His6-tag– expression system, a truncation (�43) of VP40, or
point mutations of VP40 that lock VP40 into different
structures.

These point mutations included an L117R mutation that pre-
vents the NTD �-helical dimerization and forms monomeric
VP40 (Fig. 2) (1) and an I307R mutation that generates the
VP40 octameric ring structure (Fig. 2) (1). Several mutations of
cationic residues were also employed and included deletion of a
CTD loop containing Lys224 and Lys225 (�221–229), deletion of
residues adjacent to Lys224 and Lys225 and their respective
charge reversal (�GEEG�, which deleted residues 221, 222,
227, 228, and 229), and partial cationic charge restoration
(�GKKG�, which deleted residues 221, 222, 227, 228, and 229).
We also prepared mutations of an adjacent cationic loop, which
included Lys274 and Lys275 (K274E/K275E). These aforemen-
tioned Lys residues are conserved among the five types of ebo-
laviruses (Fig. 3). Finally, charge reversal mutations (�GRRG�
and K274R/K275R) were also included to test the role of spe-
cific versus non-specific electrostatics in the hypothesized PS
selectivity.

To confirm that VP40 mutants to be used in in vitro assays
were properly folded and in the anticipated oligomerization
state, we performed CD spectroscopy and SEC-MALS, respec-
tively, on each purified protein. As shown in Fig. 2D, CD spec-
troscopy studies demonstrated a similar and overlapping struc-
tural profile of full-length VP40, the �43 truncation, and point
mutations consistent with �-helical and �-sheet content and
previous reports of VP40 CD spectra (20, 29). SEC-MALS anal-
ysis (Fig. 2, A–C) demonstrated that VP40 and respective muta-
tions were in the previously reported oligomeric state under the
purification conditions used here. This included full-length and
�43 VP40 being primarily dimeric, L117R being predominantly
monomeric, with some formation of octameric ring as reported
previously (1), I307R forming an octameric ring, and mutations
or deletion of cationic residues in the CTD retaining the pre-
dominantly dimeric state. It is important to note that the
K274E/K275E mutation primarily was found as a dimer, but a
larger size aggregate was also detected by SEC-MALS (Fig. 2).

3 E. Adu-Gyamfi and R.V. Stahelin, unpublished data.
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VP40 selectively binds lipid vesicles containing
phosphatidylserine

To examine the selectivity of VP40 for PS-containing vesi-
cles, we monitored binding of WT VP40 using surface plasmon
resonance (SPR) to lipid vesicles containing POPC/POPE/
POPX (60:20:20) with a control flow cell of POPC/POPE (80:20)
vesicles, where X is an anionic phospholipid. Along with PS, we
tested WT VP40-binding affinity to lipid vesicles containing
other anionic glycerophospholipids at an equimolar percentage
of overall anionic charge. Vesicles containing either 20% phos-
phatidylinositol (POPI), 20% phosphatidylglycerol (POPG), or
10% phosphatidic acid (POPA) (note: net anionic charge of
POPA is �2 as opposed to the other anionic glycerophospho-
lipids’ net charge of �1 at physiological pH) were compared
with control vesicles. Table 1 and Fig. 4 summarize the findings

that VP40 interacts selectively with phosphatidylserine-con-
taining vesicles in comparison with vesicles containing PI, PG,
or PA. VP40 dimer was found to associate with POPS-contain-
ing vesicles 20 – 60-fold more strongly than to vesicles contain-
ing POPI, POPA, or POPG (Fig. 4, A and B, and Table 1).

Conformational selectivity of VP40-phosphatidylserine
interactions

We next monitored binding using SPR of different VP40 pro-
tein constructs to lipid vesicles containing POPC/POPE/POPS
(60:20:20) with a control flow cell of POPC/POPE (80:20) vesi-
cles. We compared the binding of full-length (FL) VP40 to the
N-terminally truncated (�43) construct. The apparent Kd val-
ues and SPR sensorgrams are shown in Table 2 and Fig. 4B,
respectively. Both of these WT constructs bind with similar

Figure 1. Important structural features of VP40. A, two VP40 dimers are depicted (Protein Data Bank (PDB) code 4LDB). VP40 exists as a homodimer in
solution consisting of an NTD (light/dark blue) and a CTD (light/dark orange). B, dimer is stabilized by an �-helical hydrophobic interface in which Leu117 (red
stick) inserts into a hydrophobic pocket formed by Ala55, His61, Ala113, Thr112, and Met116 (blue sticks) of the other VP40 protomer. C, mutating Leu117 to arginine
abrogates this interaction and forms predominantly monomeric VP40 in solution (1). D, CTD of VP40 contains a cationic patch enriched with basic residues (blue
sticks) implicated in plasma membrane interactions (1). This study focuses on the highly conserved lysine residues, Lys224, Lys225, Lys274, and Lys275. As they
occupy two distinct loops in the cationic patch, Lys224 and Lys225 are referred to as C-terminal motif 1 (CTD-1) and Lys274 and Lys275 as C-terminal motif 2
(CTD-2). Residues 221–230 form a highly flexible loop and are not resolved in the crystal structure (dashed blue line). E, additionally, dimer– dimer interactions,
as well as hexamer– hexamer (not shown here), are mediated by a hydrophobic CTD interface. Embedded in this interface is residue Ile307 (red). Mutating Ile307

to arginine interferes with this interaction and induces a rearrangement of the VP40 subunits into an octameric ring structure (1). F, octameric ring (PDB code
4LDM) assembles via antiparallel NTD contacts, which requires the CTD of each VP40 subunit to disengage from its NTD via a 10-residue linker to expose the
oligomerization interfaces. Because of the flexible nature of the linker, the detached CTDs of the octamer are not resolved in the crystal structure but
are expected to alternatingly project above and below the ring as indicated by the first residue of each CTD linker (Ala188, light/dark orange spheres). The
RNA-binding interface is located within the interior of the ring structure (dashed blue arrows) (PDB 1H2C).
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affinity (apparent Kd of 35 � 15 and 35 � 10 nM, respectively) to
PS-containing vesicles, concluding that the N-terminal 43
amino acids do not appreciably contribute to the PS-vesicle
binding in vitro.

To investigate the structural basis of PS-vesicle binding, we
first used a mutant of VP40, L117R, which exists primarily as a
monomer (1), as this mutation disrupts the homodimer inter-
face, and previous lipid-binding studies likely employed VP40

Figure 2. SEC-MALS and CD spectroscopy analysis of different VP40 proteins employed in in vitro lipid-binding measurements. SEC-MALS analysis was
used to confirm the stoichiometry of VP40 and mutants in solution. A, table of WT VP40 and mutants confirming the molecular weight of each species as
calculated within the SEC-MALS trace. Asterisk indicates that a small secondary population of higher-order structure was observed in these samples. B,
SEC-MALS trace of FL WT VP40. C, SEC-MALS trace of �GEEG�. D, CD spectroscopy analysis of WT VP40 and mutants confirming the agreement of �-helical and
�-sheet content among all constructs.

Figure 3. Sequence alignment of the CTD found in the five different types of ebolaviruses. Mutations were made in the Zaire sequence of VP40, as
highlighted in red.
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monomer in the PS-binding measurements (13, 19, 20, 31). The
L117R monomeric mutant was shown to bind �2-fold less
(apparent Kd of 60 � 30 nM) than WT dimeric VP40. In con-
trast, another structural mutant, I307R, which has been shown
to lock VP40 in the octameric RNA-binding ring structure (1),
had �25-fold reduction in PS-vesicle binding (Table 2). The
apparent Kd value for I307R was difficult to estimate as the
response at 1 �M I307R was not sufficient to represent true
saturation of binding, so this apparent Kd value should be con-
sidered an estimate. Nonetheless, PS binding is still evident for
the octameric ring but significantly lower than that of VP40
monomers or dimers.

Ebola VP40 binds the plasma membrane through a cationic
patch in the C-terminal domain

The interactions of VP40 with vesicles containing PS (19, 31)
are thought to be mediated by cationic residues in the C-termi-
nal domain (1). However, the molecular basis of this interaction
is still poorly understood. To elucidate which highly conserved
cationic regions of VP40 were important for PS binding, we
looked at two primary regions: the basic patch from amino
acids 221–229, which we have termed “C-terminal motif 1,” as
well as the basic patch from amino acids 270 –280, which we
have termed “C-terminal motif 2.” Bornholdt et al. (1) first
hypothesized these regions interacted with the anionic PM as
mutation of these residues abrogated PM localization and VLP
formation.

To determine whether the first motif was important for PS
binding, we utilized a construct generated by Bornholdt et al.
(1), where the loop of amino acids 221–229 (221KSGKK-
GNSA229) in the CTD was completely deleted. We also utilized
other VP40 expression constructs generated by Bornholdt et al.
(1), which partially restored this loop by re-incorporating only
amino acids 223–226 (223GKKG226), forming the construct
termed �GKKG�. We also wanted to determine whether the
charges of these amino acids were important, so we mutated
lysine 224 and 225 to form constructs �GEEG� (charge-rever-
sal) and �GRRG� (charge-maintained) (1). In all of these cases,
the amino acids flanking the 223–226 region have been deleted
(yielding 223GXXG226). All mutants reduced binding by at least
15-fold (Table 2 and Fig. 5A), strongly suggesting the cationic
residues in this loop region are an important determinant of
association with vesicles containing PS. Notably, keeping Lys224

and Lys225 in the VP40 sequence but eliminating residues 221–
222 and 227–229 also significantly reduced PS-dependent
binding suggesting the position of this loop and/or other amino
acids that are deleted are also important determinants of the
PS-dependent association with the membrane interface.

To determine the selectivity of Lys residues versus cationic
charge in CTD-1, we replaced Lys224 and Lys225 with Arg. Nota-
bly, the Arg residues in the �GRRG� construct were sufficient
to compensate for Lys. This suggests cationic charge is a major
contributor of VP40 PS binding in CTD-1 but that Lys residues
may be dispensable for sufficient PS interactions. Although the
introduction of Arg was able to provide a higher capacity of
binding to PS vesicles than that of Lys, the partial deletion con-
struct harbored an �11-fold decrease in PS binding relative to
WT, again underscoring the importance or positioning of loop
residues (221, 222, or 227–229) in CTD-1.

We employed a similar strategy in examining motif 2 by mea-
suring the association of K274E/K275E and with PS-containing
vesicles. This mutation reduced PS-vesicle binding by �80-fold
(Table 2 and Fig. 5B) demonstrating the important role of cat-
ionic residues at positions 274 and 275 in PS-vesicle binding.
Furthermore, conservation of charge in CTD-2 K274R/K275R
was sufficient to increase the binding affinity in comparison
with the K274E/K275E mutation; however, when Arg was pres-
ent at positions 274 and 275 instead of Lys, the mutation har-
bored a 17-fold reduction in PS-vesicle binding affinity. This
strongly suggests the importance of these Lys residues in PS
selectivity as Arg can compensate for Lys in non-specific elec-
trostatic interactions between peripheral proteins and mem-
branes. Thus, Lys may be indispensable in CTD-2 compared
with those lysines found in CTD-1 for VP40 PS selectivity.

VP40 cellular localization analysis

To assess the localization of the VP40 monomer and octamer
in live cells, mutants L117R and I307R were made in a previ-
ously utilized EGFP-VP40 construct (12, 27). Constructs were
transfected into HEK293 cells and imaged using confocal
microscopy (Fig. 6). As demonstrated previously, EGFP-VP40
WT localized predominantly to the PM and formed extensions
indicative of pre-assembled VLPs (33). In contrast, the mono-
meric mutant L117R displayed little to no detectable PM or
internal membrane localization but was diffusely distributed
between the cytoplasm and the nucleus, similar to free EGFP
(Fig. 6B).

The I307R octameric ring mutant also did not localize to the
PM or internal membranes but was predominantly cytoplasmic
with no detectable free diffusion into the nucleus, likely due
to its larger size. Unexpectedly, I307R sometimes appeared to
accumulate as a small globule within the nucleus in addition to
its diffuse cytoplasmic distribution (Fig. 6B). WT VP40 was also
found to localize in a similar subnuclear region in a fraction of
the cells observed. Upon further examination, WT VP40 and
I307R were observed to form this nuclear punctate in �5% of
cells following a 24-h transfection period (data not shown). The
control mutant Q309R, which was previously shown not to
interfere with the CTD-CTD oligomerization interface (1),
behaved like WT VP40 and was predominantly enriched on the
PM (Fig. 6B).

To determine whether heterologous expression effected the
outcomes of cellular localization analysis for WT VP40 and
respective mutations, several Western blottings were per-
formed to determine the cellular expression level of constructs
versus that of a GAPDH background (Fig. 6C). WT VP40 and

Table 1
Apparent binding affinities (Kd) of full-length WT VP40 to lipid vesicles
containing anionic glycerophospholipids
Apparent Kd values were measured for WT VP40 to liposomes containing 20%
POPS, 20% POPI, 20% POPG, or 10% POPA. WT VP40 preferentially binds to lipids
containing phosphatidylserine.

Lipid composition Apparent Kd

nM
70:20:10 POPC/POPE/POPA 2500 � 800
60:20:20 POPC/POPE/POPG 2400 � 200
60:20:20 POPC/POPE/POPI 710 � 40
60:20:20 POPC/POPE/POPS 35 � 15
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L117R harbored a similar level of expression demonstrating the
reduced PM localization of L117R was not attributed to an
overall lower level of expression. Similarly, several of the Lys
mutations of VP40 employed expressed at a similar level to WT
VP40. In contrast, we consistently detected a reduced expres-
sion level of I307R compared with other VP40 constructs. This
lower level of I307R detection relative to WT VP40 has also
been observed previously in a 293E cell line (1). Although the
reasons for the lower level of I307R expression are unknown, we
speculate it may be attributed to the distinct cellular role of the
VP40 octamer and the nuclear localization observed (discussed
more below).

Several mutations of the Lys residues described were made in
the EGFP-VP40 construct to analyze the role of the highly con-
served cationic patch (Fig. 1) residues in mediating PM local-
ization and VLP formation in live cells. To assess the role of the
motif 1 lysines, charge reversal mutants K224E/K225E, K224E,
and K225E were generated. K224E/K225E failed to localize to
the PM in HEK293 cells (Fig. 6). Additionally, single mutations
of either Lys224 or Lys225 to glutamic acid abolished PM local-
ization and evidence of VLP budding. In a like manner, we

assessed mutation of the adjacent motif 2 lysines. Similar to the
motif 1 double mutant, K274E/K275E failed to localize to the
PM. However, instead of a completely diffuse cytosolic distri-
bution, K274E/K275E also was found as bright clusters in a
number of cells. Single mutations of either Lys274 or Lys275

greatly reduced detectable PM localization. Interestingly, nei-
ther single mutant produced intracellular accumulations like
K274E/K275E, and K274E still formed some filamentous pro-
trusions at the PM.

Molecular dynamics (MD) simulations implicate C-terminal
cationic residues of VP40 for phosphatidylserine binding

MD simulations of eVP40 protomer–membrane systems
with and without POPS lipids in the membrane show that the
presence of POPS lipids has a significant effect on eVP40 asso-
ciation with the PM. The CTD of the eVP40 protomer is readily
associated with the PM consisting of POPS lipids, as shown in
Fig. 7A, top panel. Several cationic lysine residues as well as
some polar residues, such as Ser222, Lys224, Lys225, Ser233,
Lys236, Lys270, Lys274, Lys275, Thr277, and Ser278, participate in
hydrogen bonding with POPS. A typical hydrogen-bonded con-

Figure 4. Binding measurements of VP40 with different anionic lipids. A, SPR of FL WT VP40-binding experiments with LUVs containing either 10% POPA,
20% POPG, or 20% POPI was tested to confirm WT VP40 selectivity to POPS-containing vesicles. n � 2 for all measurements. B, SPR sensorgrams and respective
RU plots for FL WT VP40, �43 VP40, L117R, and I307R binding to vesicles containing 20% POPS. Concentrations of VP40 noted on sensorgrams account for
stoichiometry of VP40 in solution. All experiments were measured in triplicate or greater.
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figuration is shown in Fig. 7, A, top panel, and B, and the dynam-
ics of association is shown in Movie S1. Lys221, Ser222, Lys224,
and Asn228 provided the most significant number of H-bonds
with PS among the CTD-1 residues throughout the simulation
time (Fig. 7B). The orientation of PS binding in CTD-1 shown
in Fig. 7B supports the in vitro PS selectivity data where at least
three points of contact with the PS headgroup are made. More-
over, residues in addition to Lys224 and Lys225 in CTD-1 are
important for PS binding throughout the simulation, which is
also supported by the extensive in vitro data detailing a role for
residues 221, 222, and 227–229 when they were deleted from
the VP40 construct or deleted in the presence of Arg224 and
Arg225.

In contrast to when POPS was in the membrane, the eVP40
protomer had only weak and transient interactions with the
membrane that did not contain POPS (Fig. 7A, bottom panel,
and Movie S2). The weak CTD interactions allowed the eVP40
protomer to rotate and make lipid interactions through its
NTD surface as shown in Fig. 7A, bottom panel, and Movie S2

To compare the interaction of the eVP40 protomer and the
PM with and without POPS, we calculated the hydrogen bonds
and electrostatic interaction energy. Fig. 8A illustrates the time
evolution of the number of hydrogen bonds. Fig. 8B highlights
the C-terminal motif 1 residues that are involved in hydrogen
bonding with the serine headgroup on POPS. In the absence of
POPS in the membrane, the eVP40 protomer formed a few
transient bonds with the POPC and POPE but to a significantly
lesser extent (Fig. 7A). This is also displayed in Fig. 8A, which
compares the attractive, electrostatic interaction energy
between eVP40 and lipids in the presence and absence of POPS.
As the eVP40 associates with the membrane-containing POPS,
the electrostatic interaction energy decreases from �200 kcal/
mol to �1200 kcal/mol, whereas in the absence of POPS it
remains much higher.

We compared the membrane association and lipid specificity
of the eVP40 protomer with that of eVP40 dimer. As with the
eVP40 protomer, the dimer strongly associated with the PM in
the presence of POPS. Compared with only one CTD interac-

tion in the eVP0 protomer, the CTD interactions on both ends
of the dimer provide more stability for the protein at the mem-
brane surface (Fig. 8B). The two CTDs anchored to the mem-
brane also reduce the dimer flexibility by removing the rota-
tional degree of freedom available for the protomer (34). As
shown in Fig. 8B, the electrostatic interaction energy for the
final eVP40 dimer–membrane complex showed a 2-fold
decrease compared with the protomer–membrane complex
indicating the enhanced stability of the dimer at the membrane
interface. In the absence of POPS, some transient interactions
with the membrane can occur but not enough to stabilize the
complex.

Discussion

In this study, we have examined how different VP40 struc-
tures interact with PS-containing membranes. In vitro binding
studies demonstrated that both full-length WT VP40 and a
VP40 construct with an N-terminal truncation of 43 amino
acids (�43 WT) both harbor similar binding affinity for PS-
containing membranes. The N-terminal region of VP40 con-
tains two established late domains (23) and a third recently
elucidated interaction site for ALIX (25). The absence of these
motifs or other basic amino acids (4 Arg residues in the N ter-
minus) in the mutant VP40 constructs does not seem to affect
binding to vesicles containing PS. Although all of the in vitro
data (with the exception of FL VP40) was collected using a
mutant library based off of the �43 WT parent sequence, we
have confirmed that both FL WT and �43 WT bind with sim-
ilar affinities to PS-containing vesicles, suggesting that the
N-terminal 43 amino acids may not play a critical role in asso-
ciation with PS.

Additional in vitro studies with different anionic lipids dem-
onstrated that VP40 binds selectively to PS-containing vesicles
by greater than 1 order of magnitude compared with phosphati-
dylinositol, phosphatidylglycerol, or phosphatidic acid, and it is
not merely acting as an anionic charge sensor as the MARV
matrix protein (35). Although selectivity for PS among glycero-
phospholipids has been clarified in this study, selectivity for PS
based upon acyl chain length and/or saturation is not known
and warrants further investigation. Acyl chain saturation has
been shown to be an important factor in membrane binding of
HIV-1 Gag (36, 37), but it has been relatively unexplored in
filovirus work.

Next, we compared the WT dimer construct to VP40 bearing
an L117R mutation, which disrupts the N-terminal homodi-
meric interface yielding primarily monomeric VP40 (1). From
the in vitro SPR analysis, we find that this monomeric construct
binds only 2-fold less than WT (Table 1 and Fig. 4). This is
unexpected, as other viral matrix proteins have shown lipid
binding only when the matrix maintains assembling ability (38,
39). The similar affinity of the VP40 monomer and dimer could
be explained in as much as the PS-binding site on VP40 may not
be near the dimeric interface, leading both monomeric VP40
and dimeric (WT) VP40 to bind membranes via the C-terminal
domain with similar affinity. This may be further supported by
earlier studies that demonstrated association with PS-contain-
ing membranes using purification conditions that likely pro-
duced a recombinant VP40 monomer (17, 30, 31). Additionally,

Table 2
Apparent binding affinities (Kd) of VP40 and mutants to lipid vesicles
containing phosphatidylserine
Apparent Kd values were measured for WT VP40 and VP40 mutants to liposomes
containing 20% POPS. WT VP40 and �43 VP40 both display similar binding affinity.
Monomeric construct L117R also displays WT levels of affinity. Various mutations
within the C-terminal cationic regions abrogate binding to varying degrees. n � 3
for all measurements. (n � 3 for all measurements, except L117R n � 5 and FL WT
VP40 n � 6). Error is reported as S.E. of the combined replicates.

Construct Predicted effect Apparent Kd

FL WT VP40 WT, full functionality 35 � 15 nM
�43 WT WT, full functionality 35 � 10 nM
(�43) L117R Monomer 70 � 30 nM
(�43) I307R Octomeric ring �3 �M
(�43) �221–229 Loop deletion (still

dimer)
�6 �M

(�43) �GKKG� Partial loop restoration �2 �M
(�43) �GEEG� Partial loop restoration,

charge reversed
�6 �M

(�43) �GRRG� Partial loop restoration,
charge maintained

400 � 70 nM

(�43) K274E/K275E Charge reversal (still
dimer)

�6 �M

(�43) K274R/K275R Charge maintained (still
dimer)

600 � 300 nM
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the CTD lipid-binding surfaces may not be equivalent in the
dimer, and only one of the cationic patches may be predomi-
nantly accessible to interact with the anionic membrane inter-
face. Indeed, MARV VP40, which also forms a dimer, seems to
require dimerization for significant avidity and anionic lipid
binding (35, 40). However, MARV VP40 and EBOV VP40 have
only 16% sequence identity in their CTDs and also harbor sig-
nificantly different CTD structures in terms of cationic charge
and shape of the lipid-binding surface (40). Moreover, MARV

VP40 acts as an anionic charge sensor (35, 40), whereas EBOV
VP40 harbors PS selectivity as shown here and in previous stud-
ies (14, 27), which further supports PS-selective binding prop-
erties of the EBOV VP40 CTD.

Interestingly, L117R does not localize to the PM in cells or
even internal membranes but remains diffusely distributed
throughout the cell. Because L117R-VP40 is monomeric, its
lipid-binding site may be unobstructed and therefore able to
display binding in a simplified, highly controlled environment.

Figure 5. SPR of VP40 mutants within motifs of the CTD. A, sensorgrams and RU plots are shown for mutants of VP40 within amino acid region 221–229.
�221–229 is a complete truncation of the C-terminal motif 1. �GKKG� has partial loop restoration of amino acids 223–226. �GEEG� has partial loop restoration
of amino acids 223–226 but with amino acids 224 and 225 converted from lysine to glutamic acid. �GRRG� has partial loop restoration of amino acids 223–226
but with amino acids 224 and 225 converted from lysine to arginine. B, SPR sensorgrams for the C-terminal motif 2 mutants: K274E/K275E is a charge reversal
from WT, and K274R/K275R is a charge-maintaining mutant to WT.
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In cells, however, VP40 may require interactions with various
host factors for transport and membrane budding (41). Inter-
action with these factors may be dependent upon the VP40
oligomerization state. Cellular transport of VP40 may be medi-
ated in a structure-dependent manner, and perhaps the dimer
is necessary to interact with Sec24C (42) and/or other aspects of
the cellular transport machinery.

Considering that the monomer L117R binds to PS with an
apparent affinity tantamount to the PS biosensor Lact C2 (27,
43), it is remarkable that it fails to bind to the plasma membrane
in cells. Perhaps multimerization enhances VP40 plasma mem-
brane affinity, as has been observed for HIV-1 Gag (44), which
would be prohibited in L117R (Fig. 9). Alternatively, VP40 is
known to harbor important interactions with phosphoinositi-
des at the plasma membrane, which have been shown to stabi-
lize VP40 oligomers (14). Notably, VP40 oligomers are abun-
dant at the plasma membrane interface (12, 13); perhaps
efficient assembly of VP40 is necessary for phosphoinositide

interactions (14), whereas assembly of L117R is not possible
due to mutation of the NTD �-helical dimerization interface.

WT VP40 is able to conformationally rearrange into the
octameric ring structure that can bind RNA. However,
although VP40 ring structures are found in infected cells, they
were not found in mature virions (6, 7). This suggests that
although WT VP40 can adopt a ring conformation that may
provide some transcriptional regulatory function within the
cell, it is unclear whether this ring form possesses PS-binding
capabilities. Using the I307R mutant, which locks VP40 in the
octameric structure (1), PS binding was detected but nearly an
order of magnitude lower than that of the dimer (Table 2). The
I307R mutation likely presents the C-terminal domain in a dif-
ferent manner than VP40 dimers or monomers that is not opti-
mal for selective PS binding.

The I307R mutant did not localize to the plasma membrane
or intracellular membranes in our live cell experiments but
instead remained diffuse in the cytoplasm. This suggests that

Figure 6. Confocal live cell imaging of EGFP-VP40 and respective mutations. HEK293 cells were transfected with the indicated mutant constructs and
imaged on a Zeiss LSM 710 confocal microscope 22–24 h post-transfection. A, WT EGFP-VP40 exhibited strong localization at the plasma membrane with
extensive membrane protrusions (white arrows). CTD-1 mutants (K224E, K225E, and K224E/K225E) were mainly diffusely localized in the cytoplasm with no
detectable VLP formation at the PM. Likewise, charge reversal mutations in the CTD-2 (K274E, K275E, K274E/K275E) resulted in little to no detectable PM
localization. However, the mutant K274E demonstrated a partial ability to form VLPs as evidenced by the fractured protrusion at the PM (white arrows).
Additionally, the double mutant K274/K275E formed bright intracellular globules. B, structural mutants (I307R and L117R) were also not detected at the PM but
remained predominantly cytosolic with L117R diffuse in the nucleus as well. However, I307R occasionally exhibited a unique punctate nuclear localization
similar to WT (inset). The control Q309R, which is near I307R but does not spontaneously induce octameric ring formation (1), displayed WT-like enrichment at
the PM and VLP formation (white arrows). C, Western blot confirming equivalent heterologous expression of various VP40 mutants in cell culture. Western blot
for GAPDH is shown as a loading control. D, quantification of %PM localization of WT and all mutants (%PM localization � PM intensity/(PM 	 cytosol
intensity)�100%). Between 16 and 25 cells were analyzed for each mutant from three independent experiments. All bars represent the mean � S.E. and are
normalized to WT. A Student’s t test was calculated for all mutants with respect to WT (*, p 
 0.005). The %PM localization of EGFP is indicated with a black line
as a marker for baseline PM localization. Scale bars, 10 �m.
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the free CTDs of the octamer may be serving an alternative
function to plasma membrane binding in the cellular context.
I307R occasionally accumulated in a subnuclear compartment
in addition to its cytoplasmic distribution. Indeed, VP40 has
been reported to localize in the nucleus during the early stages
of infection (45), and WT VP40 was observed to accumulate in
a similar subnuclear region in our experiments, but the mech-
anisms that regulate this event are still unknown. Our data sug-
gest that VP40 may adopt the octamer conformation to localize
in the nucleus. The domains of VP40 that mediate import into
the nucleus are unclear, but nuclear localization signals typi-
cally consist of short sequences of positively charged lysines or
arginines (46) and have been identified in other related viral
matrix proteins (47, 48). As the octamer binds PS with weaker
affinity than the dimer, it is an attractive hypothesis that this
structural rearrangement orients VP40 to preferentially inter-
act with the nuclear transport system instead of PM lipids by
presenting the CTDs in a new manner. It is also possible that
the octamer can bind non-PS lipids more specific to the nucleus
that we have not yet screened in our assays.

The analysis of C-terminal domain residues involved in PS
binding indicated the importance of a C-terminal domain loop
(motif 1) consisting of residues 221–229, which confirmed the
hypothesis by Bornholdt et al. (1). This region is a flexible loop
where a GKKG motif is highly conserved among the five types
of ebolavirus (Zaire, Sudan, Reston, Tai Forest, and Bundibu-
gyo) (Fig. 3). The resulting mutations in this region all abro-
gated PS binding by at least 11-fold, even when the highly con-
served GKKG motif was reintroduced without several adjacent
residues. This suggested that the local structure and overall
cationic patch charge are important in promoting the high-
affinity PS binding of VP40.

The complex structure of this loop also seems to confer some
degree of selectivity. Although the amino acids surrounding

the GKKG motif are not as sequence-conserved among the five
types of ebolavirus, they are functionally conserved, i.e. there
are amino acids that can function as hydrogen-bond acceptors
(Thr, Ser, or Asn) or as flexible linkers (Gly), for example. Per-
haps not only the conserved, positively-charged amino acids are
important, but the length and positioning of the loop itself may
prove to be important in PS binding and/or electrostatic inter-
actions. Although a conserved PS-binding domain or motif has
yet to be discovered in nature, proteins that harbor PS selectiv-
ity have typically three points of contact for stereospecific bind-
ing to PS. PS-selective binding modules include C2 domains
(49) and some pleckstrin homology domains (50 –52). Interac-
tions of these domains with PS are most often mediated by
H-bonding or electrostatic interactions by Thr, Ser, Asn, Lys, or
Arg residues. Indeed, binding studies performed herein suggest
important roles for residues 221, 222, and 227–229 as their
deletion greatly reduced PS binding, which was supported by
significant H-bonding by Lys221, Ser222, and Asn228 throughout
the MD simulation time with PS-containing membranes. Addi-
tionally, H-bonds were also be observed throughout the simu-
lations between PS and Ser233, Lys236, Lys270, Thr277, and Ser278

in addition to Lys224, Lys225, Lys274, and Lys275.
Calcium can also be an important determinant of PS-depen-

dent membrane binding as shown for some C2 domains (49)
and annexin V (53). Here, calcium acts as a bridge between the
phosphate on the PS headgroup and a calcium coordination site
on the protein. Although the role of calcium in VP40 mem-
brane binding has not been explored, it is important to note that
calcium is an important factor in VLP formation and EBOV
budding (54). In fact, VP40 was sufficient to increase cellular
levels of calcium in mammalian cells (55), and its role in pro-
moting some degree of VP40 lipid binding cannot be ruled out
at this time.

Figure 7. MD simulation of VP40 to PS lipids. A, snapshots at different times during the MD simulations of eVP40 protomer association with the (top panel)
membrane consisting of POPS lipids (POPS, red; other lipids, gray) and (bottom panel) membrane without POPS. B, residues Lys221, Ser222, Lys224, and Ser228

involved in the formation of hydrogen bonds with PS. For these illustrated residues, there is no PI binding except for Lys224 which shows �75% PS binding
versus �8% PI binding (data not shown). In addition to the illustrated residues, Lys225 also makes H-bonds with PS. The bar graph shows the number of H-bonds
made with PS by respective residues throughout one of the simulations times.
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Maintaining a certain threshold of positive charge in the
CTD is necessary to achieve effective contacts with the plasma
membrane; individual mutation of either Lys224 or Lys225 abol-
ished plasma membrane localization and evidence of VLP bud-
ding. Interestingly, it has been demonstrated that VP40
requires a minimum of 10 –20 mol % PS, representative of the
plasma membrane, in order to interact with synthetic lipid ves-
icles in vitro as well as a certain threshold of PS in cells (27, 32).
It appears that the initial interaction of VP40 with the plasma
membrane is electrostatically driven. Therefore, it seems prob-
able that these lysine residues help facilitate initial contacts
with the plasma membrane, whereas these or adjacent amino
acid residues (e.g. 221–229) may fine-tune interactions with PS.

In addition to the cationic residues in motif 1 of the VP40
CTD, there is a second highly conserved cationic patch (motif
2) adjacent to motif 1 and roughly on the same interface. It has
been proposed that this region contains a “switch” to induce
VP40 conformational changes following anionic lipid binding
(19). As with motif 1, mutation of motif 2 (K274E/K275E) abro-
gated binding to PS vesicles (Table 2 and Fig. 5B) suggesting
both regions play an important role in electrostatic interactions
and/or PS-selective interactions. CTD-2 Lys residues (Lys274

and Lys275) seem to play an important role in PS selectivity as
replacement with Arg residues was not sufficient to restore PS
binding as K274R/K275R had greater than an order of magni-
tude loss in PS vesicle affinity.

Our EGFP-tagged K274E/K275E mutant failed to accumu-
late on the PM in live cells but instead had a diffuse cytosolic
appearance and in some cells aggregated intracellularly (Fig. 6).
It has been established that VP40 interacts with several key
cellular proteins to facilitate trafficking and budding (11, 42,
56). As Lys274 and Lys275 have been hypothesized to promote
the oligomerization of VP40 on the PM (1), it is possible that
losing both lysine residues could shift the equilibrium of VP40
from interacting with the PM to host cellular proteins, stalling it
at various points of protein transport, resulting in the observed
VP40 accumulations in the cytosol. Indeed, this appearance has
been observed in other VP40 CTD mutations (57) and attrib-
uted to enhanced association with host cellular factors.

Re-introducing either lysine may partially rescue this stalled
trafficking phenotype as cytosolic accumulations were not
observed in either single mutant, and even some degree of PM
interaction was detected in the K274E mutant (Fig. 6). It may be
that the re-introduced lysine restores the equilibrium of traf-

Figure 8. MD simulation of VP40 hydrogen-bond formation. A, eVP40 protomer–lipid interactions. Top, representative hydrogen-bonded configuration of
eVP40 in which cationic lysine residues make hydrogen-bond interactions with the anionic headgroups of POPS. Bottom left, number of hydrogen bonds, and
bottom right, electrostatic energy of interaction between protomer and the PM. Red curves, with POPS, and blue curves, without POPS. B, eVP40 dimer
association with PM. Left, typical snapshot of the lysine residues in the CTD basic patch interacting with the POPS. Right, electrostatic energy of interaction
between eVP40 dimer and the PM. Red, with POPS; blue, without POPS.
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ficking to the PM but is insufficient to mediate efficient accu-
mulation of VP40 on the PM above the detection limit of our
confocal system. Nevertheless, the final bridge to the PM seems
to be abrogated in the K274E/K275E double mutant, indicating
that these lysine residues are critical for PM targeting and sup-
porting proper accumulation of VP40 on the PM inner leaflet,
in agreement with previous work (1).

Experimental procedures

Materials

POPC, POPE, POPG, POPI, POPA, and POPS were pur-
chased from Avanti Polar Lipids, Inc. (Alabaster, AL) and used
without further purification. A QuikChange site-directed XL
mutagenesis kit was from Agilent Technologies, (Santa Clara,
CA). Rosetta2 BL21DE3 pLysS cells were from Novagen (Mad-
ison, WI). Nickel-nitrilotriacetic acid resin was from Qiagen
(Valencia, CA), and the L1 sensor chip from was GE Healthcare
(Little Chalfont, UK).

Protein expression and purification

VP40 bacterial expression plasmids were a kind gift from the
laboratory of Dr. Erica Ollmann Saphire (The Scripps Research
Institute, La Jolla, CA). VP40 and respective mutations were
expressed in Rosetta2 BL21DE3 pLysS cells (Novagen, Madi-
son, WI) to an A600 nm of 0.4 – 0.6 at 37 °C, and subsequently
induced with 1 mM isopropyl 1-thio-�-D-galactopyranoside.
Induced cells were allowed to express for 5 h at room temper-
ature and were purified according to the QIAExpressionist
batch method (Qiagen, Valencia, CA). The eluted proteins were

dialyzed against 10 mM Tris, pH 8.0, containing 300 mM NaCl
and stored at a concentration of 1–2 mg/ml at 4 °C and used
within 2 weeks. Protein concentrations were determined with
the BCA method (Pierce).

CD spectroscopy

VP40 protein (WT and mutants) was purified as described
above. Protein samples were prepared at 0.25 mg/ml and
imaged on a Jasco J-815 through a 1-mm quartz cuvette (Starna
Cells Inc., Atascadero, CA), all as described in Greenfield et al.
(58). Measurements reported are the average of five separate
wave scans.

Surface plasmon resonance

POPC/POPE (80:20) large unilamellar vesicles (LUVs)
and POPC/POPE/POPS (60:20:20) LUVs were prepared as
described previously (27). SPR was performed using a Biacore X
instrument and an L1 sensor chip (GE Healthcare). Data were
collected at a flow rate of 5 �l/min using 80-�l injections of
VP40 and respective mutations. Protein concentrations typi-
cally were in the range of 10-fold below or 15-fold above the
respective apparent Kd value of each construct. Protein concen-
trations were calculated to account for the stoichiometry of
dimerization or oligomerization (SEC-MALS) in lipid-binding
analysis. The saturation response (Req) was determined at each
protein concentration. Data were analyzed using Kaleidagraph
(Synergy Software, Reading, PA), and trials were repeated in
triplicate (note: L117R was repeated five times; I307R and FL
WT-VP40 was repeated six times) to determine the mean and

Figure 9. Summary of VP40 structures in the life cycle of EBOV. As described throughout, VP40 forms a monomer, dimer, and RNA-binding octamer. A,
monomer is the simplest unit of VP40 but may not possess biologically relevant lipid-binding properties. Despite harboring high affinity for PS-containing
membranes, mutations of the NTD �-helical interface that mediate dimerization disrupt PM localization of VP40 as described herein as well as in Bornholdt
et al. (1). VP40 trafficking to the PM may require the intact dimer to interact with host proteins such as Sec24C. B, octameric ring conformation renders VP40 less
fit for PS binding, suggesting alternative cellular functions consistent with its proposed role in regulation of viral transcription (1). Presumably, the PS-binding
surface in the VP40 CTD is not optimized for high-affinity PS binding in the octameric form. Additionally, the octameric VP40 may not be sufficient for proper
trafficking to the PM. C, VP40 dimers harbor the requisite PS-binding properties for PM localization and budding. D, selective PS binding is mediated through
CTD residues Lys224, Lys225, Lys274, and Lys275 in VP40 dimers.
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standard deviation of the apparent Kd. Req values (saturation
RU values) were then plotted versus protein concentrations (C),
and the Kd value was determined by a nonlinear least-squares
analysis of the binding isotherm using the equation, Req �
Rmax/(1 	 Kd/C).

SEC-MALS

1 mg of purified proteins was loaded onto a Superdex 200
Increase 10/300 gel-filtration column (GE Healthcare), pre-
equilibrated with buffer (10 mM Tris-HCl, pH 8.0, containing
300 mM NaCl). Following elution from the column, the FPLC
system was connected in-line with a miniDAWN TREOS fol-
lowed by an Optilab T-rEX refractometer (Wyatt Technolo-
gies). Data processing and absolute molar mass calculation
were performed using ASTRA software (Wyatt Technologies).

Molecular biology

EGFP-VP40 mutants for live-cell imaging were generated in a
pcDNA3.1 vector using a Quikchange site-directed XL mutagen-
esis kit (Agilent Technologies, Santa Clara, CA) according to the
manufacturer’s instructions. The mutations were confirmed by
automated DNA sequencing.

Cell culture and cell imaging

HEK293 cells were cultured and maintained at 37 °C and 5%
CO2 supplemented with low-glucose Dulbecco’s modified
Eagle’s medium (Life Technologies, Inc.), 10% fetal bovine
serum, and 1% penicillin/streptomycin. Preceding transfection,
cells were grown to 80 –90% confluency in a T-25 flask,
trypsinized for 4 –5 min at 37 °C and 5% CO2, and then seeded
into an 8-well Lab-Tek IITM chambered coverglass (Thermo
Fisher Scientific) to a final confluency of 50 –70%. Cells were
then transfected the next day with 300 ng/well DNA using
Lipofectamine� LTX and PLUSTM reagent (Invitrogen)
according to the manufacturer’s instructions. Cells were
imaged 22–24 h post-transfection with a Zeiss LSM 710 con-
focal microscope using a Plan Apochromat 63� 1.4 NA oil
objective. The 488-nm line of the argon laser was used to excite
EGFP, and the laser attenuator transmission was held constant
at 2% throughout the experiments with the emission collected
from 493 to 797 nm. A total of 16 –25 cells were imaged for each
mutant from three independent transfections. The identity of
the mutants was concealed during imaging to minimize bias.
Heterologous expression levels were confirmed via Western
blotting as described previously (59). Antibodies used include
monoclonal rabbit anti-EBOV VP40 (IBT Bioservices 0301-
010); monoclonal mouse anti-eGFP (Thermo Fisher Scientific
F56 – 6A1.2.3); mouse anti-GAPDH antibody (Abcam ab8245);
sheep anti-mouse IgG H&L (Abcam ab6808); and goat anti-
rabbit IgG H&L (Abcam ab205718).

Image analysis

Cellular data were quantified using a MATLAB script (Math-
works, Natick, MA) provided by Johnson et al. (14). The script
measures the average EGFP intensity of the pixels within the
MATLAB script-identified plasma membrane and cytoplasm
of the cell under analysis. The % PM localization was calculated

by dividing the EGFP PM intensity by the total EGFP (PM 	
cytosol) intensity � 100%.

Molecular dynamics simulations on eVP40 membrane
interactions

The protein-membrane systems were built with the
Charmm-Gui Membrane Builder (60). Two different lipid com-
positions were used for each of the eVP40 protomer systems: a
membrane with POPS, POPE, and POPC in the ratio of
20:20:60 and a membrane with POPC and POPE in the ratio of
20:80, with at least 100 lipids in each leaflet. Systems were neu-
tralized using counter-ions. All simulations were performed
using NAMD2.11 (61) with the CHARMM36 force field (62).
The particle mesh Ewald (PME) method (63) was used for the
long-range electrostatic interactions. The SHAKE (64) algo-
rithm was used to constrain the covalent bonds involving
hydrogen atoms.

Each system was minimized for 10,000 steps and equilibrated
with a six-step Charmm-Gui protocol. A Nose-Hoover Lan-
gevin-piston method (65) was used with a piston period of 50 fs
and a decay of 25 fs to control the pressure. The temperature
was controlled using Langevin temperature coupling with a
friction coefficient of 1 ps�1. The simulation time step was set
to 2 fs for all productions runs. Production runs were per-
formed for 150 ns for each system. For calculations of hydrogen
bonds, the cutoff distance and cutoff angle were 3.5 Å and 30 °C,
respectively. Visual molecular dynamics (66) was used to visu-
alize and analyze the data. Visual molecular dynamics namden-
ergy plugin was used to calculate the interaction energies.
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