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ABSTRACT The highly conserved cytoplasmic tail of influenza virus glycoprotein
hemagglutinin (HA) contains three cysteines, posttranslationally modified by cova-
lently bound fatty acids. While viral HA acylation is crucial in virus replication, its
physico-chemical role is unknown. We used virus-like particles (VLP) to study the ef-
fect of acylation on morphology, protein incorporation, lipid composition, and mem-
brane fusion. Deacylation interrupted HA-M1 interactions since deacylated mutant
HA failed to incorporate an M1 layer within spheroidal VLP, and filamentous parti-
cles incorporated increased numbers of neuraminidase (NA). While HA acylation did
not influence VLP shape, lipid composition, or HA lateral spacing, acylation signifi-
cantly affected envelope curvature. Compared to wild-type HA, deacylated HA is cor-
related with released particles with flat envelope curvature in the absence of the
matrix (M1) protein layer. The spontaneous curvature of palmitate was calculated by
molecular dynamic simulations and was found to be comparable to the curvature
values derived from VLP size distributions. Cell-cell fusion assays show a strain-
independent failure of fusion pore enlargement among H2 (A/Japan/305/57), H3 (A/
Aichi/2/68), and H3 (A/Udorn/72) viruses. In contradistinction, acylation made no dif-
ference in the low-pH-dependent fusion of isolated VLPs to liposomes: fusion pores
formed and expanded, as demonstrated by the presence of complete fusion prod-
ucts observed using cryo-electron tomography (cryo-ET). We propose that the pri-
mary mechanism of action of acylation is to control membrane curvature and to
modify HA’s interaction with M1 protein, while the stunting of fusion by deacylated
HA acting in isolation may be balanced by other viral proteins which help lower the
energetic barrier to pore expansion.

IMPORTANCE Influenza A virus is an airborne pathogen causing seasonal epidemics
and occasional pandemics. Hemagglutinin (HA), a glycoprotein abundant on the vi-
rion surface, is important in both influenza A virus assembly and entry. HA is modi-
fied by acylation whose removal abrogates viral replication. Here, we used cryo-
electron tomography to obtain three-dimensional images to elucidate a role for HA
acylation in VLP assembly. Our data indicate that HA acylation contributes to the ca-
pability of HA to bend membranes and to HA’s interaction with the M1 scaffold pro-
tein during virus assembly. Furthermore, our data on VLP and, by hypothesis, virus
suggests that HA acylation, while not critical to fusion pore formation, contributes to
pore expansion in a target-dependent fashion.
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Influenza A virus is an enveloped virus which assembles spheroidal or filamentous
virions on the plasma membrane via a process called budding (1). At least four

influenza virus membrane-associated proteins, hemagglutinin (HA), neuraminidase
(NA), matrix 1 (M1), and the matrix 2 (M2) ion channel, orchestrate the plasma
membrane remodeling to assemble new virions (2). HA and NA, both serving as the
main antigens, stud the virion surface. HA binds to sialic acid moieties on host
membrane proteins and, upon acidification in the late endosomes, drives membrane
fusion. HA is a homotrimer, synthesized as a precursor H0, which becomes fusogenic
only after proteolytic cleavage that results in two proteins connected by disulfide
bonds, HA1 and HA2 (3). Both HA and NA interact with M1 protein via their cytoplasmic
tails (CTs) (4, 5). M1, which electrostatically binds to negatively charged lipids (6) and
assembles in a helical array beneath the inner monolayer of the plasma membrane (7),
is an important determinant of virion morphology (8, 9) and provides a platform for
viral genome incorporation (10). The negative-sense RNA genome is segmented into
eight physically independent viral ribonucleoprotein (vRNP) complexes which have an
average diameter of �14 nm and a length ranging from �24 to �110 nm (11). The
budding process is terminated by the formation of a constricted neck at the plasma
membrane and subsequent M2 protein-dependent membrane scission (12). To prevent
reentry into the producing cell and promote virion release, NA concentrates at the rear
tip of the budding virion where cleavage of sialic acid moieties on the surface of the
plasma membrane occurs (7, 13). The resulting virus particles have pleomorphic
geometry, with a predominance of spheroidal and filamentous shapes (8). Effects of
glycoproteins on the viral envelope curvature have been reviewed recently (2).

Spheroidal and filamentous virions are able to infect cells and enter via receptor-
mediated clathrin-dependent endocytosis (14) and macropinocytosis (15), respectively.
To accomplish vRNP release into the cytoplasm, both endosomes and macropinocyto-
somes must be acidified to pH �5.0 to trigger HA trimer conformational changes that
induce fusion between viral and endosomal membranes. HA-mediated membrane
fusion has been extensively studied in reconstituted systems, usually free of other
influenza virus proteins except HA, employing various biophysical methods such as
content and lipid fluorescent indicators and electrophysiology. Membrane fusion oc-
curs through several intermediates and requires overcoming a substantial energy
barrier as the two membranes approach each other (16, 17). Initially, the two mem-
branes must be tightly apposed, and, subsequently, the endosomal membrane integ-
rity is distorted by the insertion of HA fusion peptides resulting in the merger of the
outer monolayers of the two bilayers; this stage is called hemifusion (18, 19), whose
structure has been recently characterized by cryo-electron tomography (cryo-ET) (20).
In this stage, only lipid indicators can enter the target membrane. In a subsequent step
a small transient fusion pore is formed, which repeatedly opens and closes, a process
called “flicker,” and ultimately remains open. Diameters of a flickering pore are in the
range of nanometers (21, 22); and the pore is permeable to small aqueous indicators,
but it is too small to allow release of vRNPs. Fusion pore enlargement, a process whose
mechanism is not entirely elucidated, seems to depend on numerous factors, including
the number and density of HA trimers in a fusogenic state (23–25). Although the
minimal number of HA trimers capable of opening a small pore, evaluated experimen-
tally and theoretically, is around three (26, 27), additional HA trimers in a fusogenic
conformation might be required to promote pore enlargement (25). Moreover, in the
context of an intact virus, other factors influencing membrane fusion should be
considered. The M2 ion channel plays an indirect but important role in destabilization
and detachment of the matrix layer beneath the membrane, which is also an important
requirement for pore enlargement (28, 29). Interestingly, a recent study showed that
influenza virions are not permeable to protons unless subjected to trypsin treatment
(30). Increased H� and K� concentrations (31) inside the virion interior result in
weakening interactions between M1 proteins and vRNPs (32). Recent findings highlight
that a gradual, rather than a steep, influenza virus acidification leads to successful vRNP
delivery into the cytoplasm; this process occurs in at least two steps (29, 31).

Chlanda et al. Journal of Virology

November 2017 Volume 91 Issue 21 e00947-17 jvi.asm.org 2

http://jvi.asm.org


Both the HA and M2 proteins are acylated, and a plethora of studies pinpoint this
posttranslational modification as crucial in the influenza virus A replication cycle for
both assembly and fusion (33). Two cysteines present within the cytoplasmic tail (CT)
sequence and one cysteine in the transmembrane domain (TM) sequence of HA are S
acylated by two palmitates (CT cysteines) and one stearic or palmitic acid (TM cysteine),
respectively (34, 35). The role of HA acylation has been studied extensively since these
cysteines are conserved at their respective positions to a greater extent than other
residues among all otherwise highly variable HA subtypes. Hence, the cytoplasmic tail
cysteine acylation is likely crucial in the influenza virus replication cycle (reviewed in
reference 33). HA CT deacylation or complete removal of the CT results in reduced M1
incorporation and, consequently, changes in virus morphology and infectivity (36, 37).
Removal of HA acylation results in decreased M1 and vRNP incorporation into assem-
bling virions of A/Udorn/72 (H3N2); the observed decreases were rescued by M1
protein from the A/WSN/33 (WSN) virus (38). With respect to the role of HA acylation
in membrane fusion, although all studies are consistent with a lack of effect of HA
acylation on hemifusion, contrasting data have been reported regarding the role of HA
acylation in fusion pore enlargement (reviewed in reference 33). Acylation of H1
(A/USSR/77) (39), H2 (A/Japan/305/57) (40), and H7 (A/FPV/Ro/34) (41) in contrast to
that of H3 (A/Aichi/2/68) (42) and H3 (A/Udorn/72) (38) contributes to pore enlarge-
ment. One study employing conductance measurements of fusion pores induced by H3
(A/Udorn/72) showed that palmitoyl group removal reduced fusion pore flickering but,
compared to wild-type (WT) HA, did not influence pore enlargement kinetics (43).
Several studies also tested which of the three acyl groups have the most profound
function in pore enlargement and indicated that the palmitoyl group most distal from
the TM is crucial (37, 38, 44).

To study the role of HA acylation in influenza virus-like particle (VLP) assembly and
membrane fusion, we have mutated two or all three cysteines on the HA CT in the HA
proteins from three different strains. We compared the release and morphology of
wild-type VLPs with VLPs containing depalmitoylated HA, both by biochemistry and by
cryo-ET. We used a fluorescent cell-red blood cell (RBC) fusion assay, cryo-ET, and model
simulation to investigate the roles of acylation in influenza VLP morphology and
membrane fusion. The data indicate that HA acylation modulates virus envelope
curvature, influencing HA-mediated membrane fusion and influenza VLP assembly.
Atomistic simulation of the spontaneous curvature of palmitic acid was consistent with
a curvature modulating role for HA acylation.

RESULTS
HA acylation does not inhibit release of influenza VLP proteins. To express

completely or partially deacylated HA (A/Aichi/2/68), we mutated the cysteines present
in the CT of HA. Codons for two cysteines (Cys 555 and Cys 562) or for all three cysteines
(Cys 555, Cys 562, and Cys 565) were changed to codons that coded for a MAC (Met 555
and Ala 562) or MAY (Met 555, Ala 562, and Tyr 565) mutant.

Following transfection of both 293T and Cos7 cells with MAC and MAY, trafficking
to the plasma membrane comparable to that of wild-type HA was observed (data not
shown).

To assess the role of HA acylation on incorporation of M1, NA, and M2 proteins into
VLPs, we cotransfected 293T cells with plasmids containing NA, M1, M2, and either HA
or MAY (yielding HANAM1M2 or MAYNAM1M2, respectively). We opted for plasmid-
driven VLPs since attempts to substitute all cysteines in HA (A/WSN/33) and produce a
virus using a reverse genetic system (45) resulted in a reverted virus that recovered the
most distant cysteine, as revealed by virus genome sequencing (Table 1). The expres-
sion and release of proteins were analyzed using a bicinchoninic acid assay and
Western blotting (Fig. 1A). Both HANAM1M2 and MAYNAM1M2 preparations, fol-
lowing sucrose cushion purification, yielded 30 to 50 �l of VLPs with total protein
concentrations of �2 mg/ml. Although the levels of released HA/MAY, M1, and M2
protein from HANAM1M2 and MAYNAM1M2 transfected cells were similar, NA
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release in MAYNAM1M2 transfected cells was slightly but significantly increased (P �

0.008; n � 4, t test) compared to the level of NA released from HANAM1M2 transfected
cells (Fig. 1A). The HA/NA and MAY/NA ratios, 1.1 and 0.8, were significantly different
(P � 0.006; t test).

Spheroidal particles containing deacylated HA are impaired in M1 layer incor-
poration and are larger in diameter. We further investigated the role of HA acylation
on VLP morphology using cryo-ET (Fig. 2A and B). Filamentous (19%) and spheroidal
(81%) particles were similarly represented in both HANAM1M2 (n � 62) and
MAYNAM1M2 (n � 57) samples (Fig. 2C). HA and NA glycoproteins can be distinguished
from each other by their shape as resolved in cryo-ET; HA proteins appear as narrow
spikes with an obvious stem connected to the surface of the particle, while NA proteins,
in contrast, show a large globular domain connected to the particle via a thin stem,
which is hardly visible (11). We observed both HA and NA spikes on all three types of

FIG 1 Release of influenza virus proteins from HANAM1M2 and MAYNAM1M2 transfected 293T cells. (A) SDS-PAGE under
reducing conditions followed by Western blotting of lysates and supernatants from 293T cells transfected with plasmids
containing HA (A/Aichi/2/68), NA (A/Singapore/1/57), M1 (A/Hong Kong/8/68), and M2 (synthetic) and harvested at 48 h
posttransfection. (B) Bar plot showing the averaged (n � 4) and lysate-normalized relative intensities of the Western blot
bands. Relative M1 release levels into the supernatant were similar in HANAM1M2 and MAYNAM1M2 transfected cells. NA
release to the supernatant was increased in MAYNAM1M2 transfected cells.

TABLE 1 Preparation of recombinant A/WSN/33 virus carrying MAY mutationa

Sample
no.

No. of HA
U/ml at 24 h

CPE (%)
at 24 h

No. of HA
U/ml at 48 h

CPE (%)
at 48 h

No. of HA
U/ml at 72 h

CPE (%)
at 72 h

Sequence at
72 h

1 80 0 320 90 640 100 MAY�MAC
2 0 0 320 40 320 45 MAY�MAC
3 0 0 160 70 320 100 MAY�MAC
4 0 0 160 50 320 70 MAY�MAC
5 0 0 0 10 0 15 MAY�MAC
6 80 0 320 20 640 60 MAC
7 80 0 320 80 1280 85 MAY�MAC
8 80 0 320 80 1280 80 MAY�MAC
aThe table shows sequence changes and virus titer during recovery of A/WSN/33 virus prepared by reverse
genetics. 293T cells were transfected using sets of plasmids used for generation of the recombinant virus
for a duration of 72 h. The viral titer (HA U/ml) was measured, and the HA sequence was obtained at 48
and at 72 h posttransfection. At 72 h posttransfection the rest of media was collected and used to infect
MDCK cells. Virus titer (HA U/ml) and the HA sequence were again obtained at 72 h postinfection.
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FIG 2 Morphology of HANAM1M2 and MAYNAM1M2 particles by cryo-ET. Slices of tomograms were reconstructed from
a tilt series collected using a Krios microscope at 300 kV with a Volta phase plate and nominal defocus of �0.5 �m. The
slices capture spheroidal particles with and without an M1 layer and three examples of filamentous particles, isolated from
supernatants of the HANAM1M2 (A) and MAYNAM1M2 (B) transfected 293T cells (scale bar, 50 nm). The M1 layer is present
underneath the membrane of filamentous VLPs and in some spheroidal particles in both HANAM1M2 and MAYNAM1M2
samples. Examples of regions containing HA or NA spikes are surrounded by a black rectangle, and magnified views of the
respective regions are on the right (scale bar, 5 nm). MAYNAM1M2 filamentous particles incorporate more NA spikes than
HANAM1M2 filamentous particles. The MAYNAM1M2 filamentous particle in the bottom image contains only NA spikes.
Two representative tomograms were deposited into the wwPDB under accession numbers EMD-8843 and EMD-8844. (C)
Column plot showing percentage representation of filamentous and spheroidal particles with and without the M1 layer for
HANAM1M2 and MAYNAM1M2 isolates. (D) A normalized cumulative distribution function (nCDF) plot shows that the
HANAM1M2 and MAYNAM1M2 particles have similar distributions of aspect ratios (P � 0.856, Kolmogorov-Smirnov test).
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particles, indicating that neither filamentous nor spheroidal particles were devoid of
either of the two glycoproteins (Fig. 2A and B). HANAM1M2 filamentous particles had
NA clusters localized at the tip of the VLP as reported before (8), whereas MAYNAM1M2
filamentous particles contained, overall, more NA glycoproteins, and NA clusters were
also present on the cylindrical surface of the filamentous particle. Importantly, 52% (n �

29) of filamentous MAYNAM1M2 particles contained only NA, an observation consistent
with the increased release of NA detected by Western blotting. All observed
HANAM1M2 and MAYNAM1M2 filamentous VLPs contained an electron-dense layer
formed presumably by interior membrane-associated M1 protein (Fig. 2A and B).
The average diameter, 51 � 4 nm (standard deviation [SD]), was the same for both
HANAM1M2 and MAYNAM1M2 filamentous VLPs. More than half (62%, n � 50) of
the analyzed spheroidal particles isolated from HANAM1M2 transfected cells con-
tained the M1 layer. In contrast, a majority (91%, n � 46) of the spheroidal particles
isolated from the MAYNAM1M2 transfected cells did not show the M1 layer
underneath the membrane (Fig. 2C). HA spheroidal particles without an M1 layer
were larger (90 � 39 nm [SD]; n � 24) than those containing M1 (63 � 14 nm [SD],
n � 30; P � 0.003; unequal variance t test) and more variable in diameter (P �

0.001; Levene’s test for equality of variance using median). Spheroidal particles
without M1 containing HA were significantly smaller (�1.3-fold) in diameter than
MAY spheroidal particles without M1 (113 � 40 nm [SD], n � 45; P � 0.026; t test)
and displayed no difference in diameter variability (P � 0.66; Levene’s test for equality
of variance using median). The distributions of the aspect ratios (length/width) of
HANAM1M2 and MAYNAM1M2 were similar (P � 0.856; Kolmogorov-Smirnov test),
indicating that the NA-M1 interaction can rescue the weakened depalmitoylated
HA-M1 interaction necessary for filamentous VLP formation (Fig. 2D). To investigate
further, we isolated particles from supernatants of cells transfected with only MAY, M1,
and M2. MAYM1M2 particles were predominantly spheroidal without an M1 layer;
filamentous particle was observed only once (data not shown). Thus, HA acylation plays
a role in HA-modulated membrane curvature and M1 protein incorporation into
spheroidally shaped particles. The filamentous particles containing depalmitoylated HA
are formed only if NA is also present.

Neither HA acylation nor the presence of the matrix layer influences glycopro-
tein spacing on filamentous and spheroidal particles. We next analyzed whether HA
acylation influences the distance between glycoproteins in the presence or absence of
the M1 layer. Glycoprotein (HA and NA or MAY and NA) spacing on the surface of the
filamentous and spheroidal VLPs, with and without matrix layer, was analyzed either in
longitudinal tomographic slices (Fig. 2) using a line scan (Materials and Methods) or in
the transverse tomographic slices through the protruding spikes (Fig. 3A) using radially
averaged power spectrum (PS) (Table 2). There were no statistically significant differ-
ences between group mean spacing as determined by one-way analysis of variance
(ANOVA) (F5,114 � 0.985, P � 0.43). The average spacing over all species (filamentous
and spheroidal, HA and MAY) is 8.33 � 0.21 nm (mean � 95% confidence). The average
spacing between glycoproteins calculated from PS (Fig. 3B) over all species is 8.74 � 0.43
nm (mean � 95% confidence); the difference between the spacing determined using the
two methods was not significantly different from zero (0.41 � 0.48 nm for the difference �

95% confidence). The average spacing for the surface glycoproteins over all species and
methods is 8.54 � 0.48 nm (mean � 95% confidence), corresponding to a surface
glycoprotein density of 0.016 glycoproteins/nm2 assuming hexagonal packing.
Thus, HA acylation does not influence the spacing of the surface glycoproteins in
either the presence or absence of the M1 layer.

The difference in HANA and MAYNA particle radii implies that acylation im-
poses large negative spontaneous curvature. HA spheroidal particles without an M1
layer were larger (90 � 39 nm [SD], n � 24) than those containing M1 (63 � 14 nm [SD],
n � 30; P � 0.003, unequal variance t test) and more variable in diameter (P � 0.001;
Levene’s test for equality of variance using median). Interestingly, HA-containing
spheroidal particles without M1 were significantly smaller (�1.3-fold) in diameter than
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MAY-containing spheroidal particles without M1 (113 � 40 nm [SD], n � 45; P � 0.026,
t test), with no difference in diameter variability (P � 0.66; Levene’s test for equality of
variance using median) (Fig. 4A). The size differences suggested that palmitoylation has
an impact on particle curvature.

FIG 3 Glycoprotein spacing of HA- and MAY-containing particles. (A) Representative slices of a tomo-
gram showing the electron densities of the glycoproteins of the filamentous particles, spheroidal
particles with and without an M1 layer, and a vitreous ice background. Scale bar, 10 nm. (B) Radially
averaged power spectra showing high-order glycoprotein distances for HANAM1M2 and MAYNAM1M2
particles. a.u., arbitrary units.

TABLE 2 Summary of glycoprotein spacing measured by power spectrum analysis and
line plot

Particle type

Top-view measurement (PS)a
Side-view measurement
(avg � SD [nm])bPeak (nm) � fit (1/nm) Sigma fit (1/nm)

Spherical with HA
Without M1 9.46 0.11 0.02 8.3 � 1.4
With M1 8.90 0.11 0.03 8.8 � 1.2

Filamentous with HA 8.36 0.12 0.02 8.2 � 1.1

Spherical with MAY
Without M1 9.17 0.11 0.02 8.0 � 1.0
With M1 8.73 0.11 0.03 8.5 � 1.4

Filamentous with MAY 8.18 0.12 0.02 8.2 � 0.8
aValues were obtained by power spectrum analysis from transverse slices of glycoproteins on the tops of the
particles. Mean spatial frequency and sigma values were obtained from modified two-term Lorentzian-
Gaussian fit of the power spectrum for filamentous particles and for spheroidal particles with and without
an M1 layer containing either HA or MAY. Glycoprotein spacing at the peak of the curve is shown.

bMean and standard deviation (n � 20) of glycoprotein spacing obtained from density line scans on
horizontal slices of the glycoprotein spikes.
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We used a simple model describing the effect of HA palmitoylation on curvature,
which compares the size of the particles with and without palmitoylation and then
infers what the spontaneous curvature of the membrane monolayers must be to
account for the observed size difference. To normalize the radius distribution, peak
normalized probability density functions (PDF) for the three species, HA with and
without M1 and MAY without M1, were calculated using the truncated Gaussian
parameters identified from the global fit of the cumulative distributions of VLP radii
(Fig. 4B). In the model, palmitoylation affects only the VLP’s inner monolayer (mem-
brane monolayer facing the interior of the VLP), which, according to the established
sign convention, has negative curvature.

A patch of VLP surface with area A, bending modulus kc, radius RVLP, and membrane
monolayer spontaneous curvatures, c0(outer) and c0(inner), has Helfrich/Canham (46, 47)
curvature energy:

E � A
kc

2 � 2

RVLP
� c0�outer��2

�A
kc

2 � �2

RVLP
� c0�inner��2

Minimizing the energy (per unit area) relative to RVLP yields:

1

RVLP
�

c0�outer� � c0�inner�
4

Comparing two systems with the same value of c0(outer) but with different c0(inner) and
RVLP values, we find:

c0�inner, HA� � c0�inner, MAY� � 4� 1

RVLP�MAY�
�

1

RVLP�HA�
� � �0.055 nm�1

FIG 4 HA acylation affects curvature of the released particles. (A) Representative slices of tomograms showing MAYNA (no
M1), HANA (no M1), and HANAM1M2 spheroidal particles. Respective average radii, standard deviations, and numbers of
measurements are shown below the images. (B) Peak normalized probability density functions (PDF) for the three species,
HA with and without M1 and MAY without M1, calculated using the truncated Gaussian parameters identified from the
global fit of the cumulative distributions of VLP radii. HA and MAY differ in their most probable size (peak of the PDF), and
the distribution width is significantly greater in the absence of M1. (C) Spontaneous curvature of palmitic acid and
palmitoylation on short alpha-helical peptide sequences computed from simulation. Extrapolation of the data to the 100%
area fraction of palmitic acid yields an estimate of the spontaneous curvature of palmitic acid. Shown for reference (red
point on the right curvature axis) is the same value estimated from the change in average size of the VLPs with HA
compared to that with MAY.
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where RVLP(MAY) and RVLP(HA) are the most probable radii estimated from the global
truncated Gaussian fit (50.9 � 0.8 and 30.0 �0.2 nm, respectively [value � 95%
confidence]). A VLP with a 30-nm radius having a glycosylated protein density of 0.016
per nm2 will contain �150 HA trimers (assuming HA/NA � 5:1), each with nine
palmitoylated cysteines, with an effective area fraction of the palmitoylated groups
fpalm of 3.6%, assuming the palmitoyl group has an area of 0.3 nm2, as it does in
simulation of the free acid. The estimate of the effective spontaneous curvature of
palmitoylation depends on the value of c0(inner; MAY):

c0�inner, HA� � fpalm c0�palm� � �1 � fpalm� c0�inner, MAY�

Solving for c0(palm) yields:

c0�palm� � c0�inner, MAY� �
c0�inner, HA� � c0�inner, MAY�

fpalm

The second term on the right side is �1.52 nm�1, itself a very large negative sponta-
neous curvature. This value serves as a reasonable lower bound for the effect as it
would be unlikely for c0(inner; MAY) to be positive, given that even without palmitoylation
it forms small VLPs. An upper estimate of the effect is to assume that c0(outer) is zero,
requiring all the curvature energetics to occur in the inner monolayer, in which case
c0(palm) is �1.59 nm�1. This value represents a very high negative spontaneous curva-
ture, much higher than the �0.34 of the canonical negative-curvature lipid used for
biophysical studies, dioleoylphosphatidylethanolamine (DOPE) (48).

Simulations of palmitic acid indicate large negative spontaneous curvature. To
estimate the effect of palmitoylation of HA on membrane spontaneous curvature, two
simple model systems were simulated. The first is protonated palmitic acid residues
mixed in POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine). The second is the
relative curvature stress of palmitoylated HA and MAY sequences of short alpha-helical
subunits. These model systems have several attractive features: the simulations are
computationally inexpensive, the signal is simple to interpret and has excellent statis-
tics, and the physicochemical effect of the palmitic acid head group “size” relative to its
tail entropy is captured. The spontaneous curvature as a function of mole fraction is
plotted in Fig. 4C, with a line computed for pure palmitate and the palmitoylated
peptide indicated separately. Extrapolating the curve to 100% palmitic acid yields an
estimate of the spontaneous curvature of the lipid: �1.1 nm�1. Although this value is
31% lower in magnitude than that estimated from the experimental VLP size distribu-
tion, nevertheless, both estimates yield extremely high inferred spontaneous curvatures
for palmitoylation.

The effect of palmitoylation on short alpha-helical peptide sequences, indicated by
circles in Fig. 4C, agrees qualitatively with the palmitate simulations. Alpha-helical
secondary structure places the palmitoyl groups on opposite sides of the helix, so that
two orientations are consistent with the palmitoyl chains in the bilayer. These two
configurations were both simulated. The spontaneous curvature of palmitoylation was
estimated by subtracting the value of c0 from simulations of unpalmitoylated peptide
from that of the palmitoylated, adjusting for the “wedge” effect of the peptide itself.
These raw values for curvature induction (�0.077 and �0.041 nm�1 at 7% fraction
palmitoyl) were then added to the c0 of POPC to be plotted in Fig. 4C.

Lipid mass spectrometry analysis does not reveal major differences between
the lipid composition of HANAM1M2 and MAYNAM1M2 particles. To investigate
whether HA acylation influences lipids present in the VLP envelope, the lipid compo-
sitions of HANAM1M2, MAYNAM1M2 particles and X31 virions were analyzed (Fig. 5A
to C). Lipid concentration (in nanomoles) was normalized to protein concentration
determined by bicinchoninic acid assay prior to the lipid analysis. Both VLP prepara-
tions showed similar levels of cholesterol (HANAM1M2, 39% � 4.5%; MAYNAM1M2,
43% � 7% [average � difference of two preparations divided by 2]). The levels of
cholesterol were lower in the VLPs than in X31 virus grown in 293T cells (51%). Levels
of sphingomyelin were similar in both HANAM1M2 (8% � 1.5%) and MAYNAM1M2
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(9% � 1.5%) particles but lower than those found in the X31 virus grown in 293T cells
(29%). The ratio between saturated and unsaturated lipids was maintained at around
1:2 in all analyzed preparations (Fig. 5D). Thus, HA acylation does not seem to
dramatically affect the lipid composition of the VLP envelope. However, VLPs seem to
incorporate less cholesterol and sphingomyelin in the envelope than the X31 virus
grown in 293T cells.

Deacylated HA of three different influenza virus strains forms an arrested
fusion pore unable to expand. To investigate the fusion properties of deacylated HA,
we transfected Cos7 cells with plasmids containing either HA, MAC, or MAY. The
transfected cells were incubated with human RBCs labeled with the lipid probe PKH26
and one aqueous probe of either carboxyfluorescein or fluorescein isothiocyanate
(FITC)-dextran (10 kDa). Acylation does not prevent hemifusion because the lipid probe
PKH26 transferred from RBCs to HA, MAC, and MAY transfected cells following pH 4.9
acidification (Fig. 6A). We observed carboxyfluorescein mixing between RBCs and HA,
MAY, or MAC transfected cells (Fig. 6B). However, FITC–10-kDa dextran was transferred
only to HA and MAC transfected cells, consistent with the previously proposed hypoth-
esis that the completely depalmitoylated HA can induce only a fusion pore that is too
small to support transfer of molecules equal to or larger than 10-kDa dextran (Fig. 6C).
We further tested several conditions, prolonging the pH 4.9 exposure time to up to 20
min, followed by incubation at pH 7.0 up to 60 min at 37°C. In all cases MAY-induced
fusion pores were not permeable to 10-kDa dextran (Fig. 6D).

Since the role of HA acylation seems to vary among HA proteins from different
influenza A viruses, we tested the fusogenic properties of HAs from A/Udorn/72 (H3N2)

FIG 5 Lipid mass spectrometry analysis of HANAM1M2 and MAYNAM1M2 particles. Relative distribution of cholesterol (chol) and
phospholipids in isolated and sucrose cushion-purified X31 virus grown on 293T cells (A) and HANAM1M2 (B) and MAYNAM1M2 (C)
particles isolated from supernatants of the transfected 293T cells. The mean percentages and the differences between the two values
divided by 2 were calculated from two independent analyses (except for X31 virus, for which only one preparation was analyzed). (D)
Relative distributions of saturated and unsaturated acyl chains found in phospholipids. LPC, lysophosphatidylcholine; PA, phosphatidic
acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine; SM, sphingomyelin.
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and A/WSN/33 (H1N1). MAY from both A/Udorn/72 (H3N2) and A/WSN/33 (H1N1)
supported hemifusion and the formation of fusion pores, which were not permeable to
10-kDa dextran (Fig. 6E). These data further support the hypothesis that HA acylation
has a role in fusion pore enlargement.

Deacylated HA forms a fusion pore able to expand in the presence of NA, M1,
and M2 proteins. To investigate the role of HA-mediated membrane fusion in a system
that more closely mimics influenza virus fusion, we modified the cell-RBC fusion assay.
In this assay, the labeled RBCs may bind and fuse with the budding HANAM1M2
filamentous VLPs rather than or in addition to HA-studded regions of the cell mem-
brane. We used 293T cells instead of Cos7 cells because Cos7 cells did not form
HANAM1M2 VLPs upon transfection with HA (data not shown). To verify that most of
the established contacts are between RBCs and budding VLPs rather than between
RBCs and plasma membrane, we analyzed the binding pairs of HANAM1M2 transfected
293T cells and RBCs using thin-section electron microscopy (EM) (Fig. 7A). In 70% of all
cases (n � 40), we observed long budding filamentous VLPs near RBC membrane, and
in 30% of all cases the RBCs and 293T membranes were in direct contact.

FIG 6 Cell-RBC fusion assay monitoring lipid and content mixing upon fusion mediated by HA, MAC, or MAY. Cos7 cells were transfected 24 h prior to fusion
with either HA, MAC, or MAY (Aichi [H3N2]), incubated with RBCs labeled with PKH26 lipid mixing indicator (red) and with either anionic FITC-dextran (10 kDa)
or a carboxyfluorescein aqueous indicator (green). The fusion was triggered by exposure to citrate buffer with pH 4.9 for 2 min at 37°C, followed by 20 min
at pH 7 prior to imaging and counting. (A) Set of representative fluorescent micrographs showing the fusion pairs of RBCs and transfected Cos7 cells. Hemifused
cell-RBC pairs contain only red indicator. Fully fused cell-RBC pairs containing both red and green indicators are indicated by white arrows. MAY is not able
to induce fusion pores supporting permeation of FITC–10-kDa dextran. Bar plots represent counted fusion events (green cells) containing either carboxyfluo-
rescein (B) or FITC–10-kDa dextran (C) normalized to hemifusion events (red cells labeled with PKH26) driven by HA, MAC, and MAY. (D) The fusion was triggered
by exposure to citrate buffer with pH 5 for between 2 and 20 min, followed by 20 to 60 min at pH 7 at 37°C prior to imaging and counting. (E) Bar plot of fusion
events normalized to hemifusion events driven by HA and MAY from three different influenza virus strains, Aichi (H3N2), Udorn (H3N2), and WSN (H1N2).
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The number of MAY-induced fusion pores that support 10-kDa dextran content
mixing in the 293T-RBC fusion assay was approximately 3-fold lower (P � 0.011, t test;
5 independent assays) (Fig. 7B) than that in HA-induced fusion pores similarly observed
in Cos7 cells (Fig. 6). Interestingly, the coexpression of NA, M1, and M2 proteins slightly
increased (2-fold), but not significantly (P � 0.06, t test), the number of MAY-induced
fusion pores permeable to 10-kDa dextran. However, the MAYNAM1M2 ability to
support 10-kDa dextran mixing was only 1.6-fold lower than that of HANAM1M2, and
the difference was not statistically significant (P � 0.06, t test). To investigate whether
the increase in dextran mixing in MAYNAM1M2 is specific to one of the coexpressed
proteins, we cotransfected 293T cells with MAY and NA, with MAY, NA, and M1, or with
MAY, NA, M1, and M2 genes. 293T cells forming both MAYNAM1 and MAYNAM1M2
VLPs showed slight, but not significant, increases (�1.5-fold) in the number of pores
supporting 10-kDa dextran penetration (Fig. 7C). These data indicate that HA deacyla-
tion inhibits fusion pore opening but that opening is partially rescued by the presence
of NA, M1, and M2 proteins.

FIG 7 Cell-RBC fusion assay monitoring lipid and content mixing upon fusion mediated by HA or MAY in the
presence of other influenza virus proteins. (A) Thin-section EM of chemically fixed and EPON-embedded 293T cells
expressing MAY, NA, M1, and M2 proteins and incubated with RBCs for 20 min at 37°C. RBCs bind to budding
filamentous VLPs rather than to the surfaces of the cells. Magnified views show a strong connection between
HAMAY present on the VLP and the RBC membrane. (B) Bar plot of the HA- or MAY-induced fusion monitoring lipid
(PKH26) and content (FITC–10-kDa dextran) mixing in the presence or absence of NA, M1, and M2 proteins. (C) Bar
plot of the MAY-induced fusion monitoring lipid (PKH26) and content (FITC–10-kDa dextran) mixing in the presence
of NA only, M2 only, or NA, M1, and M2 proteins together. Coexpression of M1 and M2 proteins enhances pore
enlargement of the MAY-driven fusion pore.
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Isolated MAYNAM1M2 particles form complete fusion products with lipo-
somes. Cryo-ET was recently used to structurally characterize the influenza A VLP-
driven hemifusion intermediates (20) and the influenza A virus-driven fusion interme-
diates (49–51). To investigate the role of HA acylation in HA-mediated membrane fusion
in a system that more closely mimics influenza virus fusion, we used cryo-ET. Mixtures
of isolated HANAM1M2 or MAYNAM1M2 VLPs and liposomes (42 mol% POPC, 13 mol%
POPE, 40 mol% cholesterol, and 5 mol% of total gangliosides [GA]; POPE is 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoethanolamine) were incubated for 20 to 30 min and
subsequently subjected to pH 5 for 2 to 5 min prior to being plunged into liquid ethane.
Based on the cell-RBC fusion assay where we observed dramatic inhibition of expansion
of the deacylated HA-induced fusion pores, we expected to observe an increased
number of fusion pores with inner diameters of less than 4.6 nm (hydrodynamic
diameter of FITC–10-kDa dextran used in the cell-RBC assay). Cryo-ET revealed the
presence of large compartments in both HANAM1M2 (n � 8 observable ratio R � 0.8;
five tomograms) and MAYNAM1M2 (n � 38 and R � 1.46; 15 tomograms) samples. The
large compartments with electron-dense disassembled M1 protein and more sparsely
distributed glycoproteins are characteristic of complete fusion. Evaluating the fusion prob-
ability as a function of either a discrete, N (N � 0 to 10), or continuous, �N� (�N� � 0
to 10), proportionality was consistent with no significant differences between the
fusion probability of MAYNAM1M2 and HANAM1M2. These data suggest that a large
fraction of the fusion pores induced by either acylated or deacylated HA underwent
expansion (Fig. 8). In the MAYNAM1M2 sample, several hemifusion diaphragms with an
average diameter of 10 � 3 nm (n � 22) were often present between the completely
fused compartment and unfused liposomes, whereas in the HANAM1M2 sample the
hemifusion diaphragms were present between unfused VLPs and unfused liposomes
(Fig. 8). Fusion pores, which by definition have an electron-lucent interior, could not be
unambiguously determined in this data set. Thus, in this fusion system of liposomes to
VLPs having protein composition close to that of the native virus, HA deacylation did
not have an observable effect on fusion pore expansion.

DISCUSSION

Our data indicate that the removal of HA terminal acylation affects influenza virus
VLP assembly and HA-mediated membrane fusion in a cell-RBC fusion assay. Findings
in this study suggest that some apparent discrepancies in the field are likely caused by
differences in fusion assays and HA expression systems rather than by different HA
subtypes. We propose that a role of HA acylation to inhibit fusion pore expansion in
cell-RBC fusion assays relates to the impact of acylation on membrane curvature,
regardless of which HA subtype is used. For assembly, we propose that acylation of HA
increases its contribution to overall bilayer curvature, facilitating the incorporation and
assembly of the M1 layer, which maximizes envelope curvature. Consistent with our
proposal, molecular dynamics shows that insertion of palmitic acid into the inner
envelope monolayer increases monolayer negative spontaneous curvature.

HA palmitoylation has a profound effect on M1 protein incorporation. The release of
influenza virus proteins, assessed by Western blotting, was similar in both HANAM1M2
and MAYNAM1M2 transfected cells, except for that of NA, whose release was increased
in MAYNAM1M2 transfected cells. Consistently, cryo-ET revealed that filamentous
MAYNAM1M2 VLPs incorporated more NA than HANAM1M2 filamentous VLPs and that
spheroidal MAYNAM1M2 particles rarely contained an M1 layer. These data are in
agreement with a previous study where a deacylated HA-SSS mutant (with three
cysteines changed to serines) failed to incorporate M1 into H3N2 Udorn influenza
virions (38). Thus, our data indicate that the M1-MAY protein interaction is weaker than
the M1–acylated-HA interaction, perhaps due to steric changes or exposure of the
deacylated CT within the cytoplasm.

A previous study showed that HA expression induces ruffling of the plasma mem-
brane and shedding of HA containing spheroidal particles, suggesting that HA is able
to alter membrane curvature (8). To address whether HA acylation has a role in
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modulating membrane curvature, we compared the diameters of released spheroidal
VLPs containing either HANA or MAYNA but with no M1. This approach also has the
advantage of eliminating possible contributions of the cellular cytoskeleton. Membrane
curvature J is inversely proportional to the radius R (J � 1/R). Interestingly, we found
that spheroidal MAY VLPs were larger than spheroidal HA VLPs, indicating that HA

FIG 8 Cryo-ET of MAYNAM1M2 and liposome fusion events. HANAM1M2 or MAYNAM1M2 particles were
mixed with liposomes containing 5 mol% total gangliosides, incubated for 20 to 30 min at neutral pH,
and subjected to low pH for 2 min at 37°C prior to being plunged into liquid ethane. (A) Tomogram slices
(3 nm thick) showing HANAM1M2 fusion events. The tomograms were calculated by a weighted
back-projection method from a tilt series acquired on a Krios microscope at a defocus of �0.5 �m with
a Volta phase plate. (B) Tomogram slices (3 nm thick) showing MAYNAM1M2 fusion events. Tomograms
were calculated by a weighted back-projection method using a simultaneous iteration reconstruction
technique (SIRT)-like filter from a tilt series acquired on a Krios microscope at a defocus of �5 �m, except
for the slices of the tomogram on the bottom, which were reconstructed as described for panel A. The
slices capture complete fusion (CF) compartments and fusion events formed between liposomes and
VLPs, marked by black rectangles (scale bar, 50 nm). Magnified areas of the region of interest surrounded
by the rectangle are on the right or bottom, as indicated by black lines (scale bar, 20 nm). Black arrows
mark the contact between liposomes and VLPs. Note that the fusion intermediates in panel B are
between complete fusion compartments and liposomes, and in panel A they are between an unfused
VLP and unfused liposome. The bottom image in panel B shows a rare event where unfused
MAYNAM1M2 spheroidal particles containing M1 protein form a hemifusion diaphragm with liposomes.
Two representative tomograms were deposited in the wwPDB under accession numbers EMD-8845 and
EMD-8846.
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acylation can influence HA-induced membrane curvature. Although NA also contrib-
utes to the curvature, we presumed that the NA contribution to the curvature is equal
in both MAYNA and HANA particles (ratio of HA/MAY to NA, � 5:1). HANA and MAYNA
vesicles, with an average radius of 45 nm and 56.5 nm, have curvatures of 0.022 nm�1

and 0.018 nm�1, respectively. If we assume that the only difference between HA WT
and MAY is the presence or absence of acyl groups, the curvature difference can be
directly attributed to the nine acyl groups present on a single HA trimer. Thus, acylation
may contribute globally to an 0.004 nm�1 increase in HA-induced positive curvature by
affecting the inner monolayer curvature. Based on average HA and MAY spacing and an
HA/NA ratio of 5:1, approximately 340 HA and 530 MAY trimers are required to
transform a flat membrane into a sphere in the absence of an M1 layer. Since the
location of the acyl groups is in the inner VLP monolayer, formally the acylated
cytoplasmic tail itself has a more negative spontaneous curvature. That the acylated CT
induces negative spontaneous curvature is supported further by the results of molec-
ular dynamics simulations on palmitic acid. The simulated spontaneous curvature (�1.1
nm�1) agrees with that inferred from the VLP distribution (�1.62 nm�1) in the sense
that both values indicate an extremely high negative curvature propensity. Note here
that the spontaneous curvature of palmitoylation extracted from the VLP distribution is
for the effect of an individual palmitoylation, rather than its effect on the entire bilayer
(0.004 nm�1).

It is conceivable that acylation contributes to both the position and depth of CT
insertion into the membrane, which may cause local membrane distortion. It has been
shown that C16 alkylated peptides of the transmembrane domain and CT have a greater
tendency within a micelle to form oligomers of higher order (52). Thus, acylation may
be responsible for arrangements and spacing of HA molecules on the surface of the
virions. A molecular dynamics study suggests that palmitoylation may influence rota-
tion of the protein with respect to the bilayer (53). To address whether the spatial
distribution of the deacylated HA is different from that of the WT HA, we measured the
glycoprotein spacing in filamentous and spheroidal particles with and without the M1
layer. The glycoprotein spacings were similar in all instances, 8.54 � 0.48 nm (mean �

95% confidence), indicating that neither HA acylation nor the M1 layer influences the
distance between glycoproteins. Thus, our results support the hypothesis that HA
acylation does not influence glycoprotein spacing.

To elucidate whether acylation influences VLP lipid composition, membrane sam-
ples obtained from HANAM1M2 and MAYNAM1M2 isolated particles were analyzed
using mass spectrometry. We found that the relative levels of cholesterol and sphin-
golipids were similar regardless of HA acylation. These data are consistent with lipid
analysis performed on influenza A virus A/FPV/Ro/34 (H7N1), where both deacylated
HA mutant virus and wild-type virus had similar lipid compositions (41). Interestingly,
the VLP envelope contained less (�40%) cholesterol and sphingomyelin than X31
influenza A virus grown and isolated from 293T cells, perhaps indicating differences
between transfection and infection. The relative cholesterol level in X31 influenza A
virus envelope was similar to the relative cholesterol level found in A/FPV/Ro/34 (H7N1)
(54).

To test the fusogenic properties of MAY, we performed an RBC-cell fusion assay
where hemifusion and fusion are monitored as lipid and content mixing, respectively.
As previously shown, we found that MAY-induced fusion pores were able to induce
hemifusion and a small fusion pore supporting transfer of small molecules such as
carboxyfluorescein (38). However, in contrast to data shown when Udorn MAY was
used (38, 43), the Aichi MAY used in our study was not able to support content mixing
of larger indicators such as 10-kDa dextran. Initially, we hypothesized that this discrep-
ancy is due to a unique single amino acid difference (Ser 348) present in the fusion
peptide of the Udorn HA. However, introduction of Ser mutation into the fusion
peptide of the Aichi HA did not rescue pore enlargement. In addition, in our setup
neither the Udorn MAY nor additionally tested WSN or H1N1 MAY could induce a fusion
pore that would support content mixing of 10-kDa dextran. It is possible that the
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discrepancy is caused by the difference in expression systems: plasmid-driven expres-
sion used in our study versus recombinant simian virus 40 (SV40)-driven expression
used in the study by Melikyan et al. (43) where the background SV40 infection may
have altered membrane properties. Furthermore, we found that A/Udorn/72 (H3N2)
and A/WSN/33 (H1N1) deacylated HA proteins are also impaired in fusion pore expan-
sion. Thus, the role of HA acylation in fusion pore expansion is not strain dependent.

In the context of the whole virus there are additional factors that play a role in fusion
pore enlargement: M1 matrix layer disassembly upon acidification facilitated by the M2
proton channel. Fusion pore expansion driven solely by HA might not recapitulate
fusion pore expansion driven by the virus. Clearly, our data show that HA acylation is
important in M1 protein recruitment and assembly. Conversely, we hypothesize that HA
acylation may influence M1 layer disassembly that is necessary for fusion pore forma-
tion and expansion. M1 disassembly occurs in two independent steps, and the M1 layer
must first undergo a conformational change prior to detachment from the membrane
(28, 29, 31). We showed that the presence of other influenza virus proteins (NA, M1, and
M2) diminished the impact of HA acylation on fusion pore expansion in a cell-RBC
fusion assay. To further study this in a system closer to virus-mediated fusion, we used
cryo-ET to structurally characterize fusion pores between HANAM1M2 or MAYNAM1M2
VLPs and liposomes as in our recent study (20). We observed numerous, large, post-
fusion compartments with dispersed influenza virus spikes and often associated
electron-dense material, presumably disassembled M1 protein, indicating that a large
fraction of fusion pores had fully expanded. Using the observed numbers of hemifusion
and complete fusion structures and models relating the observables with transitive
intermediates, we found no evidence for differences in the probabilities of fusion
between MAYNAM1M2 and HANAM1M2. In addition, the large complete fusion com-
partments in MAYNAM1M2 samples often showed secondary fusion events, which
appeared to be at the hemifusion stage. We believe that this is due to the presence of
more MAY containing spheroidal particles without the M1 layer, which would otherwise
have had to be disassembled prior to formation of a completely fused compartment.
Detected MAY-induced hemifusion diaphragms had diameters consistent with hemi-
fusion diaphragms found in wild-type HA (9 � 2 nm)- and G1S mutant (9 � 3
nm)-driven fusion published in our recent study (20). Some of the fusion events were
similar to those described by Calder and Rosenthal as fusion pores in their recent study
(49) or similar to those described by Gui et al. as target membrane-pinching deforma-
tions at liposome-virus contact sites (50). However, due to the presence of an electron-
dense material between the MAYNAM1M2 VLPs and liposomes, we classified these
events as hemifusion diaphragms/stalks, as in our previous study (20). The observation
of multiple complete fusion compartments suggests that HA deacylation in VLP-
mediated fusion does not have a dramatic role in fusion pore expansion in VLP-
liposome fusion, in contrast to the role observed in a cell-RBC fusion assay. Thus,
HA-mediated fusion in a cell-RBC fusion assay may not recapitulate all aspects of viral
fusion, likely due to a lack of additional viral proteins and target membrane proteins
and different geometry and dimensions of the fusing compartments.

It is plausible that fusion pore expansion driven by HA in cell-RBC fusion requires
additional negative curvature exerted by palmitoyls on the inner monolayer of the
fusion pore, which is not needed in virus fusion due to the factors listed above. We
propose that in the fusion of two flat membranes (cell-RBC fusion), the acylated CT and
fusion peptide act from opposite sites, both decreasing the local spontaneous curva-
ture of the inner and outer monolayers, respectively. By convention, the inner mono-
layer of the fusion pore is facing a fusion pore lumen, and the outer monolayer is facing
the extracellular space. Consistently, it has been shown that the fusion peptide pro-
motes negative spontaneous curvature of the outer monolayer of the fusion pore (55).
This hypothesis is supported by a continuum analysis, which calculated that fusion
pores with negative spontaneous curvature in both monolayers lower their total energy
by expansion (56). However, in the virus fusion scenario where the viral envelope is
already highly curved, the subsequent release of membrane bending energy upon
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membrane fusion may contribute to pore expansion without an additional requirement
for negative curvature exerted by palmitoyl. This hypothesis is supported by calcula-
tions on the kinetics of model fusion pore dilatation where fusion pores are shown to
widen more rapidly from curved membranes than from flat membranes (57).

In conclusion, our study indicates that acylation increases the tendency of HA to
bend membranes and interact with M1 protein. It is plausible that both HA-M1
interactions and high curvature induced by HA are needed for M1 layer formation.
Finally, the influenza virus proteins studied in this work could be hierarchically classified
based on their propensity to bend membranes, with highly membrane bending M1
protein followed by NA, then by acylated HA, and finally by moderately membrane
bending HA after deacylation. It is of further interest to elucidate how these proteins
cooperate in membrane bending in virus assembly and membrane fusion.

MATERIALS AND METHODS
Plasmids. HA (A/Aichi/2/68) and NA (A/Singapore/1/57) DNA sequences cloned into eukaryotic

expression vector pCAGGS (58) were a kind gift from H. D. Klenk, University of Marburg. The HA
(A/Udorn/72) DNA sequence of HA (A/Udorn/72) was a kind gift from Fredrick S. Cohen, Rush University.
Sequences of M1 (A/Hong Kong/8/68) and M2 (synthetic) were cloned into pCAGGS. Nucleotide
mutations resulting in MAC and MAY mutants in HA (A/Aichi/2/68) and a MAY mutant in HA (A/WSN/33)
and HA (A/Udorn/72) were introduced by a QuikChange II XL site-directed mutagenesis kit (Agilent).
Codons for two cysteines (Cys 555 and Cys 562) or for all three cysteines (Cys 555, Cys 562, and Cys 565)
where changed to codons that coded for the MAC (Met 555 and Ala 562) or MAY (Met 555, Ala 562, and
Tyr 565) mutant.

Cells. 293T human embryonic kidney cells, Cos7 African green monkey kidney fibroblast-like cells
and Madin-Darby canine kidney (MDCK) cells were maintained at 37°C and 5% CO2 in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% fetal calf serum (FCS), L-glutamine, and
Primocin.

Antibodies. Polyclonal rabbit serum was raised against a peptide homologous with a 25-amino-acid
sequence at the C terminus of HA1 [A/X31 (H3N2)]. Polyclonal goat serum raised against NA [A/
Singapore/1/57 (H2N2)] was obtained from BEI Resources (Manassas, VA). Monoclonal mouse anti-M1
antibody (59) was a gift of J. W. Yewdell (National Institutes of Health, Bethesda, MD). Monoclonal mouse
anti-M2 (14C2) was purchased from Abcam (Cambridge, MA). Antibodies against influenza virus proteins
were diluted 1:2,000 or 1:1,000 (mouse anti-M2) for Western blotting. Donkey anti-goat, goat anti-mouse,
and goat anti-rabbit alkaline phosphatase conjugates (Invitrogen) were used at a dilution of 1:8,000.

Production of MAY A/WSN virus by reverse genetics. Plasmids for A/WSN/33 reverse genetics
(pTM-PolI-WSN-PB2-PB1-PA-NP-M-NS, pTM-PolI-WSN-HA-NA, and pC-PolII-WSN-PB2-PB1-PA) were ob-
tained as a gift from Y. Kawaoka’s group (45). A QuikChange II XL site-directed mutagenesis kit (Agilent)
was used to create site-directed mutations in three acylation sites of influenza virus hemagglutinin (Cys
555, Cys 562, and Cys 565) located in the protein C terminus. The HA mutants A/WSN/33 HA-MAY and
A/WSN/33 HA-MAC were created. The pTM and pC plasmids required for reverse genetics were
transfected into 293T cells according to a published protocol (45). After 48 h of transfection, cytopathic
effects were monitored, and hemagglutinin assays were performed to confirm the presence of viruses.
The supernatant containing viruses was then transferred to MDCK cells for virus amplification. In each
step, the supernatant was collected, and viral RNAs were purified using a Qiagen QIAamp viral RNA
minikit. cDNAs of viruses were created using an Invitrogen Super Script III reverse transcriptase kit. PCRs
with oligonucleotides specific for HAs from different influenza virus strains were carried out in a Bio-Rad
MJ Mini PCR machine. PCR products were purified using a Qiagen MiniElute PCR Purification kit and
subjected to 2% Tris-acetate-EDTA (TAE) gel electrophoresis for product observation. The purified PCR
products were sent for sequencing, and sequence results were analyzed in Sequencher, version 4.9 (Gene
Codes Corporation, Ann Arbor, MI) and the Vector NTI Advance 11 program (Invitrogen).

VLP preparation. 293T cells were seeded in a 10-cm-diameter tissue culture dish (3.2 	 106

cells/dish) and grown at 37°C and 5% CO2 in DMEM–10% FCS supplemented with L-glutamine and
Primocin. Twenty-four hours later, cells were transfected with the appropriate plasmids using Trans-IT
LT1 (Mirus) according to the manufacturer’s instructions. VLPs were produced using the following
quantities: 2.5 of �g pCAGGS-HA, 0.5 �g of pCAGGS-NA, and either 1 �g of pCAGGS-M (coding for
both M1 and M2) or 1 �g of pCAGGS-M1 and 0.25 �g of pCAGGS-M2. At 5 h posttransfection, the
medium was replaced with serum-free SFM4MegaVir, and exogenous bacterial neuraminidase from
Clostridium perfringens (Sigma-Aldrich) was added at a final concentration of 25 mU/ml. At 48 h
tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin (5 �g/ml) was directly added
to the medium in the culture dish and incubated at 37°C for 15 min. Trypsin was inactivated by the
addition of soybean trypsin inhibitor (0.1 mg/ml); supernatant was collected and clarified at 4°C by
centrifugation at 1,000 	 g for 10 min. Subsequently, the supernatant was layered onto a 3-ml 30%
(wt/vol) sucrose-KHE (100 mM KCl, 10 mM HEPES, 1 mM EDTA, pH 7.4) cushion and centrifuged at
200,000 	 g for 2 h at 4°C in a Beckman Optima centrifuge using a 50.2 Ti rotor (Beckman Coulter,
Fullerton). The pellet was resuspended in KHE buffer, loaded onto an OptiPrep 10 to 30% continuous
gradient, and centrifuged at 200,000 	 g for 2 h at 4°C in a tabletop Beckman Optima centrifuge
using a swing-out TLS-55 rotor. The VLP band was collected, washed in KHE buffer, and centrifuged
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again at 130,000 	 g for 30 min at 4°C using a TLA 100.3 rotor. The pellet was resuspended in KHE
buffer.

SDS-PAGE and Western blotting. To prepare the cell lysates for Western blot analysis, trans-
fected cells were lysed in 750 �l of lysis buffer (50 mM Tris-Cl, pH 8.0), 1% sodium dodecyl sulfate
[SDS], and protease inhibitor complex [Roche], homogenized by passage three times through a
500-�l Hamilton syringe, and sonicated using a rod sonicator (Sonifier 250; Branson) set to 15 cycles,
output 4, and 40% duty cycle, Samples were centrifuged at 18,000 	 g for 10 min at 4°C and the
supernatant was mixed with 4	 lithium dodecyl sulfate (LDS) loading buffer (NuPAGE) and dithio-
threitol (final concentration, 100 mM). Lysates and supernatants were analyzed under reducing
conditions on 4 to 12% SDS-polyacrylamide gels (NuPAGE) and transferred to polyvinylidene
difluoride membranes (Invitrogen) using a Fastblot 44 semidry system (Biometra, Gottingen).
Membranes with proteins were blocked in 5% low-fat milk in Tris-buffered saline and 1% Tween 20
(TBS-T) and then incubated for 1 h with appropriate antibodies diluted in TBS-T. Membranes were
incubated with enhanced chemifluorescent (ECF) substrate (Amersham) for 5 min and scanned with
an FLA 3000 scanner (Fujifilm) using a 473-nm laser and 580-nm detection filter. Protein densities
were analyzed using a gel macro implemented in FIJI imaging software.

RBC labeling with hydrophilic (content) and hydrophobic (lipid) fluorescent indicators. Human
red blood cells (RBCs) were spun at 700 	 g for 8 min at 4°C and subsequently washed five times with
phosphate-buffered saline (PBS) without Ca2� and Mg2� to remove serum. The RBC pellet was hemo-
lyzed with hemolysis buffer (PBS without Ca2� and Mg2� plus H2O, 1:1) and incubated on ice for 2 to 15
min with an aqueous fluorescent indicator [5-(and 6-) carboxy-2=,7=-dichloro-fluorescein; Molecular
Probes], anionic FITC–10-kDa dextran, or anionic FITC–500-kDa dextran (Invitrogen). The RBC membrane
was sealed according to Ellens et al. (60) and spun at 300 	 g for 4 min at 4°C to remove any
unincorporated fluorescent indicator. The RBC membrane was labeled with PKH26 (Sigma).

Cell-RBC fusion assay. Cos7 cells were seeded in a two-well Lab-Tek chambered cover glass (Nunc)
at a density of 3.5 	 104 cells per well and grown at 37°C and 5% CO2 in DMEM–10% FCS supplemented
with L-glutamine and Primocin. Twenty-four hours later, cells were transfected with 2.5 �g of pCAGGS-HA
using Trans-IT LT1 (Mirus) according to the manufacturer’s instructions. At 1 day posttransfection the
cells were washed twice with PBS (pH 7.4) and treated for 4 min at room temperature (RT) with
TPCK-treated trypsin (10 �g/ml) and exogenous bacterial neuraminidase from Clostridium perfringens (0.2
mg/ml). Subsequently, the RBCs labeled with fluorescent content and lipid indicators were added to
transfected Cos7 cells and incubated for 20 min at RT. The Cos7 RBC-cell pairs were washed three times
with PBS (pH 7.4) and incubated for 2 min with acidified PBS (pH 4.9) at 37°C and an additional 20 min
with PBS (pH 7.4) at 37°C. Cell pairs were imaged using an Axiovert 25 (Zeiss) inverted microscope
equipped with 20	 Zeiss objective (numerical aperture [NA], 0.8) and filter sets 45 and 42 (Zeiss).
Cell-RBC pairs showing content and lipid indicator mixing were counted. Fusion was evaluated using the
number of cell pairs exhibiting both content and lipid indicator mixing and presented as a number ratio.

To study the effect of NA, M1, and M2 on HA-induced fusion pores, the cell-RBC fusion assay was
modified accordingly: 293T cells were seeded in a 6-cm-diameter tissue culture dish (1 	 106 cells/dish)
and grown at 37°C and in 5% CO2 and DMEM–10% FCS supplemented with L-glutamine and Primocin.
Twenty-four hours later, cells were transfected with appropriate plasmids (2.5 �g of pCAGGS-HA, 0.5 �g
of pCAGGS-NA, 1 �g of pCAGGS-M1, and 0.25 �g of pCAGGS-M2) using Trans-IT LT1 (Mirus) according
to the manufacturer’s instructions. At 1 day posttransfection the cells were washed twice with PBS (pH
7.4) and detached from the dish using TPCK-treated trypsin (10 �g/ml) and exogenous bacterial
neuraminidase from Clostridium perfringens (0.2 mg/ml) for 4 min. 293T cell suspensions were mixed with
RBCs labeled with content and membrane fluorescent indicators, incubated on a rotator for 20 min at RT,
and plated for 1 h at RT in Lab-Tek chambers (Nunc) coated with poly-L-lysine (0.5 mg/ml). Subsequently,
the 293T-RBC cell pairs were incubated for 2 min with acidified PBS (pH 4.9) at 37°C and an additional
20 min with PBS (pH 7.4) at 37°C. Cell pairs were imaged using an Axiovert 25 (Zeiss) inverted microscope
and counted as described above.

Sample preparation for thin-section electron microscopy. For thin-section electron microscopy,
293T-RBC pairs were fixed for 1 h at room temperature with 2.5% glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.4) and then fixed for 30 min at 4°C with OsO4 in 0.1 M cacodylate buffer (pH 7.2).
Specimens were subsequently dehydrated with ethanol, stained en bloc for 2 h at 4°C with 6% uranyl
acetate in 70% ethanol, and further dehydrated with 80%, 90%, 95%, and finally with 100% ethanol.
To detach the cells, the dish was partially dissolved by propylene oxide. The cells were further
embedded in epoxy resin (Embed-812; EMS) polymerized for 24 h at 60°C. Sections (50 nm) were
obtained using a Leica EM UC7 microtome equipped with a diamond knife (Diatome) and post-
stained with 2% lead citrate in water.

MS lipid analysis. Two independent preparations of HANAM1M2 and MAYNAM1M2 and one
preparation of X31 influenza A virus grown on 293T cells in KHE buffer were processed by the
Metabolomics Core, Washington University School of Medicine, for lipid analysis. A protein precipitation
method was used to extract lipids from each sample in the presence of internal standards. The final
reconstituted solutions were used for mass spectrometry (MS) analysis of phospholipids. In order to
improve MS sensitivity of free cholesterol, a small aliquot of the reconstituted solutions was further
derivatized by nicotinic acid to convert free cholesterol into ester. Sample analysis was performed with
a Shimadzu 10A high-performance liquid chromatography (HPLC) system coupled to a TSQ Quantum
Ultra triple quadrupole mass spectrometer operated in selective reaction monitoring (SRM) mode under
positive electrospray ionization (ESI�). Different analytical HPLC columns and mobile phases were
employed for different analytes to achieve optimal sensitivity and separation. Data processing was
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conducted using Xcalibur software (Thermo). Analyte concentration was calculated as the concentration
of a corresponding internal standard multiplied by the peak area ratio of the analyte to the internal
standard.

Liposome preparation. POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), POPE (1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoethanolamine), cholesterol, and total gangliosides (GA) (Avanti Polar Lip-
ids) were dissolved in chloroform-methanol (2:1) at a final concentration of 10 mM containing 42 mol%
POPC, 13 mol% POPE, 40 mol% cholesterol, and 5 mol% GA. The solvent was removed by evaporation,
first using a stream of argon gas and, second, a high vacuum for 1 h. The lipid film was resuspended in
KHE buffer, processed using 21 freeze-thaw cycles, and extruded at room temperature through 100-nm
polycarbonate (PC) membrane (Whatman) using a mini-extruder set (Avanti Polar Lipids). Liposomes
were stored at 4°C and used within 1 to 5 days.

Cryo-ET of VLPs and VLP-liposome mixtures. For structural analysis of HANAM1M2 and
MAYNAM1M2 VLPs, 3 �l of VLPs containing 10-nm protein A colloidal gold nanoparticles was applied to
C-flat grids (CF-2/1-2C-50; Protochips) maintained at 25°C and 100% relative humidity, and grids were
vitrified by being plunged into liquid ethane using a Vitrobot (FEI). For structural analysis of fusion pores,
7 �l of MAYNAM1M2 VLPs and 5 �l of liposomes (10 mM) were incubated for 20 to 30 min at 37°C.
Membrane fusion was triggered by the addition of 17 mM citric acid in 20 mM HEPES to achieve a final
pH of 5.0 and incubated at 37°C for 2 to 5 min. VLP-liposome mixtures containing 10-nm protein A
colloidal gold nanoparticles were applied to C-flat grids (CF-2/1-2C-50; Protochips) which were plunged
into liquid ethane using a Vitrobot (FEI) instrument as described above. A cryo-electron tilt series of
vitrified samples was collected either with a transmission electron microscope T20 (FEI) equipped with
a K2 Summit camera (Gatan) using the counting mode or with a Krios (FEI) equipped with a Falcon II
camera (FEI). Tomographic tilt ranges were typically acquired from �50° to �50° with an angular
increment of 3° using �8-�m defocus, 0.387 nm/pixel, and a total electron dose below 80 e�/Å2 using
the T20 microscope. Tilt series collected using the Krios microscope (FEI) were typically acquired from
�65° to �65° with an angular increment of 2° using either �5-�m defocus with a 70-�m aperture or
�0.5-�m defocus with the Volta phase plate, 0.368 nm/pixel, and a total dose of 80 e�/Å2. Tilt series were
reconstructed using weighted back projection, and the tilt series collected on the T20 was reconstructed
using the simultaneous iterative reconstruction technique (SIRT)-like filter in the IMOD software suite
(61). In total, 21 tomograms of HANAM1M2 particles, 24 tomograms of MAYNAM1M2 VLPs, 15 tomo-
grams of MAYNAM1M2 VLPs-liposomes incubated at pH 5, and 5 tomograms of HANAM1M2 VLPs-
liposomes incubated at pH 5 were used for analyses. All statistical tests were done either in Microsoft
Excel or MathWorks MatLab. The cumulative distributions of VLP radii were first individually fit to a
left-truncated Gaussian distribution. However, since the cutoff values, truncated mean parameters
(�) for HA with and without M1, and truncated standard deviations (�) for HA and MAY without M1
were not statistically different (individually fitted parameters within the 95% confidence bounds),
the data were fit using a global fitting function that allowed for a reduction in the number of fitting
parameters. The global fitting results for the entire data set (HA with and without M1 and MAY
without M1) are as follows (fitted value [� 95% confidence bounds]): cutoff c � 20.8 nm (20.0, 21.7),
�HA � 30.0 nm (29.8, 30.2), �MAY � 50.9 nm (50.0, 51.7), � with M1 (�wM1) � 4.6 nm (4.2, 4.9), and
� without M1 (�woM1) � 22.2 nm (21.4, 23.1).

Glycoprotein spacing analysis. For measurements from the top, two-dimensional slices (thickness,
0.774 nm) capturing glycoproteins on the surface of the VLPs were extracted from tomograms as MRC
files in IMOD Slicer and converted to TIF using mrc2tif IMOD script. Tomograms were reconstructed from
tilt series collected on a T20 microscope with �8-�m defocus. Images were cropped to 50 by 50 nm2 in
FIJI with a pixel size of 0.774 nm/pixel and tapered in the MatLab image-processing toolbox. The
calculated power spectra of images (HA filamentous, n � 23; MAY filamentous, n � 14; HA spheroidal
with M1, n � 12; MAY spheroidal with M1, n � 5; HA spheroidal without M1, n � 8; MAY spheroidal
without M1, n � 4; background, n � 20) were averaged in MatLab. A radially averaged power spectrum
was calculated from the averaged power spectrum using the MatLab function rotavg written by Bruno
Olshausen (University of California, Berkeley [https://redwood.berkeley.edu/bruno/npb261b/lab2/rotavg
.m]). The power spectra were fit in MatLab using a mixture model composed of a modified Lorentzian
and a Gaussian fit [A/(1 � (x 	 6 	 B)3C) � D 	 normpdf (x, �, �)] to obtain convergence on all fits.
For measurements from the side, two-dimensional slices (thickness, 0.774 nm) capturing the
cross-section of glycoproteins on the surface of the VLPs were extracted from tomograms as MRC
files in IMOD Slicer and converted to TIF using mrc2tif IMOD script. Plot line and peak-to-peak
measurements were done in FIJI.

Computation of palmitate spontaneous curvature. Palmitic acid spontaneous curvature was
computed from molecular dynamics simulations of small patches of lipid bilayers. Systems were assembled
using the CHARMM-GUI online protocol (62). Eight systems were simulated: one system with 100 1-palmitoyl-
2-oleoyl-phosphatidylcholine (POPC) molecules per monolayer; three systems with 90:20, 80:40, 70:60 POPC/
palmitic acid molecules per monolayer; and two pairs of simulations with palmitoylated and unpalmitoy-
lated short alpha-helical units with segments of the HA sequence (ACQRGNIRCNICI) in two orientations.
The pure palmitate simulations approximate 0%, 10%, 20%, and 30% palmitic acid by surface area.
Peptide systems included three helices per leaflet, initially equally spaced, on a hexagonal bilayer patch,
whereas lipid-only simulations were square. The systems were each run for at least 80 ns, total, using
either the CHARMM (63) or NAMD (64) molecular dynamics package for the pure lipid or lipid peptide
simulations, respectively. The C36 lipid force field (65) was used for all simulations. Standard simulation
parameters were used: the particle mesh Ewald (66) algorithm was used to compute long-ranged
electrostatics, the SHAKE (67) algorithm constrained bonds to hydrogen atoms, and a 1-fs time step was
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used for the leapfrog dynamics integrator. One atmosphere of normal pressure was applied, and the
system was maintained at zero surface tension using the Langevin piston algorithm with a 20 ps�1

collision frequency (68). The temperature was controlled to 310 K. The spontaneous curvature is
computed from the lateral pressure profile (69) as:

c0 � kc
�1�

0

Lc
2

z�pT�z� � 1 atm�dz

where kc is the bending modulus (70), Lc is the height of the simulation cell, and pT(z)is the tangential
pressure profile, available from standard molecular dynamics packages, as well as a developmental
version of CHARMM. The flexibility of the force field does not allow the palmitic acid lipids to
deprotonate; thus, they are effectively constrained to be neutral.

Computation of fusion probabilities from the numbers of hemifusion and complete fusion
structures. The fusion probability can be inferred using a model that relates the observable hemifusion
and complete fusion structures. The model assumes a proportional relationship between the number of
hemifusion structures that transition to complete fusion and the number of observed complete fusion
structures. Let Hobserved and Fobserved be the observed number of hemifusion and complete fusion
structures and Htransition be an unknown number of hemifusion structures that transitioned into complete
fusion structures. The probability of observing a hemifusion structure, PHF, for unknown Htransition is PHF �
Hobserved/(Hobserved � Htransition) and the probability of fusion, PF, is PF � 1 � PHF. Next, Htransition is
expressed in terms of the observable, complete fusion structures, through the relationship Htransition� N ·
Fobserved, where N is an unknown proportionality constant that may be discrete or continuously
distributed. For discrete N, PF � 1 � [1/(1 � NR)], where R is the ratio Fobserved/Hobserved. If N is a
Poisson-distributed random variable, characterized by a Poisson average, �N�, the probability of fusion
can be expressed as follows:

PF � 1 � e��N� 	 �
N�0

N�
 � � N � �N

�1 � NR�N !

R can be derived either from the observed sums over all tomograms or from the individual counts
for each preparation. When individual tomograms are evaluated, zero examples for either observ-
able may occur. In these cases, PF, which may be 0 or 1, is adjusted according to the number of
hemifusion and complete fusion structures observed, n, using the relationships 1/(4n) and 1 � 1/4n
for probabilities 0 and 1. The dependence of the probability function PF on either N or �N� is then
compared; similar probability functions are evidence for no change in probability between com-
pared data sets.

Accession number(s). Four tomograms were deposited in the Worldwide Protein Data Bank
(wwPDB) under accession codes EMD-8843, EMD-8844, EMD-8845, and EMD-8846.
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