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Hemagglutinin Spatial Distribution Shifts in Response to Cholesterol in the
Influenza Viral Envelope

Marta K. Domanska,’ Rebecca A. Dunning,’ Kelly A. Dryden,’ Katarzyna E. Zawada,' Mark Yeager,'
and Peter M. Kasson'
"Molecular Physiology and Biological Physics, University of Virginia, Charlottesville, Virginia

ABSTRACT Influenza virus delivers its genome to the host cytoplasm via a process of membrane fusion mediated by the viral
hemagglutinin protein. Optimal fusion likely requires multiple hemagglutinin trimers, so the spatial distribution of hemagglutinin
on the viral envelope may influence fusion mechanism. We have previously shown that moderate depletion of cholesterol from
the influenza viral envelope accelerates fusion kinetics even though it decreases fusion efficiency, both in a reversible manner.
Here, we use electron cryo-microscopy to measure how the hemagglutinin lateral density in the viral envelope changes with
cholesterol extraction. We extract this information by measuring the radial distribution function of electron density in >4000 viral
images per sample, assigning hemagglutinin density by comparing images with and without anti-HA Fab bound. On average,
hemagglutinin trimers move closer together: we estimate that the typical trimer-trimer spacing reduces from 94 to 84 A when
~90% of cholesterol is removed from the viral membrane. Upon restoration of viral envelope cholesterol, this spacing once again
expands. This finding can qualitatively explain the observed changes to fusion kinetics: contemporary models from single-virus
microscopy are that fusion requires the engagement of several hemagglutinin trimers in close proximity. If removing cholesterol

increases the lateral density of hemagglutinin, this should result in an increase in the rate of fusion.

INTRODUCTION

The influenza viral envelope contains three major viral pro-
teins: hemagglutinin (HA), neuraminidase, and the M2 chan-
nel. Hemagglutinin and neuraminidase protrude from the
viral surface in trimeric and tetrameric assemblies, respec-
tively, forming spikes that are readily observable by electron
microscopy (1—4). Hemagglutinin is the sole protein compo-
nent shown necessary and sufficient for viral membrane
fusion with cellular target membranes (5-7), a key step in
viral entry and subsequent infection of cells. This under-
standing in the field is that multiple hemagglutinin trimers
contribute to optimal membrane fusion (8—11). Therefore,
spatial patterning and dynamics of hemagglutinin on the
virion surface are expected to affect membrane fusion.
Influenza membrane fusion is sensitive to perturbation in
either protein (12-19) or lipid (20-24) components. Choles-
terol has been a particular focus of lipid-based studies
(20,25), as the cholesterol content of the influenza envelope
is greatly increased relative to the apical membrane of cells
whence it buds (26). We have previously shown that extrac-
tion of cholesterol from the envelope of X-31 influenza
virions produced a surprising result (Fig. 1): moderate
extraction of cholesterol reduced fusion efficiency in a
reversible manner but actually increased fusion rates,
measured both by contents and by lipid mixing (27). Here,
we use “fusion efficiency” to refer to the relative number
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of fusion events produced by a standardized quantity of
virus, while rates are calculated from exponential fits to viral
fusion kinetics. Severe extraction of cholesterol produced
the expected behavior, reducing both fusion efficiency and
fusion rates. By contrast, reducing cholesterol in target
membranes reduced both fusion rate and efficiency as ex-
pected. This bimodal response profile to viral cholesterol
levels clearly suggests multiple mechanistic roles for viral
envelope cholesterol in membrane fusion.

Here, we focus on the role of cholesterol in modifying
hemagglutinin spatial distributions in the viral envelope
and the consequences for influenza viral entry. Hemaggluti-
nin has been observed to cluster in a cholesterol-dependent
manner on the plasma membrane of transfected cells
(28,29), although recent imaging mass spectrometry data
suggest that it may not colocalize with cholesterol in this
context (30). However, it is not known how the spatial dis-
tribution of hemagglutinin responds to cholesterol in the
more closely packed viral envelope, which has been sug-
gested to bud in its entirety from specialized regions of
the plasma membrane that may be enriched in cholesterol
(31-33). The average cholesterol/phospholipid in X-31
virion samples is ~1:1 (26,27), and the glycoprotein (hem-
agglutinin or neuraminidase) spacing distance on the viral
surface has been estimated at 110 A from electron cryo-to-
mography (34), further supporting the idea that much of the
viral surface may more closely resemble the clustered state
of hemagglutinin in the plasma membrane of transfected
cells than the unclustered state.
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FIGURE 1 Bimodal response of influenza fusion
rate to cholesterol extraction. Influenza fusion ki-
netics with target liposomes are plotted as choles-
terol is extracted from the virus (a) or added to
the liposomes (). (Blue) Data are replotted from
Domanska et al. (27) and show fusion of X-31 virus
at different levels of cholesterol extraction with li-
1 posomes composed of 30:30:40 POPC/POPE/
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with liposomes at different mole fractions choles-
terol (right plot). These include a regime where
fusion rates increase (green) with moderate choles-
terol extraction from the virion (green) and one
where they decrease with severe extraction from
the virion or reduction of cholesterol in target lipo-
somes (red). Schematized in (¢) are the central find-
ings of this article—that cholesterol extraction

from the viral envelope (from point 1 to point 2 in a) causes a redistribution of hemagglutinin that reduces the average HA-HA spacing. This may explain
the portion of the bimodal kinetic response where cholesterol extraction increases fusion rates (green region in a). Schematized in (d) is the theory that the
activity of some number of HA trimers in close proximity is required for fusion. If this is true, then fusion rates should increase with increased HA spatial

density. To see this figure in color, go online.

Studies in both transfected cells and model membranes
have shown several potential roles for cholesterol in
modulating influenza membrane fusion. These include sta-
bilizing hemifusion intermediates or analogous transitions
(25,35,36), altering membrane bending properties (37,38),
and changing the lateral distribution of membrane compo-
nents (22,28,39). While transfected cells are a more acces-
sible system for many biophysical studies, several lines of
evidence suggest that the environment of the viral envelope
may differ substantially from the cell surface in ways that
affect hemagglutinin organization. Not only do influenza
viral envelopes contain different amounts of lipid and
cholesterol than the apical membranes of cells from which
they bud (26), but even in pseudotyped viral systems (in
which influenza hemagglutinin is a guest on another viral
background), coexpressing the matrix protein from influ-
enza increases the number of hemagglutinin molecules on
the viral envelope.

Here, we have used electron cryo-microscopy to mea-
sure how the lateral distribution of hemagglutinin in the
X-31 influenza viral envelope changes in response to
cholesterol perturbation. We find that the HA-HA near-
est-neighbor distance is reduced upon cholesterol extrac-
tion from the virion and increases again when cholesterol
content is restored. These findings suggest an explanation
for the observed bimodal trend in fusion rates: if choles-
terol globally promotes fusion by lowering the free energy
barrier to forming lipidic intermediates such as fusion
stalks, this would explain a decrease in fusion rates when
membrane cholesterol is reduced (red region in Fig. 1 a).
However, if increased cholesterol also increases HA-HA
average separation, this would decrease the rate at which
multiple HA trimers are present at the fusion site and
thus explain the increase in fusion rates at moderate choles-
terol extraction from the viral membrane (green region in
Fig. 1 a).
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MATERIALS AND METHODS
Influenza virus

Egg-grown influenza virus X:31 (H3N2 A/Aichi/68) was purchased from
Charles River Laboratories (Wilmington, MA). Cholesterol was extracted
by incubating viral samples at 0.5 mg/mL viral protein with 0, 5, 10, or
20 mM methyl-B-cyclodextrin (MBCD) at 37°C for 30 min. Virus
was then reisolated from cyclodextrin-cholesterol complexes via centri-
fugation at 4°C, 14,000 rpm for 40 min, and resuspended in PBS
(phosphate-buffered saline) (100 mM sodium phosphate and 150 mM
NaCl, at pH 7.2). Unmodified control and cyclodextrin-treated virus sam-
ples were incubated identically; unmodified virus was used at 2 mg/mL
viral protein, while MBCD-treated virus was used at 4 mg/mL of viral
protein.

Tissue culture ID50 determination

MDCK cells were seeded at 7.5 x 10* cells/mL in a 96-well tissue-culture-
coated plate and cultured overnight in DMEM media + 10% fetal bovine
serum at 37 C, 5% CO,. Cells were washed and then incubated with
DMEM + 0.1% fetal bovine serum containing the specified dilution of
X-31 influenza virus. Infections were performed in replicas of four. Plates
were incubated at 37 C, 5% CO, for three days, and cytopathic effect was
scored on each day. TCIDs values were calculated as the lowest dilution of
virus with >50% cells/well infected. TCIDs, values were obtained using
both 10-fold and threefold dilutions and yielded the same ratio of values
between viral samples.

Cholesterol replenishment of MGCD-treated
influenza virus

Cholesterol-depleted influenza virus was treated with cholesterol/MBCD
complex at 20 mM final concentration. Five milligrams of cholesterol
were dissolved in 600 uL of chloroform, dried under nitrogen, and then
placed under vacuum for 1 h. The resulting chloroform film was hydrated
with 20 mM MgBCD in PBS-citrate (10 mM phosphate, 90 mM citrate,
and 150 mM NaCl, at pH 7.4) at a 1:1 cholesterol/MBCD molar ratio.
The mixture was sonicated for 3 min and incubated in a water bath at
37°C overnight. The solution was filtered to remove cholesterol precipitate,
and the ratio of remaining cholesterol to MGCD was estimated as 1:5.8. The
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virus was mixed with cholesterol/MBCD complex at a 2:1 ratio, and PBS-
citrate was added to obtain a final concentration of 5 mM MGCD. This
mixture was incubated at 37°C for 30 min, and then virus was isolated by
centrifugation at 4°C and 14,000 rpm for 40 min followed by resuspension
in PBS. The use of MBCD for cholesterol extraction and delivery and the
separation of MECD from membranes subsequent to treatment have been
well-described previously (40,41). Cholesterol concentrations were esti-
mated using an Amplex Red cholesterol oxidase assay (Life Technologies,
Grand Island, NY).

Labeling with anti-HA Fab fragment

Monoclonal anti-HA IgG HC3 was a gift from J. Skehel. Fab fragments
were generated by IgG papain cleavage and purified according to the man-
ufacturer’s protocol (Thermo Scientific, Rockford, IL). Virus was incubated
with Fab HC3 fragments for 1 h at room temperature. The w/w ratio of viral
protein to Fab was estimated at 4:1. Unbound Fab fragments were removed
by centrifuging viral particles using Vivaspin500 concentrators (Vivaprod-
ucts, Littleton, MA) with a 100-kDa cutoff. Samples were centrifuged at
4°C, 12,000 g for ~10 min.

Electron cryo-microscopy

Purified samples were vitrified as reported previously using a manual
plunge-freezing device (42). Briefly, ~3 uL of sample were applied to a
glow-discharged, perforated carbon-coated grid (Cat. No. 2/2-4C C-flats;
ProtoChips, Raleigh, NC), blotted with filter paper to near dryness, and
rapidly plunged into liquid ethane. Fiducial gold particles were added to
some samples to allow additional tomographic screening. The grids were
stored in liquid nitrogen and then maintained in the Tecnai F20 Twin trans-
mission electron microscope (FEI, Hillsboro, OR) at —180°C using a model
No. 626 cryo-stage (Gatan, Pleasanton, CA). Low-electron dose images
were recorded at a magnification of 29,000 operating at 120 kV, with a
nominal defocus of —3 um. All images were recorded with a 4K x 4K pixel
charge-coupled device camera (Gatan), and the pixel size was 0.37 nm at
the specimen level.

Radial distribution analysis

Square regions within each virion were manually selected from trans-
mission electron micrographs using the EMAN software suite (43).
Selected regions were 158 pixels or 585 A in each dimension. In each
micrograph examined, all virions where a distinct 585 x 585 A region
could be visualized were analyzed. Radially averaged Fourier trans-
forms were computed for each of these regions (code freely available
at https://github.com/kassonlab/em-spatial-analysis) in a procedure based
on the one used by the EMAN CTFit program (44). Approximately 4000
such squares were selected and Fourier spectra computed per viral sam-
ple. The average of all Fourier spectra in a sample yielded the radial dis-
tribution function for electron density in the virion (transmission images
of the viral interior include the projection of the top and bottom of the
viral envelope as well as viral contents). Error analysis was performed
via bootstrap resampling (1000 samples) of individual Fourier spectra.

Surface area analysis

Ellipses were manually fit to the viral perimeter in transmission electron mi-
croscopy images of 100 randomly selected virions in each sample. Surface
areas were then calculated using the ellipse axes and approximating each
virion as a prolate spheroid (or a sphere if the axes were equal). Viruses
with ill-defined margins or ones too filamentous for accurate ellipse fitting
were excluded from the surface-area analysis.

1919

RESULTS

We have used electron cryo-microscopy to measure the
spatial distribution of hemagglutinin in the X-31 viral enve-
lope and determine how this distribution shifts in response
to cholesterol extraction and readdition. Because the
contrast in images of unlabeled and unstained influenza vi-
rions did not permit robust automated classification of hem-
agglutinin and neuraminidase spikes in tomographic data,
we developed an alternate approach. We measured radial
distribution functions of electron density in transmission
electron micrographs of influenza virions by computing
radially averaged Fourier spectra. Hemagglutinin density
was then assigned to particular peaks in these spectra by
comparing spectra of samples with and without an anti-
HA monoclonal antibody. This process yielded measure-
ments of hemagglutinin lateral distribution in the viral
envelope. Both the cholesterol manipulations and the pro-
cess of measuring radial distribution functions are described
in more detail below.

Cholesterol was manipulated in the viral envelope, using
methyl-3-cyclodextrin as a reagent to extract or deliver ste-
rol at the membrane (39,45,46). To match prior studies on
fusion kinetics, egg-grown X-31 influenza virions were
used. Incubation with 10 mM MBCD for 30 min yielded
an 89 * 3% reduction in viral envelope cholesterol, while
incubation with 20 mM MECD yielded at 97 *+ 0.7% reduc-
tion on the viral lots used for electron microscopy, as
measured via cholesterol oxidase assays. Isolation of the vi-
rus and further incubation with 20 mM M@BCD that had been
preloaded with cholesterol increased the cholesterol content
of isolated virions to 144% of the native starting level.
Unmodified X-31 viral samples were treated identically
to those undergoing cholesterol extraction except for the
absence of MGCD. The initial virus preparation contained
some membrane particles that are not infectious virions
and these were coisolated with virus throughout the proce-
dure. If these particles were to absorb cholesterol from
Mg@CD differently from infectious virus, this would intro-
duce some error into the sterol quantitation. Tissue culture
IDsq values for cholesterol-depleted virus were ~16% of un-
modified virus, and values for cholesterol-replenished virus
were 100% of unmodified virus, showing full restoration
of infectivity (see Materials and Methods for details). These
three samples—unmodified virus, cholesterol-depleted,
and cholesterol-replenished—were used for measurement
of hemagglutinin spatial patterning via electron microscopy.
Sample micrographs are shown in Fig. 2.

Hemagglutinin lateral distribution was measured as fol-
lows. For each sample, ~4000 virions were identified, and
square regions were selected in the interior of the virus on
two-dimensional projection in transmission electron micro-
scopy images. These regions of the image contain informa-
tion on the top and bottom of the viral envelope as well as
the interior contents. A radially averaged Fourier spectrum

Biophysical Journal 109(9) 1917-1924
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FIGURE 2 Electron cryo-micrographs of X-31 influenza virions at
different cholesterol levels. Unmodified virus is shown in (a), virus that
has been cholesterol-depleted using 20-mM MGCD is shown in (), virus
that has been cholesterol-replenished is shown in (c¢), and cholesterol-
depleted virus with bound HC3 Fab fragments is shown in (d). Images
were obtained on a Tecnai F20 Twin transmission electron microscope
(FEI) at 29,000x magnification. Scale bars = 100 nm.

was computed for each image (see Materials and Methods
for details and Fig. S1 in the Supporting Material for illus-
tration), and these one-dimensional spectra were averaged
to yield a single average radial distribution for the sample
(Fig. 3). Error analysis was performed via 1000-fold boot-
strap resampling. Samples at each cholesterol condition
were also prepared with anti-HA Fab fragments bound,
and radial distribution spectra were computed via an iden-
tical procedure. Fig. 3 b shows an overlay of spectra for un-
modified virus with and without Fab. The increased density
in the peak at 84-97 A separation with Fab treatment allows
assignment of the hemagglutinin density to that peak,
although other viral components may make up a portion
of the peak as well. This spacing corresponds roughly to
the glycoprotein spike spacing value of 110 A reported pre-
viously (34), particularly because this value lumps HA and
neuraminidase spikes together. This distribution is also
consistent with the distribution of glycoprotein spacing re-
ported in a second tomographic study (47).

Using this assignment of HA density, the shift in radial
distribution spectra with cholesterol extraction can be inter-
preted in terms of changes to HA spatial distribution.
Although the radial distribution function is computed from
a cross section of the virus, the high electron density of
HA relative to other viral components, and particularly the
abundance of HA relative to other proteins in the viral enve-
lope, makes this a reasonable approximation (48). In un-
modified X-31 virus, the mode of the HA-HA distribution
peak lies at 94 A (Fig. 3 a), close to the value of 110 A
for the average glycoprotein spacing distance reported
from hand-labeling of tomographic data (34). The mode
of the HA-HA distribution shifts to 84 A in cholesterol-
depleted virus (2% cholesterol remaining) and shifts back

Biophysical Journal 109(9) 1917-1924
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FIGURE 3 Radial distribution functions showing hemagglutinin spatial
distribution in response to cholesterol. (a) Average radial distributions of
electron density plotted for unmodified virus, cholesterol-depleted virus
with either 10 or 20 mM MgGCD, and cholesterol-replenished virus. Lateral
shifts in the peak at 84-97 A show changes in hemagglutinin nearest-
neighbor distances. (b) Average radial distribution functions of electron
density plotted for unmodified virus and cholesterol-depleted virus with
and without bound Fab fragments. The increase in density at the 94 A
peak allows assignment of hemagglutinin density to this peak. Confidence
intervals of 95% computed via bootstrap resampling as well as confidence
intervals for individual virions are plotted in Fig. S2.

to 97 A in cholesterol-replenished virus (cholesterol 144%
of unmodified virus). Intermediate cholesterol extraction
using 10 mM instead of 20 mM M@CD results in an inter-
mediate shift of the HA-HA distribution mode, to 89 A.
Accompanying error analyses are plotted in Fig. S2, and
HA-HA distributions are plotted for unmodified virus versus
cholesterol extraction with 5, 10, and 20 mM using a second
viral lot in Fig. S3. The computed Fourier spectra primarily
capture nearest-neighbor distance; higher-order neighbor
distances overlap with other portions of the spectrum and
are either not as regular (and thus would be not visible in
the averaged spectra) or not resolvable. Together, these
data indicate that the average HA-HA separation decreases
upon cholesterol extraction from the X-31 influenza
viral envelope and then expands again upon readdition of
cholesterol.

Shrinkage of overall viral surface area upon cholesterol
extraction would provide a straightforward explanation for
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the change in hemagglutinin spacing, but cholesterol extrac-
tion from the viral envelope did not significantly change
virion surface area. To estimate surface area, ellipses were
manually fit to the viral envelope for 100 randomly selected
virions in each sample, and the surface was modeled as a
prolate spheroid. Surface area histograms for each sample
are plotted in Fig. 4; there was no significant change in me-
dian surface area among unmodified, cholesterol-depleted,
and cholesterol-replenished virions as measured by the Wil-
coxon Rank Sum Test and no significant change in surface
area distribution measured by the Kolmogorov-Smirnov
test with a Bonferroni multiple hypothesis correction. If
HA-HA spacing were uniform on the viral surface and the
change observed upon cholesterol extraction were entirely
due to surface area shrinkage, one would expect a 20%
decrease in virion surface area; this was not observed. Simi-
larly, there were no significant changes in the length/width
ratio of virions (Fig. S4). These results are perhaps predict-
able, as cholesterol has a profound condensing effect on
lipid bilayer surface area, where the magnitude depends
on the chemical identity of the phospholipid tails (49-51).

DISCUSSION

Here, we have measured the distance between hemaggluti-
nin trimers on the influenza viral surface in response to
cholesterol manipulation. Depletion of cholesterol from
the viral envelope causes a decrease in typical HA-HA
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FIGURE 4 Virion surface area distributions at different levels of choles-
terol extraction. Histograms of calculated viral surface area are plotted for
unmodified, cholesterol-depleted, and cholesterol-replenished influenza vi-
rus. Median surface areas and 90% confidence intervals are 2.2 x 10° A2
(1.1 x 10° to 4.4 x 10°) for unmodified virus, 2.1 x 10° A% (1.5 x 10°
to 4.1 x 10%) for cholesterol-depleted virus, and 2.3 X 10° A2 (1.2 x 10°
to 5.0 x 10°) for unmodified virus. Median surface areas and surface
area distributions do not significantly differ among the three distributions
(Wilcoxon Rank Sum test and Kolmogorov-Smirnov test with Bonferroni
correction), although a statistically insignificant difference in the width of
the main peak can be observed. To see this figure in color, go online.
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spacing that is reversible upon cholesterol replenishment.
This closer spacing of hemagglutinin trimers may at first
seem counterintuitive when compared to previous data
showing cholesterol-dependent clustering of HA in the
plasma membrane of transfected cells. However, given
contemporary models for influenza budding and the high
average sterol composition of influenza virus, it may be
that the clustered environment in the plasma membrane rep-
resents a large fraction of the viral envelope.

We propose that the shift in hemagglutinin spacing is
caused by lipid repartitioning between HA-containing and
non-HA lipidic contexts. We propose a model based on
three fundamental assumptions:

1) The viral envelope is spatially heterogeneous and, in a
hemagglutinin-centric view, can be described as near-
HA or far-HA. Because HA is used as the frame of refer-
ence, HA movement is not considered explicitly.

2) Lipids are in exchange between near-HA and far-HA
portions of the viral envelope. Our model is thus a ther-
modynamic one in that it considers the average distribu-
tions of lipids and HA at equilibrium before and after
cholesterol extraction.

3) We propose that the chemical potential of cholesterol
and lipids (the free energy of exchange between near-
HA and far-HA portions) depends on the mole fraction
cholesterol in the near-HA portion of the envelope,
Xchol_near- OUr model does not specify the mole fraction
cholesterol in the far-HA portion X0 g, Only that the
chemical potential is insensitive to this mole fraction.

Consider near-HA and far-HA regions in exchange. One
can express the free energy of each region as

Grear = > xilnxi+ D> g+ > v
i€ nearcomp i,j€ nearcomp i€ nearcomp
X NpeakT + G

Gfa,- = E X; In X + E QXX NfarkT + Gfar’

i€ farcomp ijefarcomp

ey

where «;; and (§;; are pairwise interaction energies between
components i and j, v, is the interaction energy between
component i and HA, and x; is the mole fraction of
component i.

At equilibrium, no net flux between the near and far
regions dictates that 0G,../0n; = 0Gyg,/0n; for each
exchangeable component i. Because we have postulated
that the near-HA region is more sensitive to mole fraction
cholesterol than the far-HA region, 0Gca/Oncholnear >
0G pcar/Oncpoltar- Cholesterol extraction reduces (Hehojnear +
n_ ), so by the above relationships cholesterol will redis-
tribute from the HA-far region to the HA-near region after
extraction. We also propose that if the cholesterol extraction
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is substantial, other components will redistribute from
the HA-near region to the HA-far region, thus increasing
Xchol-near t0 help compensate for the loss of cholesterol. If
the total 7¢po1near does not increase from initial equilibrium
to postextraction equilibrium, then the number of lipids
Noear Will decrease. Because cholesterol can have a substan-
tial condensing effect on area per lipid, a large decrease in
Xchol-near cOUld mitigate any area reduction from decreasing
Npear; We hypothesize that the decrease in Xcpoj.pear 1S mod-
erate due to postextraction repartitioning and that this com-
bined with the decrease in n; ., for other phospholipids i
causes an area reduction in the HA-near region, resulting
in the observed decrease in HA-HA spacing.

Because many physical details of spatial organization on
the virion surface remain undetermined, this model remains
intentionally broad, and a number of different combinations
of coefficients could satisfy the observed changes. There has
been much work done on the theory of cholesterol-phospho-
lipid interactions, particularly with regard to liquid-liquid
phase coexistence (52-55); our model draws inspiration
from this prior work, and a number of these more specific
models could explain our observations. However, we
do not have sufficient data at this time to definitively sup-
port one model over another. Maintaining uncertainties
regarding the identities of the exchanging components and
the potential contribution of any stoichiometric complexes
limits the specificity of our proposed model somewhat, but
hopefully preserves its robustness as these details are
uncovered.

The consequences of our model for hemagglutinin
spacing also depend on the size of the near-HA portions
of the membrane. In one limit, the near-HA regions are large
and contain many HA trimers (Fig. 5 a), similar to tradi-
tional nanodomain models of cholesterol-dependent HA
clustering (28,29,56). However, these HA-containing re-
gions likely comprise a majority of the viral envelope sur-
face area because the HA:NA ratio has been measured at
~10:1 (3,34,57). In this case, extraction of cholesterol will
causes a decrease in the near-HA membrane surface area,
and the HA-HA spacing will reduce as a consequence of
an equal number of HA being distributed in a smaller region
of the membrane (Fig. 1 ¢). In the opposite limit, each HA
trimer is surrounded by a local lipid context (Fig. 5 b) of
radius <5 nm (limited by the HA-HA spacing of ~94 A in
unmodified virus). This is similar to a lipid shell model or
annular lipid model (58,59). These single-trimer nanodo-
mains may tend to cluster, driven by line tension along the
border between HA-containing and non-HA-containing re-
gions of the membrane. Cholesterol extraction from the en-
velope will once again cause repartitioning of remaining
cholesterol from the far-HA portion of the envelope into
the near-HA nanodomains and partitioning of phospholipids
out. This will reduce the size of the nanodomains and permit
closer HA-HA approach. The 10 A change in HA spacing
with >90% cholesterol extraction makes this latter nanodo-
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FIGURE 5 Models for hemagglutinin-lipid interactions in the viral
envelope. (a) Regional model of hemagglutinin-lipid interaction, where
hemagglutinin partitions into specific regions of the envelope that have a
high cholesterol/phospholipid ratio and is excluded from other regions.
(White) Cholesterol-enriched regions; (gray) cholesterol-depleted regions.
(b) Local model of hemagglutinin-lipid interactions where the hemaggluti-
nin is associated with local lipid domains that have a high cholesterol/phos-
pholipid ratio. The diameter of local domains is <~10 nm, the most
common spacing between hemagglutinin trimers. In either case, depletion
of cholesterol (arrows) causes phospholipids to exchange out of the hemag-
glutinin-containing nanodomains to maintain the cholesterol/phospholipid
ratio in those domains. (Triangles) Hemagglutinin trimers. This model
does not specify the distribution of neuraminidase tetramers.

main model more intuitive than the opposite extreme,
although either is possible, and indeed the region geometry
may change with cholesterol extraction.

Whatever the microscopic basis for the closer spacing of
hemagglutinin trimers induced by cholesterol extraction,
this structural result helps explain the kinetic response of
influenza membrane fusion to membrane cholesterol. We
propose that in both influenza virions and simple target lipo-
somes, cholesterol stabilizes lipidic fusion intermediates,
reducing the free-energy barrier for formation of stalk
and/or early fusion pore structures as proposed previously
(25). This accounts for the trend toward decreasing rates
of fusion as cholesterol decreases. Simultaneously, we hy-
pothesize that multiple HA trimers must be engaged for effi-
cient fusion (Fig. 1 d)—either via a fixed stoichiometric
requirement (10,11) or via a decreased free-energy barrier
with more engaged fusion proteins, as has been shown in
analogous synaptic vesicle systems (60,61).

While the data presented here show that cholesterol
extraction increases local HA density and that extraction
also speeds fusion of influenza virus with liposomes,
several important unknowns remain regarding this process.
Although we speculate that higher local HA density at the
contact point between virus and liposome may increase
the rate of forming lipidic fusion intermediates, the data
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do not provide sufficient resolution to determine which step
in the virus-liposome fusion process is sped by cholesterol
extraction. In particular, it is possible that higher local HA
density increases the rate of fusion peptide insertion into
target liposomes, because this rate will be equal to the num-
ber of pH-activated HA at a virus-liposome encounter site
times the likelihood per unit time of a single fusion peptide
inserting. This could act either alone or in combination with
changes to rates of lipidic intermediate formation. In addi-
tion, the diffusional mobility of HA in the viral envelope
remains unknown; some analyses have approximated HA
as immobile on the timescale of fusion (10), while others
have treated it as having comparable mobility to that deter-
mined for HA in the plasma membrane of transfected cells
(9). Although one might reasonably hypothesize that close
clustering of HA could actually slow fusion due to steric
hindrance of HA conformational change or decrease of
lateral mobility, we do not observe such an effect on fusion
rates in our measurements. Indeed, as long as cholesterol
extraction does not reduce the diffusional mobility of HA
in the viral envelope, closer HA-HA spacing driven by
cholesterol extraction will increase the probability of multi-
ple engaged HA and therefore speed fusion, as has been
previously suggested (62). Both elements of the bimodal
kinetic response can thus be explained.
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