
Protein-lipid interactions critical to replication of the influenza A 
virus during infection

Petr Chlanda and Joshua Zimmerberg
Section on Integrative Biophysics, Eunice Kennedy Shriver National Institute of Child Health and 
Human Development, National Institutes of Health, Bethesda, MD USA 20892

Joshua Zimmerberg: joshz@helix.nih.gov

Abstract

Influenza A virus (IAV) assembles on the plasma membrane where viral proteins localize to form 

a bud encompassing the viral genome, which ultimately pinches off to give rise to newly formed 

infectious virions. Upon entry, the virus faces the opposite task—fusion with the endosomal 

membrane and disassembly to deliver the viral genome to the cytoplasm. There are at least four 

influenza proteins—hemagglutinin (HA), neuraminidase (NA), matrix 1 protein (M1), and the M2 

ion channel—that are known to directly interact with the cellular membrane and modify 

membrane curvature in order to both assemble and disassemble membrane-enveloped virions. 

Here, we summarize and discuss current knowledge of the interactions of lipids and membrane 

proteins involved in the IAV replication cycle.

Influenza proteins shaping the plasma membrane during virion assembly

Hemagglutinin

Hemagglutinin (HA), a type I membrane glycoprotein, is synthesized as the precursor HA0. 

In all of the 18 currently known HA subtypes, the cytoplasmic tail, the transmembrane 

domain (TMD), the stem region, and the fusion peptide are the most conserved regions in 

the protein. HA S-acylation at the cytoplasmic tail [1], trimerization [2] and N-glycosylation 

[3] occur post-translationally in the endoplasmic reticulum. HA is delivered to the apical 

plasma membrane as a homotrimer via a secretory pathway sensitive to cholesterol removal 

[4]. HA0 is proteolytically cleaved to HA1 and HA2 peptides, which remain covalently 

bound by a disulfide bond. HA subtypes H5 and H7 are cleaved by furin-like serine 

proteases in the Golgi apparatus [5] while other subtypes are cleaved at the plasma 

membrane [6].

HA glycoproteins cluster on the plasma membrane [7,8] at a density consistent with that of 

influenza glycoproteins packed on the surface of released virions (about 1 glycoprotein/120 

nm2) [9,10]. Thus, densely packed HA clusters are likely sites of virion budding. Patches 

from 40 nm (resolution limit of FPALM) up to several micrometers containing HAs were 

observed in living cells by fluorescence photoactivation localization microscopy (FPALM) 

and by negative stain immuno-electron microscopy (EM) on isolated membrane sheets 

retrieved from fibroblasts [7]. Interestingly, HA is neither static at the plasma membrane nor 

absolutely confined within a cluster since HA can diffuse laterally in and out of these 

clusters. The average HA diffusion coefficient in living cells, measured by fluorescence 
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recovery after photobleaching (FRAP), is approximately 100x smaller (D ~0.07 μm2/s) 

compared to lipids [11], and the newer technique of live cell FPALM shows a large range of 

individual molecular mobilities that, on average, agree with the values determined by FRAP 

[12]. In addition, FPALM detected a subpopulation of confined molecules with a much 

smaller (~0.02 μm2/s) diffusion coefficient [12] consistent with the immobile fraction 

identified by FRAP.

The driving force behind the clustering of HA, and the role of HA clusters to promote bud 

formation has been controversial and needs re-evaluation. It has been hypothesized that HA 

clustering at the plasma membrane is driven by partitioning into liquid ordered (Lo) domains 

rich in cholesterol and sphingomyelin [8,13], based on the isolation of so-called detergent-

resistant membranes (DRM), which were enriched in both cholesterol and WT (but not 

mutated) HA [1, 14 15, 16]. Phospholipid bilayers prepared from certain ratios of purified 

phospholipids and cholesterol can demix into co-existing but distinct membrane phases: Lo 

and liquid disordered (Ld) which differ in their degree of acyl chain packing. Since DRM 

and Lo phases are both moderately enriched in cholesterol it had been often assumed that 

DRM and the liquid ordered phases are identical. However, the ability of cold Triton X-100 

to coalesce already existing domains [14] likely leads to protein rearrangements. 

Furthermore, cold Triton X-100 is able to induce phase separated domains in initially 

homogeneous membranes of the giant unilamellar vesicles (GUVs) [15]. Thus, the 

composition of DRM is not sufficiently reliable to accurately predict the composition of 

plasma membrane domains [16]. In accord with the hypothesis that lipid domain segregation 

drives HA clustering, the IAV membrane is ~1.4x enriched in sphinogolipids and ~1.1x in 

cholesterol in comparison with isolated apical membrane [17]. Furthermore, HA mobility 

and spacing is controlled by cholesterol in the plasma or viral membrane. HA mobility 

measured at room temperature increases ~1.6x after cholesterol depletion, arguing that the 

presence of cholesterol in the membrane retards HA mobility [18]. Interestingly, HA-HA 

spacing also decreases from ~ 9 nm to 8 nm after nearly complete (~90%) cholesterol 

depletion from the virus [19]. However, depleting cholesterol could just as easily promote 

gel phase (So) domains in mixed phospholipid bilayers, which are physically distinct from 

Lo. Thus, HA trimer decreased mobility as well as diminished HA-HA spacing might be 

caused by formation of the So domains. In disagreement with lipid domain segregation 

hypothesis driving HA clustering, imaging techniques have failed to unambiguously show 

HA residing in Lo domains and interacting with cholesterol at physiological temperature. 

Experiments monitoring FRET between HA TMD-YFP and a well-established raft marker, 

glycophosphatidylinositol (GPI) anchored CFP, showed that the two proteins clustered in a 

cholesterol dependent manner [20]. However, the behavior of GPI in cell membranes was 

recently revisited using micropatterning and single molecule tracking in living cells. These 

studies did not find that GPI-anchored proteins were targeted to artificially formed GPI-

anchored GFP domains [21]. Other experiments have directly shown that HA does not reside 

in Lo domains: HA reconstituted in GUVs or HA present in giant plasma membrane vesicles 

(GPMVs) was found in the Ld domain or in both Lo and Ld [22,23]. Most of the studies of 

HA and cholesterol enriched domain association have relied on fluorescently tagged lipids 

which have inherently modified chemical structures and thus do not behave exactly as the 

unmodified lipids. In contradistinction, magic angle spinning (MAS) 1H NMR measures 
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spectra gauche-trans isomerization and axial reorientation rate of lipid acyl chains and thus 

can detect Lo phase featuring a lower probability of gauche-trans isomerization without 

using any lipid probes. MAS NMR analysis revealed that the influenza viral envelope of 

intact virions, or influenza virion-extracted membranes, are composed of lipids whose 

ability to phase separate into Lo and Ld phases is dependent on temperature, with practically 

all the lipids in the disordered phase at physiological temperatures. In addition, no Lo phases 

were found at the higher temperatures experienced during fever by those suffering a bout of 

the flu, which can reach 41°C [24]. Furthermore, these experiments show that the viral 

proteins do not affect the phase behavior of these lipids.

To directly determine the chemical composition of the HA-domains in the plasma membrane 

of cells expressing it, new imaging technology was used wherein a Cs beam serially scans a 

cell membrane allowing the mass determination of surface components (high-resolution 

secondary ion mass spectrometry (nano-SIMS)) with a lateral resolution of ~70 nm [25]. 

Isotope-labeled cholesterol and sphingomyelin were incorporated into fibroblasts stably 

expressing HA [26]. There were no detectable cholesterol domains in the cell plasma 

membrane, as cholesterol was evenly distributed over the plasma membrane with or without 

HA (Figure 1). Despite the lack of any cholesterol-enriched domains in the plasma 

membrane, there were readily detectable sphingomyelin domains discovered in these 

experiments. However, HA did not colocalize with these sphingomyelin domains.

Although lipid (sphingomyelin) domains clearly form in the plasma membrane of 

fibroblasts, Lo and Ld phase separation might not be an unique mechanism of lipid domain 

formation. Importantly, depletion of cholesterol reorganizes the actin cytoskeleton [27], 

suggesting an alternative scenario in which HA clustering is facilitated by the actin 

cytoskeleton rather than Lo domain formation. Consistently, motion analysis revealed that 

HA preferentially moves on the plasma membrane in a quasi-linear fashion for short times 

[7], with the lattice of occupied spaces reminiscent of the actin cytoskeleton. Indeed, the 

mobility of individual GFP-labeled HA trimers decreased with increasing cytoskeletal actin 

density directly below the membrane along the path of diffusion. A study using FPALM 

imaging showed that actin associates with HA clusters, indicating that the cytoskeleton may 

drive HA clustering and control its lateral organization [12,28]. Actin has been shown to 

play a role in the formation of filamentous virions [29]. However, whether HA directly 

interacts with actin, in the presence of other viral proteins, in particular M1, remains to be 

investigated.

Transient expression of HA in 293T cells results in the release of HA containing vesicles, 

provoking the question of whether HA directly modulates plasma membrane curvature [30]. 

In the 293T cells, HA molecules covered most of the surface of the plasma membrane rather 

than being localized into patches. Further interest arose from an electron tomography (ET) 

study (where HA spikes are visible without antibody labeling) showing that expression of 

HA glycoproteins induces dramatic ruffling and plasma membrane vesiculation [31]. 

Interestingly, a large number of HA spikes were seen in modified membrane compartments 

in the cytoplasm [31], which might deliver HA prepackaged in quanta as a cluster, 

explaining the observed clustering on the surface of the membrane. HA induced membrane 
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curvature and HA interaction with M1 layer may prevent or slow down HA mobility and its 

immediate dispersion from the cluster.

Neuraminidase

Neuraminidase (NA) is a type II transmembrane protein present on the viral surface as a 

tetramer together with HA. There are 11 known NA subtypes, all of which possess sialidase 

enzymatic activity, important to cleave the HA cellular binding receptor—sialic acid 

moieties—and facilitate the release of budded virions. The HA:NA ratio on the viral surface, 

which was found to be approximately 5:1 [9] is important for virus replication fitness since 

it maintains the right balance between receptor-binding and receptor-destroying capability of 

the virus. NA-lipid interactions have been far less explored in comparison to HA. Besides 

the well-characterized sialidase function, NA also seems to be able to modulate budding and 

release of virions. Expression of NA subtypes N1 and N2 in the absence of M1, M2, and HA 

results in production of NA containing particles, indicating that NA is able to induce 

membrane curvature [32,33]. In contrast to HA, NA containing particles are released more 

effectively and have a quasi-filamentous morphology [31–33]. In general, the filamentous 

morphology is typical for helical assemblies such as M1 matrix protein. Even without M1, 

NA forms particles with an extended filamentous morphology, indicating that NA 

glycoproteins favor a helical arrangement on the surface of the particle. The mechanism by 

which NA is able to induce curvature is not known, however a single Asp286 present in the 

virion-facing part of the NA globular domain is needed to confer this ability [33,34]. 

Interestingly, tetherin, an interferon-inducible antiviral host factor, abolishes the budding 

capability in NA N2 subtypes when Gly is present instead of the Asp286 residue [33,34]. 

This Asp286 residue might be involved in electrostatic interactions between individual NA 

spikes, leading to NA clusters typically found on the surface of the virion. The high lateral 

density of clustered NA together with NA’s conical molecular shape (with its large globular 

domain and long stem domain) might be responsible for inducing membrane curvature 

changes. At first glance, this idea is coordinate with the crowding hypothesis for the 

curvature effect of some scaffold proteins [35]. However, recent studies have shown that the 

crowding hypothesis works for disordered proteins and NA is well structured [36]. A coat 

hypothesis is possible, but the distribution of glycoproteins on the virion surface is more 

consistent with freely mobile molecules. We thus propose a crowded wedge hypothesis for 

membrane proteins with wedge-shaped ectodomains. Interestingly, NA preferentially 

occupies the ends of filamentous VLPs [31], areas with spherical curvature derived from the 

neck area of a budding virus that needs to develop more positive curvature to drive 

membrane scission. Thus, an NA cluster may self-assemble at the neck of a budding virion 

to promote its release, and the explanation for the lack of budding in the presence of the 

antiviral tetherin might be that tetherin modulates both NA’s preferential position to the 

spherical ends of virions and NA’s capability to change membrane curvature. More work is 

needed to investigate how much of a contribution NA makes to these processes.

Matrix protein 1

Matrix protein 1 (M1), a scaffold protein apposed to the membrane, is a pivotal interaction 

platform for influenza proteins. M1, which organizes in a helical manner [37], is a major 

determinant of IAV morphology through its ability to modulate membrane curvature. As a 

Chlanda and Zimmerberg Page 4

FEBS Lett. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



peripheral membrane protein M1 can reversibly bind to membranes through electrostatic 

interactions with negatively charged phospholipids such as phosphatidyl serine in the 

absence of other influenza proteins [38,39]. Neither the polybasic region nor the 

hydrophobic domains of M1 alone are required for membrane binding, thus M1 can bind 

membranes through multiple regions [40,41]. Recent studies combining atomic force 

microscopy and fluorescence correlation spectroscopy indicate that membrane binding itself 

is sufficient for M1 oligomerization [38,39,42].

In contradistinction to the spontaneous binding to negatively charged membranes described 

above, cellular expression of M1 in the absence of other influenza proteins leads to its 

accumulation in the nucleus, due to the lack of an inherent membrane targeting signal [43]. 

Interestingly, in the vaccinia virus-driven expression system, M1 was targeted to the 

membrane (possibly due to vaccinia background proteins) and released as filamentous 

particles in the absence of HA and NA, indicating that M1 itself induces membrane 

curvature and is able to promote budding and release when targeted to the plasma membrane 

[44]. In IAV infected cells either HA or NA are necessary for effective targeting of M1 to the 

plasma membrane [43,45,46]. In addition, M2 is also able to recruit M1 to the plasma 

membrane [43]. Removal of the cytoplasmic tail of HA, NA and M2 or removal of S-

acylation on the cytoplasmic tail of the HA leads to decreased incorporation of M1 into 

virions, indicating that M1 interacts with HA and NA via cytoplasmic tails [43,47–49]. The 

structure of the complete M1 protein as well as the M1 layer organization is not fully known, 

much less in the context of these important tail interactions.

Matrix protein 2

Matrix protein 2 (M2) is a transmembrane homotetramer. Each 97 amino acid alpha-helical 

monomer is composed of an N-terminal ectodomain, a TMD and an amphipathic helix at the 

cytoplasmic tail, which is post-translationally modified by palmitoylation [50,51]. 

Immunofluorescence data indicate that while M2 is abundant in the plasma membrane of 

infected or transfected cells, fewer copies of M2 are incorporated into released virions 

(compared to HA or NA). Estimates made based on quantitative Western blot analysis 

revealed that there are 14–68 molecules of M2 per virion [52] in contrast to ~300 HA and ~ 

50 NA per spherical virion with a diameter of 120 nm as shown by cryo-ET [9].

Many proteins featuring amphipathic helices with alternating hydrophobic and positively 

charged surfaces are able to induce or sense changes in membrane curvature by lateral 

wedge-like insertion into the bilayer [53]. Accordingly, in vitro studies showed that wild-

type M2 reconstituted into GUV or the M2 amphipathic helix added into preformed GUV 

were able to induce blebbing of GUVs [54]. Thus, it has been proposed that the M2 

amphipathic helix is able to drive membrane scission by inducing negative membrane 

curvature. Consistently, a high-resolution small angle X-ray scattering (SAXS) study 

showed that full length as well as the cytoplasmic domain of M2 reconstituted into 

liposomes are able to restructure the membrane bilayer (lamellar phase) into non-bilayer 

structures (cubic phase) [55]. Membrane reorganization from bilayer to non-bilayer is 

typically observed during membrane fusion and scission. M2 induced GUV blebbing was 

observed only at low cholesterol levels (<17 mol%) [54], suggesting that cholesterol might 

Chlanda and Zimmerberg Page 5

FEBS Lett. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



be an inhibitor of M2 driven membrane scission. However, cholesterol is a lipid with 

negative spontaneous monolayer curvature (J0 <0) and is also able to induce cubic phases 

[56]. Thus, contrary to the data on M2 induced GUV blebbing [54], the presence of 

cholesterol in the membrane likely supports the M2 induced negative membrane curvature. 

This is consistent with an NMR study which showed that the presence of cholesterol 

increases the ability of the M2 TMD with amphipathic helix to induce negative curvature 

[57]. In addition, another study showed that the M2 induced cubic phases were observed 

only in the presence of high dioleoylphosphatidyl ethanolamine content (>60 mol%) [55], 

which has a spontaneous negative curvature (J0 = −0.399 nm−1) comparable to cholesterol 

(J0 = −0.494 nm−1) [58]. In contrast, in a recent NMR study the M2 TMD with amphipathic 

helix was able to induce curvature in the absence of lipids with high spontaneous curvature 

[59]. Thus, so far whether cholesterol or other lipids with negative spontaneous curvature are 

regulating the capability of M2 to induce membrane scission remains elusive.

It is unlikely that in cells M2 scission is regulated only by cholesterol content since in such a 

scenario M2 would likely induce membrane scission after its synthesis in the endoplasmic 

reticulum where cholesterol is low. However, Rab11 was shown to control M2 delivery to 

the plasma membrane [54] and a recent study showed that IAV infection increases 

cholesterol content in Rab11 positive recycling endosomes, as indicated by increased filipin 

staining, which binds to cholesterol [60]. It is plausible that an elevated cholesterol 

concentration inhibits M2 propensity to induce negative membrane curvature to prevent 

premature scission during trafficking to the plasma membrane.

Several studies have been conducted to investigate whether M2 directly interacts with 

cholesterol and partitions into Lo domains. UV Cross-linking of M2 with [3H] 

photocholesterol and detection of [3H] cholesterol associated with M2 suggest that M2 can 

bind directly to cholesterol [61,62] through a putative cholesterol recognition amino acid 

consensus (CRAC) motif [63]. However, not all influenza strains posses a CRAC consensus 

motif in M2, e.g. the filamentous Udorn strain [61]. Moreover, mutation of both CRAC and 

palmitoylation motifs do not impede virus growth [64]. The M2 amphipathic helix was 

shown to avoid cholesterol enriched Lo phase in GUV experiments and clustered into the 

boundary between the two phases [54], suggesting that M2 scission takes place at the 

interface of phase separated membrane. However, another domain partitioning study using 

GPMVs showed that M2 is found in both Lo and Ld domains with no accumulation at the 

domain interface [62]. Removal of the M2 palmitoylation motif leads to a weak preference 

for the Ld domain. Since palmitoylation is reversible, palmitoylation has been proposed as a 

switch controlling M2 lateral distribution [62]. Thus, whether M2 is indeed localized to the 

Lo – Ld interface and what is the driving force behind this localization is not clear. Imaging 

HA clusters by FPALM and nano-SIMS in the presence and absence of M2 proteins will 

bring additional information on M2 lateral distribution in the cellular plasma membrane.

The M2 mediated membrane scission hypothesis was also tested in cells infected by IAV 

lacking M2. Thin-section EM analyses of IAV lacking M2 show virions that look like beads-

on-a-string, a phenotype suggestive of scission impairment. However, studies investigating 

the M2 driven membrane scission of the budding virions at the plasma membrane are 

complicated by the fact that M2 also plays an important role in virion morphology. Deletion 
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of M2 abolishes the typical filamentous morphology of the Udorn virus, [65–67] and results 

in the beads-on-a-string viruses, which do not seem to contain a complete M1 layer. Thus, 

the absence of the M1 layer might be responsible for this phenotype rather than the absence 

of M2 driven scission [54,66,67]. In fact, the M2 cytoplasmic tail and M1 are known to 

interact and removal of the M2 cytoplasmic tail reduces M1 incorporation [68]. ET studies 

on the viruses displaying beads-on-a-string phenotype are needed to conclude whether the 

connections between viruses are real budding necks or a result of improper M1 layer 

assembly. In the system using plasmid driven VLP, which is closer to the real scenario of 

infected cells than reconstituted systems using GUVs, M2 is dispensable for HA, NA and 

M1 release [30]. Thus, whether M2 is strictly needed for scission is still not clear. Additional 

experiments using VLPs without M2 or M2 deletion mutant viruses analyzed in three-

dimensions by ET are needed to understand whether M2 is needed for the formation of 

budding necks or solely for the final scission by changing budding neck diameter. It is 

plausible that the local M1:M2 ratio in the virion determines whether M1 assembles as a 

layer with cylindrical or spherical curvature, which have different helical pitches [37]. A 

straightforward suggestion is that the assembly of M1 layer with a spherical curvature drives 

both formation of the budding neck and membrane scission. Consistently, the budding virion 

does not have a complete M1 layer in the area of the budding neck (Figure 2). Complete 

assembly of the M1 layer found in the rear end of the budding virion could provide sufficient 

energy to drive membrane scission. Thin-section EM showed that budding virions, which 

accumulate at late stages of budding at the plasma membrane are connected to the plasma 

membrane via budding necks, indicating that either M1 layer closure or membrane scission 

is a rate-limiting step.

Influenza virus entry and membrane fusion

HA mediated membrane fusion

IAV is a pleiomorphic virus whose size and shape seems to be a determinant of the initial 

cell entry pathway. IAV with predominantly spherical particles enter the host cell by 

receptor-mediated endocytosis whereas IAV with predominantly long filamentous virions 

enter through macropinocytosis [69,70]. In both cases, the sialic acid moieties of the 

glycoproteins serve as binding receptor recognized by the HA1 domain of the HA trimer. 

Human IAV with HA subtypes H2 and H3 preferentially bind to the N-acetylneuraminic 

acid-α2,3-galactose (NeuAcα2,6Gal) linkage while most avian IAV with subtypes such as 

H5 and H7 recognize the NeuAcα2,3Gal linkage [71]. The virus is delivered into the late 

endosome where membrane fusion occurs and the viral ribonucleoproteins (vRNPs) are 

released into the cytoplasm. The HA trimer is a type I fusion protein with its hydrophobic 

fusion peptides tacked onto the interface of the HA2 domains [72]. From the standpoint of 

the phospholipids, membrane fusion is thermodynamically neutral, since one begins and 

ends with all phospholipids in bilayers. The chief thermodynamic consideration is the rather 

large energy barrier due to (i) hydration repulsion which increases exponentially as the two 

repelling negatively charged surfaces of the membranes approach each other [73] and (ii) the 

hydrophobic effect resisting the exposure of hydrophobic surfaces at contact. Fusion 

proteins are able to (i) decrease the distance between two apposing phospholipid bilayers 

below 2 nm overcoming some of the formidable hydration force, (ii) dimple membranes into 
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point contacts to minimize the surface area needed to be in close contact, and (iii) locally 

disrupt the structure of the target membrane by fusion peptide insertion, which results in 

increased local membrane curvature and partial exposure of hydrophobic acyl chains [74]. 

HA irreversibly changes its conformation in the presence of H+, beginning by dissociation of 

the HA1 domains and exposing the fusion peptide forming the predicted (but not yet directly 

observed) extended HA intermediate that can bridge the viral and endosomal membrane. 

Subsequently, the extended HA intermediate folds back into the so-called post-fusion 

conformation, whose structure was determined by X-ray crystallography [75], bringing the 

two apposing membranes together. The structure of the post-fusion intermediate also 

indicated that the HA TMDs and the HA fusion peptides are drawn together, however, the 

exact position of these two hydrophobic domains in the fused membranes are missing in the 

structure due to limitations of X-ray crystallography. Cryo-ET proved to be an essential 

technique in elucidating the structural details of viral membrane fusion intermediates. A 

recent cryo-ET study of the HA spikes at low pH revealed two different HA conformational 

stages with decreasing electron density in the membrane proximal domain and overall 

shortening of the spike, presumably resulting from HA1 domain release and HA2 

rearrangements [76]. HA spikes at low pH are hard to discern by cryo-ET as individual 

entities, presumably due to dissociated HA1 domains, which stay attached to the HA2 

domain. The thinner HA2 stem domain of the low pH modified HA was discerned by cryo-

ET after trypsin treatment, which cleaves most of the HA1 domain [37,77]. Cryo-ET with 

recently developed detectors directly detecting electrons and phase plate technology will 

likely provide a tool to confirm the existence and deliver the structure of the extended “pre-

hairpin” HA intermediate, which is a cornerstone of the prevailing membrane fusion model.

There is good evidence that membrane fusion occurs in steps through short-lived lipidic 

intermediates with local free energy minima as predicted by theory [78]. In the hemifusion 

intermediate the two opposing membranes are locally fused but an aqueous pore is not 

formed. This essential membrane fusion intermediate is well documented by both 

experimental and theoretical studies for HA and other viral or cellular fusion machineries. 

Mutations in the fusion peptide which is located at the N termini of the HA2 domain [79] or 

replacement of the HA TMD domain with a GPI anchor (GPI-HA) [80] were found to arrest 

this stage, suggesting that both fusion peptide and TMD play a crucial role in fusion pore 

initiation. Although two different hemifusion structures, the hemifusion stalk (HS) and the 

hemifusion diaphragm (HD), were theoretically predicted [78] their existence remains to be 

confirmed by direct visualization. According to the prevailing model, HS can either remodel 

into a fusion pore or expand into HD, which can form a pore upon breakage [78]. However, 

theoretical studies using membrane mechanics or molecular dynamics indicate that 

extension of a stalk into an HD is energetically permitted only for membranes composed of 

lipids with substantial spontaneous negative curvature [81] or by formation of a small pore at 

the rim of the HD, respectively [82]. Thus, it is more likely that the fusion pore is directly 

formed from HS, omitting HD. HD was recently visualized by cryo-EM in the SNARE 

liposome reconstituted system and the concomitant fluorescence dequenching kinetics 

experiment suggested that HD transform into a fusion pore, albeit with slow kinetics [83]. 

Cryo-EM and cryo-ET can be used to study lipidic intermediates and products of IAV and 

liposome fusion triggered at low pH (Figure 3). Cryo-ET of X31 IAV in the presence of a 
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liposomes at low pH revealed locally curved membrane “dimples” and funnel-like 

structures, presumably membrane intermediates of the fusion pore [84]. The same study also 

showed that liposomal membrane transiently opens and is subsequently inserted into the 

viral membrane. However, no gangliosides were added into the liposomes as HA receptors 

and the high defocus values used to collect cryo-ET precluded obtaining a detailed structure 

of the lipidic intermediates in more physiological conditions.

Electrophysiological recordings of membrane fusion occurring between fibroblasts 

expressing HA and red blood cells using whole-cell patch clamp technology and time-

resolved capacitance measurements showed that the initial fusion pore attains a diameter of 

1–2 nm in less than a millisecond [85]. Interestingly, the initial fusion pore undergoes 

multiple cycles of open-closed transitions with kinetics on the order of seconds, presumably 

oscillating between hemifusion and an open small fusion pore, an intermediate termed 

flickering pore (89). There is good evidence that formation of the fusion pore requires more 

than one HA trimer. Cell-cell fusion assays with varying HA densities showed a temporal 

lag phase preceding onset of the HA mediated membrane fusion. The sigmoidal shape of the 

curve relating the lag-phase and HA density infer that there is positive cooperativity required 

between a minimum of 3 HA to form a fusion pore [86]. Recently developed single virion 

kinetic assays utilizing dual labeled virions and dextran cushion-supported membrane 

bilayers have allowed the study of hemifusion and fusion pore intermediates in great detail 

[87]. Analysis of lipid fluorescence quenching alleviated upon hemifusion revealed that 

exposure of the fusion peptide is a rate-limiting step of the pathway leading to hemifusion. 

Furthermore, the study suggests that HA cooperativity takes place in the lag phase prior to 

the onset of membrane fusion and is likely required at the stage of the extended HA 

intermediates to bring the membranes together in concerted action [88]. In addition, the 

fusion kinetics depend on the lipid composition of the target membrane suggesting that 

endosomal levels of cholesterol may play a role in permissiveness for fusion [89].

Electrophysiological studies also indicate a second stage of fusion pore widening after the 

initial HA-mediated fusion pore forms (89). Fusion pore expansion requires additional HA 

[90]; contradicting results exist about the role of HA palmitoylation at the cytoplasmic tail in 

fusion pore expansion. Hemifusion, monitored by fluorescent lipid demixing, does not 

depend on HA palmitoylation. However, in some HA subtypes such as H1 (A/USSR/77) 

[91], H2 (A/Japan/305/57) [92] and H7 [93] but not H3 (A/Aichi/2/68) [94] and H3 (A/

Udorn/72) [48], the substitution of the three cysteines in the cytoplasmic tail leads to 

formation of a small fusion pore unable to expand as inferred from the aqueous demixing 

assay, which showed that the pore is permeable only to small fluorescent molecules like 

calcein and carboxyfluorescein (hydrodynamic diameter 0.61 nm) but not to 10kDa dextran 

(hydrodynamic diameter 4.6 nm). Conductance measurements of fusion pores induced by 

H3 (A/Udorn/72) detected that the removal of palmitoyls reduced the flickering of the fusion 

pore but did not influence the pore enlargement kinetics in comparison to wild-type HA 

[95]. It is unlikely that the source of discrepancies is solely due to differences in HA subtype 

amino acid sequences since the cytoplasmic tail and the positions of the cysteines is highly 

conserved. More likely, the differences arise from using different expression systems and 

fusion assays. Therefore, a study that would test several HA subtypes in parallel by different 

fusion assays is needed.
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Membrane fusion and cellular factors

Is HA bound to a target-bound receptor the minimal requirement for productive membrane 

fusion (when productivity is defined as resulting in infectious virion replication)? Although 

decades of accumulated evidence has shown that HA alone can drive the fusion of both 

synthetic and cellular membranes (including liposomes and cells), cellular proteins are 

nevertheless involved and can either enhance or block HA-mediated membrane fusion. 

Recent data utilizing genome-wide RNA interference (RNAi) screens found that cathepsin 

W, a cysteine protease present in the late endosomes, is important for IAV membrane fusion 

in late endosomes [96]. Knock down of CD81, a tetraspanin residing in both plasma and 

endosomal membrane known to be a hepatitis C virus co-receptor, resulted in reduced 

numbers of IAV fusion events [97]. In contrast, interferon-induced transmembrane proteins 

(IFITMs) were found to curtail the entry of several enveloped viruses including IAV. IFITMs 

recruitment to the endosomal membrane increases cholesterol concentration and alters 

membrane curvature. A study employing single virion fusion assays inside the cells showed 

that IFITM3 is able to inhibit the transition from hemifusion to a fusion pore [98].

IAV uncoating during entry

M1 and M2 proteins play crucial roles in the successful release of vRNPs from the virion 

during viral entry. The M2 ion channel allows transport of H+ and K+ [99] to the interior of 

the virion, a process which can be inhibited by adamantane-based drugs. Acidification of the 

IAV interior is necessary for both vRNP release and disassembly of the M1 layer from the 

virion membrane to allow fusion pore expansion. An acid bypass-fusion assay wherein the 

X31 virus was acid-pretreated before fusion implies that gradual rather than abrupt 

acidification in the endosome enhances vRNP and M1 layer dissociation [99,100]. Although 

no changes of the M1 layer inside the virions were obvious by cryo-EM at pH 6, atomic 

force microscopy (AFM) captured decreased stiffness of the virions, indicating that already 

at mild acidification the M1 layer undergoes restructuralization [100]. Interestingly, the 

stiffness of the virion was recovered to original values when the pH was adjusted back to pH 

7, suggesting that the initial changes of M1 disassembly occurring at pH 6 are reversible. At 

more acidic pH the overall morphology of the virion changes dramatically and the M1 layer 

disassembles irreversibly [100]. Cryo-ET showed thinning of the M1 layer and formation of 

M1 aggregates usually accumulated in the proximity of the membrane at pH 5 [76,101]. 

Another cryo-EM study analyzing the filamentous virions of the Udorn strain after low pH 

treatment revealed M1 multilayered coils with a typical pitch of 11 nm dissociated from the 

viral membrane, indicating that M1 disassembly occurs through more organized 

intermediates [37].

M1 layer uncoating in vivo is not only pH dependent but is also facilitated by a plethora of 

cellular factors including dynein/dynactin, myosin II, MTs, actin and takes advantage of the 

aggresome machinery by mimicking misfolded proteins [102].

IAV alternative entry pathway

Interestingly, recent findings show an alternative entry pathway, which does not seem to 

involve HA mediated fusion. IAV infected cells show increased formation of long tubular 

structures referred to as tunneling nanotubules (TNTs) that allow the transfer of the vRNPs 
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to neighboring cells [103]. Influenza induced TNTs contain HA and actin but no 

microtubules. Since tubular structures connecting cells have been reported as a means of 

communication and nutrition exchange between cells, it is plausible that IAV hijacks the 

cellular machinery underlying TNT formation. Whether HA or other viral protein is directly 

involved in formation and fusion of TNTs with the neighboring cells is yet to be revealed.

Concluding remarks and open questions

IAV proteins interplay in a concerted fashion, modulating host membrane curvature during 

both budding and entry. HA mediates membrane fusion during entry and M2 is hypothesized 

to drive membrane scission during budding (Figure 4). M1 protein controls IAV membrane 

rigidity and serves as a major budding driving force when targeted to the plasma membrane 

by HA, NA and M2. NA localizes in the vicinity of the budding neck where it may 

contribute to membrane curvature changes and membrane scission.

• A majority of imaging studies on HA clustering and HA-lipid association 

report results performed in the absence of viral infection or other influenza 

proteins. Thus, they are likely to be irrelevant to viral assembly. In infected 

cells, M1, which interacts with HA and assembles into a 4 nm thick layer 

underlying the membrane, likely influences HA mobility or actin 

association, but it does not affect lipid phase behavior. The question of 

how M1 and other influenza proteins influence HA clustering needs 

investigation. Importantly, super-resolution light microscopy studies need 

augmentation from 3D imaging with highest axial resolution possible in 

order to appropriately assess the contribution of membrane curvature in 

the HA clusters. Development of electron-dense tags, which would 

specifically label cholesterol or sphingomyelin would be extremely useful 

to fully exploit the potential of cryo-ET to study lipid domains in three 

dimensions at high resolution, such as the fascinating sphingomyelin-rich 

but cholesterol neutral domains discovered in the search for rafts.

• The M1 matrix is the major determinant of IAV shape. The helical 

arrangement of the M1 layer in the filamentous or spherical particles 

differs. What determines the helical arrangement of the M1 layer? Is the 

helical rearrangement responsible for initiation and closure of the M1 

layer in the filamentous virions? Additional cryo-EM studies elucidating 

the M1 structure at high resolution in the spherical and filamentous virions 

and at the ends of the filamentous virions would greatly facilitate our 

understanding of morphology and assembly of IAV virions. Since the M2 

protein has been shown to play a crucial role in particle morphology, it is 

important to elucidate whether the local M1:M2 ratio may be a switch 

between helical arrangements determining whether the particle will be 

spherical or filamentous.

• IAV, unlike other enveloped viruses, does not hijack the endosomal sorting 

complex required for transport (ESCRT) for scission of the budding 

membranous neck at the final stage of budding. Instead, M2 protein has 
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been shown to perform membrane scission. Is M2 protein responsible for 

formation of a budding neck or is it only responsible for scission at the site 

of the budding neck? The most intriguing question is why M2 protein is 

dispensable for influenza VLP release, which are structurally similar to the 

real virus. Further structural studies utilizing VLP produced in the absence 

of the M2 protein will provide the answer to this contradiction.

• NA expression in transfected cells results in formation and release of 

quasi-filamentous particles. In addition, NA localizes at spherically curved 

areas of the influenza VLP. This indicates that NA is able to modulate or 

respond to membrane curvature in a different way than HA and might be 

involved in the assembly and release of the IAV beyond its well-known 

enzymatic activity. Given that NA is found at the rear end of virions, does 

NA’s ability to modulate or sense curvature play a role in budding neck 

formation or scission?

• HA mediated membrane envelope fusion with the endosomal membrane is 

thought to occur via membranous intermediates such as hemifusion, 

whose structure remains to be elucidated. In addition, future cryo-ET 

studies are needed to understand the conformational changes of HA 

driving membrane fusion. In particular, it is necessary to confirm the 

existence of the HA extended structure, which is the basis for the 

prevailing model of HA mediated membrane fusion.
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Figure 1. SIMS showing cholesterol, sphingomyelin clusters and HA clusters
Images capturing the same region of the cell produced by spatial detection of secondary ions 

by mass spectrometry (SIMS, nanoSIMS implementation). Mouse fibroblast cells that stably 

express HA were metabolically labeled with 18O cholesterol and 15N sphingomyelin. Cells 

were chemically fixed and HA was labeled with an anti-HA antibody conjugated to 

fluorinated colloidal gold, which produces distinctive 19F− secondary ions. A) Locally high 

counts of 19F− secondary ions show HA clusters on the surface of the fibroblast. 

Sphingomyelin domains (B) and evenly distributed cholesterol (C) do not colocalize with 

HA clusters.
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Figure 2. Influenza A virus budding neck
Slices of dual-axis electron tomograms capturing A/Udorn/72 virus budding from MDCK 

cells at 22 hours post infection. A) Filamentous virions containing vRNPs are connected to 

the cell surface by a budding neck. B) The M1 layer is not complete in the area of the 

budding neck, which has an inner diameter of approximately 10 nm. Both M1 and M2 are 

important determinants of IAV morphology. The M1:M2 ratio may control the M1 layer 

helical pitch and thus may trigger M1 layer transition from cylindrical to spherical M1 layer. 

Closure of the M1 layer may drive membrane scission as indicated by increased constriction 

of the neck in proximity to the M1 layer (arrowhead).
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Figure 3. Cryo-EM projections of IAV driven membrane fusion with liposomes containing 
gangliosides as a binding receptor of HA
A) IAV (V) binds to the liposomes (L) containing gangliosides at pH 7. HA spikes are 

clearly discernable. B–E) IAV induced liposomal membrane modulation at pH 5.5. HA 

spikes do not appear as single entities after undergoing conformational changes and 

dissociation of HA1 domains. B and C) Liposomal membrane is deformed pointing towards 

the virus. D and E) Liposomal and IAV membrane are continuous. E) The M1 layer 

dissociates and the fusion product becomes spherical.
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Figure 4. Cell membrane remodeling during IAV budding and entry
IAV budding begins by formation of an HA cluster driven by the remodeling of the actin 

cytoskeleton at the plasma membrane (bottom left). The viral genome composed of 8 

segments (vRNP) is incorporated into a nascent bud. M1 polymerizes into a layer with a 

helical arrangement underneath the plasma membrane providing the driving force for 

budding. Once the vRNP are incorporated, the plasma membrane is constricted into a 

budding neck at the rear end of the budding virion. NA concentrated around the budding 

neck cleaves off the sialic acid moieties (red NA) from the surface of the infected cells to 

prevent re-entry. M2 is thought to perform membrane scission, a process with a high-energy 

barrier, through an intermediate called hemiscission. Hemiscission proceeds to full scission, 

separating both leaflets of the viral and plasma membrane. The newly formed virion is 

released and can attach to the sialic acid moieties present on the plasma membrane of 

another host cell (arrow). Spherical virions are endocytosed by the clathrin-mediated 

pathway. Filamentous virions enter by macropinocytosis (not shown). In the early endosome 

(EE), the vacuolar proton pump gradually decreases the pH. HA changes conformation 

(orange HA) at ~pH 5 in the late endosome (LE) and mediates membrane fusion, a process 

with a high-energy barrier, through an intermediate called hemifusion. The M2 protein 

conducts protons into the virion interior, triggering the disassembly of the M1 layer and 

vRNP release. The initial HA mediated fusion pore expands and vRNP are released into the 

cytoplasm of the host cell.
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