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Abstract
Attachment to and fusion with cell membranes are two major steps in the replication cycle of many human viruses. We focus 
on these steps for three enveloped viruses, i.e., HIV-1, IAVs, and SARS-CoV-2. Viral spike proteins drive the membrane 
attachment and fusion of these viruses. Dynamic interactions between the spike proteins and membrane receptors trigger 
their specific attachment to the plasma membrane of host cells. A single virion on cell membranes can engage in binding 
with multiple receptors of the same or different types. Such dynamic and multivalent binding of these viruses result in an 
optimal attachment strength which in turn leads to their cellular entry and membrane fusion. The latter process is driven by 
conformational changes of the spike proteins which are also class I fusion proteins, providing the energetics of membrane 
tethering, bending, and fusion. These viruses exploit cellular and membrane factors in regulating the conformation changes 
and membrane processes. Herein, we describe the major structural and functional features of spike proteins of the enveloped 
viruses including highlights on their structural dynamics. The review delves into some of the case studies in the literature 
discussing the findings on multivalent binding, membrane hemifusion, and fusion of these viruses. The focus is on applica-
tions of biophysical tools with an emphasis on single-particle methods for evaluating mechanisms of these processes at the 
molecular and cellular levels.

Keywords HIV-1 · IAVs · SARS-CoV-2 · Virions · Spike protein · Structural conformations · Binding affinity · Multivalent 
binding · Hemifusion · Fluorescence imaging · Force spectroscopy · Cellular factors

Introduction

Viruses are infectious particles with a diameter 
of ~ 50–500 nm. A virus particle includes the viral genome 
(RNA or DNA) encapsulated in a capsid representing a pro-
tein shell (Fig. 1A–C). The capsid of an enveloped virus is 
further coated with a lipid bilayer. Though constituted of 
essential species of life (nucleic acid, protein, and lipid), 
viruses require the resources and machinery of host cells 
for their replication. The viral replication is a multistep pro-
cess that can be generalized as follows: attachment to a host 
cell surface, specific interaction with the plasma membrane 

receptors, entry or penetration into the host cell including 
fusion with or encapsulation by the cellular membrane, cap-
sid uncoating, release of the viral genome, genome repli-
cation, expression of viral proteins, assembly of the viral 
proteins and genomes into new virions, and their release 
from the host cell (Fig. 1D). Decades of studies by virolo-
gists, molecular and structural biologists, biophysicists, and 
researchers from interdisciplinary sciences have enabled us 
to gain molecular understanding and cellular pathway of 
these steps (Mercer et al. 2010; Friedrich et al. 2011; Bel-
ouzard et al. 2012; Merk and Subramaniam 2013; Ivanovic 
and Harrison 2015; Dou et al. 2018; Lu et al. 2020; V’kovski 
et al. 2021; Zhdanov 2021). Herein, we focus on two major 
steps in the replication of enveloped viruses, i.e., attach-
ment to and fusion with host cell membranes. Earlier, this 
subject was reviewed by Helenius et al. (2018), White and 
Whittaker (2016), Melikyan (2011), Harrison 2005, Tang 
et al. (2020), Koehler et al. (2020), Jackson et al. (2022), 
and other researchers (Belozard et al. 2012; de Vries et al. 
2020). We have focused on some of the biophysical studies 
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in this review. In particular, we have compiled and discussed 
the existing findings on the membrane attachment and fusion 
of three major enveloped viruses which are human immuno-
deficiency virus 1 (HIV-1), influenza A viruses (IAVs), and 
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). The major surface protein, also known as spike 
protein, of the virions drives the membrane attachment and 
fusion (Fig. 1). Although these virions are different in their 
genome type (according to Baltimore classification) and 
poly-protein structure, their spike proteins have structural 
homology and common functionality as class I fusion pro-
teins. This makes them interesting candidates for a compara-
tive analysis of the membrane attachment and fusion process 
of enveloped virions.

In the past few decades, the world has witnessed pan-
demics of infectious diseases caused by HIV-1, IAVs, and 

SARS-CoV-2. HIV-1 transmits via fluid exchange from 
infected hosts, whereas IAVs and SARS-CoV-2 transmit 
through droplets or aerosol that are released from infected 
hosts. While the infectious virions spread into different 
organs and tissues of a host upon transmission, the infec-
tion occurs only in specific organs or tissues of the host. This 
means that the infection is specific to host cell types as often 
expressed as host cell tropism. At the cellular level, the first 
step of viral replication is the interaction between virions 
and the host cell surface. For this, the virions must navigate 
through the crowded cell surface and attain an interaction 
with molecules which are either abundant or specific to the 
host cell. This is a complex task as the cell surface is rich 
in glycans, membrane receptors, glycolipids, etc. which can 
engage in a range of molecular interactions with the viral 
spike proteins. Here, the molecular structures are central in 

Fig. 1  Schematics of A HIV-1, 
B IAV, and C SARS-CoV-2 
virions including illustrations of 
their spike proteins. The head 
subunit of Env, HA, and the S 
protein is gp120, HA1, and S1, 
respectively. Similarly, the stalk 
subunit is gp41, HA2, and S2, 
respectively. The RBD and FP 
of the virions reside in the head 
and stalk subunit of the spike 
proteins, respectively. Accord-
ing to the Baltimore classifica-
tion, the genome of HIV-1, 
IAVs, and SARS-CoV-2 is of 
Group VI, V, and IV, respec-
tively. D Scheme showing the 
replication steps of the viruses 
in a host cell. TMD: transmem-
brane domain; CT: cytoplasmic 
tail; RBD: receptor binding 
domain; FP: fusion peptide; 
MA: matrix protein; CA: capsid 
protein; gp: glycoprotein of 
HIV-1; HA: hemagglutinin; 
NA: neuraminidase; M1 and 
M2: matrix proteins (proton 
channel) of IAVs; S: spike pro-
tein; M: membrane protein; E: 
envelope protein; N: nucleocap-
sid protein of SARS-CoV-2. 
Created with Biorender.com
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determining the specificity and strength of the interaction. 
In a way, the structure and function of the spike proteins are 
interlinked. This is also why structural studies are an integral 
part of virology and have been critical for the development 
of antivirals and vaccines.

At the cell surface, the virions come across 
a ~ 0.5–1.5-µm-thick layer of transmembrane proteoglycans 
and mucins which are rich in glycans, and the spike proteins 
interact with the glycans. The glycans are reported to act as 
binding moieties, decoy agents, or steric barriers to the viri-
ons (De Vries et al. 2012; Connell and Lortat-Jacob 2013; 
McAuley et al. 2017; Clausen et al. 2020; Liu et al. 2021). In 
some cases, the dynamic binding between the spike proteins 
and glycans enables the virions to migrate through them 
and reach the plasma membrane, making the glycans act as 
attachment factors of the viruses, whereas a relatively strong 
interaction between the spike proteins and specific glycans 
may cause trapping of the virions.(Fig. 2)

At the plasma membrane, the spike protein engages in 
a specific binding with membrane receptors leading to the 
membrane attachment of the virions on host cells (de Vries 
et al. 2020; Koehler et al. 2020; Llorente García and Marsh 
2020; Shang et al. 2020a; Zhou et al. 2020; Jackson et al. 
2022) (Fig. 1D). Typically, a conserved site on the head sub-
unit of the spike protein (Figs. 2, 5, and 8), known as recep-
tor binding domain (RBD), interacts with a specific receptor 
via multiple non-covalent bonds forming an RBD–receptor 
pair. The equilibrium dissociation constant (kD) of such a 
pair expresses the receptor binding affinity. The spike pro-
teins of HIV-1, IAVs, and SARS-CoV-2 are oligomeric. This 
means a single spike protein has multiple RBDs and can 
form multiple RBD–receptor pairs depending on the protein 
structure, its conformational dynamics and receptor binding 
affinity, etc. (Chang et al. 2005; Kwon et al. 2012; Benton 
et al. 2020b; Walls et al. 2020; Wrapp et al. 2020). There-
fore, finding the primary receptor(s), resolving the structure 
of the spike protein–receptor complex, and determining the 
corresponding binding affinity or avidity values are of major 
importance for emerging strains of HIV-1, IAVs, and SARS-
CoV-2 viruses (Takemoto et al. 1996; Myszka et al. 2000; 
Shang et al. 2020a, b; Wrapp et al. 2020).

However, the binding affinity (as typically expressed 
with kD) or avidity of spike proteins does not represent the 
overall attachment strength of intact virions on the plasma 
membrane. It is because of two major reasons: (1) a single 
virion contains multiple spike proteins either of the same or 
different functional types (Harris et al. 2006; Zhu et al. 2006; 
Ke et al. 2020) (Fig. 1A–C), and (2) multiple receptors and 
co-receptors can be accommodated within the membrane 
contact area of a virion (Floyd et al. 2008; Zhdanov and 
Höök 2015; Pak et al. 2022). This means a single virion 
can engage in interaction with multiple receptors, co-recep-
tors, and other membrane factors on the plasma membrane 

(Figs. 4B, 6C, and 9A). This is typically described as multi-
valent binding of viruses (Müller et al. 2019; Parveen et al. 
2019; de Vries et al. 2020; Yang et al. 2020; Pak et al. 2022). 
It is well accepted in the literature that the virions exploit 
binding of this type for increasing their residence time and 
attaining an optimal attachment on the plasma membrane 
(Sakai et al. 2017; Müller et al. 2019; Shaik et al. 2019).

The membrane attachment of the virions leads to their 
cellular internalization (Fig. 1D). This can occur either via 
fusion of the bound virions on the plasma membrane or upon 
their endocytosis followed by membrane fusion in early/late 
endosomes (Melikyan 2011; White and Whittaker 2016; 
Tang et al. 2020). A highly conserved residue, i.e., fusion 
peptide (FP), residing in the stalk subunit of the spike pro-
tein is the key element for membrane fusion (Figs. 3, 6, and 
8). A conformational transition (pre-fusion to pre-hairpin) 
of the spike protein causes the head subunit to move away 
and the sequestered FP to become available for insertion into 
a target membrane. This leads to the tethering of the viral 
envelope with the target cell membrane (Figs. 4B, 7D, and 
10D). An energetically favorable conformational transition 
(pre-hairpin to hairpin) of the protein causes the tethered 
membranes to bend and, finally, merge/fuse. While these 
conformational transitions of the spike protein drive the 
fusion process, the fusion kinetics at the virion and cellular 
level may have more complex features and other associated 
interactions.

A range of analytical and biophysical techniques have 
been employed by virologists and biophysicists to resolve 
the molecular and cellular mechanism of the membrane 
attachment and fusion of the enveloped viruses under con-
sideration (Harrison 2008; Hamilton et al. 2012; Parveen 
et al. 2018; Liu et al. 2020; Bally et al. 2021). Biochemical 
methods like enzyme-linked immunoassay and biophysical 
ensemble-averaged techniques like surface plasmon reso-
nance (SPR) have been widely applied in characterizing 
the spike proteins and evaluating their binding affinity to 
membrane receptors (Myszka et al. 2000; Suenaga et al. 
2012; Kim et al. 2020; Walls et al. 2020). In recent years, 
single-molecule and single-particle techniques have gained 
popularity in virus research (Howard and Munro 2019; Liu 
et al. 2020). These techniques provide information about 
structure, molecular interactions, and, more importantly, 
structural and functional heterogeneity. For example, single-
particle imaging with cryo-electron microscopy (cryo-EM) 
and electron tomography (cryo-ET) techniques has been a 
tremendous success in resolving the structure and configu-
rational dynamics of the spike proteins and finding out their 
binding sites toward receptors, coreceptors, and antibodies 
(Liu et al. 2008; Lee 2010; Mao et al. 2013; Merk and Sub-
ramaniam 2013; Calder and Rosenthal 2016; Benton et al. 
2020a; Henderson et al. 2020; Li et al. 2020; Walls et al. 
2020; Wrapp et al. 2020). More specialized single-molecule 
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techniques like atomic force microscopy (AFM) have also 
been applied to determine the binding affinity of spike pro-
teins and explore the multivalent binding of virions on cell 
surface (Chang et al. 2005; Delguste et al. 2018; Yang et al. 
2020). Advanced fluorescence microscopy techniques with 
single-molecule or single-particle sensitivity have been 
employed to resolve configurational dynamics of spike pro-
teins in real time, trace the membrane attachment and fusion 
at single virion level, and image fusion pathways in host 
cells (Miyauchi et al. 2009; Yang et al. 2016, 2017; Das et al. 
2018, 2021; Müller et al. 2019). Biomimetic platforms and 
model host cells in combination with single-particle imaging 
are applied for examining the heterogeneity and dynamics 
of virus attachment and fusion, and in exploring molecular 
factors that can influence these processes (Floyd et al. 2008; 
Miyauchi et al. 2009; Sakai et al. 2017; Clausen et al. 2020; 
Villamil Giraldo and Kasso 2020). A major aim of these 
imaging studies is to understand how the heterogeneity, 
dynamics, and molecular factors contribute to the cellular 
infection caused by these viruses. The readers are referred 
to reviews by Matrosovich et al. (2012), Schasfoort (2017), 
Murali et al. (2022), Murata and Wolf (2018), Zlatanova 
et al. (2000), Shashkova et al. (2017), and Parveen et al. 
(2018) for the detailed description of the operating prin-
ciples of the above-mentioned biophysical techniques and 
their accuracy, resolutions (spatial and temporal), advan-
tages, and limitations.

In this review, we have focused on the applications of 
biophysical methods at single-molecule and single-particle 
levels for studying the mechanisms of the membrane attach-
ment and fusion of HIV-1, IAVs, and SARS-CoV-2 at the 
molecular and cellular levels. We have begun the review by 
describing the major structural features of the spike pro-
teins including the conformational dynamics of the protein 
pertinent to the receptor binding and membrane fusion. 
Thereafter, we have discussed some of the reported studies 
with emphasis on the multivalent binding and membrane 
fusion kinetics of the virions at single-particle and cellular 
levels. To achieve a comprehensive yet compact discussion, 
we have limited our discussion to a few case studies and 
highlighted the applications of single-particle and single-
molecule imaging techniques.

Human immunodeficiency virus 1

HIV-1 is the causative agent of acquired immune deficiency 
syndrome (AIDS) that weakens the human immune system 
and causes the development of other infectious or cancerous 
diseases. AIDS was first identified in 1981 in Central Africa 
and since then it has affected an estimated 79.3 million peo-
ple and more than 37.7 million people living with HIV-1 
infection globally (Sharp and Hahn 2011). The disease 

pathogenesis indicates that HIV-1 effectively counteracts 
the human immune system and infects major immune cells, 
i.e.,  CD4+ T lymphocytes, macrophages, and dendritic cells 
(Chinen and Shearer 2002; Simon et al. 2006). Because of 
the high mutation rate and viral turnover, HIV-1 has been 
genetically detruncated into four branches such as M, O, N, 
and P. Majority of the global AIDS pandemic is due to the 
M subtype which is also subdivided into 10 groups (Rashid 
et al. 2022). This genetic diversity of HIV-1 causes difficulty 
in the fruitful design of the AIDS vaccination, diagnosis, and 
antiretroviral therapy.

In general, HIV-1 belongs to the genus Lentivirus within 
the family of Retroviridae. It has two identical copies of a 
positive-sense single-stranded RNA strand with a length 
of ~ 9.3 kilobases (kb) encapsulated in the viral capsid that 
is further enveloped by a lipid bilayer, forming a spheri-
cal particle of ~ 100 nm in diameter (Fig. 1A). The HIV-1 
genome is reverse transcribed to DNA in host cells and 
contains three major polyprotein-coding genes: structural 
(gag, pol, env), two regulatory (tat, rev), and four acces-
sories (nef, vif, vpr, vpu) (Prabakaran et al. 2007). The 
four gag encoded proteins, i.e., matrix (MA), capsid (CA), 
nucleocapsid (NC), and p6, form the core of the virion. The 
four pol encoded proteins are the essential viral enzymes, 
i.e., reverse transcriptase (RT), protease, and integrase. The 
RT reverse transcribes the viral RNA into DNA and the 
protease cleaves the viral polyproteins (Gag, Pol) into indi-
vidual gene products. Among the structural components, 
the transmembrane glycoprotein (TM, gp41) and surface 
glycoprotein (SU, gp120) are the two major env encoded 
proteins (Fig. 1A).

The gp120 binds to cluster of differentiation 4 (CD4) 
and chemokine receptors, in particular, CXCR4 and CCR5 
of the plasma membrane. CD4 is the primary receptor of 
HIV-1. CXCR4 or CCR5 is the co-receptor of the virus 
depending on the cell tropism and pathogenesis. The gp41 
protein drives the fusion between the viral envelope and a 
cell membrane. These viral glycoproteins form a complex 
(via non-covalent interactions) that is named Env or, in gen-
eral, spike protein of the virus (Fig. 1A). The architecture 
of Env comes from its spike head (10–15 nm wide) made 
of gp120, a relatively short stalk (~ 10 nm) made of gp41, 
and a central void surrounding a C3 axis (Mao et al. 2013). 
Cryo-ET data reveal that HIV-1 has 14 ± 7 Env spikes per 
particle (Zhu et al. 2006) which are fewer compared to that 
of other enveloped viruses like influenza (350–400) (Harris 
et al. 2006). Irrespective of the lower surface density, Env 
protein is a major target of neutralizing antibodies (NAbs) 
generated by the human immune system (Kwong et al. 1998; 
Caillat et al. 2021). This is because of the surface protrusion 
of the protein, exposing it by ~ 10 nm from the virus enve-
lope. The functions and immunogenicity of Env make them 
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a major target of antiviral drugs and it is a suitable candidate 
for vaccine development.

Structure and configurational dynamics of gp120 The Env 
(M.W. of 160 kDa) of HIV-1 is a trimeric viral transmem-
brane protein. Each monomer of Env consists of 840–860 
amino acids (aa) among which 345 aa form gp41 and the 
rest form gp120 (Kwong et al. 1998; Liu et al. 2008; Mao 
et al. 2013) (Fig. 2A). The glycoproteins are formed upon 
an enzymatic cleavage (via furin or furin-like proteases) 
of the viral gp160 in host cells (Hellengerger et al. 1992). 
The amino acid sequence of gp120 is less conserved than 
that of gp41. Structures of the full-length and truncated 
(core) gp120 are resolved using both cryo-EM (Liu et al. 
2008; Mao et al. 2013) and X-ray crystallography (Kwong 
et al. 1998; Kwon et al. 2012, 2015). Each gp120 mono-
mer (deglycosylated size, 50 × 50 × 25 Å3) contains three 
domains: outer domain, inner domain, and trimer associa-
tion domain (TAD) (Fig. 2B). The structure of inner and 
outer domains is dominated by β-sheets and loops. The TAD 
connects the inner and outer domains of the adjacent gp120 
monomers in the trimeric protein.

The Env protein goes through conformational changes 
upon binding to CD4 and CCR5/CXCR4 (Pancera et al. 
2010), triggering essential steps or processes to commence 
the cellular internalization and membrane fusion of HIV-1 
(Melikyan 2011). Also, the majority of NAbs bind to the 
unliganded (not bound to a receptor) Env, meaning the 
unliganded Env conformations can be suitable vaccine can-
didates (immunogens). Hence, there has been an intense 
focus on resolving the liganded (Kwong et al. 1998; Liu 
et al. 2008; Harris et al. 2011; Tran et al. 2012; Mao et al. 
2013) and unliganded conformations (Liu et al. 2008; Harris 
et al. 2011; Kwon et al. 2012, 2015; Mao et al. 2013; Munro 
et al. 2014; Li et al. 2020; Mangala Prasad et al. 2022) of 
Env, and understanding the structural dynamics of the pro-
tein. Early in 1998, Kwong et al. (1998) solved the crystal 
structure of monomeric gp120 core complexed with CD4 at 
a resolution of 2.5 Å. The authors proposed that the gp120 
monomer consists of 25 β-strands and 5 α-helices, and indi-
cated the relative positions of variable loops (V1–V5). The 
inner domain contains two helices and a two-strand bundle 
with a small five-stranded β-sandwich. The outer domain is 
made up of a six-stranded mixed directional β-sheet which 
clamps with α-2 helix and a seven-stranded antiparallel 
β-barrel. The V1–V2, V4–V5, and V3 loops are associated 
with the inner domain, the outer domain, and TAD, respec-
tively (Fig. 2B, C). The inner and outer domain is outlined 
by a four-stranded bridging sheet (blue/green β2/β3 and 
yellow/orange β20/β21 in Fig. 2C). The CD4 binds at the 
interface of the outer domain, inner domain, and bridging 
sheet. Because of the mismatch in the surface topography, 

the actual contact area between the gp120 monomer and 
CD4 receptor is rather small. About 26 amino acid resi-
dues of gp120 interact with 22 residues of CD4, forming 12 
H-bonds and several Van der Waals interactions. Crystal-
lography structures resolved by Kwon et al. (2012, 2015) 
indicate that the liganded and unliganded gp120 resemble 
closely. The authors observed that the CD4-binding results 
in conformational movement of the inner domain (4 Å) and 
bridging sheet (10 Å) whereas the outer domain (2 Å) is 
weakly altered.

The application of cryo-EM and cryo-ET techniques has 
accelerated the structural analysis (6–15 Å resolution) of 
the soluble Env (Harris et al. 2011; Tran et al. 2012; Mao 
et al. 2013) and Env embedded on intact virions (Liu et al. 
2008; Li et al. 2020; Mangala Prasad et al. 2022). Cryo-
EM data of Mao et al. (2013) show that different regions of 
the inner domain go through conformational changes in a 
layered manner upon the binding of gp120 to CD4. In par-
ticular, β-sandwich and different helices of the inner domain 
rotate by ~ 60° and ~ 40–110°, respectively, compared to the 
more or less fixed outer domain. It is to mention that there 
has been a debate over the resolved structures in this arti-
cle. Liu et al. (2008) employed Cryo-ET to visualize the 
structure of trimeric gp120 on intact virions. The authors 
reported that each gp120 monomer rotates ~ 45° around an 
axis parallel to the C3-axis and has an out-of-plane rota-
tion by ~ 15° upon the CD4 binding. At the bound state of 
gp120, the V3 loop of the outer domain exposes to the Env 
surface (encircled in Fig. 2C) and becomes accessible for 
interaction with the co-receptors. Huang et al. (2005) and 
others (Masso and Vaisman 2010) resolved the interaction 
sites of the V3 base with the N terminus of CCR5. From the 
structure and sequence analysis, Huang et al. concluded that 
HIV-1 binds with CXCR4 if the 11th and 25th positions of 
V3 are positively charged. Otherwise, HIV-1 uses CCR5 as 
its co-receptor.

Unlike the crystallography and electron microscopy 
techniques, single-molecule fluorescence resonance energy 
transfer (smFRET) coupled with fluorescence microscopy 
technique is a suitable method for tracing the real-time con-
formational dynamics of spike proteins. Munro et al. (2014), 
Lu et al. (2019), Ma et al. (2018), and others have analyzed 
FRET signals from single HIV-1 particles upon fluorescence 
labeling of specific sites (V1 and V4) of the gp120 protein. 
The authors reported that the gp120 has three dynamic con-
formations. While the protein is predominately at a closed 
conformation (low FRET), the CD4 binding causes a shift 
toward an open conformation. Interestingly, the binding of 
CD4 and a co-receptor mimic (17b) leads to an intermedi-
ate configuration, indicating a two-step activation of HIV-1 
Env upon binding to the receptor and co-receptor (Munro 
et al. 2014).
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Binding affinity of gp120 to the membrane receptors HIV-1 
binds to the plasma membrane of host cells upon the interac-
tion of Env/gp120 protein with membrane CD4 and CCR5/
CXCR4 (Fig. 4A). Although the probable binding sites 
(bond formation) can be determined or estimated from their 
resolved structures (Fig. 2C), an accurate determination of 
the corresponding binding strength requires evaluation of the 
hydration effect and, more importantly, the dynamic nature 
of the interactions. Ensemble-averaged techniques like SPR 
and single-molecule/particle approaches like AFM and 
fluorescence microscopy have been applied by researchers 
for determining the binding affinity of gp120 toward CD4, 
CCR5/CXCR4 at the native or near-native condition, and 
further understand the dynamics of HIV-1 binding on the 
plasma membrane (Endreß et al. 2008).

Myszka et al. determined the affinity of the trimeric gp120 
toward CD4 by evaluating their binding thermodynamics 
and kinetics which were traced using ensemble-averaged 
titration microcalorimetry and SPR techniques (Myszka 
et al. 2000). The titration data reveal that CD4 forms a 1:1 
complex with the core gp120, and the corresponding bind-
ing enthalpy ΔHº and entropy change (− TΔS°) is − 63 and 
52 kcal/mol, respectively. This data indicates that a large 
number of bonding interactions (low ΔH°) is involved per 

gp120–CD4 pair but at an entropic cost. In other words, the 
binding leads to a substantial loss in the degrees of freedom. 
The SPR data even reveals how specific structural compo-
nents of gp120 influence its binding strength toward CD4. 
The authors reported a binding affinity (kD) of 22 ± 6 nM 
and 220 ± 40 nM for CD4 toward the full-length gp120 and 
core gp120, respectively. The core gp120 lacks 52 and 19 
aa residues at the N terminus and C terminus, respectively, 
and this could explain the lower affinity of the core protein. 
Interestingly, this lowering comes from an increased disso-
ciation rate as the kd or koff is an order of magnitude higher 
for core gp120 compared to that of the full-length protein. 
This indicates that the particular amino acid residues affect 
the binding dynamics between CD4 and gp120.

Similar binding experiments at the single-molecule level 
provide the distribution of the binding affinity and other 
allied binding parameters. Chang et al. (2005) employed the 
single-molecule force spectroscopy technique for determin-
ing various molecular parameters such as dissociation rate 
constant (koff or kd), lifetime ( � ), and tensile strength ( x

B
 ) 

of gp120–CD4 and gp120–CCR5 pairs. The authors traced 
force curves upon the retraction of gp120-coated AFM tips 
on the surface of live cells that express CD4 or CCR5 or 
both in the plasma membrane, and from that they measured 

Fig. 2  Structure of Env and the gp120 core. A Diagram of the 
sequence and major domains of Env showing the gp120 and gp41 
subunits and the constant and variable domains of the gp120. B Top 
view of the tertiary structure of unliganded Env trimer (PDB ID: 
4ZMJ; crystal structure at 3.31 Å resolution (Kwon et al. 2015). The 
gp120 and gp41 are color coded in blue and dark orange, respectively. 
Inner, outer, and trimer association domains of gp120 are indicated 
with brackets. C The tertiary structure of gp120 core at unliganded 

state (PDB ID: 3TGQ, crystallography structure at 3.4  Å resolu-
tion (Kwon et al. 2012). The interface between the inner, outer, and 
bridging sheet is the binding area of CD4 (Kwong et al. 1998). The 
encircled area at the V3 loop is the binding site of CCR5/CXCR4 
co-receptor. The structure is shown in multi-color to highlight the 
domains and receptor binding region or interface. V (V1–V5): vari-
able domain (1–5); C (C1–C5): constant domain (1–5); TAD: trimer 
association domain. Created with Biorender.com
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the rupture force of gp120–CD4 and gp120–CCR5 pairs 
(Fig. 4C). Although the rupture force ( ∼ 26 pN) is much 
lower compared to common adhesive proteins ( ∼ 80 pN for 
p-selectin) (Hanley et al. 2003), the force data confirms that 
gp120 has a specific interaction with membrane CD4. Also, 
it interacts with membrane CCR5 only in the presence of 
either membrane CD4 or solubilized CD4 (sCD4). The koff of 
gp120–CD4, gp120–CCR5(CD4), and gp120–CCR5(sCD4) 
pairs is 4.1  s−1 ( � ∼ 0.24 s), 0.7  s−1 ( � ∼ 1.42 s), and 1.3  s−1 
( � ∼ 0.77 s), respectively. This data indicates that gp120 has 
more dynamic interaction (shorter lifetime) with membrane 
CD4 in the absence of CCR5 co-receptor. Chang et al.’s data 
indicates that the viral protein must bind to both CD4 and 
CCR5 to attain a higher lifetime (lower koff) of the complex 
(Fig. 4B-i). Such multivalent interaction of gp120 can explain 
the requirement of co-receptor for HIV-1 binding. Also, it 
helps to understand how HIV-1 can attain an adequate attach-
ment strength on the plasma membrane irrespective of having 
a relatively low surface density of Env.

Dynamic binding of HIV‑1 particles to the glycans and mem‑
brane receptors The high affinity yet dynamic binding of 
gp120 to CD4, CCR5, and/or other attachment factors regu-
late the attachment and lateral dynamics of HIV-1 particles 
on cell membranes (Steffens and Hope 2004; Lampe et al. 
2007; Endreß et al. 2008). Single-particle fluorescence imag-
ing techniques have been at the disposal to probe such dynam-
ics (Lampe et al. 2007). For example, Endreß et al. (2008) 
applied the single virus tracking (SVT) approach to evaluate 
the diffusion and immobilization pattern of HIV-1 on cell 
surfaces. The authors recorded time-lapse images of fluores-
cently tagged HIV-1 pseudovirions (MA and Vpr are labeled 
with fluorescent proteins using genetic engineering) on live 
cells using wide-field fluorescence microscopy. The corre-
sponding single-particle trajectories show that a single virion 
makes consecutive contacts with a cell surface. About 20% 
of these contacts lead to immobilization of HIV-1 without 
any cellular internalization or membrane fusion. The immo-
bilized virus fraction neither changes upon blocking of CD4 
nor influences the cellular infection. Interestingly, the immo-
bilization linearly increases with increasing heparan-linked 
proteoglycans (HSPGs) expression on cell surfaces. The rest 
of the virus particles (80%) are diffusive and make transient 
contacts (< 240 ms) with the plasma membrane. The average 
contact time of the diffusive HIV-1 particles is 49 ms and 
24 ms for cells with and without CD4, respectively. Together, 
these virus mobility data indicate that proteoglycans partially 
block HIV-1 passage to the plasma membrane and CD4 recep-
tors are essential for HIV-1 to attain sufficient residence time 
(> 40 ms) on the plasma membrane (Fig. 4A). The data of 
Endreß et al. show that the cell surface proteoglycans act as 
trapping agents for HIV-1 and the receptor-bound virions have 
lateral mobility with a sufficient residence time.

Structure and configurational transition of gp41 It is well 
established that HIV-1 particles go through membrane 
fusion and the virus is even known to induce cell–cell 
fusion (Herschhorn et al. 2011). Configurational changes 
of gp41 protein drive this membrane fusion. Thereby, the 
structure and function of the protein are well studied in the 
literature (Chan et al. 1997; Tran et al. 2012; Mao et al. 
2013). For example, Mao et al. (2013), Tran et al. (2012), 
and Merk and Subramaniam (2013) have resolved the con-
figurations of gp41 upon cryo-EM imaging of the protein 
at unliganded and liganded states. These configurations 
are in agreement with the earlier resolved crystallography 
structure of the protein (Chan et al. 1997; Weissenhorn 
et al. 1997; Caillat et al. 2021). The trimeric gp41 is of 
size 97 × 101 × 234 Å3 (Caillat et al. 2021). Each gp41 
monomer consists of three major domains: an N-terminal 
ectodomain, a transmembrane domain (TMD), and a C-ter-
minal cytoplasmic tail (CT) (Fig. 1A). The ectodomain has 
a fusion peptide (FP, residues 512–524), a fusion peptide 
proximal region (FPPR, residues 525–535), two hydro-
phobic heptad-repeat regions (HRs), i.e., HR1 (residues 
536–594) and HR2 (residues 629–662), and a tryptophan-
rich membrane-proximal external region (MPER, residues 
663–682) (Caillat et al. 2021) (Fig. 3A). The overall struc-
ture of gp41 is dominated by α-helices (HRs and TMD) and 
loops (Fig. 3B). The FP and FPPR interact with the inner 
domain of gp120. In the trimeric protein, gp41 monomers 
associate through its TMD.

Complexation of HR1 and HR2 peptides results in the 
six-helical bundle configuration of gp41 which is the most 
characterized state of the protein (Chan et al. 1997; Weis-
senhorn et al. 1997). HR1 helices arrange internally as a 
parallel coiled-coil and HR2 helices orient externally in an 
anti-parallel manner in the complexed state (Fig. 3C). The 
antiparallel association of HR1 and HR2 forms an α-helical 
hairpin configuration which appears as a six-helical bundle 
in the trimeric gp41 (Fig. 3C and scheme in Fig. 4B-iv). 
This configuration appears at both pre-fusion (native or 
unliganded) and post-fusion states of Env (Fig. 4B-i and 
iv), although the HRs form shorter or broken helices in the 
pre-fusion state (Mao et al. 2013). The gp41 goes through 
multiple intermediates such as activated and pre-hairpin 
configuration during the transition from the pre- to post-
fusion state. Cryo-ET studies by Tran et al. (2012) show 
that Env binding to either CD4 or 17b (a co-receptor mimic) 
leads to a less compact structure of HR1 helices within the 
six-helical bundle. The authors named it activated intermedi-
ate configuration. At the pre-hairpin configuration, the HRs 
form an extended metastable structure at which the internal 
HR1 helices become accessible for binding with comple-
mentary external peptides (enfuvirtide, a fusion inhibitor) 
(Kim and Chan 1998). Antiviral drug candidates can inhibit 
these configurational transitions of gp41 by stabilizing the 
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metastable pre-hairpin state or trapping the intermediate 
activated configuration.

Cellular factors in the membrane attachment and fusion of 
HIV‑1 The above-discussed configurational changes of gp41 
cause major transformations in the enveloped state of the 
virus. Broadly, the steps that occur between the pre- to post-
fusion of HIV-1 and other fusogenic viruses can be named 
as follows: virus docking/attachment, membrane tethering, 
membrane hemifusion (merging of apical membranes), and 
fusion pore opening (Fig. 4B-i to iv). Single-particle imag-
ing techniques have been at the disposal to trace these steps 
at the single virus level (de la Vega et al. 2011; Ward et al. 
2020) and also to find out molecular/cellular factors such 
as pH condition (Miyauchi et al. 2009), SERINC proteins 
(Ward et al. 2020), and lipid rafts (Simons and Ikonen 1997) 
associated with these steps.

Multiple groups have reported the influence of lipid 
order–disorder  (Lo–Ld) domains on HIV-1 docking, hemi-
fusion, and fusion (Yang et al. 2016, 2017). Yang et al. 
(2017) examined the effect of lipid domains by employing 
in vitro biomimetic platforms, in particular, giant plasma 
membrane vesicles (GPMVs) derived from host cells 
that express CD4 and CCR5 receptors. Like other trans-
membrane proteins, the membrane distribution of these 

receptors depends on  Lo–Ld domains or lipid rafts in cell 
membranes. Fluorescence images of GPMVs confirm that 
CD4 and CCR5 preferentially distribute in the  Lo phase 
and at the  Lo–Ld boundaries, respectively. Single-particle 
fluorescence imaging of HIV-1 Env particles (labeled with 
a membrane-anchoring fluorophore) shows that the viral 
particles prefer to attach to  Lo–Ld boundaries (Fig. 4B-i 
and micrographs in Fig. 4D), confirming that HIV-1 binds 
to both CD4 and CCR5 during the membrane attachment. 
Beyond the membrane attachment or docking of single 
HIV-1 particles, Yang et al.  (2017) also detected fluo-
rescence dequenching of the labeled virions. This occurs 
because of lipid mixing between the viral envelope and 
lipid bilayer of GPMVs. HIV-1 fusion inhibitors such as 
enfuvirtide lower the number of lipid-mixing events, con-
firming that the lipid-mixing phenomenon can be probed to 
evaluate the membrane hemifusion and fusion pore open-
ing (Melikyan 2011). As HIV-1 particles dock preferably 
at the  Lo–Ld boundary, the respective lipid-mixing events 
are dominated at the phase boundary (Fig. 4B). Any dis-
ruption of  Lo domains such as cholesterol depletion causes 
a decrease in the lipid-mixing events and slows down the 
mixing kinetics. This indicates that the membrane receptor 
associated with  Lo, i. e., CD4 is critical for the attachment 
as well as fusion of HIV-1.

Fig. 3  Structure of the gp41. A Diagram of the sequence and major 
domains of gp41. B Side view of the structure of trimeric Env. Here, 
the gp41 structure is visible as indicated by the dark orange color 
(PDB ID: 4ZMJ, pre-fusion structure). C Top (left) and side (right) 
views of the tertiary structure of gp41 at its post-fusion state (PDB 
ID: 1ENV, crystallography structure at 2.6 Å resolution (Weissenhorn 

et al. 1997). The FP and helices (HR1 and HR2) are shown according 
to the color coding of the protein sequence in (A). FP: fusion peptide; 
FPPR: fusion peptide proximal region; HR1: heptad repeat region 1; 
CC: Cys loop region; HR2: heptad repeat region 2; MPER: mem-
brane proximal external region; TMD: transmembrane domain; CT: 
cytoplasmic tail. Created with Biorender.com
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To better understand the fusion steps, Yang et al. (2017) 
implemented the lipid-mixing assay using planar biomimetic 
systems, i.e., supported planar plasma membranes (SPPMs). 
Two major advantages of the planar platform over GPMVs 
are (1) the ability to detect multiple lipid-mixing events at 
a time, i.e., improved statistics, and (2) the determination 
of accurate lipid-mixing kinetics by using time-lapse total 
internal reflection fluorescence (TIRF) microscopy tech-
nique. With this setup, the authors could distinguish between 
the HIV-1 docking, hemifusion, and fusion pore opening 
steps (Fig. 4D, lower panel). They reported that more than 
50% of the bound HIV-1 particles at the  Lo–Ld boundary 
fuse completely (fusion pore opening), whereas only 10% 
of the bound virions at  Lo domains fuse and the rest stays 
either at the docking or hemifusion state.  Lo domains or lipid 
rafts contribute to a higher line tension in membranes, and 
HIV-1 can have such domains or rafts in the viral envelope. 
The raft-rich envelope of HIV-1 may lower its line tension 
upon the membrane fusion at  Lo–Ld boundaries (Fig. 4B-iii 
and iv) (Yang et al. 2016). Thus, HIV-1 particles can pref-
erentially bind to and fuse with domain boundaries on cell 
membranes. This could also explain the higher propensity 
of HIV-1 infection in activated  CD4+ T cells which are rich 
in lipid rafts (Janes et al. 1999; Yang et al. 2016).

Unlike the membrane factors that facilitate HIV-1 attach-
ment and fusion, some cellular proteins act as viral restric-
tion factors (Firrito et al. 2018). Transmembrane SERINC 
proteins are reported to have such activity (Sood et al. 2017; 
Chen et al. 2020; Ward et al. 2020). They can get incorpo-
rated in the envelope of HIV-1 (at nef deficient condition) 
during virus budding from the plasma membrane (Zhang 
et al. 2017). Ward et al. (2020) investigated the role of the 
SERINCs in the membrane attachment and fusion of HIV-1 
particles using TIRF microscopy and cryo-ET. The authors 
observed that fluorescently labeled HIV-1 particles (pseu-
dovirions, fluorescent proteins incorporated into the viral 
core via genetic engineering) attach to membranes for ~ 12 s 
followed by a relatively fast (within ~ 2 s) release of the viral 
internal content which confirms fusion pore opening. The 
kinetics of these steps do not alter for virus particles with 
SERINCs, but the number of fusion events decreases in the 
presence of either SERNIC3 or SERINC5. Complementary 
to the kinetics data, the authors traced the intermediate states 
between the docking and fusion of HIV-1 using single-parti-
cle cryo-ET. The corresponding images reveal that the num-
ber and types of the intermediate states are more for HIV-1 
with either SERINC3 or SERINC5. The authors hypothesize 
that these two SERINCs increase the free energy barrier 
between the consecutive intermediate steps of HIV-1 fusion, 
lowering the chances of fusion pore formation or widening 
even after successful hemifusion (lipid mixing). Also, SER-
INCs are known to influence the distribution of lipids and 
proteins in cell membranes (Trautz et al. 2017). They may 

restrict the optimal distribution of Env (Chen et al. 2020) 
and/or reduce the lipid rafts in the viral envelope which in 
turn lowers the chances of fusion pore opening even after 
successful docking or hemifusion of HIV-1 particles.

Fusion pathways of HIV‑1 in host cells Probing HIV-1 fusion 
on biomimetic membranes, like GPMVs and SPPMs, have 
provided information about the membrane processes at 
the single-virus level. A comprehensive understanding of 
HIV-1 fusion and its pathways can be attained if a similar 
set of experiments can be performed at the cellular level. For 
example, the lipid-mixing events of HIV-1 occur in a pH-
independent manner both on model membranes (Yang et al. 
2016) and cell membranes (Wilen et al. 2012). Interestingly, 
HIV-1 can also fuse in the acidic pH condition of endosomes 
and macropinosomes as observed in EM images of infected 
cells (Pauza and Price 1988; Maréchal et al. 2001). Other 
researchers also indicated that HIV-1 can take endosomal 
routes for virus entry and fusion (Fredericksen et al. 2002; 
Daecke et al. 2005; Miyauchi et al. 2009) (Fig. 4A).

In this context, Miyauchi et al. (2009) observed that 
membrane-impermeable fusion inhibitors did not block the 
membrane fusion of HIV-1 in host cells. The authors imple-
mented time-lapse confocal imaging of dual-color HIV-1 in 
live infected cells and examined heterogeneity in the fusion 
pathways by tracking single virions. The authors designed 
fluorescence labeling of HIV-1 (pseudovirions) such that the 
virus envelope (tagged with a membrane-anchoring fluoro-
phore) and inner content (NC tagged with a fluorescent pro-
tein) can be marked independently. In cases of fusion at the 
plasma membrane, the fluorescence signal from the marked 
viral envelope and inner content drops simultaneously 
because of their infinite dilution into the plasma membrane 
(via lipid mixing) and cytosol, respectively. This is not the 
case for endosomal fusion because the smaller surface area 
of endosomes does not result in infinite dispersion of the 
fluorescence signal upon the lipid mixing. Data of Miyauchi 
et al. indicates that HIV-1 takes the endosomal fusion path-
way as they observed a considerable lag time between the 
lipid-mixing events and the release of virus internal con-
tent. Moreover, the viral content release is pH dependent 
whereas the lipid mixing is not. This means that HIV-1 par-
ticles can go through the membrane hemifusion step at the 
plasma membrane but the fusion pore opening occurs in 
the acidic endosomes (Fig. 4A). Similar dual-color imaging 
assays at the single virus level were implemented by Sood 
et al. (2016) and others (Campbell et al. 2007; Padilla-Parra 
et al. 2013; Coomer et al. 2020) for a better understanding 
of HIV-1 fusion pathways. Evidence suggests that fusion 
pore formation and its widening are energy-intensive steps 
and contribute to the overall energetics of the HIV-1 fusion 
process (Melikyan 2008). Since the HIV-1 fusion with the 
plasma membrane does not go beyond the lipid-mixing 
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step, targeting the fusion pore formation or widening in 
endosomes can better inhibit the virus fusion in host cells.

Influenza A viruses

Influenza is an acute respiratory disease caused by the influ-
enza viruses which belong to the Orthomyxoviridae family 
(Matrosovich et al. 2013). In 1918, the H1N1 strain of IAVs 
with genes of avian origin infected 500 million people and 
claimed an estimated 20 million lives worldwide. Due to their 
antigenic shift, subtypes of IAVs such as H1N1, H2N2, and 
H3N2 have caused multiple pandemics and a global death 
toll of about half a million per pandemic year. Although 
the majority of patients develop mild influenza disease with 
symptoms of common cold, about 5–10% of patients develop 
severe respiratory diseases, pneumonia, renal failure, and dia-
betes mellitus (Beumer et al. 2018). IAVs typically infect cili-
ated epithelial cells in the upper and lower respiratory tract 
of humans. Spike proteins of IAVs interact with cell surface 
glycans having terminal sialic acid (SIA) such as N-acetyl-
neuraminic acid (Neu5Ac) and 9-O-acetyl-Neu5Ac. SIA is 
typically connected by glycosidic linkage to galactose (Gal). 
In humans, α-2,6 Neu5Ac is the primary attachment factor 
of the virus (Matrosovich et al. 2013).

IAVs isolated from hosts or cultured in the laboratory 
are of different sizes and shapes such as spherical with 
an average diameter of 120 nm, elongated up to an aver-
age length of 155 nm (Yamaguchi et al. 2008), and highly 
elongated or filamentous with a length that goes up to 
500 nm (Vijayakrishnan et  al. 2013). In general, each 

virion encloses eight segments of negative-sense RNA 
with 13,588 nucleotides that encode 11 proteins. Out 
of these, five are structural proteins, i.e., hemagglutinin 
(HA), neuraminidase (NA), M2 protein (proton chan-
nel), nucleocapsid protein (NP), and M1 protein (matrix 
protein) (Bouvier and Palese 2008). The former three 
together with a lipid bilayer form the envelope of the virus 
(Fig. 1B). The spike proteins, i.e., HA and NA, are the two 
major envelope proteins that drive the cellular attachment, 
fusion, and budding of IAVs (Fig. 1B) (Vijayakrishnan 
et al. 2013). A single influenza particle contains ~ 300–400 
HA trimer and ~ 40–50 NA tetramer which protrudes out 
by about ~ 12.5–16 nm from the virus envelope (Harris 
et al. 2006). This relatively large number of spike proteins 
provides the “spiky” appearance of IAVs as observed in 
electron microscopy images (Harris et al. 2006; Shtyrya 
et al. 2009). The antigenic shift of IAVs comes from muta-
tions/zootomic transitions that led to 18 HA and 11 NA 
subtypes which also gives the name of the virus subtypes 
H1N1, H2N3, etc. (Kosik and Yewdell 2019).

Structure of HA and NA Structures of the spike proteins of 
IAVs have been resolved using both X-ray diffraction and 
cryo-EM techniques with a resolution of 1.65 to 25 Å (Wil-
son et al. 1981; Harris et al. 2006, 2013; Fera et al. 2012). 
Harris et al. (2006, 2013) and Fera et al. (2012) solved the 
atomistic structure of HA on IAVs (H3N2, H1N1, and H2N2 
strains) using cryo-EM. Their findings are similar to that of 
the previously calculated structures by Wilson et al. (1981) 
and Weis et al. (1990) from X-ray diffraction of the crys-
tallized HA protein. These articles confirm that HA is a 
homotrimeric transmembrane glycoprotein with dimensions 
of ~ 135 Å (length) × 15–40 Å (radius) (Wilson et al. 1981). 
It has a threefold symmetrical axis and ~ 19 wt.% of the pro-
tein is glycosylated. Each monomer (M.W. of ~ 75–80 kDa) 
of the protein consists of two protein subunits, i.e., HA1 
(328 aa) and HA2 (222 aa) (Wilson et al. 1981; Weis et al. 
1990) (Fig. 5A, B). They are connected with a peptide bond 
(at Arg329) and one disulfide bond (cys14 of HA1-cys137 
of HA2). The HA1 (35 × 45 Å) is the globular head of HA 
(Fig. 5B). It is mainly formed by eight stranded antiparallel 
β-sheets and the structure contains only 6% α-helix. Adjacent 
HA1 monomers make substantial contacts via their glycans. 
Interactions between the glycans and the hydrophilic amino 
acid residues (Ser and Thr) of the protein provide further 
stability to the trimeric head. HA1 connects to HA2 via two 
antiparallel helices. HA2 (~ 82 Å in length) is majorly con-
stituted of α-helical coils that form the long stem of the spike 
protein (Fig. 5B). This subunit contains FP (residues 1–23; 
after 328aa of HA1), two heptad repeat regions, i.e., HR1 
(residues 41–55) and HR2 (residues 77–101), transmem-
brane domain (TMD, residues 185–212), and cytosolic tail 
(CT, residues 213–222). The α-helices of HR1 and HR2 are 

Fig. 4  Membrane attachment and fusion of HIV-1. A Schemes 
depicting the attachment, hemifusion, and fusion of virions with 
a host cell. The virions interact with cell surface proteoglycans 
(HSPGs) and membrane receptors (CD4, CCR5). The virus fusion 
can take place either in a pH-dependent or pH-independent path. In 
the former path, bound virions are trafficked via endocytosis to acidic 
endosomes. The dual colors (dark red and gray; red and blue) on the 
viral envelope and cell membranes are to indicate the presence of 
lipid rafts or domains. B Schemes to illustrate the (i) interaction of 
the viral gp120 (at the pre-fusion state of Env) with CD4 and CCR5 
which are distributed in  Lo and  Lo–Ld domains of a cell membrane, 
respectively. The membrane attachment of the virions is followed by 
(ii) membrane tethering, (iii) hemifusion, and (iv) fusion pore open-
ing states. The pre-hairpin to hairpin transition of the gp41 leads to 
the membrane fusion of the virus. The hairpin structure appears as a 
six-helix bundle of the trimeric gp41. C Single-molecule force spec-
troscopy plot of gp120 interacting with receptors and co-receptors on 
the surface of GHOST Hi-5 cells. D Fluorescence micrographs show-
ing the binding of labeled HIV-1 (in green) particles to GPMVs (in 
red). In the lower panel (left), temporal changes in fluorescence signal 
of the membrane-bound virus particle indicating the membrane dock-
ing, hemifusion, and fusion. The figure in the right lower panel shows 
the statistics of the events in  Lo,  Ld, and  Lo–Ld domains. (A) and (B) 
are created with Biorender.com. (C) is adapted with permission from 
Chang et al. (2005). Panels of (D) are adapted with permission from 
Yang et al. (2017)

◂
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connected via a loop (residues 56–76), appearing as a hair-
pin structure (Fig. 5B-i). Three such hairpin helices packed 
together and twist ~ 100° around each other, appearing as six-
helix bundles in the trimeric protein. The transmembrane part 
of HA2 is a 28 amino acid long helical chain, anchoring the 
trimeric protein in the viral envelope (Wilson et al. 1981).

Similarly, Fera et al. (2012) solved the atomistic struc-
ture of NA on IAVs (H2N2 strain) using EM technique. The 
structure is in agreement with one of the initial X-ray dif-
fraction data of NA published by Varghese et al. (1983). 
The tetrameric transmembrane NA has a globular head 
(95 × 75 × 77 Å3) and a stem that is 76 Å long. Each mono-
mer of NA (M.W. of 60 kDa) consists of four distinct struc-
tural subunits, i.e., the catalytic head, the stalk/stem, the 
transmembrane region, and the cytoplasmic tail (Varghese 
and Colman 1991) (Fig. 1B). The enzymatic site is present 
in the catalytic head region which is formed by six identi-
cal antiparallel β-sheets and its active site consists of eight 
highly conserved functional charged and polar amino acids. 
The α-helical stalk connects the catalytic head and trans-
membrane region and also bridges two adjacent monomers 
by disulfide linkages (Varghese et al. 1983; Fera et al. 2012).

Receptor binding site of HA and function of NA The HA1 
subunit contains the RBD (Fig. 5B). It engages in interac-
tions with SIA forming a HA–SIA complex (zoom-in area 
of Fig. 5B) which has a relatively bent structure compared 
to the structure of free HA (Rogers and Paulson 1983). The 
binding site/pocket of RBD is resolved using both X-ray 
crystallography (Weis et al. 1988) and cryo-EM (Harris 
et al. 2013). Crystallography data of Weis et al. (1988), 
Skehel and Wiley (2000), Eisen et al. (1997), and Sauter 
et al. (1992) revealed that SIA binds to a shallow pocket 
of the RBD (Fig. 5B-ii). The edge of this binding pocket 
is constituted of three secondary structure elements (190-
helix, 130-loop, and 220-loop) and its base contains multiple 
conserved residues which are the same for different IAV 
strains. The HA–SIA complex is formed via the following 
possible bonds: two H-bonds between the carboxylate group 
of SIA and HA’s Ser-136 and Asn-137 residues; H-bond 
between the acetamido nitrogen of SIA and HA’s Gly-135 
residue; H-bond between 8-OH of SIA and HA’s Tyr-98; 
four H-bonds between the 9-OH of SIA and HA’s Tyr-98, 
His-183, Glu-190, and Ser-228 (Weise al. 1988). On the 
other hand, NA is a functional antagonist of HA. It cata-
lyzes the hydrolysis of the glycosidic bond between SIA and 
galactose (Gal) in oligosaccharide chains (Byrd-Leotis et al. 
2017). This way, it cleaves SIA from membrane receptors, 
contributing to the detachment of bound virions.

Dynamic binding of IAV particles on the plasma mem‑
brane The binding affinity (kD) of a HA–SIA pair is not 
unique. The type of glycosidic linkage between SIA and 
consecutive saccharides in a glycoprotein/glycolipid recep-
tor influences the affinity value. Fei et al. (2015) and Xiong 
et al. (2013) determined kD of 1–20 mM for HA–SIA pair 
by employing bioanalytical techniques like microscale ther-
mophoresis and surface biolayer interferometry (BLI). The 
relatively high kD value (in the millimolar range) indicates 
that irrespective of multiple possible H-bonds between RBD 
and SIA, their molecular interaction is weak in the solu-
bilized state. Hence, IAVs tend to form multiple HA–SIA 
pairs per virion for the membrane attachment. Because of 
this multivalent binding, HA–SIA pairs can rapidly form and 
break without causing complete detachment of the virus and 
providing temporary access to the viral NA for cleaving SIA 
from the membrane receptor (de Vries et al. 2020).

Besides the antagonistic functions of HA and NA, their 
distribution on the viral envelope is critical in regulating 
the dynamics of the virus attachment to cell membranes 
(Byrd-Leotis et  al. 2017). Researchers using cryo-EM 
tomography have identified that the spike proteins form 
clusters such as an isolated NA surrounded by multiple HA 
(Harris et al. 2006; Matsuoka et al. 2009). We can say that 
the number of HA–SIA pairs per virion, enzymatic action 
of NA, and surface distribution of HA and NA control the 

Fig. 5  Structure of the HA protein. A Diagram of the sequence and 
major domains of HA showing the HA1 and HA2 subunits. B Side 
view of the structure of trimeric and prefusion HA protein (PDB-
1HGE, X-ray diffraction structure at 2.6  Å resolution (Sauter et  al. 
1992). The RBD is encircled and other major domains are indicated 
with arrows. The color coding is according to (A). The encircled 
area is zoomed in to show the complexation of RBD with SIA. RBD: 
receptor binding domain; CS: cleavage site; FP: fusion peptide; HR: 
heptad repeat; TMD: transmembrane domain; CT: cytosolic tail. Cre-
ated with Biorender.com
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membrane-attachment dynamics of IAVs. Single-particle 
fluorescence imaging of IAVs (strain Aichi/2/68/H3N2) 
by Sakai et al. (2017) provided experimental proof of this 
hypothesis. The authors recorded the lateral movement of 
fluorescently labeled IAV particles bound on fetuin-coated 
surfaces using TIRF microscopy. Fetuin glycoprotein (FR) is 
rich in SIA and acts as a binding partner of the virus. Two-
dimensional tracks of IAV particles reveal some exclusive 
features which are defined as crawling (speed < 0.2 µm/s) 
versus gliding (speed > 0.2 µm/s) motions (Fig. 6E). Both 
of the motions generate directional movement of IAVs on 
the FR surface and get blocked upon application of NA 
inhibitors or mutation (R103K) of NA’s catalytic site. An 
exchange of HA–SIA pairs (breaking and making of HA–
SIA pairs) occurs by the enzymatic activity of the viral NA 
(Fig. 6C, D), and that is why NA is essential for such direc-
tional mobility of the virions. In other words, multivalent 
interaction regulated by the antagonistic HA and NA results 
in the crawling and gliding motion of IAVs.

More recently, Müller et al. (2019) performed single-par-
ticle TIRF imaging to study the dynamics of IAVs binding 
on model membranes, in particular, receptor (GD1a) recon-
stituted supported lipid bilayers (SLBs). The authors deter-
mined kinetic parameters like attachment–detachment rate 
constant (kon, koff), residence time (tres), and lateral diffusion 
coefficient (D) of SLB-bound virions. For this, they have 
implemented equilibrium fluctuation analysis (Gunnarsson 
et al. 2011) and single particle tracking (SPT). The authors 
observed that the kon and tres of IAV particles increase at 
higher receptor concentrations in SLBs. In accordance, the 
koff and D of the bound particles decrease. This confirms the 
formation of multiple HA–SIA pairs per virion and the cor-
responding multivalency increases with increasing receptor 
availability. Although determination of the multivalency for 
such a dynamic system is not straightforward, the authors 
represented 1

D
 as the average valency or the average number 

of HA–SIA pairs per virion. The virus off-rate (koff) ver-
sus this average valency shows a peculiar dependence, i.e., 
a decrease followed by a broad distribution, which means 
that the virus particles can detach from a membrane even 
after attaining a higher valency (Fig. 6D, F). This peculiarity 
appears because of the surface distribution (clustering) and 
antagonistic functions of HA and NA. At the higher valency 
of IAVs, the virus off-rate decreases but also the viral NA 
becomes more accessible to the bound SIA (Fig. 6D). The 
enzymatic action of NA contributes to the increased off-rate 
even when virions have lower mobility or greater valency. 
Blocking the NA’s activity indeed eliminates such peculiar 
dependence and a continuous decrease of koff with increased 
1

D
 (valency) can be observed.

Results of Sakai et al., Muller et al., and others show 
that the NA’s activity is not limited to the budding of IAVs 
from cell membranes. The viral enzyme contributes to the 

dynamics of the virus attachment as well. Thus, the popular 
concept that NA inhibitors such as zanamivir and oseltami-
vir block the release of progeny IAVs may not be the only 
action mechanism of these drug molecules.

Binding of IAVs to the cell surface glycans While these bio-
physical studies confirm the multivalent binding of IAVs 
on SIA-rich biomimetic surfaces, it is essential to identify 
SIA-based membrane receptors and cell surface moieties 
which are actively involved in the cellular attachment and 
entry of the virions. Interestingly, the cell surface glycans 
which include glycolipids, glycoproteins, proteoglycans, and 
mucins are rich in SIA. Chu and Whittaker (2004), De Vries 
et al. (2012), and others (Mayr et al. 2018) reported the role 
of sialylated N-glycans in cellular infection caused by IAVs. 
Earlier, Chu and Whittaker (2004) employed fluorescence 
microscopy techniques to image the cellular attachment and 
endocytosis of IAV particles in CHO and Lec1 cells. The 
latter is deficient in sialylated N-glycans but has glycolipids 
and O-glycans. Irrespective of the virus attachment to both 
cell lines, the cellular entry or endocytosis did not occur in 
Lec1 which in turn lowered the infection level in the cell 
lines. The authors concluded that the sialylated N-glycans 
act as receptors for the cellular internalization of IAVs. Fur-
ther cellular experiments by De Vries et al. (2012) show that 
IAVs can infect upon binding to O-glycans and glycolipids 
as well; however, the sialylated N-glycans become critical 
receptors in the presence of decoy SIA-glycans. This can be 
explained by the competitive binding of IAVs toward cell 
surface glycans and decoy agents. Possibly, the multivalent 
binding of IAVs toward N-glycans enables strong attachment 
and improved internalization of virions in host cells which 
is not the case for other glycans.

McAuley et al. (2017) reported that IAVs interact with 
cell-surface mucins which have O-glycans with terminal 
SIA, and the extracellular domain of mucins sheds upon 
the virus binding. This way, the cell-surface mucins act as 
releasable decoys, limiting the cellular attachment of IAVs 
(Fig. 6A). Recently, Honigfort et al. (2021) and Delaveris 
et al. (2020) synthesized mucin-mimetic glycopolymers for 
in vitro binding studies of IAVs. Their data indicates that the 
glycopolymers can either block the IAV binding or promote 
the retention of bound virions depending on the functional 
group and surface density of polymers (Fig. 6A, B).

Together, these data indicate that some of the native gly-
copolymers such as mucins and proteoglycans act as a pro-
tective steric layer or decoy agents against IAVs (Fig. 6A). 
Also, they can facilitate membrane attachment of the virions 
either by increasing the virus retention time or by guiding 
them such as via rolling motion (Fig. 6B) toward the plasma 
membrane. Hence, the distribution of cell-surface glycans 
and mucins can regulate the attachment–detachment of IAVs 
and may allow diversifying the hots cell tropism of the virus.
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Configurational transitions of HA2 In host cells, membrane-
bound IAVs get internalized via receptor-mediated endocy-
tosis, trafficked through endosomes, and eventually fuse with 
the membrane of late endosomes (typically ~ pH 5, ranging 

from 4.6 to 6) (Scholtissek 1985; Zaraket et al. 2013). To 
initiate the fusion process, the HA protein goes through 
a priming process in which cellular enzymes such as ser-
ine proteases, transmembrane serine 2 or 4 (TMPRSS2 or 

Fig. 6  Schemes depicting the interaction of IAVs with cell-surface 
glycans and multivalent binding of the virions on the plasma mem-
brane. (A) A virion is getting trapped by cell-surface mucins or pro-
teoglycans. (B) A virion interacts with cell-surface mucins or proteo-
glycans. The particle can navigate through the surface glycans via its 
rolling motions and reach the plasma membrane. (C) Formation of 
multiple HA–SIA pairs per a single virion and the enzymatic activ-
ity of NA (zoom-in area) leading to the crawling and gliding motions 
of the particle.  (D) A virion bound to the plasma membrane with a 

greater valency (more HA–SIA pairs per virion). An enhanced NA 
activity can lead to the detachment of the bound virion. (E) TIRF 
micrographs of a fluorescently labeled IAV particle at different time-
points. Tracks of three virus particles showing the gliding and crawl-
ing motions (lower panel). (F) Effect of a neuraminidase inhibitor 
on the plot of the off-rate of membrane-bound IAV particles versus 
the apparent average valency ( 1

D
 ). (A)–(D) are created with Bioren-

der.com. (E) and (F) are adapted with permission from Sakai et  al. 
(2017) and Müller et al. (2019), respectively

1122



Biophysical Reviews (2022) 14:1109–1140

1 3

TMPRSS4), and human airway trypsin-like protease (HAT) 
(Klenk et al. 1975; Böttcher et al. 2006) cleave the peptide 
bond (at Arg329) (Wilson et al. 1981). This cleavage forms 
the C terminus of HA1 and the N terminus of HA2 which are 
separated by ~ 21 Å distance. At this state, the HA2 subunit 
can go through configurational changes that drive the viral 
fusion.

Multiple groups have resolved the structure of HA2 at 
neutral (pre-fusion) and acidic pH (fusion state) by using 
EM (Booy et al. 1985; Fera et al. 2012; Benton et al. 2020a) 
and X-ray crystallography (Wilson et al. 1981; Bullough 
et al. 1994). At the neutral pH, the hydrophobic FP (at the tip 
of HR1) is buried inside the pocket of HA2 six-helix bundles 
(Fig. 7A). A low pH condition triggers a loop-to-helix transi-
tion, i.e., the loop connecting the HRs converts into a helix 
and forms an extended coiled-coil HA2 (Fig. 7C). Cryo-EM 
images by Benton et al. (2020a) show that HA2 attains a 
150-Å trimeric coil structure which is much longer com-
pared to its length at the native/pre-fusion state, i.e., ~ 76 Å 
(Wilson et al. 1981). Also, the FP gets exposed to the globu-
lar head of HA (drawn in Fig. 7C). This is the pre-hairpin 
configuration of HA2 at which the FP becomes available 
to tether the viral envelope and the endosomal membrane 

(Fig. 7C, D-i). These changes alter the interactions between 
the HA monomers and their subunits, making the pre-hair-
pin configuration metastable. Benton et al. observed a dis-
placement of the 30-loop (22–27 aa) of HA1 during native 
to pre-hairpin transition. It enables new interactions between 
HA1 and HA2 subunits, delaying the reverse transition to the 
native state and promoting an effective membrane tethering 
by the FP.

Next, a helix-to-loop transition at HR2 (residues 106–
112) occurs. It causes folding of the extended coil (pre-
hairpin) closer to the C-terminal side of HA2, forming a 
hairpin structure of the HA monomer and appearing as 
six-helix bundle for the trimer. The tethered membranes 
are pulled inwards and merge (fusion) during this struc-
tural folding (Fig. 7D). Overall, the HA2 protein transforms 
from the native hairpin to metastable pre-hairpin to post-
fusion hairpin structure at acidic pH. These transforma-
tions occur via multiple intermediate configurations upon 
pH activation. Benton et al. (2020a), Das et al. (2018), Ni 
et al. (2014), and others employed time-dependent structural 
studies for resolving such configurations. Single-particle 
cryo-EM images of soluble HA show that the rotation of 
HA1 leads to the transient (10–20 s) dilated configurations 

Fig. 7  Configurational transitions of HA during the membrane fusion 
of IAVs. Side views of the structures of trimeric HA upon acidifica-
tion (neutral to pH 5): A native pre-fusion (neutral pH), B intermedi-
ate dilated II (pH 5), and C extended or pre-hairpin (pH 5) confor-
mation (cryo-EM structure with 2.6–5  Å resolution (Benton et  al. 
2020a) and the FP is drawn to indicate its position). The distance of 
HA1 monomers from the central axis increases upon transition from 

the native (35 Å) to dilated II (40 Å) to pre-hairpin (48 Å) configura-
tion. Major domains of HA1 and HA2 are shown in orange and blue 
color, respectively. The FP and loop are shown in dark gray color. 
D Schemes showing the membrane (i) hemifusion and (ii) fusion pore 
opening process. The pre-hairpin to hairpin transition of HA results 
in the membrane fusion of the virus. The hairpin structure appears as 
a six-helix bundle for the trimeric HA. Created with Biorender.com
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(Fig. 7B) at which HA1 domains tilt away from the cen-
tral axis of the HA trimer and, consequently, the disorder-
ing of HA2 begins (Benton et al. 2020a). Das et al. (2018) 
detected three reversible configurations of HA at pH 7, i.e., 
pre-fusion (high-FRET), intermediate (moderate FRET), 
and coiled-coil/pre-hairpin (low FRET) using smFRET (by 
fluorescence labeling of 17 and 127 residues of HA2). While 
the percentage of the coiled-coil configuration increased at 
acidic pH, the configurational reversibility was maintained 
if the virions are exposed to an acidic condition for a limited 
time (5–15 min). Also, the binding of SIA to HA causes a 
shift toward the low-FRET configuration even at neutral pH. 
The SIA may have an allosteric effect, facilitating the release 
of the viral FP.

Membrane fusion of IAV particles Conformational changes 
of HA2 and their corresponding energetics drive the mem-
brane fusion of IAVs. Membrane hemifusion and fusion pore 
opening have been imaged using electron and fluorescence 
microscopy techniques (Fig. 7D). Calder and Rosenthal 
(2016), Lee (2010), Fontana et al. (2012), and Gui et al. 
(2016) have imaged these fusion states employing cryo-ET 
technique. These studies confirm that majority of IAV parti-
cles (> 60%) are fully fused with artificial lipid membranes 
(liposomes) upon acidic treatment (pH 4.9) for 30 min. 
Calder et al. observed the formation of multiple contact 
zones between a single IAV and liposomes via multiple HA 
of ~ 18.5 nm length. This elongation of HA (~ 15 nm at the 
neutral pH) indicates the formation of pre-hairpin confir-
mation. Both Calder et al. and Lee et al. detected dimple 
contact points at which the target liposomal membrane is 
locally deformed (funnel shape) toward the virus. At these 
dimples, the viral envelope and target lipid membrane bridge 
via a 10–15-nm channel (Lee 2010) (hemifusion) and even-
tually form pores with a diameter of 14 ± 5 nm (Calder and 
Rosenthal 2016). Tomograms of the dimples show that the 
M1 protein of IAVs stabilizes the viral envelope during the 
membrane hemifusion. Fontana et al. (2012) show that at 
pH 4.9 (fully fused state), the M1 layer is dissolved in the 
majority of virions. The authors also observed disorgani-
zation of HA protein on the viral surface within 5 min of 
pH lowering and the changes were reversible within this 
timescale. The sub-tomogram analysis of the HAs on the 
viral surface revealed an intermediate configuration of HA 
at which the protein is a bit shorter in length (~ 13 nm) and 
wider (~ 7.5 nm) compared to its configuration at neutral 
pH (~ 15 × 6 nm).

While these structural studies provide the proof of the 
hemifusion and fusion pore formation states and associated 
HA conformations, the exact number of HA involved in the 
contact zones is difficult to be resolved. Early in 2008, Floyd 
et al. (2008) developed a fusion assay for probing the mem-
brane fusion kinetics of IAVs and evaluating the number of 

HA involved per single fusion event. Similar assays have 
been applied by multiple researchers for analyzing the real-
time kinetics of these membrane fusion states for IAVs (Cos-
tello et al. 2012, 2015; Ivanovic et al. 2013; Liu and Boxer 
2020; Villamil Giraldo and Kasson 2020).

Floyd et al. (2008) imaged dual-color IAV particles bound 
to a biomimetic platform, i.e., receptor (GD1a) reconstituted 
SLBs on a thin dextran cushion and having a fluorescent 
pH sensor (fluorescein). The authors recorded fluorescence 
signals from the fluorescein, membrane-anchoring fluoro-
phore tagging the viral envelope, and nucleotide-binding 
fluorophore tagging the viral genome. They represent the 
pH activation, lipid mixing, and fusion pore opening, respec-
tively. The corresponding signals at the single-particle level 
confirm that the lipid mixing and fusion pore opening occurs 
within an average lag time of 15–20 s and 30–35 s from the 
pH activation, respectively. This lag-time data holds infor-
mation about the rate-limiting steps involved in membrane 
hemifusion (lipid mixing) and fusion pore opening of single 
virions. Floyd et al. applied a kinetic model to calculate the 
number (N) of rate-limiting events from the corresponding 
lag-time distribution. According to this analysis, three rate-
limiting events (Nmin ~ 3) must occur for the hemifusion of 
IAVs, and hemifusion to fusion pore opening occurs in a 
single rate-limiting step. At the molecular level, the tran-
sition from hairpin to pre-hairpin configuration of HA2 is 
the rate-determining step of virus fusion. Thus, the calcu-
lated Nmin ~ 3 corresponds to the minimum number of HA2 
per virion going through this transition. In other words, the 
membrane hemifusion of IAVs proceeds via a set of paral-
lel rate-determining configurational transitions with three 
participating HA, and subsequently the viral fusion (pore 
opening) occurs (Fig. 7D-i and ii). This data shows that syn-
ergistic or cooperative molecular/configurational transitions 
are essential for the successful membrane fusion of IAVs.

Ivanovic et al. (2013) and Costello et al. (2015) observed 
a similar synergistic or cooperative effect for the membrane 
hemifusion of different strains of IAVs (X-31, Udorn and 
Brisbane strains). Interestingly, the cooperativity of hemifu-
sion as expressed with Nmin is the same (~ 3) irrespective of 
the type of virus strain and mutant, but the rate of hemifu-
sion differs. Costello et al. (2015) reported that unlike the 
laboratory-adapted X-31 and Udorn strains, the Brisbane 
strain is more acid stable and has a fusion rate almost inde-
pendent of acidic conditions (pH 5.5 to 4.5). Ivanovic et al. 
(2013) indicate that the release of the viral FP from seques-
tered pre-fusion structure becomes more facile in  G4SHA2

X31 
and  D112AHA2 mutants. In the pre-fusion conformation of 
wild-type HA2, the Gly (G4) forms H-bonds with conserved 
aspartic acid (D112). A weakened H-bonding upon the 
mutations  (G4SHA2

X31 and  D112AHA2) lowers the kinetic 
barrier for the release of the fusion peptide. Together, these 
kinetic studies conclude that the criteria for membrane 
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hemifusion (lipid mixing) and fusion of a single virion are: 
(1) accessible and releasable FP in HA and (2) synergistic 
or cooperative configurational transitions of the HA protein.

Membrane factors in IAV fusion Lipid-mixing events are 
ubiquitous in cellular systems and a common example 
is lipid mixing during the release of neurotransmitters at 
synapses (Lu et al. 2005). Factors like lipid compositions, 
membrane rigidity, and membrane curvature are shown to 
affect such lipid mixing at synapses. The same membrane 
factors can also influence the lipid mixing during IAV fusion 
(Zhang et al. 2000; Liu and Boxer 2020; Villamil Giraldo 
and Kasson 2020). In this context, Villamil Giraldo and Kas-
son (2020) designed a biomimetic platform for probing the 
role of membrane factors in the virus. The authors compared 
the lipid mixing of fluorescently labeled IAVs (membrane-
anchoring fluorophore) when bound to (1) hollow lipid vesi-
cles which are deformable and (2) SLB on silica nanoparti-
cles which are non-deformable. In general, the lipid-mixing 
kinetics is faster in the former. The authors evaluated the 
Nmin for the lipid mixing and described that it relates to the 
stochastic activation barrier for fusion. The Nmin for non-
deformable SLB nanoparticles is higher compared and is 
also affected by changing their diameter (curvature). The 
authors concluded that the IAV fusion is regulated by the 
membrane deformation, and the curvature effect is associ-
ated with the membrane deformation. The rigidity or fluidity 
of a membrane determines its deformability which can influ-
ence the membrane mechanics, HA availability (in the viral 
envelope), and HA tethering, whereas the local membrane 
curvature can have a minimal effect because at the molecular 
or single virus level, the membrane may appear nearly flat.

A pertinent question is whether the membrane defor-
mation and curvature have any physiological relevance to 
the fusion of IAVs in host cells. Recently, Haldar et al. 
(2020) examined this by probing the lipid mixing of IAVs 
(A/Aichi/68; H3N2) in endosomes that are isolated from 
infected host cells. Encapsulated virions in polydispersed 
endosomes are visualized in cryo-EM images. Colocaliza-
tion imaging of fluorescently labeled IAVs and endosomal 
marker confirm that the virus particles are encapsulated 
in endosomes, and a rapid lipid mixing between them can 
be detected only at acidic pH. Also, the primary phase 
of the lipid-mixing kinetics is similar in both the endoso-
mal membrane (negative curvature) and SLB-nanoparticle 
systems (positive curvature) (Villamil Giraldo and Kas-
son 2020), confirming that the membrane curvature has 
no direct role in IAV fusion. The authors reported that 
interferon-induced transmembrane (IFITM3) protein can 
regulate the deformability of endosomal membranes. 
The protein is reported as a cellular restriction factor for 
IAVs, although it is majorly distributed on the apical side 
of endosomal membranes and cannot be in direct contact 

with HA or other surface proteins of the virus (Li et al. 
2013; Desai et al. 2014). The restriction mechanism of 
IFITM3 may work by reducing the deformability (fluid-
ity) of endosomal membranes which in turn increases the 
fusion energetics.

Severe acute respiratory syndrome‑related 
coronavirus 2

Coronavirus disease 2019 (COVID-19) is an ongoing pan-
demic that is caused by SARS-CoV-2. In December 2019, 
the virus was first identified in Wuhan (China). Since then, 
it has rapidly spread across the continents. A majority of 
the COVID patients developed mild disease with symp-
toms of fever, cough, fatigue, and loss of taste and smell 
(Harrison et al. 2020; Mason 2020). However, 10–15% of 
the patients developed severe diseases developing hypoxia, 
mild to severe pneumonia, and lymphopenia. Because of 
the absence of specific therapeutics and the high transmis-
sion rate of the virus, the disease has taken a toll on public 
health by infecting more than 330 million people and claim-
ing more than 5.55 million lives worldwide. The disease 
pathogenesis confirms that SARS-CoV-2 primarily infects 
the upper and lower respiratory tract (URT and LRT), caus-
ing acute respiratory disease (Hou et al. 2020). In particular, 
ciliated and olfactory epithelial cells in the URT and type II 
alveolar epithelial cells in the LRT get infected by the virus 
(Ahn et al. 2021; Mulay et al. 2021).

SARS-CoV-2 is a positive-sense single-RNA virus and a 
member of the beta coronavirus genus. It has one of the larg-
est viral genomes, i.e., 29,881 nt, which encode 9860 amino 
acids (Wu et al. 2020). These amino acids form four structural 
proteins, i.e., spike (S), membrane (M), envelope (E), and 
nucleocapsid (N). The S, M, and E transmembrane proteins 
together with a lipid bilayer form the envelope of the virus 
(Fig. 1C). The N proteins remain associated with RNA creat-
ing a nucleocapsid inside the envelope and have vital func-
tions in the late-phase replication of the virus such as assem-
bly and budding. Among the envelope proteins, the S protein 
is the largest in size and is widely studied. It protrudes out 
by ~ 10–15 nm from the virus envelope (Ke et al. 2020; Klein 
et al. 2020), giving the virus a crown-like appearance. EM 
images of the virus indicate that the surface density of S pro-
tein is ~ 25–50 which is higher than the Env density of HIV-1 
(Ke et al. 2020; Klein et al. 2020). Because of the surface 
representation and availability, the S protein is a major viral 
protein that interacts with cell surface receptors and its differ-
ent epitopes are targets of antibodies produced by the human 
immune system. Hence, the S protein has been a prominent 
target for the development of antiviral drugs (Huang et al. 
2020; Liu and Yang 2021). Also, it is a prime antigen for 
designing vaccine candidates (Kyriakidis et al. 2021).
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Structure and conformational dynamics of the S protein The 
spike protein of SARS-CoV-2 is critical for the receptor 
recognition, membrane attachment, and fusion of the virus 
(Walls et al. 2016, 2020; Shang et al. 2020b; Wrapp et al. 
2020). It is a homo-trimeric glycoprotein formed upon 
H-bond interaction between the adjacent S monomers (Kala-
thiya et al. 2020). Each monomer of the S protein (M.W. of 
180–200 kDa) is made of 1273 amino acids (Fig. 8A) and 
has ~ 22 N-glycosylated sites (Watanabe et al. 2020). It is 
cleaved into two subunits S1 and S2 by host furin protease 
but remains non-covalently bound in its prefusion confor-
mation (Walls et al. 2020; Wrapp et al. 2020; Tang et al. 
2021). The S1 structure is composed of N-glycosylated 
β-sheets and appears like bulbous heads of the trimeric S 
protein (Figs. 1C and 8B). The N-terminal domain (NTD, 
residues 14–306) and receptor binding domain (RBD, resi-
dues 331–528) of the S1 monomer are at the apex (Fig. 8B, 
C). They are connected via a loop. The bottom side which 
is also the C terminus side of the S1 protein has two sub-
domains (SDs), i.e., SD-1 and SD-2 (Fig. 8C). They have 
major contact areas with the S2 subunit and also contain a 

furin cleavage site. From the top view of the S protein, it is 
clear that the NTD is oriented outwards of the S1 and the 
RBD is located closer to the threefold symmetry axis of the 
trimeric S protein (Fig. 8B, D).

The structural dynamics of the S1 subunit, in particular, 
the dynamic positions of the RBD, are well captured by the 
cryo-EM technique. Wrapp et al. (2020) and Walls et al. 
(2020) identified major conformations of the S protein in 
the early time of the COVID-19 pandemic. They resolved 
the structures upon a 3D reconstruction of cryo-EM images 
of the protein at its prefusion state. Two major structures 
of the protein are open and close conformations. In the 
open conformation, one RBD of the trimeric protein flanks 
upwards whereas the other two RBDs remain in their origi-
nal position (denoted as “down”). These “up” and “down” 
positions of RBDs can be seen both in the side and top view 
of the trimeric S protein (Fig. 8C, E). In the close confor-
mation, the inside cavity of the protein is stabilized by the 
interdomain contacts such as RBD-RBD, RBD-NTD, and 
H-bonds between N-glycans and RBD. Loss of these interac-
tions leads to the transition from the “down” to “up” position 

Fig. 8  Conformations of the 
S protein of SARS-CoV-2. A 
Diagram of the sequence and 
major domains of the S protein 
showing the S1 and S2 subunits. 
Side view of the structures of 
the trimeric and prefusion S 
protein at B the close conforma-
tion (PDB ID: 6VXX, cryo-EM 
structure at 2.8 Å resolution 
(Walls et al. 2020) and C open 
conformation (PDB ID: 6VYB, 
cryo-EM structure at 3.2 Å 
resolution). The sub-domains 
in (B) are indicated with arrows 
and according to the color 
coding of (A). One RBD at 
the “up” position, NTD, and 
SDs are indicated by arrows in 
(C) (one of the S monomers is 
shown in green color). Top view 
of the structures of the trimeric 
and prefusion S protein at the 
D close (PDB ID: 6VXX) and 
E open conformation with one 
“up” RBD (PDB ID: 6VYB). 
RBD: receptor binding domain; 
NTD: N-terminal domain; SD: 
subdomain; FP: fusion peptide; 
HRs: heptad repeats; CH: 
central helix; CD: connect-
ing domain; TM (or TMD): 
transmembrane domain; CTD: 
C-terminal domain (or CT: 
cytoplasmic tail). Created with 
Biorender.com
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of an RBD resulting in the transition from the close to open 
conformation, and it occurs via at least two intermediate 
configurations (Mori et al. 2021). The extent of the confor-
mational dynamics determines the equilibrium structure of 
the S protein (Lu et al. 2020). The “up” RBD is more acces-
sible for binding to membrane receptors (Walls et al. 2020; 
Wrapp et al. 2020).

Beyond these structural analyses of the soluble S protein, 
Ke et al. (2020) resolved the structure and surface distribu-
tion of the S protein on intact virions using cryo-ET. The S 
protein is predominately at the prefusion state on the viral 
envelope, and the majority (81%) of the S monomers con-
tain the “down” RBD. The refined structures even show the 
conformation of the S trimer on a single virion. About 53% 
and 47% of the S trimer on the viral envelope is in the closed 
and open conformation, respectively (Ke et al. 2020).

Receptor binding site of the S protein It is well established 
that the angiotensin-converting enzyme 2 (ACE2) is a cellu-
lar receptor of SARS-CoV-2 (Shang et al. 2020a; Zhou et al. 
2020) (Figs. 9A and 10A). It is abundant in human tissues 
and expressed on type II alveolar epithelial cells in the lungs 
or LRT (Hou et al. 2020). Lan et al. (2020) and Shang et al. 
(2020b) resolved the crystal structure and interaction sites 
of the RBD–ACE2 complex with a resolution of ~ 2.5 Å. 
Both studies show that a receptor binding motif (RBM, 
438–506 aa) of the RBD interacts with the N-terminal helix 
of ACE2 within a cut-off distance of ~ 4 Å (Fig. 9C). Lan 
et al. (2020) reported that about 17 amino acid residues of 
the RBM are in contact with about 20 amino acid residues 
of ACE2, whereas Shang et al. (2020b) concluded that about 
nine residues in the RBM are critical for the ACE2 binding. 
These studies also compared the structure of RBM–ACE2 
complex of SARS-CoV-2 with that of SARS-CoV. There is 
a subtle difference in the RBM sequence of the two viruses 
and the respective RBM–ACE2 interaction sites. Interest-
ingly, both RBMs interact with ACE2 via 13 H-bonds and 
2–3 salt bridges (Lan et al. 2020). Shang et al. mentioned 
the formation of an additional H-bond in the RBM–ACE2 
interface for SARS-CoV-2, causing its RBM to attain better 
or more compact contact with the ACE2 helix. The authors 
also reported that salt bridges of SARS-CoV RBM–ACE2 
complex are relatively weaker.

Lu et al. (2020) implemented smFRET upon labeling 
specific sites before and after RBM (Q3 at RBD and A4 at 
SD1) of the S protein embedded on intact virions (chimeric 
and virus-like particles). The authors reported four revers-
ible and dynamic conformations among which an interme-
diate FRET of ~ 0.5 represents the close conformation with 
three “down” RBDs. The ACE2-binding shifts it to a “fully” 
open conformation with three “up” RBDs (FRET of ~ 0.1). 
The authors detected that this shift is continuous (via inter-
mediate conformations) and pronounced upon the binding 

with dimeric ACE2 compared to ACE2 monomer. A similar 
“fully” open conformation of the S protein has been detected 
upon cryo-EM imaging (Benton et al. 2020b; Henderson 
et al. 2020). The resolved structures by Benton et al. (2020b) 
show that a majority (~ 50%) of the ACE2-bound S protein 
has one “up” RBD and a sizable population has two or three 
“up” RBDs.

Binding affinity of the S protein to the membrane recep‑
tor Beyond the structural characterizations, biophysical 
techniques like SPR and BLI have been integral in the 
COVID-19 research. These tools have been applied for 
evaluating the binding affinity (kD) of ACE2 toward the RBD 
of SARS-CoV-2 and also other coronaviruses like SARS-
CoV and MERS. Lui et al. (2020) concluded that the RBD 
of SARS-CoV-2 interacts with dimeric ACE2 with limited 
intra-spike avidity. They determined the avidity by com-
paring the binding affinity of RBD as well as the S trimer 
toward monomeric and dimeric ACE2 by employing BLI 
technique. The binding affinity increases by ~ 1000-fold from 
monomeric to dimeric ACE2, confirming the binding avidity 
of the S protein. Wrapp et al. (2020), Walls et al. (2020), and 
others (Lui et al. 2020; Shang et al. 2020b; Wang et al. 2020; 
Zhu et al. 2021) implemented SPR or BLI technique to fol-
low the association–dissociation kinetics of soluble dimeric 
ACE2 protein to surface-immobilized S protein. From these 
experiments, Wrapp et al. evaluated a kD value of ~ 15 nM 
for the ACE2-S protein pair and a similar kD (34.6 nM) value 
was obtained for truncated S1 protein that has one RBD. 
The protein–protein interaction results in this high binding 
affinity (low kD). These solution-phase binding data confirms 
that only one RBD of the trimeric S protein interacts with 
dimeric ACE2 with the most optimal avidity. In agreement 
with the structural studies, we can say that it is the “up” 
RBD in the open conformation of the protein (Fig. 9B).

The high structural similarity between the RBM–ACE2 
complex of SARS-CoV-2 and SARS-CoV has led research-
ers to compare the binding affinity of their S protein toward 
the ACE2 receptor (Li 2016; Lan et al. 2020; Shang et al. 
2020b; Walls et al. 2020; Wrapp et al. 2020; Dutta et al. 
2022). Multiple studies reported or mentioned that the recep-
tor-binding affinity is higher for SARS-CoV-2 (Andersen 
et al. 2020; Shang et al. 2020b; Wrapp et al. 2020). The 
kD determined by Wrapp et al. (2020), Lan et al. (2020), 
and Shang et al. (2020b) employing the SPR technique 
ranges between 5 and 40 nM (Fig. 9D). The reasons for this 
variability in kD value can be the difference in the protein 
sequence and the binding model used for the analysis. A 
common feature reported in these works is that the kD is ~ 10 
to 20 times lower for SARS-CoV-2 compared to that of 
SARS-CoV. Shang et al. explained that this increased affin-
ity is because of the compact structure and stronger binding 
(H-bond and hydrophobic interaction) of the RBM–ACE2 
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pair. Another reason can be the lower glycosylation of the S 
protein in SARS-CoV-2, causing a better availability of the 
receptor-binding sites (Casalino et al. 2020; Watanabe et al. 
2020). Contrary to these data, Walls et al. (2020) reported a 
similar affinity of the S proteins (kD ~ 1.2 to 5 nM) for both 
coronaviruses and explained based on the identical 14 amino 
residues in the RBM of their S proteins. In another paper, 
Shang et al. (2020a) employed a protein pull-down assay to 
compare ACE2-binding affinity for the two coronaviruses. 
The authors reported that while the RBD of SARS-CoV-2 
has a higher affinity, the full-length S protein of the virus 
has a lower affinity. The application of different methodolo-
gies for the S protein expression and techniques for binding 
experiments might be the reason for the observed differences 
in the binding affinity. Irrespective of this, it is well accepted 
that the S protein of both coronaviruses has structural sym-
metry, common interaction sites, and nanomolar kD (high 
receptor affinity).

The binding of SARS-CoV-2 particles to ACE2 in the 
plasma membrane is likely to have more complex features, 
and the membrane attachment of virions may not be solely 
explained by the solution phase affinity or avidity of the 
S protein. Factors like conformational dynamics of the S 
protein (Wrapp et al. 2020; Mori et al. 2021), distribution of 
ACE2 in the plasma membrane (Zang et al. 2020; Sanders 
et al. 2021), and their cooperative or multivalent interaction 
(Pak et al. 2022) contribute to the overall attachment of the 
virus. These processes and interactions can be resolved if 
the binding is probed on host cells and at single virus level.

In this context, Yang et al. (2020) investigated the binding 
of ACE2 and the S protein at the single-molecule level using 
biomimetic platforms and model host cells. The authors 
employed force microscopy and functionalized AFM tips 
with either the S1 subunit or RBD such that the receptor-
binding site is accessible. The force curves are traced by 
approach–reproach of the functionalized AFM tip to either 
ACE2-grafted surfaces or live A549 cells expressing ACE2 
in the plasma membrane. The measured force curves and the 

corresponding binding probability confirm the binding spec-
ificity of the RBD toward dimeric ACE2. The force maps 
on live cells show that the adhesion force of the protein is 
much higher (~ 1.5 times) on cells expressing ACE2. The 
lifetime ( � ) of the S1–ACE2 pairs is ~ 125 ms which cor-
responds to kD (from the binding probability) of ~ 120 nM. 
This nanomolar kD of spike protein confirms a high affinity 
of the protein, although the value is higher than the kD val-
ues reported by Wrapp et al. (2020) and Walls et al. (2020) 
using soluble proteins. In addition, the force map generated 
in the AFM measurements indicates that the S1–ACE2 or 
RBD–ACE2 pair attain the bound state when separated by a 
distance of ~ 0.8 nm which is in a similar range as evaluated 
from the structural studies (Lan et al. 2020) (Fig. 9C). These 
data of Yang et al. confirm that membrane ACE2 is indeed 
a binding partner of the S protein and a cellular receptor of 
SARS-CoV-2 (Figs. 9A and 10A).

So far, similar binding experiments at the single virus 
level are yet not reported. Recent coarse-grained modeling 
by Pak et al. looked into the SARS-CoV-2 binding at the 
interface of the viral envelope and ACE2-rich membrane 
(Pak et al. 2022). The simulation data show that a single S 
trimer can bind to multiple ACE2 and the S protein attains 
more than one “up” RBDs during such binding. Interest-
ingly, this multivalent binding leads to the dissociation of the 
S1 subunit from the S protein. This dissociation is enhanced 
with increased ACE2 per S protein at the interface, indi-
cating a cooperative binding of the spike to the membrane 
ACE2.

Binding of the S protein to the cell surface glycans The 
pathogenesis of severe COVID-19 patients confirms that 
SARS-CoV-2 causes a high rate of cellular infection in the 
lungs (LRT) (Hou et al. 2020; Mulay et al. 2021). However, 
ACE2 is not that highly expressed in the LRT, and organs 
like the small intestine and kidney are rich in ACE2 (Ham-
ming et al. 2004). This indicates that the virus is likely to 
use other membrane receptors, co-receptors, and attachment 

Fig. 9  Receptors and attachment factors involved in the membrane 
attachment of SARS-CoV-2. A Schematic of a virion interacting with 
cell surface GAGs and ACE2 dimer which are the attachment factor 
and membrane receptor of the virus, respectively. B Scheme showing 
the “up” RBD of the S protein and its interaction with the dimeric 
ACE2 in a cell membrane rich in cholesterol. Membrane choles-
terol can affect the ACE2 distribution and, thereby, the distribution 

of bound virions on the plasma membrane. C Structure of the “up” 
RBD complexed with human ACE2 dimer (PDB ID: 6vw1, X-ray 
crystallography structure at 2.68 Å resolution (Lan et al. 2020; Shang 
et al. 2020b)). RBM: receptor binding motif. D SPR binding traces of 
ACE2 to the surface-functionalized S protein of SARS-CoV-2. (A)–
(C) are created with Biorender.com. (D) is adapted with permission 
from Wrapp et al. (2020)
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factors for their attachment to and fusion with host cell 
membranes. Multiple groups have reported that cell sur-
face glycosaminoglycans (GAGs) such as heparan sulfate 
(HS) and heparin (HP) act as attachment factors of the virus 
(Clausen et al. 2020; Kim et al. 2020; Mycroft-West et al. 
2020; Tandon et al. 2021) (Fig. 9A). HS and HP are highly 
sulfated GAGs (~ 30% and 60–80% sulfation) and generate 
a high surface negative charge. The RBD contains a gather-
ing of positively charged amino acids (Clausen et al. 2020; 
Kim et al. 2020), making it suitable for electrostatic inter-
actions with the sulfated GAGs. Kim et al. (2020) resolved 
the molecular interactions between the S protein and GAGs 
using computation docking analysis and even determined 
the binding affinity (kD) from the respective binding kinet-
ics measured using the SPR technique. Their docking data 
show that the S protein contains three GAG-binding sites, 
i.e., 453–459 aa (YRLFRKS) within RBD, 681–686 aa 
(PRRARS) at the furin cleavage site of S1/S2, and 810–816 
aa (SKPSKRS) of S2. The protein shows a greater affin-
ity toward more sulfated GAGs. Its kD toward HP (highest 
degree of sulfation) is ~ 50 pM, which is comparable to the 
kD of ACE2-S protein. Ionic interactions between negatively 
charged sulfate groups on GAGs and positively charged 
lysine/arginine-rich residues of the S protein contribute to 
this high affinity (Yu et al. 2021).

Cryo-EM studies by Clausen et al. (2020) show a simi-
lar finding that HS and HP bind to the S protein and the 
binding site is close to that of the ACE2 binding site. At 
the cellular level, the binding of S protein to the GAGs 
influences the conformational dynamics of RBD, favor-
ing the open conformation of the protein. The authors 
came to this conclusion from the S protein binding to 
host cells (A549, A375) expressing either ACE2 or HS 
or both. Their flow cytometry data shows that the binding 
of the viral protein to ACE2 increases by four folds in the 
presence of HS. This means that HS acts as a co-receptor 
or attachment factor of the virus (Clausen et al. 2020) 
(Figs. 9A and 10A). Therefore, the membrane attachment 
of SARS-CoV-2 is not limited by the binding affinity/
avidity toward ACE2 and cell surface factors like GAGs 
promote the receptor binding or involve in cooperative 
interaction. This is a potential contributing factor to the 
increased cellular transmission of SARS-CoV-2 (Kielian 
2020) and may even regulate the cell tropism of the virus 
(Chu et al. 2020).

Structure and configurational transitions of the S2 subu‑
nit Fusion of SARS-CoV-2 with a cell membrane is driven 
by configurational changes of the S2 subunit of the S pro-
tein. The subunit becomes accessible and gains confirma-
tional activity upon the proteolytic cleavage of the S protein 
(Fig. 10B). Wrapp et al. (2020), Walls et al. (2020), and oth-
ers (Cai et al. 2020; Ke et al. 2020) reported the 3D structure 

of the trimeric S2 subunit at its prefusion state with a resolu-
tion of ~ 3 Å. The major structural components of the protein 
according to these studies are fusion peptide (FP, residues 
817–834), heptad region 1 (HR1, residues 911–985), cen-
tral helix (CH, residues 987–1034), connector domain (CD, 
residues 1080–1135), heptad region 2 (HR2, residues 1163–
1210), transmembrane domain (TM, residues 1214–1234), 
and C-terminal domain (CTD, residues 1235–1273) (see 
Fig. 8A and B). The helical TM domain anchors the S2 in 
the viral envelope. In particular, the FP is a short segment 
of 15–40 amino acids at the tip of the S2 protein. It is rich 
in hydrophobic residues, such as glycine (G) or alanine (A). 
The reason for its variable length is the difference in the 
designation of the viral FP by different research groups. The 
α-helical HR1 and HR2 are composed of repetitive hepta-
peptide, HPPHCPC, where H represents a hydrophobic or 
bulky amino acid residue, P is a polar or hydrophilic residue, 
and C is a charged residue.

Major configurational changes of the FP, CD, and HR 
domains determine the pre-fusion and post-fusion state of 
the S2 protein (Casalino et al. 2020) (Figs. 8B and 10C). The 
binding of the S1 subunit to ACE2 followed by an enzymatic 
activation of the S2 subunit triggers these configurational 
changes. However, it has been challenging to experimentally 
resolve the structural dynamics of the S2 protein. Molecu-
lar dynamics (MD) simulations have been a powerful tool 
in identifying the intermediate configurations between the 
pre- and post-fusion states of the protein and thereby tracing 
its configurational dynamics (Casalino et al. 2020; Roy et al. 
2020; Dodero-Rojas et al. 2021). In particular, Casalino 
et al. (2020) and Dodero-Rojas et al. (2021) implemented 
an all-atom structure-based model of the S protein and per-
formed MD simulations. The S1 and HR2 are the most gly-
cosylated parts of the protein (Cai et al. 2020). Casalino 
et al. observed that the N-glycans of the S1, in particular, 
N165 and N234 glycans of its NTD, stabilize the “up” RBD, 
promoting the open conformation that essentially engages in 
the receptor binding.

Dodero-Rojas et al. (2021) also reported that the gly-
cans of the S protein facilitate the membrane recruitment 
and fusion of SARS-CoV-2. The authors observed that the 
bulky glycans cause a transient caging of the HR1, CH, 
and CD domains of the S protein. The HR1 can be bet-
ter directed toward the cell membrane and the probability 
of the FP crossing the cell membrane increases because 
of this caging effect. In the absence of the glycans, only 
one or two FPs of the S2 trimer can reach the cell mem-
brane and fails to capture the host cell (Dodero-Rojas et al. 
2021). Insertion of three FPs results in successful tether-
ing between the viral envelope and host cell membrane 
(Fig. 10D-i). This is the metastable pre-hairpin state of 
the S2 protein at which the HRs are at extended helical. 
Favorable interactions between the H residues of HRs drive 
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configurational transitions from the pre-hairpin to a hairpin 
structure of the S2 monomer, and three such S2 hairpins 
form a stable six-helical bundle (Fig. 10D-iv). During this 
structural transition, the tethered virus envelope and cell 
membrane are pulled inwards and merge/fuse (Tang et al. 
2020) (Fig. 10D).

Molecular factors of SARS‑CoV‑2 fusion Specific molecular 
factors and cellular signaling are essential to trigger and 

carry forward the configurational transitions of the S2. These 
factors can be pH, divalent ions, cellular proteases, and other 
cellular or membrane proteins (Lai et al. 2017; Hoffmann 
et al. 2020b; Pattnaik et al. 2021; Tang et al. 2021). How-
ever, the essential molecular and cellular factors for the 
membrane fusion of SARS-CoV-2 are yet to be confirmed. 
Also, there is a lack of clarity regarding the fusion pathway 
that is whether the virus fuses at the plasma membrane or 
requires a low pH environment of endosomes (Fig. 10A).
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Multiple groups have reported that the viral fusion or 
entry requires priming of the S protein by membrane pro-
teases such as TMPRSS2 and cathepsin (Hoffmann et al. 
2020b; Ou et al. 2020) which are expressed in the respiratory 
cells (Donaldson et al. 2002). The enzyme cleaves two pep-
tide bonds, i.e., Arg689/690 and Arg815/Ser816 at the S1/
S2 and S2ʹ sites, respectively (Gioia et al. 2020; Hoffmann 
et al. 2020b) (Fig. 10B). Hoffman et al. (2020b) and Ou 
et al. (2020) investigated the activity of cellular proteases, 
in particular, a serine protease (TMPRSS2), and cysteine 
proteases, i.e., cathepsin B and L (Cat B/L), by performing 
cellular infection studies. TMPRSS2 in the plasma mem-
brane is active at neutral pH, whereas Cat B/L are active 
only at acidic pH such as in endosomes. The viral entry, as 
detected via luciferase assay, is partially blocked upon pH-
based inactivation of Cat B/L in cells expressing TMPRSS2. 
Inhibition of either TMPRSS2 or cathepsin enzymes using 
specific small molecular inhibitors (camostat mesylate, 
E-64d, etc.) significantly reduces the viral entry in the host 
cells (Fig. 10E). The viral entry is completely blocked upon 
inhibition of both enzymes such as upon inactivation of Cat 
B/L in cells without TMPRSS2. These data indicate that 
TMPRSS2 of the plasma membrane primes the majority of 
the S protein and the residual S protein can further be primed 
by the available cathepsin proteases in endosomes. Depend-
ing on the availability of cellular proteases, SARS-CoV-2 
can either fuse at the plasma membrane or take endosomal 
fusion path (Fig. 10A), increasing their chances of cellular 
entry and transmission.

The enhanced fusogenicity of the virus has also been 
linked with its furin cleavage site which has multiple 

arginine (basic) residues (RRAR) at 681–684 position of the 
S protein (SD domains, near S1/S2 site) (Walls et al. 2020, 
2016; Wrapp et al. 2020) (Fig. 8A). It is a unique structural 
feature of SARS-CoV-2 as other coronaviruses (serbecovirus 
lineage) contain a monobasic cleavage site (Andersen et al. 
2020; Whittaker 2021). The multibasic site is prone to cleav-
age by ubiquitous furin and furin-like proteases. A similar 
multibasic furin cleavage site in avian influenza viruses (H5 
and H7 subtypes) is known to increase the pathogenicity of 
the virus. Animal studies using mutated SARS-CoV-2 have 
shown that the virus has higher infectivity because of the 
furin cleavage site (Peacock et al. 2021) which facilitates the 
activation of the S protein and thereby cellular entry of the 
virions in the endosomal-independent pathway (Fig. 10A, 
B). This could also be a reason for the virus-mediated cel-
lular syncytia formation in host cells (Hoffmann et al. 2020a; 
Mykytyn et al. 2021; Peacock et al. 2021). However, mul-
tiple cellular studies reported that the multibasic site is not 
essential for such cell syncytia formation (Ou et al. 2020; 
Xia et al. 2020a) and cellular infection (Walls et al. 2020) by 
SARS-CoV-2. Xia et al. (2020a) investigated this by prob-
ing the cell–cell fusion induced by virions with or without 
the multibasic site and observed no major differences in the 
fusion extent. Walls et al. (2020) showed that the furin-medi-
ated S1/S2 cleavage is not essential for the cellular entry of 
SARS-CoV-2 (using VeroE6 or BHK cells). Most of the lit-
erature has discussed that the multibasic furin cleavage site 
of the S protein is likely to contribute to expanding the host 
cell tropism of SARS-CoV-2 (Lan et al. 2020; Walls et al. 
2020; Whittaker 2021), but its role in enhanced infectivity 
and transmissibility of the virus is yet to be confirmed.

ACE2 binding, TMPRSS2 activity, etc. require that 
these membrane proteins are accessible to virions during 
their interaction with a host cell. Membrane factors like 
cholesterol, lipid rafts and membrane rigidity/deform-
ability regulate the distribution of the membrane proteins 
which in turn determine their accessibility. Recently, Wang 
et al. employed a super-resolution microscopy (dSTORM) 
technique to resolve the spatial correlation of ACE2 and 
lipid rafts (from GM1 distribution) on the plasma membrane 
of cells infected with pseudotype SARS-CoV-2 (Wang et al. 
2021). The authors observed a greater spatial correlation for 
cells loaded with cholesterol. The infection level in these 
cells is higher up by ~ 50% and becomes sensitive upon cho-
lesterol depletion.

Similarly, Pattnaik et al. (2021) and Sanders et al. (2021) 
employed fluorescence spectroscopy tools such as fluores-
cence resonance energy transfer (FRET) for examining the 
lipid mixing induced by different fusion peptides (FPs). 
Their data confirm that increased cholesterol content in arti-
ficial lipid vesicles increases the extent of lipid mixing, and 
this phenomenon is specific to the FP of SARS-CoV-2. High 
cholesterol content in lipid membranes is associated with  Lo 

Fig. 10  Membrane fusion of SARS-CoV-2. A Schematic of the mem-
brane attachment, hemifusion, and fusion of the virions in a host cell. 
The fusion can occur either at the plasma membrane or in endosomes 
after cellular entry of the virus via endocytosis. TMPRSS2 and cath-
epsin are the plasma membrane and endosomal protease, respectively, 
which involve in the activation of the S protein. B Scheme showing 
the TMPRSS2 assisted proteolytic cleavage of the S protein which is 
bound to the membrane ACE2. The cleavage causes an activation of 
the protein which is critical for the conformational changes of the S2 
and, thereby, membrane fusion of the virus. S1/S2 site: Arg689/690 
and S2ʹ site: Arg815/Ser816. C Structure of the S2 trimer at the post-
fusion conformation (Cai et  al. 2020). The major domains of the 
protein which go through conformational transitions during mem-
brane fusion are indicated. FP: fusion peptide; HRs: heptad repeats; 
CH: central helix; CD: connecting domain. D Schemes illustrating 
(i) membrane tethering, (ii) hemifusion, and (iii) fusion pore open-
ing state. The pre-hairpin to hairpin transition of the S2 protein leads 
to the membrane fusion state. The hairpin structure appears as a six-
helix bundle of the trimeric S2 protein. Cell membrane cholesterol 
and calcium ion (Ca.2+) can have roles in membrane hemifusion and 
fusion (described in the text). E The role of two cellular proteases, 
i.e., cathepsin and TMPRSS2, for the entry of viruses in host cells 
(with or without TMPRSS2). E-64d and camostat block the activity 
of the enzymes, respectively. (A)–(D) are created with Biorender.
com. (E) is adapted with permission from Hoffmann et al. (2020b)

◂

1131



Biophysical Reviews (2022) 14:1109–1140

1 3

domains and lipid rafts which contribute to the greater mem-
brane tension. Such cholesterol-rich lipid vesicles can lower 
their membrane tension upon fusion (lipid mixing) as trig-
gered by the viral FP. At the cellular level, cholesterol aids 
in the trafficking of membrane proteins like ACE2 and pro-
teases into lipid rafts (Zang et al. 2020; Sanders et al. 2021). 
Such protein organization in cell membranes can facilitate 
the binding and fusion of SARS-CoV-2 at lipid rafts. Thus, 
an increased cholesterol level may link to a greater chance of 
the virus attachment to and fusion with host cells (Figs. 9B 
and 10D-i). This cholesterol dependency of SARS-CoV-2 
can be associated with the higher COVID infection among 
the older population.

Other potential factors for the membrane fusion of SARS-
CoV-2 are pH and calcium ion  (Ca2+) (Tang et al. 2020). 
While the role of pH is still obscure, recent studies by Lai 
et al. (2017), Xia et al. (2020b), and others (Straus et al. 
2021; Khelashvili et al. 2021) indicate that the FP’s activity 
has a strong dependence on  Ca2+. The authors corroborated 
the ion effect by depletion of intracellular and extracellular 
 Ca2+ and thereafter, analyzing the cell viability with lumi-
nescence assay. The application of a  Ca2+ chelating agent 
(EDTA) to infected cells reduces the membrane insertion 
of the FP and lowers the cellular infection by ~ 2.9-fold. 
The intracellular  Ca2+ effect is examined by using a mem-
brane-permeable chelator (BAPTA-AM) which results in 
a ~ 60-fold decrease in the cellular infection. It is hypoth-
esized that electrostatic interactions between  Ca2+ and neg-
atively charged headgroup of lipid bilayers overcome the 
electrostatic barrier during membrane hemifusion and fusion 
(Fig. 10D-i and ii). Moreover, structural studies reveal that 
the FP of SARS-CoV-2 binds to two  Ca2+ at the E819/D820 
and D830/D839 sites (Khelashvili et al. 2021). The FP-
bound  Ca2+ can also facilitate the virus fusion by lowering 
the electrostatic repulsion between the merging membranes.

Effect of mutation on the structure and function of S pro‑
tein Beyond the enhanced attachment and fusion of SARS-
CoV-2, rapid mutations of the virus have become a major 
concern. The mutated strains of the virus such as D614G, 
Delta, and Omicron are reported to be more transmissive 
(Harvey et al. 2021; Saxena and Moneim 2022). February 
2020 onwards, the COVID-19 pandemic became dominated 
by the spread of a SARS-CoV-2 variant that is mutated at the 
614th position of the S protein, known as D614G (aspartic 
acid, D to glycine, G). About 1.4- to 5.5-fold more viral load 
appeared in the URT of COVID patients infected by D614G 
(Korber et al. 2020). The structure of the mutated S protein 
indicates the possible reasons behind the enhanced infectiv-
ity (Benton et al. 2021; Zhang et al. 2021). For example, 
Zhang et al. (2021) resolved the structure of the mutated 
protein using cryo-EM at ~ 3-Å resolution. The variant has 
an intermediate conformation between the closed and open 

conformation, i.e., one RBD flipped up only halfway. This 
causes the variant to attain a relatively more open confor-
mation. Interestingly, the 630th loop (620–640 residues) in 
its closed conformation appears to be more ordered upon 
the mutation and experiences hydrophobic interactions with 
the RBD. However, these changes did not alter the binding 
strength of the S protein toward ACE2 as the measured kD 
is 15.5 and 11.2 nM with and without the mutation, respec-
tively (Zhang et al. 2021). The mutated protein has an addi-
tional H-bond between the G614 residue and a lysine residue 
(K854) at the FP of S2, and it retards the dissociation of the 
S1 from S2 (Zhang et al. 2021). These structural features 
indicate that the D614G substitution prevents premature 
post-fusion of the S protein and increases the percentage 
of “up” RBD in the trimeric protein, resulting in an effi-
cient membrane attachment and fusion. Recently, Mehra 
and Kepp (2021) wrote a detailed review on the S-protein 
mutation and it can be referred to for learning the respective 
structural details.

Summary

HIV-1, IAVs, and SARS-CoV-2 pose a recurring threat of 
pandemics because of their latency, rapid mutation, and 
transmission. This is why therapeutics to treat infectious 
diseases caused by these viruses require constant develop-
ment. The fundamental studies on viral replication includ-
ing some of the literature which are reviewed in this article 
have been instrumental in such development. Considerable 
efforts are being made to design drug molecules which 
can neutralize the virions (Taylor et al. 2021; Brown et al. 
2007) or target the membrane attachment and fusion of 
the virions (De Clercqa and Li 2016; Tang et al. 2020; Bai 
et al. 2021; Liu and Yang 2021).

As we reviewed the literature, it is evident that the spike 
proteins of HIV-1, IAVs, and SARS-CoV-2 are the key to 
the cellular attachment and membrane fusion of the viri-
ons. Irrespective of the different amino acid sequences of 
the proteins, they share structural features. For example, 
the bulky head group of the spike protein is dominated by 
β-sheets and has the RBD, whereas the stalk part is pri-
marily composed of α-helices and contains the FP. More 
importantly, the structure of the spike protein is highly 
dynamic as we have discussed the closed and open con-
formations of the head group, the pre-hairpin and hairpin 
configurations of the stalk domain, and several other inter-
mediate configurations. These structural dynamics have 
far-reaching importance in viral replication, in particular, 
gaining a fine balance between (1) the protection of the 
conserved RBD and FP from neutralizing antibodies and 
(2) achieving the receptor binding and triggering the mem-
brane fusion. The applications of X-ray crystallography, 
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cryo-EM, cryo-ET, smFRET, and other techniques which 
are not covered in the article such as mass spectrometry 
and nuclear magnetic resonance have been at the forefront 
in decoding the structure and configurational dynamics 
of the spike proteins. The corresponding findings have 
contributed to the understanding of their structural and 
functional correlation which is central to the design of 
antivirals. Small molecules, peptides, and even monoclo-
nal antibodies targeting the RBD, FP or interfering with 
the RBD–receptor complexation and pre-hairpin to hairpin 
transition have been successfully applied as antiviral drugs 
(De Clercq and Li 2016; O’Hanlon and Shaw 2019; Kozal 
et al. 2020; Liu and Yang 2021; Taylor et al. 2021).

Beyond the structure and function of the spike proteins, 
it is of fundamental interest to understand how the virions 
utilize the spike proteins to navigate the crowded cell sur-
face, achieve membrane attachment, and commence mem-
brane fusion. IAVs and SARS-CoV-2 can migrate through 
the cell surface proteoglycans/mucins to reach the plasma 
membrane, whereas HIV-1 particles get trapped by them. 
At the plasma membrane, the receptor binding affinity and 
multivalent binding play vital roles in achieving membrane 
attachment of the virions. The spike proteins of HIV-1 
and SARS-CoV-2 have a relatively high receptor binding 
affinity (nanomolar kD), whereas it is much lower for IAVs 
(millimolar kD). Thereby, a single IAV particle engages in 
interaction with multiple sialylated receptors. Also, the 
antagonistic function of HA and NA leads to a complex 
and dynamic multivalent binding of the virions. Unlike 
IAVs, the multivalent interaction of HIV-1 and SARS-
CoV-2 is less discussed in the literature. The described 
case studies in this review show that the residence time of 
HIV-1 increases upon simultaneous interaction with CD4 
receptor and CCR5 co-receptor, and a single SARS-CoV-2 
particle can form multiple RBD-ACE2 pairs via the “up” 
RBD of the S protein. Unlike the membrane attachment, 
the membrane fusion steps of the virions have much in 
common. The fusion process commences upon the release 
of FP for membrane tethering followed by configurational 
transitions of the stalk subunit. Interestingly, successful 
fusion events of the virions may require multiple releas-
able FPs. For example, three FPs are essential for the 
membrane tethering of SARS-CoV-2 and the fusion of 
IAVs occurs via synergistic or cooperative configurational 
transitions of HA trimers. Also, the membrane fusion of 
the virions is substantially affected by cellular factors. In 
particular, the membrane factors such as the cholesterol 
content and lipid domains/rafts influence the fusion kinet-
ics of HIV-1 and SARS-CoV-2.

Through our discussed case studies, it is also evident that 
biophysical techniques like SPR, BLI, AFM, fluorescence 
imaging, and flow cytometry have been vital in probing the 
receptor binding affinity, glycan binding, mobility of virions, 

and kinetics of membrane attachment and fusion. Moreo-
ver, it has been possible to resolve or better understand the 
multivalent binding and synergistic/cooperative transitions 
upon the application of single-molecule force spectroscopy 
and single-particle fluorescence imaging techniques. The lat-
ter technique in combination with cellular infection studies 
revealed the cellular factors and the pathways of membrane 
fusion. Thereby, these specialized biophysical techniques 
can also be applied to evaluate novel antiviral strategies such 
as inhibiting the multivalent binding and cooperative con-
figurational transitions or modulating the cellular factors for 
the membrane attachment and fusion of the virions.
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