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Abstract:

Virus host membrane fusion is a central step in the life cycle of enveloped viruses,
enabling entry of viral genetic material into host cells. This complex process is governed
by coordinated protein conformational dynamics, lipid bilayer rearrangements, and
biophysical forces acting at membrane interfaces. Modern biophysical techniques,
including single molecule force spectroscopy, fluorescence imaging, molecular
simulations, and structural biology approaches, have transformed our ability to dissect
the mechanistic steps of fusion at high spatial and temporal resolution. In addition,
investigations into the roles of lipid composition, membrane curvature, and fusion
protein activation have revealed crucial determinants of fusogenicity. This article
reviews contemporary biophysical methodologies used to study virus host membrane
fusion, summarizes key mechanistic insights across diverse viral families, discusses how
these insights inform antiviral strategies, and highlights emerging trends in the field.
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Introduction

Membrane fusion between viruses and host cells is the critical gateway that enables
entry of viral genomes into the host interior, initiating infection. For enveloped viruses,
such as influenza, HIV, and coronaviruses, the viral envelope — a lipid bilayer derived
from the host cell — must merge with the plasma membrane or endosomal membrane
of a target cell. This process is orchestrated by specialized viral fusion proteins that
undergo dramatic conformational changes, engaging and perturbing host membranes to
facilitate fusion.

The fusion mechanism involves sequential steps: (1) attachment of the viral particle to
host receptors, (2) activation of fusion proteins by triggers such as receptor binding or
pH change, (3) insertion of a hydrophobic fusion peptide or loop into the host
membrane, (4) apposition and destabilization of juxtaposed bilayers, and (5) formation
and expansion of a fusion pore allowing genome release.

While classical biochemical and structural methods have provided essential static
snapshots of fusion complexes, biophysical approaches uniquely reveal the dynamic
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interplay between proteins and membranes, offering quantitative views of energy
landscapes, conformational intermediates, and membrane mechanics that underlie
fusion. Recent advances harness high-resolution microscopy, single-particle
spectroscopy, mechanical methods, and computational modeling to illuminate these
complex processes and help identify new antiviral targets. This article synthesizes the
current understanding of virus-host membrane fusion from a biophysical perspective.

2. Molecular Mechanisms of Membrane Fusion

2.1 Viral Fusion Proteins and Conformational Dynamics

Viral fusion proteins, such as influenza hemagglutinin (HA) and coronavirus spike (S)
proteins, serve as molecular machines that mediate the membrane merger. Upon
receptor engagement and/or environmental triggers (e.g., low pH in endosomes), these
proteins undergo large conformational rearrangements that expose fusion peptides or
loops which insert into the host membrane, bringing viral and host membranes into
close proximity.

Structural studies classify fusion proteins into distinct classes (Class I, II, III) based on
their architecture and activation pathways. Class I fusion proteins (e.g., influenza HA,
HIV Env, SARS-CoV-2 spike) typically form metastable trimers in the prefusion state;
upon activation they transition to extended intermediates that draw bilayers together
and collapse into a post-fusion conformation.

Insights from both eryo-EM and biochemical analyses have been crucial for capturing
intermediate states in these transitions, illuminating how structural changes at the
protein level orchestrate membrane apposition and merger.

2.2 Membrane Interactions and Lipid Dynamics

Fusion is not merely a protein-triggered event; it fundamentally depends on lipid
bilayer properties. Components like cholesterol and certain phospholipids contribute
to membrane fluidity, curvature, and fusogenic potential. Recent biophysical studies
show that anionic lipids influence viral fusion efficiency, impacting the energetics of
bilayer destabilization and fusion intermediates.

The process proceeds through distinct membrane rearrangement stages: initial contact
and stalk formation, hemifusion where outer leaflets merge but inner leaflets remain
distinct, and finally fusion pore formation and expansion. These stages are driven by a
complex balance of hydration repulsion, hydrophobic attraction, curvature stress, and
van der Waals forces — collectively termed interbilayer forces.

Biophysical research investigates how these lipid interactions tune the fusion pathway.

For example, replacing or modifying lipid components can shift the energy barriers
associated with distinct fusion intermediates, altering the kinetics and likelihood of pore
formation.
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3. Biophysical Techniques for Fusion Studies

3.1 Single-Molecule and Single-Particle Methods

Single-molecule imaging and spectroscopy provide real-time views of individual fusion
events, revealing dynamic intermediates and stochastic behaviors that ensemble
methods average out. Techniques such as single-molecule Forster resonance energy
transfer (smFRET) and total internal reflection fluorescence (TIRF) microscopy
allow observation of conformational changes in fusion proteins and their interactions
with membranes at nanometer scale.

smFRET, in particular, can track distances between labeled sites on fusion proteins as
they transition from prefusion to postfusion states, enabling analysis of kinetic pathways
and detection of transient intermediates. Such approaches help dissect mechanisms of
individual protein subunits during membrane engagement.

Atomic force microscopy (AFM)-based and other force spectroscopy methods further
complement these approaches by measuring binding forces and the mechanics of
virus-host attachment and fusion, revealing on-rates, off-rates, and energy landscapes
for receptor interactions.

3.2 Structural and Dynamic Observations

High-resolution structural methods like eryo-EM and cryo-electron tomography have
transformed our understanding of protein conformations during fusion, revealing
atomic or near-atomic details of fusion protein complexes and their transitions.
Integration of structural snapshots with time-resolved cryo-EM and classification
algorithms permits visualization of dynamic ensembles, allowing researchers to map
conformational pathways.

Additionally, biophysical assays using supported lipid bilayers (SLBs) and viral
particles enable controlled studies of virus-membrane interactions, quantifying binding
strengths, residence times, diffusion behavior, and multivalent interactions at the
single-particle level.

These technologies, when integrated with live-cell imaging, bridge in vitro mechanistic
insights with in vivo relevance, offering detailed views of how fusion progresses in
complex cellular environments.

4. Energetics and Mechanistic Intermediates

4.1 Fusion Stages and Energy Landscapes

Viral membrane fusion proceeds through an orchestrated sequence of intermediate
states — from initial receptor engagement to the final fusion pore. Biophysical analyses
define the energetics of each stage, using theoretical models and experimental
measurements to map energy barriers and transition states.

The first membrane rearrangement, stalk formation, requires overcoming repulsive
hydration forces and reorganizing lipid tails — processes that are influenced by
membrane composition and curvature. Subsequent hemifusion involves merging of
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distal lipid leaflets, followed by fusion pore formation which requires rearrangement of
inner leaflets and larger membrane deformation.

Quantifying energy profiles for these steps provides mechanistic understanding of how
proteins and lipids synergize to lower barriers and accelerate fusion.

4.2 Role of Fusion Peptides and Loops

Fusion peptides — short hydrophobic segments exposed upon activation — play a
pivotal role in destabilizing membranes. They insert into target membranes, perturbing
local lipid order and facilitating curvature necessary for stalk formation. Dissecting
peptide—lipid interactions through biophysical assays and simulations reveals how
specific amino acid composition and lipid environments modulate fusion efficiency.
Moreover, the formation of extended structures like six-helix bundles in class I fusion
proteins draws viral and host membranes into proximity, coupling protein refolding to
membrane deformation.

5. Case Studies: Viral Fusion Systems

5.1 Influenza Virus

Influenza hemagglutinin (HA) is the canonical model for class I fusion. Upon
endocytosis and acidification within endosomes, HA undergoes conformational change
exposing the fusion peptide, initiating membrane insertion and fusion. Biophysical
analyses of HA have elucidated the steps from prefusion metastable conformations to
postfusion forms, revealing how pH triggers irreversible structural transitions.
Single-particle fluorescence and structural studies have mapped intermediate states and
quantified kinetics of HA-mediated fusion events, offering targets for antiviral design.

5.2 Coronaviruses

SARS-CoV-2 and other coronaviruses use spike proteins with fusion peptides that insert
into host membranes following receptor engagement and proteolytic activation. The
conserved nature of the fusion domain across coronaviruses makes it a valuable antiviral
target.

Computational models and biophysical studies reveal how specific spike segments
interact with lipid bilayers and how mutations affect fusogenicity and viral infectivity,
informing therapeutic strategies.

5.3 Broad-Spectrum and Pan-Viral Considerations

Many enveloped viruses share common mechanistic elements for membrane fusion.
Biophysical investigations targeting the fusion process, rather than individual viral
proteins, provide opportunities for broad-spectrum antivirals. Approaches include
designing peptides or small molecules that disrupt fusion peptide insertion, stabilize
prefusion conformations, or modulate membrane properties to resist fusion.
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For example, novel peptide-based inhibitors that alter bilayer properties have been
shown to inhibit fusion between model membranes and reduce viral infection in cell
assays by lowering fusion efficiency.

6. Biophysical-Inspired Antiviral Strategies

Understanding the mechanics and energetics of fusion has direct implications for

therapy. Strategies informed by biophysics include:

1. Fusion protein inhibitors that bind to prefusion intermediates and prevent
conformational transitions necessary for membrane merger

2. Bilayer-targeting molecules that alter membrane composition or physical properties
to raise energy barriers for fusion.

3. Small peptides mimicking fusion peptides that compete with viral proteins and
block fusion.

These approaches exploit fundamental biophysical requirements of fusion, potentially

offering broad-spectrum efficacy.

7. Challenges and Future Directions

Despite substantial progress, several challenges remain:

o Temporal resolution: Capturing ultrafast conformational changes during fusion still
pushes the limits of current imaging methods.

o Complex cellular environments: /n vitro membrane models cannot fully replicate
the complexity of live cell membranes with proteins, glycans, and cytoskeletal elements.
o Interdisciplinary integration: Combining structural, —mechanical, and
computational data into unified models of fusion requires advances in multi-scale
simulation and machine learning.

Emerging technologies such as time-resolved cryo-EM, high-speed AFM, and
advanced single-molecule force spectroscopy promise deeper mechanistic insight,
while integrated computational-experimental frameworks will link molecular scale
events to cellular outcomes.

8. Conclusion

Biophysical approaches have dramatically advanced our understanding of virus-host
membrane fusion, revealing how fusion proteins, lipids, and mechanical forces interact
to drive viral entry. Techniques ranging from single-molecule spectroscopy to
high-resolution structural analysis and computational modeling provide complementary
insights into this complex process. Continued innovation in biophysical tools will not

only deepen mechanistic understanding but also inform innovative antiviral strategies
that target the fundamental physics of membrane fusion, offering potential for
broad-spectrum infection control.
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