
 

 

 University of Groningen

Membrane fusion of influenza and chikungunya viruses
Blijleven, Jelle

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2018

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Blijleven, J. (2018). Membrane fusion of influenza and chikungunya viruses: Mechanisms inferred from
single-particle experiments. [Thesis fully internal (DIV), University of Groningen]. Rijksuniversiteit
Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/988594ab-3b51-4cc5-9af8-060d9d43f6f6


 

Membrane fusion of influenza and chikungunya viruses 
Mechanisms inferred from single-particle experiments 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Jelle Blijleven 
2018 



 

Cover design: Jelle Blijleven 
Printing house: GVO 
 
Zernike Institute PhD thesis series: 2018-26 
ISSN: 1570-1530 
ISBN (print): 978-94-034-0838-5 
ISBN (digital): 978-94-034-0837-8 
 

 
 
The research described in this thesis was carried out at and supported by the Zernike Institute 
for Advanced Materials of the University of Groningen, the Netherlands. 
 
Copyright © 2018 by Jelle S. Blijleven. All rights reserved. No part of this publication may be 
reproduced, stored in a retrieval system, or transmitted in any form or by any means without 
the prior written permission of the author. 



 

 

 
 
 
 
 
 

Membrane fusion of influenza and 
chikungunya viruses 

 
Mechanisms inferred from single-particle experiments 

 
 
 
 
 

Proefschrift 
 
 
 
 

ter verkrijging van de graad van doctor aan de 
Rijksuniversiteit Groningen 

op gezag van de 
rector magnificus prof. dr. E. Sterken 

en volgens besluit van het College voor Promoties. 
 

De openbare verdediging zal plaatsvinden op  
 

vrijdag 21 september 2018 om 14.30 uur 
 
 
 
 

door 
 
 
 
 

Jelle Simon Blijleven 
 

geboren op 22 november 1987 
te Groningen   



 

Promotores 
Prof. dr. A.M. van Oijen 
Prof. dr. ir. E. van der Giessen 
 
 
Beoordelingscommissie 
Prof. dr. S. Daniel 
Prof. dr. A.L.W. Huckriede 
Prof. dr. J.A. Killian  
 



v 

Contents 
1 Introduction ...................................................................................................................... 7 

1.1 Enveloped viruses and disease 8 
1.2 Influenza virus 8 
1.3 Chikungunya virus 10 
1.4 Cellular entry by enveloped viruses 10 
1.5 Motivation for in vitro single-particle assay 15 
1.6 Thesis outline 15 

2 Mechanisms of influenza viral membrane fusion ............................................................ 17 

2.1 Introduction 18 
2.2 Membrane fusion 19 
2.3 Hemagglutinin structure and conformational rearrangement 23 
2.4 Collaboration between hemagglutinins as unraveled by single-particle experiments

 30 
2.5 Future directions 39 
2.6 Appendix 41 

3 The importance of the stability of the influenza hemagglutinin globular bottom probed in 
single-particle membrane fusion assays .......................................................................... 43 

3.1 Introduction 44 
3.2 Results 48 
3.3 Discussion 55 
3.4 Acknowledgements 57 
3.5 Methods 57 
3.6 Appendix 59 

4 Chikungunya virus fusion properties elucidated by single-particle and bulk approaches 65 

4.1 Introduction 66 
4.2 Results 67 
4.3 Discussion 73 
4.4 Methods 76 
4.5 Acknowledgements 78 
4.6 Appendix 79 

  



vi 

5 Cooperative activity between fusion proteins mediates chikungunya virus fusion and is 
inhibited by sub-stoichiometric antibody binding ........................................................... 83 

5.1 Introduction 84 
5.2 Results 85 
5.3 Discussion 95 
5.4 Methods 97 
5.5 Appendix 100 

6 Scientific summary and perspectives ............................................................................. 109 

6.1 Summary 110 
6.2 Perspectives 112 

References ......................................................................................................................... 114 
Wetenschappelijke samenvatting ...................................................................................... 125 
Summary for non-experts .................................................................................................. 128 
Samenvatting voor niet-deskundigen ................................................................................ 129 
Acknowledgements ........................................................................................................... 130 
List of publications ............................................................................................................. 132 
Curriculum vitae ................................................................................................................ 133 

 



 

1 Introduction 
 



8 

1.1 Enveloped viruses and disease 
Many of the viruses causing disease in humans are enveloped with a lipid bilayer that helps to 
protect the viral genome and avoid immunogenic detection.1 Well-known diseases caused by 
enveloped viruses are measles, mumps and rubella, for which vaccination programs are in place 
in a large number of countries.2 For another enveloped virus, HIV-1, the causative agent of AIDS, 
no vaccine exists, but the availability of antiviral treatment makes it a chronic disease in the 
developed world.3 Recent years have seen outbreaks of other enveloped viruses, such as SARS-
coronavirus, causing severe acute respiratory syndrome, in 2003, and Ebola starting in 2014.4,5 
Many developing countries are under continuous burden of disease caused by enveloped vi-
ruses. Two such examples are dengue virus and the recently globally spread chikungunya virus,6 
which is one of the two subjects of this thesis. Developing antivirals to treat these infections 
and developing vaccines that counter all variants of these viruses is therefore paramount to 
improve health conditions in the developing world and prevent global pandemics. The success-
ful eradication of smallpox and rinderpest viruses by large-scale vaccination efforts represents 
a hopeful signal in this respect.7 Finally, one of the best-studied viruses is influenza virus, giving 
rise to the flu. This virus is the cause of yearly epidemics and has the potential to cause a new 
pandemic. 

1.2 Influenza virus 
Influenza is a virus that infects humans but also other animals such as birds, pigs and bats which 
can act as reservoirs for new viruses to infect humans (Figure 1.1).8,9 It spreads through air or 
contaminated surfaces.10 Recent history has seen multiple outbreaks of influenza pandemics, 
the best known and most deadly in 1918 known as the Spanish flu, killing over 50 million people, 
about 5% of the world population at that time.11 There are several subtypes of influenza virus, 
designated by H and N combined with a number. An example is H1N1, where H stands for the 
hemagglutinin protein, and N for the neuraminidase protein. Multiple subtypes have caused 
pandemics in the past as overviewed in Figure 1.2. The H1N1 subtype was responsible for the 
1918 pandemic. Furthermore, it led to a novel subtype that caused a pandemic in 2009.9 Two 
other strains that originated from birds, H5N1 and H7N9, have become highly pathogenic and 
have already caused many hospitalizations. There are fears that these will become pandemic 
due to their continued mutation in birds and ability to adapt to humans.9 In this thesis, we study 
an H1N1 and an H3N2 strain. 
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Figure 1.1 Mechanisms for the emergence of pandemic influenza virus strains. The virus keeps circulating among own 
species and sometimes jump the species barrier to generate a novel strain of pandemic potential. Reproduced with 
permission, copyright Springer Nature (2018).9 

 

Figure 1.2 A time line of major influenza pandemics and the responsible influenza strains. Adapted with permission, 
copyright Springer Nature (2018).9 

Subtypes form by antigenic drift, where random mutations lead to a change in antigenicity, 
and antigenic shift, where infection of a host by multiple influenza subtypes leads to a new 
subtype, a recombination of the two.12 This latter mechanism makes it possible for human-
circulating strains and animal-circulating strains to combine if they happen to infect the same 
host, leading to a new subtype to which humans are immunogenically completely naive. The 
formation of such new, recombined strains is the major reason for influenza’s potential of caus-
ing a new pandemic.13 

Antivirals targeting one of the proteins of influenza virus, the M1 proton channel, have been 
used as treatment for infection, but resistance quickly developed rendering them ineffective.14 
Current antiviral treatments target the neuraminidase protein. Thereby, they counter the pro-
duction of new virions, but also here resistance is emerging.14 However, to remove the threat 
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of a new pandemic, there remains the need for a universal flu vaccine that both is able to neu-
tralize all subtypes of influenza virus and targets sites in the virion that are not subject to much 
genetic variation.13 In this thesis we employ an antibody that targets a conserved region on an 
influenza protein; the protein that is responsible for a crucial step in the influenza infection 
pathway: fusion of the viral and host cellular membranes. 

1.3 Chikungunya virus 
Chikungunya virus causes high fever and potentially long-lasting symptoms like joint pain. It has 
recently greatly expanded its geographic range to encompass most of the subtropical regions 
of the globe (Figure 1.3).15 The virus is spread by the yellow fever mosquito (Aedes aegypti). A 
recent mutation has allowed the virus to use the tiger mosquito (Aedes albopictus) as host as 
well,16 which is an invasive species.17 This, together with climate change expanding the Ae. al-
bopictus range, makes further expansion of chikungunya virus likely. 

There is no vaccination or specific antiviral treatment available against chikungunya infec-
tion. Together with other viruses from the flaviviridae family, such as dengue and zika viruses, 
it constitutes a significant burden on healthcare in developing countries.18 

 

Figure 1.3 Countries and territories where chikungunya cases have been reported as of April 22, 2016. Source: Cen-
ters for Disease Control and Prevention;15 public domain. 

1.4 Cellular entry by enveloped viruses 
This thesis will discuss studies on two enveloped viruses: influenza virus and chikungunya virus. 
Even though the structures of these two viruses are quite distinct, the working mechanisms in 
cell entry are very similar. I start by discussing the structure of each virus and then proceed to 
explain the role of membrane fusion in enveloped viral entry. 
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1.4.1 Virion structure 
Both influenza and chikungunya viruses have a lipid bilayer envelope that encapsulates their 

genome and contains proteins that mediate entry into the host cell. A schematic of the struc-
ture of an influenza virion is shown in Figure 1.4.19 The hemagglutinin protein (Figure 1.4, blue) 
mediates both attachment to a target cell and entry into that cell, the last step by catalyzing 
the fusion of the viral and host cellular membranes. Neuraminidase (Figure 1.4, red) enzymat-
ically releases newly produced virions from the cell. The M2 proton channel (Figure 1.4, purple) 
allows protons to enter the virus to allow the M1 protein coat (Figure 1.4, maroon) to disinte-
grate upon entry, releasing the viral genome (Figure 1.4, green). Influenza viral particles are 
heterogeneous in size (average approximately 100 nm) and can be round or filamentous in 
shape.20 

 

Figure 1.4 Schematic view of an influenza virus particle. Main constituents: hemagglutinin (blue); neuraminidase (red); 
the M2 ion channel (purple); the viral ribonucleoprotein (RNP), which contains the RNA (green); the lipid bilayer (light 
brown) and the M1 protein coat (maroon). Source: Centers for Disease Control and Prevention;19 public domain. 

In contrast, chikungunya virus particles all have the same size, 70 nm in diameter, and have 
protein heterodimers covering the surface in an icosahedral fashion with triangulation T = 4, 
giving 80 spikes, which each are a trimer of heterodimers, corresponding to a total of 240 het-
erodimers.21 

The surface layout is shown in Figure 1.5.22 Protein E1 (Figure 1.5, grey), responsible for cell 
entry by mediating virus-cell membrane fusion, is covered by its companion protein, E2 that 
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mediates cell attachment.23,24 The E2 proteins are colored red, blue, green and yellow. An asym-
metric unit (Figure 1.5, triangle) comprises one E2 of each color together with its E1 companion 
and the 5-fold, 3-fold and pseudo-2-fold symmetry axes are indicated. As such, the virion sur-
face is divided up into hexagons and pentagons of spikes. 

 

Figure 1.5 Chikungunya viral particle structure. The cryo-EM density of Sindbis virus (a related alphavirus) showing 
T = 4 symmetry. The four E2 molecules in one asymmetric unit (outlined in black) are colored red, green, blue and 
yellow. The 5-fold, 3-fold and pseudo-2-fold symmetry axes are indicated. These give rise to one trimeric spike on each 
icosahedral 3-fold axis and one generally positioned spike. The E1 molecules are colored grey. Adapted with permission, 
copyright Springer Nature (2010).22 

1.4.2 Attachment and endocytosis 
Entry of the virus into the host cell begins with attachment of the virus to host cell receptors 
that differ between different cell types and are specific for every virus.25 For influenza, the he-
magglutinin protein binds to sialic-acid moieties on the cell surface.26 The chikungunya cell re-
ceptors are unknown, but several candidates have been identified,27 so there may be multiple 
receptors involved. After attachment, some viruses fuse at the cell membrane envelope and 
some are first taken up into an endosome before fusion. Since the latter mechanism is the 
pathway for influenza as well as chikungunya entry, we will focus here on entry through endo-
cytosis. 

The sequence of events in endosomal entry of chikungunya virus is shown in Figure 1.6,27 a 
process similar to that for influenza virus. The virus attaches to the host cell receptors 
(Figure 1.6, step 1), which triggers signaling pathways leading to the cell taking up the virus by 
clathrin-mediated endocytosis. Here, clathrin molecules stimulate the formation of a vesicle 
(Figure 1.6, step 2). The virus then resides in an endosome that is gradually acidified by proton 
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pumps in order to digest the contents of the endosome (Figure 1.6, steps 3 and 4). Many vi-
ruses, including influenza and chikungunya, have evolved to use the acidification as a trigger to 
fuse the viral and endosomal membranes so that the viral genome is delivered into the cell 
cytoplasm (Figure 1.6, step 4). This fusion step is mediated by proteins, for influenza the he-
magglutinin and chikungunya the E1, and these undergo large conformational rearrangements 
to insert into the target membrane and then catalyze the merger of the membranes. 

 

Figure 1.6 Viral entry via the endosome. (1) Viruses attach to the cell through receptors and are internalized through 
different pathways depending on the virus. (2) Clathrin-mediated endocytosis is shown here as receptor-mediated up-
take pathway, leaving the virus in an endosomal compartment. (3) The endosome gradually is acidified, triggering the 
virus to fuse to the endosome and (4) releasing the viral genome. Adapted from Richter et al.27 under license CC BY 4.0. 

1.4.3 Membrane fusion 
Fusion of two lipid membranes is impeded by kinetic barriers, making spontaneous membrane 
fusion too slow for biological timescales.28 As with many biochemical reactions that are sped 
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up by enzymatic activity, viruses use catalysts to mediate membrane fusion under the right 
conditions. 

The protein-mediated membrane fusion pathway of chikungunya virus is shown in Fig-
ure 1.7.29 Under low pH conditions, a domain of the E2 protein moves to expose the E1 fusion 
loop (Figure 1.7b). The E1 protein then inserts its fusion loop into the target membrane and 
trimerizes to form the fusion-active unit (Figure 1.7c). Multiple trimers are then thought to re-
fold together, dimpling and apposing both membranes (Figure 1.7d) so that they first merge 
their proximal leaflets, termed hemifusion (Figure 1.7e), and finally a full pore opens 
(Figure 1.7f). 

 

Figure 1.7 Protein-mediated membrane fusion pathway of Chikungunya virus. (a) The E2 protein (light blue) lies in 
heterodimer with E1 (domains colored blue, red and yellow), protecting the E1 fusion loop. (b) Under the low pH con-
ditions of the early endosome, the E1-E2 complex dissociates, exposing the E1 fusion loop (asterisk in yellow domain) 
and allowing (c) insertion into the membrane and subsequent trimerization. (d) The trimers are the functional units of 
fusion, that appose both membranes, leading to (e) hemifusion where the proximal lipid leaflets have merged and 
(f) opening of a pore. Reproduced with permission, copyright Elsevier (2009).29 

The influenza fusion pathway is similar from panel c onwards, as the influenza hemaggluti-
nin starts out as a trimer. Also, multiple hemagglutinins are thought to be involved in catalyzing 
fusion. The key strategy of enveloped viruses appears to be to use fusion proteins that sur-
mount small energy barriers themselves in order to conquer the large barrier to membrane 
fusion. 

We elaborate more on the barriers of membrane fusion, the influenza hemagglutinin struc-
ture and conformational changes, and the action of multiple hemagglutinins in Chapter 2. The 
experimental part of this thesis focuses on enveloped virus membrane fusion, as detailed below. 
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1.5 Motivation for in vitro single-particle assay 
Ideally, membrane fusion of enveloped viruses is studied in their native environment, that of 
the live cell, so that the findings are directly known to be biologically relevant. However, the 
complex environment of a cell, or even only the membrane and contents of an endosome, 
make it difficult to ensure reproducible conditions, may provide technical challenges such as 
background in fluorescence microscopy, and provide limited control over biochemical param-
eters such as changing concentrations and using modified proteins. We therefore choose a bot-
tom-up approach, where we reproducibly create fusion conditions using a reconstituted system. 
This system provides exquisite control over parameters such as the composition of the target 
bilayer or the target pH to trigger fusion. 

Many experimental assays report on properties of an average of an ensemble. The ad-
vantages are high throughput and generally less technically demanding experimental setups. 
However, instead of showing an ensemble-averaged readout, single-particle assays obtain the 
distribution of observed events, allowing inference on the processes that lead to the event. By 
supplementing the single-particle data with modeling, novel insight has been obtained into the 
molecular mechanism of multiple viruses.30-34 In this thesis, we extend the integration of single-
particle work with other assays, from bulk fusion, through biochemical assays, to all-atom mo-
lecular dynamics simulations. 

1.6 Thesis outline 
This thesis focuses on studying membrane fusion in influenza and chikungunya viruses, in order 
to determine the role of their respective fusion proteins in this process. Research questions we 
pursued for either of these viruses were: 

• How many fusion protein trimers are necessary to overcome the membrane fusion 
barrier? 

• How does the sequence of the fusion protein relate to its fusogenic function? 
• What are the rate-determining steps in the fusion process? 
• Do all proteins successfully engage in fusion, or are some of them “duds” not produc-

tively involved? 
• How does the target bilayer composition modulate fusion? 
• What is the mechanism of action of fusion-neutralizing antibodies? 

 
The following two chapters concern influenza fusion. In Chapter 2 we review current 

knowledge of the hemagglutinin-mediated membrane fusion of influenza virus. We start by 
exploring the intermediates of fusion and the barriers between them as determined in experi-
mental and computational studies. The hemagglutinin structure and conformational rearrange-
ment under acidic conditions is explained, relating these to its function in mediating hemifusion 
or pore opening, and discussing hypotheses of multiple conformational pathways that may be 
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involved. We then review the growing body of single-particle work that intimately connects 
with modeling work at the level of single and multiple proteins, providing new insights on the 
collaborative action of hemagglutinin. 

Chapter 3 describes the single-particle experimental efforts to study the effect of single 
amino acid substitutions discovered in silico, that destabilize a critical region of the influenza 
hemagglutinin. We correlate this destabilization with reduced fusogenicity and enhanced sus-
ceptibility to fusion-neutralizing antibodies. Combined with other assays, we find a mutation-
induced reduction of the number of hemagglutinin incorporated per virion. Using our current 
molecular model of influenza fusion with a reduced amount of hemagglutinin, the resulting 
fusion characteristics are well explained. Although we could not find new evidence of non-pro-
ductive pathways in hemagglutinin, our work does demonstrate a powerful synergy between 
molecular dynamics and single-particle fusion assays in bridging the length scale from single 
amino acids to whole virus particles. 

Chikungunya fusion was studied in the next two chapters, with Chapter 4 focusing on a side-
by-side comparison of both a bulk liposomal fusion assay and a newly developed single-particle 
assay at elevated temperature. The dependence of chikungunya fusion on the presence of two 
lipidic components in the target bilayer, cholesterol and sphingomyelin, was explored. These 
co-factors of fusion are essential and stimulating factors, respectively. We observe that multi-
ple rate-limiting steps are involved in the fusion process. 

Then, in Chapter 5 we use fusion-inhibiting chikungunya antibodies and find that these in-
hibit E1 trimerization. We then use single-particle fluorescence to count the number of anti-
bodies bound to individual viruses. The magnitude of inhibition of fusion diminished with lower 
pH due to dissociation of the antibodies from the virions. The observed stoichiometries imply 
a cooperative fusion mechanism, in which multiple spikes in a surface ring need to be available 
for fusion. The requirement of the involvement of multiple fusion trimers therefore appears 
universal across enveloped viruses. 

We conclude with summarizing remarks and prospects of the field of “fusionology”, and 
single-particle and single-molecule techniques. 



 

2 Mechanisms of in�uenza viral membrane fusion 

Abstract 
In�uenza hemagglutinin (HA) is a viral membrane protein responsible for the initial steps of the 
entry of in�uenza virus into the host cell. It mediates binding of the virus particle to the host-cell 
membrane and catalyzes fusion of the viral membrane with that of the host. HA is therefore a 
major target in the development of antiviral strategies. The fusion of two membranes involves 
high activation barriers and proceeds through several intermediate states. Here, we provide a 
biophysical description of the membrane fusion process, relating its kinetic and thermodynamic 
properties to the large conformational changes taking place in HA and placing these in the con-
text of multiple HA proteins working together to mediate fusion. Furthermore, we highlight the 
role of novel single-particle experiments and computational approaches in understanding the 
fusion process and their complementarity with other biophysical approaches. 

 

This chapter is based on the following publications: 
 
Blijleven JS, Boonstra S, Onck PR, van der Giessen E and van Oijen AM, Mechanisms of in�uenza 
viral membrane fusion, Seminars in Cell and Developmental Biology (2016). 
 
Boonstra S, Blijleven JS, Roos WH, Onck PR, van der Giessen E and van Oijen AM, Hemaggluti-
nin-Mediated Membrane Fusion: A Biophysical Perspective, Annual Reviews of Biophysics (2017). 
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2.1 Introduction 
Membrane fusion is a key step in many biological processes. Processes such as intracellular 
compartmentalization and trafficking, neuronal signaling, entry of enveloped viruses, exocyto-
sis, muscle repair, and cell-to-cell fusion in development all depend on enzymes that catalyze 
the merging of two lipid bilayers.35-42 In cellular infection by enveloped viruses, membrane fu-
sion represents the final step before the viral genome is released into the cytosol of the target 
cell. The key molecular step underlying fusion involves viral proteins that insert hydrophobic 
sequences into the target membrane and refold to drive merging of the lipid bilayers. This 
Chapter will discuss our current knowledge of the mechanistic operating principles of the influ-
enza fusion machinery, arguably the most intensively studied viral fusion system. 

One could consider viruses as evolutionarily optimized nanodevices, primed to enter and 
take over a host to ensure their continued existence.43 The different viral fusion systems en-
countered in nature each represent elegant solutions to a biophysically challenging problem: 
the catalysis of the kinetically highly unfavorable merging of two bilayers on a biologically rele-
vant time scale. Influenza virus is a canonical example of an enveloped virus that has caused 
world-wide pandemics.44 Because it inhabits multiple hosts and readily mutates, the threat of 
a new pandemic is real. The fusion of the viral and host cell membranes is mediated by the viral 
protein influenza hemagglutinin (HA). Viral entry is initiated by the virus binding to host-cell 
receptors via an interaction with a subdomain of the HA and followed by cellular uptake into 
an endosomal compartment.45,46 The low-pH environment of the matured endosome initiates 
a conformational change in the HA structure causing it to extend and insert a hydrophobic N-
terminal peptide into the target membrane. A subsequent refolding of the protein results in 
the two membranes to be pulled together and fuse, resulting in the formation of a pore through 
which the viral genome is released into the cytosol of the target cell.47 

So far, three major classes of viral fusion proteins have been characterized.38,39 The first 
class comprises the fusion proteins of viruses such as HIV-1, ebola, and influenza. Class I fusion 
proteins are trimeric proteins with central coiled coil motifs as the key structural scaffold that 
enables the conformational changes needed for fusion. Class II fusion proteins, found in viruses 
such as dengue, zika and chikungunya, generally possess extended beta-sheet structures and 
rearrange from a dimeric geometry in the prefusion state into a trimer in the postfusion form. 
Class I and II proteins need to undergo a proteolytic priming and triggering event. Class III fusion 
proteins, for example from vesicular stomatitis virus and herpes simplex virus, show combina-
tions of these structural motifs and lack a major priming event. The reovirus small proteins that 
induce cell-cell, but not virus-cell fusion have been proposed to represent a fourth class of viral 
fusogens.42,48 

A vast amount of knowledge has already been acquired on HA, from structural information 
to kinetic data, and various experimental methods have been developed to reconstitute HA-
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mediated membrane fusion with careful control over binding and fusion. These studies and 
methods have made HA-catalyzed fusion into an ideal model system to understand the bio-
physical principles underlying protein-mediated membrane fusion. Additionally, HA is one of 
the primary targets for antiviral drugs against influenza.49 However, the ability of the virus to 
extensively mutate without losing function has thus far prevented the development of long-
lasting vaccines. An improved insight into the fusion process as well as the intermediate protein 
and lipid conformations involved may help to identify conserved aspects of HA-mediated mem-
brane fusion. Targeting conserved residues that are crucial for this mechanism provides a strat-
egy for the development of a universal, rationally designed antiviral drug.50 Lastly, 
understanding the viral entry pathway can help in employing viral fusion mechanisms for more 
efficient delivery of targeted therapeutic agents. Such an approach is a potential route to better 
drug efficacy, since the escape of the agent from the endosome currently is a major hurdle for 
the delivery of such therapeutics.51 

This review aims to highlight the recent insights into the action of the influenza HA as a 
catalyst and workhorse of the membrane fusion process and into the role played by the kinetic 
steps and spatial distribution of HA as found by single-particle studies. We will first discuss our 
current knowledge of the membrane fusion pathways and energetics. Then we discuss the 
structural states and conformational dynamics of HA acquired from structural, computational 
and biochemical studies. Finally, we provide a description of single-particle methodologies and 
the insight they have given us and discuss how the action of multiple HAs overcomes the mem-
brane fusion barrier. 

2.2 Membrane fusion 
Biological membranes consist of two amphipathic lipid monolayers that aggregate their lipid 
tails to form a hydrophobic layer. The delineating hydrophilic lipid head groups provide solva-
bility to this planar aggregate. Fusing two separate membranes into one generally involves a 
hemifusion intermediate in which only the proximal monolayers have merged.52 Pore for-
mation, through subsequent union of the distal monolayers, completes the fusion process. 
Zooming in on the process, several distinct intermediate states can be distinguished that have 
modest free-energy differences but that are separated by relatively high energy barriers. After 
introduction of the fusion pathway, we describe the methods for characterizing fusion inter-
mediates and barriers with a focus on just the membranes, followed by a discussion of the 
physical origin behind these barriers and current barrier-height estimates. 

2.2.1 Pathway 
The canonical pathway of membrane fusion is illustrated in Figure 2.1a. Upon dehydration, in 
order to bring the two bilayers into close proximity, the nearest monolayers fuse to form a stalk. 
Radial expansion of the stalk creates a hemifusion diaphragm (HD) in which only the proximal 
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leaflets have merged and the distal leaflets touch. Full fusion can proceed through pore for-
mation within the hemifusion diaphragm or more directly from a minimally expanded stalk.28,53 
Alternative routes ensuing stalk formation, which involve lateral stalk expansion or a stalk–pore 
complex, are reviewed in References54,55 and are treated only briefly here. 

 

Figure 2.1 (a) Schematic representation of intermediates in the canonical membrane fusion pathway and (b) the 
height of the energy barriers between them. The barriers for the single-step transitions directly to hemifusion and 
from there to pore formation are shown in blue. Several studies split the free-energy landscape into additional inter-
mediate steps (indicated by the red, purple, green, and orange arrows in panel a) and associated barriers (indicated by 
correspondingly colored curves in panel b)—for example, stalk formation from an already dehydrated state (red), the 
formation of a hemifusion diaphragm from the stalk (purple), pore formation in the hemifusion diaphragm (green), and 
pore expansion (orange). Each of the barriers in panel b is drawn as a range between the maximum and minimum free-
energy barriers reported in the literature, except for pore expansion, for which only qualitative data is available.56-62 
The barrier estimates from these studies were selected on the basis of parameters most relevant to influenza fusion 
(see text). The barrier shape is schematic. Solid barrier lines are drawn only as guides to the eye, midway through each 
of the ranges of previously reported energies. To aid comparison of the barrier heights, the absolute free energies of 
all intermediate states are aligned at 0 kT. The arrows on the horizontal axis indicate contributions from protein-medi-
ated events that can possibly lower the corresponding barrier (as discussed in section 2.3 Hemagglutinin structure and 
conformational rearrangement): zippering, fusion peptide (FP), and transmembrane domain (TMD). An overview of 
barrier data, including those displayed, can be found in Table A2.1. 

The barrier estimates from these studies were selected on the basis of parameters most 
relevant to influenza fusion (see text). The barrier shape is schematic. Solid barrier lines are 
drawn only as guides to the eye, midway through each of the ranges of previously reported 
energies. To aid comparison of the barrier heights, the absolute free energies of all intermedi-
ate states are aligned at 0 kT. The arrows on the horizontal axis indicate contributions from 
protein-mediated events that can possibly lower the corresponding barrier (as discussed in the 
section 2.3 Hemagglutinin structure and conformational rearrangement): zippering, fusion 
peptide (FP), and transmembrane domain (TMD). An overview of barrier data, including those 
displayed, can be found in Table A2.1. 
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2.2.2 Methods 
Direct visualization of short-lived intermediates of membrane fusion at the relevant nanoscopic 
length scales demands experimental assays with very high temporal and spatial resolution. X-
ray diffraction experiments have allowed for the visualization of stalk geometries and enabled 
the determination of the dehydration barrier through analysis of the interbilayer separation as 
a function of osmotic pressure.63 Hemifusion diaphragms have recently been observed using 
confocal microscopy on giant unilamellar vesicles64 and in live cells.65 Hemifusion diaphragms66 
and extended areas of closely apposed membranes67 have been imaged by cryo-electron to-
mography (cryo-ET). The kinetics of hemifusion and pore formation have been observed using 
optical tweezers68 and fluorescence microscopy,59 methods that can be combined with single-
particle tracking,69 as discussed later in this review. 

These experimental assays are supplemented by modeling approaches to provide additional 
information on the molecular and energetic details of the fusion intermediates. Computational 
models can be divided into continuum elasticity theories70 and particle-based numerical simu-
lations.55 Starting from the Helfrich model of membrane bending,71 continuum elastic models 
have been formulated to incorporate lipid tilting,72 lipid splaying,73 membrane stretching,61 
membrane dehydration, and saddle-splay deformation.74 In all these methods, energy minimi-
zation provides the optimal shape and free energy of fusion intermediates. Particle-based mo-
lecular dynamics (MD) simulations are based on the instantaneous interactions between 
individual atoms75 or groups of atoms.76 An advantage of MD simulations is that the system can 
explore conformational space and reaction pathways in an unbiased and unguided manner, 
potentially resulting in alternative fusion pathways. A disadvantage is that many transition tra-
jectories are needed to get an accurate estimate of the free energy.77 This is why, often, en-
hanced sampling methods have to be used.78,79 

2.2.3 Barriers 
Transitions between intermediate states of membrane fusion involve appreciable energetic 
barriers arising from unfavorable lipid interactions, such as dehydration of polar lipid head 
groups, generation of membrane curvature, and transient exposure of hydrophobic lipid tails 
to the aqueous environment. The height of these energy barriers depends on the membrane 
composition, tension, and initial curvature,28,54,80,81 as summarized in Figure 2.1b. Because of 
the large number of variables involved, we consider only the canonical fusion pathway, using 
values reported for lipid compositions that are close to that of the influenza membrane enve-
lope82,83 (approximately POPS:DOPE:cholesterol:sphingomyelin at molar ratios of approxi-
mately 1.5:1.5:5:2) and the epithelial cell membrane84 (approximately POPC:POPE:cholesterol 
at approximately 2:1:1). A more comprehensive overview of barrier estimates can be found in 
Table A2.1. 

The first barrier in membrane fusion, the dehydration barrier, is formed by repulsive forces 
that have to be overcome to bring the bilayers into sufficiently close contact (<1 nm).61 The 
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formation of dimples on the membranes could lower this barrier by decreasing the area of close 
contact.72 As can be seen from Figure 2.1b, a dehydration barrier in the range of 30–90 kT has 
been estimated for influenza fusion,56,58 depending on the specific geometry and lipid compo-
sition. This estimate includes the entire transition from unfused membranes to a stalk. 

Once in a dehydrated state, stalk formation is initiated by the protrusion of a splayed lipid 
tail, establishing a lipid bridge with the opposing membrane.62,85 Such protrusions are most 
favorable at an interbilayer distance of 0.9 nm and are more probable with increasing mem-
brane curvature.86 Hence, the height of the barrier to stalk formation is dependent on the initial 
membrane separation and curvature, a fact that is often overlooked when citing quantities for 
this free-energy barrier.56 In dehydrated conditions, a remaining 15–30-kT barrier for stalk for-
mation is estimated (Figure 2.1b) from MD simulations.57,60,62 This value corresponds well with 
estimates from experiments in the presence of high-molecular-weight polyethylene glycol or 
fusion proteins, such as SNARE.59,68 Such protein mediation in membrane dehydration is dis-
cussed in more detail in the next section. 

A stalk state can lead to a pore in a single step or through stalk expansion and subsequent 
formation and expansion of a hemifusion diaphragm. Estimates of the stalk-expansion barrier 
with membranes of physiologically relevant composition range from 14 to 33 kT 
(Figure 2.1b).57,59,61,87 This barrier arises from the opposing directions of intrinsic curvature be-
tween different lipids inside and outside the HD, specifically near the rim of the HD.61 During 
HD expansion, tension can build up along the rim until a pore forms.88 The energy required for 
expansion of such a rim-proximal pore increases with HD diameter,89 suggesting a limited win-
dow of opportunity for pore formation during HD expansion, as corroborated by observation 
of large, fusion-arrested HDs using cryo-ET.66 Starting from an HD with a diameter smaller than 
10 nm, a pore formation barrier of 14–35 kT has been predicted (Figure 2.1b),57,61 which agrees 
well with estimates from experiments.59,68 

The single-step formation of a pore from a minimally expanding stalk faces an estimated 90 
to 120 kT (Figure 2.1b).58,61 The pathway through an expanding hemifusion diaphragm has 
lower barriers, but protein mediation and the specific conditions of membrane curvature and 
tension can favor the direct transition from a stalk to a pore.57,68 

After its formation, the pore needs to expand for the virus to release its bulky contents into 
the host. Pore expansion has been reported to be energetically the most demanding step,52,90 
with membrane tension as the primary contributing factor,81 although some studies report no 
barrier for pore expansion (Figure 2.1b).59,61 Pore expansion in cell fusion was found to be 
highly dependent on the density of HA fusion proteins (HA density arrow in Figure 2.1b)91 and 
similarly on SNARE density.92 Live-cell imaging has reported fusion-pore opening and closing 
(flickering) prior to full fusion, implicating the presence of cell-specific fission mechanisms that 
compete with fusion-pore opening.65 These observations emphasize the importance of the bi-
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ological context involving membrane, protein, and environmental parameters. To distill the bi-
ophysical effects of each variable, dedicated experiments are crucial. Before we review an ex-
ample of such an experiment, we first discuss the HA fusion protein in more detail. 

2.3 Hemagglutinin structure and conformational rearrangement 
HA is intensively studied and has since long served as a model system for viral fusion proteins.93 
The HA glycoprotein is synthesized as an inactive precursor, designated HA0.94 Cleavage in the 
trans-Golgi network by a host-cell protease results in a metastable, disulfide-bonded complex 
of HA1 and HA2.95,96 The crystallization of both the prefusion97 and postfusion98,99 structures of 
HA2 has brought tremendous insight into the large conformational changes involved in the fu-
sion process. Biochemical and computational work has helped to fill in many details, including 
the role of HA1, the fusion peptide and possible intermediate states. As we discuss here, these 
structural states and transitions can be related to the intermediate states and energy barriers 
involved in membrane fusion. 

2.3.1 Hemagglutinin-mediated membrane fusion 
The global rearrangements of the trimeric HA1/HA2 complex and their hypothesized relations 
to the different steps of membrane fusion are depicted in Figure 2.2. The virus particle engages 
the target membrane with receptor attachment mediated by HA1 (Figure 2.2A), which in later 
steps gives way for HA2 to extend (Figure 2.2B). Upon lowering of the pH, the hydrophobic N-
terminal end of the HA is liberated from a pocket in which it was sequestered (Figure 2.2B). 
This fusion peptide inserts into the target membrane, driven by the formation of an extended 
coiled-coil structure bridging the two membranes (Figure 2.2C). The globule (yellow in Fig-
ure 2.2) at the base of HA melts and subsequently zippers up along the formed coiled coil, fus-
ing the outer leaflets of the two membranes (hemifusion) (Figure 2.2D). A pore is formed 
(Figure 2.2E) when fusion peptide and transmembrane domain come together and the distal 
leaflets merge. Expansion of the pore then allows the viral genome to enter the cell. 

 

Figure 2.2 The influenza hemagglutinin-mediated membrane fusion pathway. (A) The HA1 subunit (orange) binds si-
alic-acid moieties on target-cell receptors (dark brown). (B) After acidification, the HA1 subunits give way and the fusion 
peptide (red) is liberated from its sequestered position, to insert into the target membrane (C), allowing the HA to 
bridge the two membranes. The HA1 subunits are not shown from panel C onward. Subsequently, the trimeric HA2 
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then zippers up along itself, bringing both membranes in close proximity and leading to hemifusion (D) and the opening 
of a full fusion pore (E). Known structures are represented in panels A and E, others are inferred. For clarity, only two 
subunits of the trimeric HA are shown. 

2.3.2 HA structural rearrangements 
The crystallographic structure of HA at neutral pH, shown in Figure 2.3A, reveals that HA1 forms 
a globular head in a region that is distal from the viral membrane. This part of the protein bears 
the receptor-binding domain (shown as a green hash) and is located 135 Å from the viral mem-
brane.100 Both the C- and N-terminal ends of HA1 extend towards the viral membrane, where 
they form a hydrophobic pocket for the fusion peptide (red in Figure 2.3). A disulfide bond near 
the N terminus of HA1 connects it to HA2 (black star in Figure 2.3A2). The core of the protein 
complex is formed by an 80-Å-long triple-stranded coiled coil of alpha helices from each of the 
three HA2 subunits. A globular domain at the bottom of this coiled coil forms the base of the 
protein (yellow in Figure 2.3A) and is connected to the three transmembrane helices that an-
chor the HA in the viral membrane. From the top of the coiled coil an unstructured loop (B-loop, 
blue in Figure 2.3A) doubles back towards the viral membrane, terminating in the fusion pep-
tide. The sequence of the fusion peptide is highly conserved amongst different virus strains101 
and plays an important role in both triggering the conformational change102 and manipulating 
the target membrane (reviewed in Epand et al.103 and Cross et al.104). 

 

Figure 2.3 Crystal structures of HA. Structures shown from the neutral pH prefusion state (A in Figure 2.2, PDB: 1HGF105) 
to the postfusion state (E in Figure 2.2, PDB: 1QU199) at low pH. Color coding and stage labeling as in Figure 2.2. The 
membrane (green), fusion peptide (red) and transmembrane domain (grey) are shown schematically, together with 
the linkers connecting them to the protein. (A1 and E1) Surface representation of the HA trimer. (A2 and E2) HA2 trimer 
in cartoon representation. In A2, HA2 is covered by HA1 in transparent blue, the disulfide bond linking HA1 to HA2 is 
indicated with a black star and one of the receptor binding sites with a green hash. (A3 and E3) HA2 monomer cartoons. 
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In the low-pH, postfusion structure (Figure 2.3E), the B-loop has undergone a loop-to-helix 
transition and extends the central coiled coil (blue), together with the alpha helix that was al-
ready present in the prefusion state (grey helices). The helical stretch originally at the bottom 
of the central coiled coil (purple) has partly undergone a helix-to-loop transition, forming the 
turn in the postfusion hairpin structure. To facilitate this transition, the small globular bottom 
of HA2 (yellow in Figure 2.3A) is required to (partially) unfold while breaking the threefold sym-
metry of the trimer. This domain then packs into the grooves between the helices that form 
the core of the postfusion conformation (visible as yellow in Figure 2.3E1). For the related In-
fluenza B virus, similar structural rearrangements have been found.106 The Influenza C virus he-
magglutinin esterase in addition functions as the receptor-cleaving enzyme.26 

2.3.3 HA intermediate conformational stages 
While the structures of the prefusion and postfusion states of HA are known, the exact nature 
of the conformational transition between these two states is poorly understood. In the pre-
fusion structure, HA2 is held in a metastable state by the surrounding subunit HA1 and the tight 
binding of the fusion peptide. Destabilization of HA at a pH between 5 and 6107,108 in maturing-
to-late endosomes,109 or at elevated temperatures110 induces the release of the fusion peptides 
from their pockets and dissociation of the ‘clamp’ formed by the HA1 globular domains, ena-
bling a cascade of refolding events. The resulting release of energy is used to pull the mem-
branes together for fusion.111 

Fusion peptide release mechanism. The release of the fusion peptides upon pH drop pre-
cedes the dissociation of HA1, as shown by antibody binding112 and hydrogen-deuterium ex-
change experiments,113 and seems to be a reversible step.114,115 This release is caused by 
protonation of specific residues in and around the peptide and its binding pocket.102 Among 
others, His17 in HA1 and Asp109 and Asp112 in HA2 have been shown to influence the pH 
sensitivity, using mutants of HA that fuse at an elevated pH relative to the wild type.116-119 How-
ever, protonation of one residue influences the protonation equilibrium of neighboring resi-
dues, which complicates the identification of single critical residues and makes it more likely 
that multiple residues can contribute to the destabilization of this region.118,120,121 

HA1 dissociation mechanism. Dissociation of HA1 is a necessary step for fusion, as shown 
by a chemical cross-linking of the globular domains inhibiting the fusogenic conformational 
changes and abolishing membrane fusion.122-124 At low pH, the HA1 subunits retain their struc-
ture and the ability to bind the sialic-acid cell receptor.105,125 Key molecular switches that inter-
rupt the association between the HA1 subunits have not been unambiguously determined. 
Fusion assays on HA mutants have revealed several salt bridges and hydrogen bonds at the 
subunit interfaces that are weakened upon protonation of one of the participating residues.102 
Among these are the highly conserved His184 at the HA1-HA1 interface126 and His205 in a pan-
demic 2009 H1N1 strain.127 Both the loss of specific stabilizing contacts and an increased net 
charge on the subunits could contribute to the dissociation of HA1.121 
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The extended intermediate. Before crystallization of the postfusion structure, the existence 
of the loop-to-helix transition had already been predicted by the discovery of a strong tendency 
for coiled coil formation in the initially unstructured B-loop.96 The energy stored in this part of 
the prefusion trimer is released after removal of the clamp formed by the fusion peptide and 
HA1, inducing a ‘spring-loaded’ conformational change towards the state with lower energy.128 
Additionally, the fusion peptide, connected to the B-loop, has been shown to insert into the 
target membrane before fusion.129,130 Together, these observations lead to the hypothesis of 
an extended intermediate that establishes the connection between the two membranes.96 In-
direct evidence for the existence of such an intermediate in fusion mediated by class I proteins 
stems mainly from the development of peptides that inhibit HIV entry by binding to an ex-
tended intermediate of the HIV fusion protein gp41,131 especially when these peptides are an-
chored to the target membrane.132 Time-of-addition experiments with the peptides indicate 
that the gp41 extended intermediate exists for at least a few minutes.133 Similar inhibitory pep-
tides indicate the existence of the intermediate during refolding of influenza HA, although 
much higher peptide concentrations as well as cholesterol conjugation are needed for effective 
inhibition of influenza fusion.134 Based on the average lag time between virion arrest and sub-
sequent hemifusion, the lifetime of the extended intermediate of HA could be as much as one 
minute.32 

Refolding for hemifusion. The energy required to bring the membranes together is deliv-
ered by the unfolding of the globular bottom of HA2 and its packing into the groove between 
the helices of the extended intermediate (yellow in Figure 2.3).135 This leash-in-a-groove mech-
anism is inhibited by peptides derived from the amino-acid sequence in the leash, presumably 
by occupying the groove before HA refolding is complete.134 Additionally, mutation of hydro-
phobic residues at the end of the leash decrease the efficiency of hemifusion. Further, addi-
tional residues beyond the leash, contacting the residues that cap the N-terminal end of the 
coiled coil, are likely to add a significant amount of energy by stabilizing the postfusion confor-
mation.99 It is still unclear whether the tight packing of these residues is necessary only for pore 
formation136 or also for hemifusion.135 If the fusion peptides fail to insert into the target mem-
brane before hairpin formation, the HA protein can refold unproductively and end up in an 
inactivated state. This inactivation is demonstrated by an irreversible loss of fusion activity after 
pretreatment of the protein with low pH.137 Moreover, in the absence of target membrane, the 
fusion peptides insert into the viral membrane, completing inactivation.138,139 

2.3.4 Pathways of the Conformational Change 
After fusion-peptide release and HA1 dissociation, HA2 undergoes extensive conformational 
changes before entering the postfusion state as discussed above. Depending on the rates of 
the conformational changes of individual segments, two pathways have been proposed that 
successfully bring the two membranes together for fusion. 
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In the first productive pathway (Figure 2.4, ),28 the unstructured B loop folds into a coiled 
coil with rate kextension, proposed to be independent of pH.140 This coiled-coil structure extends 
the existing coiled coil, bringing along the fusion peptide for insertion into the target membrane 
(Figure 2.4, iii, ).129 This conformational change forms the elusive extended intermediate, a 
state that thus far has escaped structural characterization. Only recently, direct indications of 
the existence of the extended structure have been observed in a cryo-ET study.141 Intriguingly, 
the strong coiled-coil propensity of the B loop region is suppressed during the folding of HA in 
the endoplasmic reticulum, and extension becomes possible only after priming by enzymatic 
cleavage.142 This highlights the metastability of the prefusion structure and suggests a so-called 
spring-loaded mechanism.96 

 

Figure 2.4 Refolding pathways of influenza hemagglutinin. Only two subunits of the trimer are shown, and HA1 is 
omitted for clarity (consult Figure 2.2 for the complete pathway up to HA activation). The relative rates of extension 
(kextension) and foldback (kfoldback) determine the nature of the hypothesized fusion pathway. In the canonical productive 
pathway, for kextension > kfoldback (), coiled-coil formation in the B loop (blue) enables HA extension and insertion of the 
fusion peptide into the cell membrane (i, ), followed by foldback of the hinge region (purple) and the zippering mech-
anism upon unfolding of the globular domain (black) to overcome the dehydration barrier (ii, ) prior to stalk for-
mation (iii, ). The FP and transmembrane domain interact to facilitate pore formation (iv, ). Two alternative 
pathways have been proposed. For kextension < kfoldback (), foldback before extension enables insertion of the fusion 
peptides in both the virus and cell membranes (i, ), before simultaneous coiled-coil formation and zippering brings 
the membrane into close contact (ii, ), again followed by stalk (iii, ) and pore (iv, ) formation. Nonproductive 
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refolding occurs when extension happens simultaneously with foldback (kextension ≈ kfoldback, ), giving the fusion pep-
tides no opportunity to insert into the target membrane (i, ). Instead, they are directed toward the viral membrane 
(ii, ), into which they insert, thereby inactivating HA (iii, ). 

The second structural change involves partial unfolding of the central helix from the point 
where the fusion peptides initially were tucked away. Here, the hinge region at the bottom of 
the central helix folds back toward the remaining coiled coil, at a rate that is lower than the 
initial HA extension (kfoldback < kextension) (Figure 2.4, iv, ). The tendency toward this foldback 
transition is another example of a built-in structural metastability in the prefusion structure, 
owing to a shift in the coiled-coil heptad repeat.143 From the extended intermediate, with both 
membranes connected through the protein structure (Figure 2.4, iii, ), the foldback seems 
possible only once the globular domain has sufficiently unfolded. The unfolded globular domain 
subsequently packs as a so-called leash into the grooves of the coiled coil, zippering up along a 
ladder of distinct hydrophobic patches (Figure 2.4, v, ). The refolding then culminates in sta-
bilizing N-cap interactions99,135 and fusion peptide and transmembrane domain association for 
pore formation (Figure 2.4, vi, ).144,145 Indirect evidence for this pathway comes mainly from 
the inhibition of fusion by peptides that bind to the extended intermediate of the HIV fusion 
protein,131 an approach that also works with peptides targeting HA, albeit at much higher pep-
tide concentrations.134 

Two other pathways are possible from the moment of activation, depending on the relative 
rates kextension and kfoldback. The second productive pathway was predicted by MD simulations of 
HA2 using a structure-based bias,146 later supplemented by unbiased all-atom MD (Figure 2.4, 
).119 For values of kextension that are sufficiently smaller than kfoldback, rapid foldback before com-
plete unfolding of the globular domain leads to a symmetry-broken intermediate (Figure 2.4, 
iii, ). Diffusion-limited insertion of fusion peptides in both the target and viral membrane 
would allow for the bundling of energy from both coiled-coil formation and zippering 
(Figure 2.4, iv–vi, ). No experimental evidence has confirmed the existence of this pathway 
yet. 

In the nonproductive pathway (Figure 2.4, ), foldback happens almost simultaneously 
with extension (kextension ≈ kfoldback), directing the fusion peptides away from the target mem-
brane before they can insert (Figure 2.4, iii, ). Irreversible insertion of the fusion peptides into 
the viral membrane, as demonstrated by unbound virions after acidification,138,139 causes inac-
tivation of HA (Figure 2.4, v, ). Such nonproductive refolding would occur stochastically after 
HA activation, so a single HA protein cannot a priori be called (non)productive. As appears from 
fusion-kinetics experiments combined with stochastic modeling, the majority of HAs may refold 
nonproductively,31 suggesting that kextension is indeed close to kfoldback or that other factors hinder 
HA activation or fusion-peptide insertion. Additionally, a difference in binding affinity of the 
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fusion peptide with either the target or the viral membrane could influence the fraction of non-
productively refolding HAs and changing this affinity by using different lipid compositions might 
provide a way to test the nonproductive pathway hypothesis. 

There are several arguments to assume that kextension > kfoldback, thus favoring the first path-
way for productive refolding. The folding rate of a cross-linked coiled-coil dimer is about 3·104 s-

1.147 Although the folding rate for the extension of the larger trimeric coiled coil, kextension, would 
probably be somewhat lower than this, it would still be orders of magnitude higher than the 
rate constant for complete HA rearrangement. In the absence of a target membrane, the latter 
rate is about 5.8 s−1 at pH 4.9,148 although this value may be different in the context of a native 
virion and target membrane. Furthermore, it has been suggested that B loop extension is 
guided by receptor-bound HA1,31,149 thus increasing kextension with respect to unconfined folding. 
Similarly, the presence of HA1, not modeled by Lin et al.,119,146 could hamper symmetry break-
ing and thereby decrease kfoldback.149 Finally, HDX-MS studies have shown that, during activation, 
fusion peptide and B loop dynamics already increased before HA1 dissociation, essentially giv-
ing coiled-coil extension a head start.113 

2.3.5 Surmounting Membrane Fusion Barriers 
The connection between membrane fusion intermediates and specific conformational states of 
HA is not fully clear. It has been shown that the zippering mechanism of HA and formation of 
the N-cap at the end of the coiled coil deliver a significant amount of energy for dehydration of 
the fusion site and stalk formation (indicated by the zippering arrow in Figure 2.1b).99,135,136 The 
amount of energy available from HA refolding has recently been computed to be about 34 kT 
per HA.150 Estimates of the energy supplied by other individual fusion proteins range from 47 
to 71 kT for HIV151,152 and 35 or 65 kT from partial or complete SNARE complex formation, re-
spectively.153,154 Not all this energy will be used efficiently, so it is plausible that multiple fusion 
proteins will be required to surmount all the membrane fusion barriers shown in Figure 2.1b. 

Interactions of the fusion peptide with the membrane are essential for fusion, as mutations 
in the fusion peptide can completely inhibit fusion or halt the process at hemifusion.155 The 
fusion peptide can lower the barrier to stalk formation (FP arrow in Figure 2.1b) by increasing 
the probability for lipid protrusions156,157 and by promoting the strong negative curvature in the 
stalk by its inverted wedge shape.158-160 Computational studies indicate that fusion peptides 
form transmembrane bundles161 and induce positive curvature, thus stabilizing pores instead 
of stalks.162 However, the latter studies used structures derived from a shorter 20-amino-acid 
sequence that displays a more elongated boomerang shape,163 which could cause the differ-
ence in observations. In addition to the fusion peptide, the viral-membrane proximal region of 
HA (the region between the ectodomain and transmembrane domain) might be involved in 
stalk formation but its exact role and structure are still undetermined. 

The mechanisms that drive stalk expansion and pore formation remain unclear (question 
marks in Figure 2.1b). Point-like forces, such as those between the transmembrane domains of 
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SNAREs,87 might exist between transmembrane fusion-peptide bundles and transmembrane 
domains of HA.60,161 These forces could cause a thinning and widening of the stalk.164 Hemifu-
sion diaphragm expansion could also be driven by increasing membrane perturbations when 
fusion peptides associate with the transmembrane domains (TMD + FP arrow in Fig-
ure 2.1b)144,145 as well as increased membrane tension from HAs pulling the membrane around 
the fusion site.165 Finally, it has been shown that part of the transmembrane domain is neces-
sary for pore formation and enlargement, but not for hemifusion.90,166-168 

Although it is clear that the large conformational changes in HA serve to bring the two mem-
branes into close contact and that the fusion peptides and transmembrane domain play im-
portant roles in further local membrane remodeling, the molecular details and individual 
energetic contributions remain elusive. We proceed by summarizing what has been learned 
about these aspects from recent experimental studies. 

2.4 Collaboration between hemagglutinins as unraveled by single-particle 
experiments 

2.4.1 Kinetic studies of influenza viral fusion 
The first methods to study the kinetics of fusion were developed in the 80s, with assays em-
ploying viruses fusing to liposomes in solution,169,170 viruses fusing to cells171 and HA-mediated 
cell-cell fusion.172 These and later studies revealed significant new mechanistic information. It 
was shown that fusion initiates by a pH-dependent step of HA2.173 The rates of HA inactivation 
and HA-mediated fusion were found to be correlated,174 and particle docking via receptor bind-
ing influenced the fusion rate.175 The fusion rate correlates with the density of HAs expressed 
on cell surfaces,91,176-178 suggesting that fusion involves a step that relies on the participation of 
more than one HA trimer. However, whether this necessarily involves inter-HA interactions is 
hard to conclude from these types of experiments. A large number of studies have established 
that multiple HAs are needed for fusion, yet there is no consensus on the number of HAs in-
volved.179-184 The number found depends on the experimental technique used and the model 
applied. The inherent limitation of bulk fusion studies is the observation of only ensemble av-
erages, obfuscating differences within the population that are likely to arise from stochastic 
molecular events. Furthermore, the advantage of using intact virions instead of HA-expressing 
cells is that HA is studied in the native context of a whole virus particle and enables the exten-
sion of the system under study to include fusion inhibitors. Finally, the use of fast and synchro-
nous triggering of the virus population has been difficult for bulk assays and observing with high 
data acquisition rates is paramount to resolving distributions within populations and short-lived 
intermediate states. 
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2.4.2 Single-particle approaches to study influenza viral fusion 
In recent years, new experimental tools have been developed that enable the visualization of 
fusion events at the level of single viral particles. For example, single-particle tracking in cells 
has allowed the visualization of the route of influenza entry into cells109,185 (reviewed in Bran-
denburg et al.186). By monitoring distributions of properties of individual particles within a pop-
ulation rather than an ensemble average, information can be inferred about subpopulations. 
Furthermore, observation of the fusion process at the single-particle level allows for the visu-
alization of short-lived states that otherwise would be averaged out due to the asynchronicity 
of the different kinetic transitions. The reader is referred to Otterstrom et al.69 for a review on 
single-particle methods to study fusion and to Hamilton et al.187 for an overview of the various 
kinetic approaches to the study of influenza fusion in particular, both at the ensemble and sin-
gle-particle level. Here, we will focus on new insights obtained by single-particle methods into 
the collaborative action of HA proteins on the surface of an influenza particle to mediate mem-
brane fusion. 

The main features and outcomes of a typical single-particle fusion assay are shown in Fig-
ure 2.5. The membrane and the aqueous interior of the virus particle are fluorescently labeled 
and shown in green and red, respectively, and their fluorescence is imaged using total internal 
reflection fluorescence microscopy (TIRF-M), a technique that allows the selective laser excita-
tion of a very thin volume near the coverslip surface (Figure 2.5B). A planar target bilayer of 
controlled lipid composition is formed on a glass support and can be designed to incorporate 
lipid or proteinaceous receptors and a lipid-coupled pH-sensitive fluorescent probe. Synchro-
nous acidification is achieved in a microfluidic channel by flowing in low-pH buffer,188 by light-
induced liberation of caged protons189 or by pre-mixing.190 Using TIRF-M, low-background and 
high-contrast fluorescence signals are extracted to monitor particles rolling along the bilayer 
and to visualize arrest, hemifusion and opening of a pore (Figure 2.5A). The high concentration 
of dye in the viral membrane causes self-quenching of its fluorescence, allowing hemifusion to 
be detected as a dequenching and sudden increase in fluorescence when the dye escapes into 
the target membrane through the hemifusion stalk, followed by dissipation of the signal as the 
dye diffuses outwards into the supported bilayer (Figure 2.5C). Depending on the virion label-
ing procedure, the inner leaflet may hold dye that cannot escape, so abortive hemifusion events 
are not discriminated from successful ones. Disappearance of the content signal reports on the 
formation of a pore as the dye inside the particle escapes underneath the supported membrane 
(Figure 2.5D). Partway dissipation of the content dye shows either closure of the pore, or the 
presence of more than one particle in the spot. The times for individual particles to arrest, to 
hemifuse and to form a pore are collected and plotted in histograms such as the one shown in 
Figure 2.5E–G. Other possible readouts are the stoichiometry of the fusion proteins, or their 
inhibitors , and the ordering phase of the target membrane.191 With respect to inhibitors, the 
advantage of single-particle observation is that the influences of affinity and concentration are 
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bypassed by directly counting the number of inhibitors bound. Future extensions may be able 
to clarify the full sequence of events from docking to genome release, by tagging the viral capsid 
or genome. Multicolor alternating laser excitation192 could enable the simultaneous readout of 
more observables. 

Figure 2.5 Single-particle assay features. (A) Fluorescently labeled viral particles are imaged as they interact with a 
planar supported lipid bilayer, and their dynamics (rolling, arrest, hemifusion and pore formation) are visualized. Viral 
membrane is labelled green, aqueous contents are red, and hemifusion and pore formation are detected as the escape 
of each respectively. (B) A thin layer (~100 nm) is imaged using total internal reflection fluorescence microscopy (TIRF-
M), selectively exciting and detecting the weak fluorescence from individual particles that are associated with the 
membrane. (C) Hemifusion is detected as an increase of green fluorescence upon lipid mixing due to relief of dye 
quenching within the viral membrane. (D) Pore formation is detected as dissipation of the red signal as the content dye 
can leave the particle. (E) A histogram of viral arrest times shows a rise and decay, suggesting the presence of multiple 
kinetic transitions. (F) Hemifusion times also show a rise and decay. Both rise and decays are explained in Figure 2.6. 
(G) The time from hemifusion to forming a pore is exponentially distributed, suggesting the presence of only one rate-
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limiting transition; the black line shows a single-exponential fit. C and D adapted from Otterstrom et al.;69 E, F and G 
data from Ivanovic et al.32,188 

2.4.3 Mechanistic insight into HA activity from single-particle experiments 

2.4.3.1 Kinetic insight from single-particle histograms 
In single-particle assays, the main experimental readout is the distribution of times that indi-
vidual particles take to reach a certain state (arrest, hemifusion or pore formation), as seen in 
Figure 2.5. The shapes of these distributions contain information about the number of rate-
limiting kinetic transitions needed to reach the observable state.193 A process that requires only 
a single rate-limiting step results in a distribution that can be described by an exponential decay 
function, with the decay constant equal to the rate constant of the single rate-limiting transi-
tion. In the case of multiple, different steps that need to be taken in sequence, a delay is intro-
duced: each step has to wait for the previous to complete. The latter scenario results in a so-
called rise-and-decay distribution that, in contrast to a single-exponential distribution, has a 
rise and fall in the number of events over time (also see Figure 2.6b and below for experimental 
examples). Importantly, when a final state can only be achieved by a number of identical pro-
cesses that take place in parallel, a similar rise and decay is observed as in the sequential case. 
After all, the system arrives in the final state not until all required parallel transitions have com-
pleted. 

Single-particle experiments on influenza viral fusion showed that the waiting times between 
decrease of the pH and the cessation of rolling, and hemifusion and pore formation events 
showed rise-and-decay behavior, suggesting that these processes involve multiple 
steps.32,179,188,189,194 The powerful combination of single-particle experiments and analytical33 
and numerical32 modeling has resulted in a picture in which fusion is the result of a number of 
HAs acting in a parallel, stochastic fashion, whose proximity allows them to overcome the large 
energetic barriers associated with fusion. In the remainder of this review, we will analyze in 
more detail the evidence for such a stochastic view of cooperativity. 

2.4.3.2 Particle rolling and arrest as a proxy for HA fusion peptide insertion 
Single-particle fusion experiments on influenza with the pH drop performed by laminar flow, 
showed rolling of the particles along the planar target membrane for some time after acidifica-
tion.32 The distribution of times for the particles to stop rolling after acidification showed a rise-
and-decay behavior (Figure 2.5E). The way in which this behavior is interpreted and modeled 
is shown in Figure 2.6a. The section of the virus in contact with the target membrane, the con-
tact patch denoted M, is modelled on a hexagonal grid. With the dense packing of HA on a 
virion, the number of HAs typically in a contact patch is estimated to be 50–150.32 For visuali-
zation purposes, a patch of only 19 HAs is shown. Upon acidification, each HA trimer in the 
contact patch activates at a rate described by a single rate constant kinsert, determined by the 
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rate-limiting step in the conformational transitions leading to extension and insertion of the 
fusion peptide into the target membrane. When a critical number of HAs have formed a bridge 
between the viral and target membranes, the particle is arrested. This situation corresponds to 
the process depicted in Figure 2.6a Insertionsarrest: a critical number of HAs need to have ex-
tended and inserted their fusion peptides before the particle is halted. When the individual 
insertion times are exponentially distributed, the total time for a number of these reactions to 
be completed will be represented by a convolution of single-exponential distributions and will 
have a rise-and-decay shape (Figure 2.6b). Using the combination of single-particle experi-
ments and modeling, the typical number of insertions required for arrest was found to be 3.32,33 

 

Figure 2.6 Influenza fusion modeled by influenza hemagglutinin cluster formation after stochastic insertion, and sen-
sitivity to fusion inhibitors. (a) The key states of fusion: a virion is docked to receptors and rolls along the surface while 
HA insertions take place stochastically in the contact patch (schematically shown as a simplified grid of M = 19 trimers; 
realistic estimates are M = 50–150, where M denotes the number of HAs potentially interacting with the target mem-
brane). Individual HAs insert independently with rate kinsert, a function of pH. A certain number of insertions Narrest (ex-
ample of 3 shown) arrests the particle. Insertions continue until a sufficiently large local cluster Ncluster (example of 3 
shown) is formed. Hemifusion proceeds rapidly after cluster formation (i.e., khemi is large compared to previous steps). 
Finally, a pore opens with rate kpore as directly observed (see Figure 2.5). (b) Using Narrest = 3 as an example, the distri-
bution of arrest times arises as the convolution of the three single-exponentially distributed insertions, resulting in a 
rise-and-decay distribution. (c) The requirement to have Ncluster-inserted HA neighbors convolves over the number of 
insertions with their time distributions (arising in the same way as in panel b) to form the hemifusion time distribution. 
(d) The graph shows the fusion yield (the fraction of the virus population undergoing fusion) as a function of the number 
of fusion inhibitors bound to individual virus particles, as modeled in Ivanovic et al.31 Data for two different strains are 
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shown, differing markedly in their sensitivity to these inhibitors. The half-maximum points are indicated (dagger and 
asterisk). The small number of inhibitors necessary to effectively inhibit fusion is explained by the presence of a large 
fraction (2/3 to 3/4) of nonparticipating HAs (gray in pie charts), thought to arise from nonproductive HA pathways 
(see Figure 2.4). Strain 1 requires more inhibitors (dotted in pie charts) to reach half-maximum fusion yield than strain 2, 
because it has a larger fraction of productive HAs (blue in pie charts). The difference in yield without inhibitors is also 
explained by the change in the nonproductive fraction of HAs. 

2.4.3.3 Insertion of the fusion peptide as a single-barrier transition 
A framework to model protein conformational changes with a kinetic barrier was previously 
developed and successfully applied to single-molecule pulling experiments.195 This model was 
also applied to HA membrane insertion, using a rate constant that is a function of pH.33 As noted 
before, the influenza HA undergoes a proteolytic priming step that renders its prefusion struc-
ture metastable: the postfusion, conformationally rearranged protein has a lower free energy 
of folding.26 At neutral pH, the barrier for the HA to traverse to this lower-energy postfusion 
structure is too high to overcome by thermal fluctuations alone. The rate of HA rearrangement 
was inferred to be pH dependent.113,196 Experiments performed at elevated temperature show 
that fusion can also proceed at physiological pH,110 indicating that there is a kinetic barrier for 
the HA to undergo the conformational rearrangement. The resulting model is that the barrier 
for the HA to extend and insert its fusion peptide into the target membrane is lowered with 
decreasing pH and that the resulting transition rate is pH dependent, that is, kinsert is a function 
of pH. For certain strains, this rate-limiting step was found to correspond to the expulsion of 
the fusion peptide from the pocket in which it was sequestered.32 Hence, the probability of 
insertion of a single HA trimer is modeled as a single-exponential decay. 

2.4.3.4 Hemifusion is mediated by a cluster of independent HA insertions 
The distribution of the hemifusion times (Figure 2.5F) also shows that there are multiple steps 
involved in forming this intermediate. It has been found that the barrier to membrane fusion is 
too large to be overcome by a single HA and that 2 to 6 trimers need to participate together as 
a fusogenic unit. For influenza, it has been proposed that multiple HA trimers act together in a 
small area and that the formation of a critical cluster of neighboring inserted HAs drives fusion 
(Figure 2.6a).180 Other viruses similarly require the involvement of multiple copies of the fusion 
protein.27,38,197,198 

The collaboration of multiple HAs is modeled as follows. After the insertion of a critical num-
ber of HAs into the target membrane has firmly docked and immobilized the viral particle, vis-
ualized by the arrest of rolling, HAs continue to insert into the target lipid bilayer with rate kinsert. 
With the HA trimers transitioning to the collapsed postfusion state, the two membranes will be 
pulled closer together at points where a trimer has successfully inserted its fusion peptides. 
When a group of HA trimers close enough in space and time (Figure 2.6a, Insertionscluster, ex-
ample of 3 shown) convert to the collapsed conformation, the fusion barrier that is too large 
for a single HA can be overcome. Once such a cluster is formed, the collaborative refolding 
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appears to proceed rapidly.32 The rise and decay that is measured for hemifusion hence arises 
from the multiple steps involved and has a different shape than the arrest distribution because 
of the geometrical requirement (Figure 2.6c). Single-particle estimates for the cluster size vary 
somewhat between influenza strains, but lie around 2 to 4.33,194 

2.4.3.5 Pore formation and pore expansion: multiple players 
Figure 2.5G shows a typical experimentally determined distribution of times to pore formation. 
A particle-by-particle analysis of the times elapsed between hemifusion and pore formation 
reveals a single-exponential distribution and thus shows that the pore-formation step involves 
a single rate-limiting step. It is weakly pH dependent, but remains a one-step transition over 
the pH range probed.188 The rate-limiting step is unknown but seems to suggest a mechanism 
that is not dominated by the stochastic action of individual HAs, as was observed for arrest and 
hemifusion. However, studies using HA expressing cells indicate that there is still involvement 
of the HAs165 and the fusion peptide199 in this step. Pressure from an expanding interior coat of 
matrix proteins has also been proposed to drive pore opening in a pH-dependent manner.200 
Moreover, the influence of properties of the membrane is still unclear. It is apparent that there 
is an intricate interplay of multiple factors driving pore opening and pore enlargement, the lat-
ter being the energetically most challenging step in the fusion process.28 

2.4.3.6 Hemifusion is abrogated at sub-stoichiometric levels of bound fusion inhibitor 
The fusion step in the viral life cycle is a key target in the search for broad-spectrum antivirals, 
since the fusion mechanism is conserved across different strains or even across different viruses. 
Such drugs potentially provide longer-lasting efficacy than drugs targeting virus attachment or 
release (neuraminidase inhibitors), steps that are associated with pathways subject to much 
larger genetic variation.50,201,202 Drugs targeting the conserved HA stem or extended intermedi-
ate seem particularly promising in finding a universal influenza therapy. 

A single-particle assay using antibodies and antibody fragments that bind the stem of the 
HA trimer in the prefusion state and prevent the low-pH conformational change showed the 
effect of inhibiting fusion-competent HAs one by one.30 By counting the number of antibodies 
bound per individual virion and observing the resulting fusion yield, it was found that not all HA 
trimers need to be inhibitor-bound to fully abrogate fusogenicity, supporting the idea that hem-
ifusion requires a network of HAs that can form a cluster. A virus particle decorated with a large 
number of inhibitors will take a longer time to achieve hemifusion, since it is less probable to 
form a cluster in the contact patch. When the number of inhibited HAs is sufficiently large to 
prevent the formation of a fusogenic cluster, the particle will fail to achieve hemifusion alto-
gether. The presence of such time delay and concomitant reduction in fusion yield at interme-
diate inhibition levels was experimentally demonstrated.30 
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A striking difference in antibody numbers needed to achieve half-maximal inhibition was 
observed between two influenza strains (Figure 2.6d, graph). The absolute numbers of inhibi-
tors involved were only a fraction of the total available HA epitopes. Both this and the differ-
ence between the strains suggested that not all HA might be productively involved in the fusion 
process.31 

2.4.3.7 The role of unproductive HAs 
The modeling described above assumes a homogeneous coverage of fusogenic HAs on the viral 
particle. However, there are several reasons that this assumption is not correct. For instance, 
other proteins (neuraminidase, the M2 proton channel) may occupy space in the viral envelope 
otherwise taken by HA. Moreover, some HA trimers might fail to insert into the target mem-
brane and inactivate. We will refer collectively to these as “unproductive” HAs. A parameter 
that sets the fraction of unproductive HAs in the population can be added to the model de-
scribed above. In order to be able to quantitatively explain the inhibition levels measured in 
(Figure 2.6d, graph), a model including such unproductive HAs predicts that a large fraction of 
the HAs inherently is unproductive.31 The different strain responses can then be explained due 
to differing, but large, fractions of unproductive HAs involved (Figure 2.6d, pie charts, grey), 
making necessary different fractions of inhibitor-bound HAs (Figure 2.6d, pie charts, black) in 
order to disrupt the HA network enough that no cluster can be formed anymore. 

There are two major caveats, the first of which is that the contact patch size has not been 
measured experimentally which makes the relationship between experimental fusion data and 
modeling efforts somewhat uncertain.31,33 Secondly, influenza viruses display considerable size 
heterogeneity, which may lead to variations not yet captured in the models. However, it seems 
clear that not all HA can be productive in fusion and nonproductive HA refolding pathways have 
been proposed, as discussed in section 2.3.4 Pathways of the Conformational Change. 

The details have not yet been resolved, but the cluster size, fraction of nonproductive HAs, 
and HA activation rate seem to be system parameters that influenza may vary in response to 
evolutionary pressures in order to achieve efficient cell entry, while at the same time avoiding 
immunogenic detection and maintaining stability outside of the cell. 

2.4.4 Open questions 
HA activation was found to correlate with the surface density of HA,91,176-178 consistent with the 
presence of interactions between trimers that facilitate fusion. Such inter-trimer interactions 
have been proposed, as well as the formation of a fusogenic ring of HAs. Nevertheless, single-
particle experiments show that such hypothesized inter-trimer interactions are not necessary 
to explain hemifusion kinetics. Instead, as argued above, a model of stochastically firing HAs 
suffices to explain all reported kinetics. It remains unclear, however, whether HA assembly into 
a cluster is rate-limited by the diffusion of the HAs in the membrane, given the low surface 
density of HA in cell-based assays. Also, HA activation is reduced in the absence of a target 
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membrane,31,203-205 and there are reversible conformational changes in the activation path-
way.113-115 These are all phenomena that are not yet incorporated into the stochastic models 
due to the lack of single-particle cues. Likewise, the treatment of the HA conformational tran-
sition as a single activation barrier, and hence as a single-rate transition, is likely to need 
amendment once more detailed data regarding this transition become available, for example 
from strains exhibiting a high pH threshold. Furthermore, whether HA can unproductively re-
fold after successful target membrane insertion remains unknown. 

There is evolutionary pressure that balances the number of trimers required for fusion, the 
rate at which the trimers activate, and the specific pH optimum of activation.194 These reflect a 
balance between transmission stability in acidic environments, which contributes to potency 
to cause pandemics,206 and the location of viral RNA release in the infected cell. This location 
can be an early endosome, far from the nuclear target, or close to the target in a late endosome, 
with a higher risk of HA degradation by enzymes.194 Variation in preferred entry pathway has 
been found for HIV-1 as well as for influenza194,197 and future research into the connection be-
tween these factors may contribute to a better understanding and prevention of flu pandemics. 

Summarizing, an emerging molecular view of influenza fusion is that of a tug-of-war that 
starts after a field of HA trimers have activated stochastically. With a section of the virus in 
contact with the target membrane (flattened view shown in Figure 2.7), several HAs potentially 
can collaborate in fusion. After acidification, each HA in this contact patch individually has to 
overcome the barrier to extension and insertion (Figure 2.7A), and HAs may accumulate in dif-
ferent stages of refolding, apposing both membranes (Figure 2.7B). Once a critical cluster of 
neighboring HAs has inserted and folds back (Figure 2.7C), hemifusion ensues rapidly. Finally, 
formation and enlargement of a pore (Figure 2.7D) connects the cellular and viral compart-
ments, initiating viral replication as the viral genome invades the cell. 
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Figure 2.7 The interplay of multiple HAs to collectively overcome the barrier to membrane fusion. A flattened artist’s 
impression of the viral surface (bottom layer) and parts of the target cell membrane (top membranes) is shown to 
convey the three-dimensional geometry of the process. Metastable HA in the prefusion conformation cover the virus 
surface (blue bundles). (A) An extended intermediate is formed after low-pH triggering. (B) HA refolding brings the 
membranes closer together, forming dimples in the viral and cell membranes. (C) Once a critical, minimal cluster of 
inserted HAs has formed, hemifusion ensues. (D) A fusion pore is formed, connecting viral and cellular interiors to allow 
transfer of the viral genome. 

2.5 Future directions 
In improving our understanding of HA–mediated membrane fusion, the combination of single-
particle experiments and stochastic modeling has enabled the identification of several im-
portant parameters, such as the independence of HA triggering by low pH and the action of 
multiple HAs in a cluster to catalyze hemifusion. Nonproductive pathways of HA refolding ap-
pear to play an important role, as probed with neutralizing antibodies. These parameters of 
influenza fusion can be described in a unified way, and this approach allows us to appreciate 
the strategy of viral fusion or even fusion catalysis in general: The large membrane fusion bar-
rier is conquered by first overcoming small kinetic barriers of the fusion proteins to insert into 
the membrane, after which their catalyzing capability and energy of refolding are utilized to 
drive fusion. Even though details vary, this mechanism appears universal across all classes of 
enveloped viruses31,33,34,207 and may very well be extended to other fusion systems. 

For efficient entry of viruses into cells, just like for the functioning of these cells themselves, 
the timescale at which membrane fusion occurs needs to be synchronized with other biological 
processes. As described in this review, the influence of the high kinetic barriers of dehydration 
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and pore formation in determining this timescale became evident from the determination of 
the kinetics and thermodynamics of membrane fusion. To elucidate the relative importance of 
the factors that determine these barriers, the field will benefit from further integration of ex-
periment and computation. However, owing to a huge variety in system parameters (as evident 
from the diverging data in Figure 2.1 and Table A2.1), there is a need for more structured, col-
laborative studies that coordinate to closely mimic the parameters involved in influenza mem-
brane fusion. By combining insights from in vitro and in silico assays, such collaborative studies 
will aid direct comparison of membrane fusion barrier heights between different approaches 
and can further determine the relative importance of lipid composition, initial curvature, mem-
brane tension, and, in particular, fusion-protein mediation between fusion intermediates. 

To accomplish such future studies, high-resolution experimental assays have become avail-
able that have proven to be powerful tools for access to intermediate states in the pathway to 
fusion, especially when augmented by modeling approaches. Emerging experimental tools are 
cryo-EM/ET,208 HDX-MS,209,210 fluorescence microscopy69,211 and single-molecule force spec-
troscopy152,212,213 as well as combinations thereof.214 Meanwhile, computational approaches 
become more powerful in time and length scale,75 while novel computational215-217 and analyt-
ical195 methods can probe free-energy landscapes governing protein conformational changes. 
With these tools, the synergy between experimental and theoretical approaches at the molec-
ular level has come within reach. Increasing the complexity of in vitro and in silico assays toward 
in vivo conditions, one step at a time, will lead to a better understanding of the factors govern-
ing influenza fusion and ultimately of all membrane fusion in living cells.  
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2.6 Appendix 

Table A2.1 Overview of membrane-fusion free-energy barrier-height estimates.

Refe
renc

e Type of study Lipid composition

Flat / curved 
membrane (first 

/ second)
Radius 
(nm)

Initial 
separa

tion 
(nm)

Unfused 
to stalk

Dehydrated 
to stalk

Stalk 
expansion / 
Hemifusion 
diaphragm

Pore 
(from 
HD)

Stalk to 
fused

Pore 
expansion

Pore 
(in single 

planar 
bilayer)

(24) CG-MD (Goetz & Lipowsky) ? Flat - - 15-20
(6) CG-MD (Martini + MSM) POPE curved /curved 7.5 1 13 13 18 16
(6) CG-MD (Martini + MSM) POPE:POPC 1:1 curved /curved 7.5 1 14 14 15 13
(6) CG-MD (Martini + MSM) POPE:POPC 1:2 curved /curved 7.5 1 17 15 15 13
(18) CG-MD (implicit solvent) ? flat / flat - ? 16
(23) CG-MD (Martini) POPC flat/flat - 5/lipid 20
(16) CG-MD (Martini) DPPC vesicles 6.5 1
(16) CG-MD (Martini) DPPC:DPPE 3:1 vesicles 6.5 1 24
(16) CG-MD (Martini) DOPC vesicles 6.5 1 20
(16) CG-MD (Martini) ASTail vesicles 6 1 78
(10) CG-MD (SDK expl solv) DOPC:DOPE 1:1 flat/flat - 4 36 <0 65 >0
(21) CG-MD (Martini) POPE curved/curved 10 - 17
(21) CG-MD (Martini) POPE+30mol% chol curved/curved 10 - 24
(9) CG-MD (SDK expl solv) DMPC:DOPE (1:1) curved/curved 5 6.1 31 35 <0
(9) CG-MD (SDK expl solv) DMPC:DOPC (1:1) curved /flat 5 6.1 38 55 <0
(9) CG-MD (SDK expl solv) DMPC:DOPE (1:1) flat/flat - 6.1 42 93 >0

(7) Mean-field "biological lipids" flat / flat - 1.5 13 25-63 <0
(8) Mean-field "biological lipids" flat / flat - 1.5 13 25-63 40
(13) Self-consistent Field Theory POPE:POPC 2:3 vol flat / flat - 2 16 16 <0
(13) SCFT POPE:POPC 2:3 vol flat / curved 14.7 2 16 5 <0
(13) SCFT POPE:POPC 2:3 vol flat /curved 9.8 2 16 4 <0
(13) SCFT POPE:POPC 2:3 vol curved /curved 3.7-9.8 2 13 -26 <0
(4) Dissipative Particle Dynamics ? curved / flat 7 1.5 8 11 8
(4) DPD ? curved / flat 14 1.5 8 14 8
(2) SCFT + string method Low tension flat - - 90
(17) String method "biological lipids" flat / flat - 1.2 16 -3

(12) Continuum ? dimples 10 0.8 37
(11) Continuum DOPC flat/flat - 6.2 45  
(11) Continuum DOPE flat/flat - 6.2 -30
(15) Continuum ? ? ? ? 55 40
(5) Continuum DOPC flat/flat - 3 54
(22) Continuum (string method) DOPE:DOPC/S 1:1/5 flat / flat - 3-5 27 31 35 120 <0 45

(14) PEG Bulk Fluorescence DOPC:DCPC 85:15 vesicles ? <1 29 33 33 <0
(1) X-ray diffraction DOPC flat/flat - 1.5 173
(1) X-ray diffraction DOPC:DOPE 1:1 flat/flat - 1.5 89
(1) X-ray diffraction DOPC:chol20% flat/flat - 1.5 55
(19) Tweezers: Beads+SNARE PC:PE:PS:chol 6:2:1:1 flat/curved 750 <1 30 14 14
(3) El. breakdown ? (asolectin) flat - - 45
(20) X-ray diffraction DOPC flat/flat - - 199
(20) X-ray diffraction DOPC:DOPE 1:1 flat/flat - - 101
(20) X-ray diffraction PC:PE 1:1+chol flat/flat - - 84

MINIMUM of the values in green 27 14 14 15 93 >0 45
MAXIMUM of the values in green 89 29 33 35 120 <0 45

MID-RANGE between the values in green 58 22 23 25 107 0 45

 

The data used for Figure 1 in the main text is  highlighted in green
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3 The importance of the stability of the in�uenza 
hemagglutinin globular bottom probed in 

single-particle membrane fusion assays 

Abstract 
The in�uenza hemagglutinin protein (HA) is involved in several key processes of cell en-
try by the in�uenza virus, including receptor binding and membrane fusion. To catalyze 
fusion, HA undergoes large conformational rearrangements to insert into the mem-
brane of the target cell, to bring the cellular and viral membranes together, and to drive 
formation of a fusion pore so that the viral genome can enter the cell. During the past 
decades, the importance of the di�erent domains of the HA protein to its fusogenic ca-
pability has been studied extensively. We describe here studies of a domain at the base 
of HA, the globular bottom, that is important in the refolding of HA after extension. The 
stability of the globular bottom has been suggested to in�uence the sequence of the 
conformational changes that are critical for fusion. We sought to determine the e�ect of 
destabilizing mutations in the globular bottom on the mechanism of fusion, using in�u-
enza A viruses with engineered mutations identi�ed previously in all-atom molecular 
dynamics simulations. Using a �uorescence microscopy single-particle fusion assay, we 
�nd that the fraction of the population of viruses undergoing fusion correlates with 
globular bottom stability. Destabilized mutants were more susceptible to neutralization 
of fusion by HA-binding inhibitors. Also, we �nd that the globular bottom mutations af-
fected HA incorporation during virus assembly, reducing the number of HA available per 
virion. Using a model in which in�uenza fusion relies on the stochastic occurrence of 
(near) simultaneous folding events, we postulate that this reduced HA incorporation ex-
plain the single-particle observations. 

 

Blijleven JS, Boonstra S, Liu M, Onck PR, van der Giessen E, Ivanovic T, van Oijen AM. In prepara-
tion. 
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3.1 Introduction 

3.1.1 Influenza membrane fusion 
Influenza virus is the cause of yearly epidemics with the potential for the occurrence of a global 
pandemic. This yearly re-occurring threat is largely due to the ability of the virus to extensively 
mutate.44 The virus is enveloped by a lipid membrane, and fusion of this membrane with that 
of the target cell is a key step in its entry process. Understanding the fusion mechanism of 
influenza virus is paramount to the development of rationally designed antivirals that target 
this indispensable step in the viral replication cycle. High kinetic barriers prevent spontaneous 
membrane fusion to occur on a biological timescale.28 

The influenza hemagglutinin protein (HA) on the outside of the virus mediates influenza cell 
attachment and is the catalyst of fusion of the viral and host cell membranes, helping to over-
come the membrane fusion barriers. HA is a homotrimeric protein that is part of a class of viral 
fusion proteins that also contains the HIV gp41 protein, a class defined by major alpha-helical 
structural motifs.38 

Upon attachment to the cell, the virus is taken up into an endosomal compartment. Matu-
ration of the endosome causes the internal pH to reduce, which is the trigger for the HA to 
undergo large-scale conformational changes. The sequence of HA conformational changes is 
depicted in Figure 3.1. The acid-triggered HA opens up its top (Figure 3.1B, orange) and an am-
phiphilic fusion peptide (Figure 3.1, red) is projected towards the target membrane by for-
mation of an alpha-helical coiled coil, leading to an extended intermediate bridging both 
membranes (Figure 3.1C). Subsequently, the base of the HA, termed the globular bottom 
(Figure 3.1, yellow), melts and zippers up along the coiled-coil core (Figure 3.1D), bringing the 
transmembrane domain and the fusion peptide together. The conformational changes mediate 
hemifusion of both membranes, where the proximal leaflets have merged (Figure 3.1D). The 
association of transmembrane domains and fusion peptides leads to the opening and expan-
sion of a pore (Figure 3.1E) after which the genome can enter the cell and replication can com-
mence. 

 

Figure 3.1 The membrane fusion pathway mediated by influenza hemagglutinin. (A) The HA1 subunit (orange) binds 
sialic-acid moieties on target-cell receptors (dark brown). (B) After acidification, the HA1 subunits give way and the 
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fusion peptide (red) is liberated from its sequestered position, to insert into the target membrane (C), and allowing the 
HA to bridge the two membranes. The HA1 subunits are omitted from panel (C) onward. Subsequently, the trimeric 
HA2 zippers up along itself, bringing both membranes in close proximity and leading to hemifusion (D) and the opening 
of a full fusion pore (E). Known structures are represented in (A) and (E), others are inferred. For clarity, only two 
subunits of the trimeric HA are shown. Reproduced with permission from Elsevier.218 

The role of several domains in membrane fusion has been asserted through mutational 
studies. The globular head of HA, denoted HA1 (Figure 3.1A, orange), binds to cellular receptors 
and docks the virus. The HA1 domains need to be able to move away for fusion to take place, 
as was demonstrated by introducing cysteines that cross-linked the globular heads within an 
HA trimer.122,123 Release of the fusion peptide is rate limiting for extension, and forward and 
reverse mutations in the fusion peptide and its pocket have been found to affect the rate of 
release.32 Mutational studies of, and the use of peptides complementary to, the part of the 
globular bottom that zippers up along the HA trimer core have shown that the zippering is nec-
essary for fusion to occur.134,135 Residues in the very end of the zipper are important for for-
mation of an N-cap and are necessary for opening and enlargement of a pore.136 While the role 
of the zippering function of the globular bottom is now fairly well established, it is not clear 
how globular bottom stability affects the processes leading up to extension, for example po-
tentially affecting the success rate of insertion.31,146 

3.1.2 Critical interactions in the globular bottom of influenza hemagglutinin 
All-atom molecular dynamics (MD) simulations have identified key residues in the globular bot-
tom that stabilize the domain vertically through an intra- and inter-trimer hydrogen-bonding 
network (Figure 3.2).219 Here follows a description of these simulations as they have been used 
as the starting point for the experimental work described in this Chapter. To reduce computing 
time, the molecular dynamics simulations used a truncated part of prefusion HA2, comprising 
residues 112 to 175. The stability of the globular bottom was probed by measuring the unfold-
ing time under a constant force along the long axis of the protein, at the viral-membrane-prox-
imal end of the domain while keeping the distal end fixed. Any vertical hydrogen bond that 
remained intact until macroscopic chain unfolding, and that strongly correlated with this un-
folding event, was defined as being critical. Dissociation of a critical contact therefore was by 
definition necessary for macroscopic chain unfolding and represented the rate-limiting step in 
the unfolding process. 

According to the MD simulations, the four most critical vertical hydrogen bonds were those 
between residues E128 (glutamic acid) and R170 (arginine), and E131 and R163 (Figure 3.2). 
The first of these pairs, E128 and E131, was located in the part of the globular bottom that stays 
around the HA base, whereas R163 and R170 end up in the leash that zippers up along the HA 
core. The residues were identified in the influenza A strain X31 (H3N2, A/Aichi/68). 
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(a) Side view on the salt bridge network. (b) Top view. 

Figure 3.2 Critical interactions in the globular bottom as determined by molecular dynamics simulations. (a) Side and 
(b) top view of the prefusion crystal structure of wild-type H3 influenza virus, showing the salt-bridge network in the 
core of the globular bottom. Glu128, Glu131, Arg163 and Arg170 are drawn in licorice representation. Figure courtesy 
of S. Boonstra.219 

Mutating these residues in the globular bottom significantly reduced the stability under 
pulling force, apparent as a change in unfolding time (Figure 3.3). The hydrogen bonding capa-
bilities of E131 were disabled by introducing glutamine instead of glutamic acid, removing the 
contacts E131 had with R163 and E170. Introduction of alanine at R163 kept the helical pro-
pensity of that residue whilst also removing the capability for hydrogen bonding. Both muta-
tions resulted in similar unfolding times, as expected for these binding partners. Furthermore, 
they significantly reduced the unfolding time compared to the wild-type structure. The double 
mutation E131Q-R163A did not result in a significant change with respect to the single muta-
tions. Another residue making vertical contacts was E128, which bound with R163 and R170. 
The double mutation E128Q-E131Q did result in a significant speed-up of unfolding, as this re-
moved all possibilities for R163 and R170 to make vertical contacts. 

The reverse effect, globular bottom stabilization, was attempted in a different influenza 
strain. Residues E128, E131, R163 and R170 were found to be fully conserved across the X31 
strain phylogenetic group, group 2. This group is defined by a conserved histidine at position 
106. However, this conservation is not the case for group 1 viruses, such as PR8 (H1N1, 
A/Puerto Rico/8/34), where the residues identified in the simulations were present only 
sparsely and inconsistently.219 Therefore, a separate set of simulations characterized the un-
folding time of the wild-type PR8 strain. It was found to be significantly faster than X31 wild-
type (Figure 3.3). Introducing the networking residues from group 2 by mutations N128E, 
K131E and S163R resulted in a significant increase in the stability of PR8 HA, of magnitude com-
parable to X31 wild-type. 
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Figure 3.3 In silico determined unfolding time of HA globular bottom mutants of strains X31 and PR8, as published 
in the dissertation by Boonstra.219 A truncated version of HA (HA2112, containing residues 112 to 175) was taken and a 
pulling force applied to the ends of each of the three subunits along the protein long axis. The time for the first chain 
to macroscopically unfold is shown. Macroscopic unfolding was defined at a distance of 11.5 nm between the termini 
of HA2112. Bars show mean±sem from at least 10 runs. 

In summary, these in silico studies had previously identified several globular bottom desta-
bilizing mutations for X31, and stabilizing mutations for PR8. A panel of these mutants was se-
lected and grown by the lab of Dr. Tijana Ivanovic at Brandeis University for in vitro 
characterization in this study. 

3.1.3 Single-particle fusion as a tool to probe the effect of the influenza 
hemagglutinin globular bottom stability on fusion 

Taking the results from the MD simulations, we experimentally investigated the effect of the 
stability of the globular bottom on fusion of influenza virus. We used a controlled, in vitro assay 
based on fluorescence microscopy to observe the yield of hemifusion of single virus particles 
docked to a planar lipid bilayer. We probed differences in the fusogenicity of the virions. We 
did so by employing tagged HA inhibitors, counting their numbers bound to each virus particle, 
and correlating these inhibitor numbers with the observed fusion yield. Thereby, we obtained 
measures for the inhibitor-sensitivity of the different strains and the number of HA involved. 

The combined analysis of biochemical and single-particle experiments showed that the ma-
jor effect of the destabilized globular bottom was a reduction in HA density on the virus parti-
cles. We interpreted the single-particle results in the context of a numerical model of influenza 
viral fusion previously proposed by our group. This modeling showed that accounting for the 
reduction in the number of HA available per virus particle was sufficient to semi-quantitatively 
explain the data. Based on these results, we suggest studies to further test the molecular model 
of influenza fusion. 
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3.2 Results 
We employed a previously established assay to visualize influenza viral fusion at the single-
particle level, providing access to the population distribution of fusion events rather than an 
ensemble average.30,32,188,220 High-sensitivity fluorescence microscopy was used to observe sin-
gle, fluorescently tagged virus particles fusing with a planar membrane.30  

 

Figure 3.4 Single-particle assay. (a) Viruses were docked onto a planar lipid membrane supported by a coverslip. Virus 
membrane was labeled with a lipophilic dye (red) and antibodies were also tagged (green). A pH-sensitive dye provided 
a readout of the time of acidification. Laser-excited fluorescence was collected onto two different halves of a camera. 
(b) The left half (green, left) of the camera image shows the labeled antibody fluorescence, the right half (red, middle) 
shows the viral membrane label. Both sides co-localize since they result from the same virions. The fusion yield was 
determined by counting spots at the start (red, middle) and end of the experiment (red, rightmost). Arrows highlight 
six particles that have fused. Antibody intensity was extracted per spot directly after triggering of fusion by inflow of 
acidic buffer. 

Briefly, a supported lipid bilayer was formed on the top surface of a microscope cover slip 
(Figure 3.4a), with sialic-acid containing receptors embedded in the membrane. A flow channel 
was used to flow reagents past the membrane. Virus particles were pre-docked to the mem-
brane via the sialic-acid recognition of the viral HA. Rapid introduction of low-pH buffer pro-
vided the trigger for the viruses to fuse. Virus particles were labeled in the membrane with a 
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lipophilic dye, the escape of which into the target membrane (‘lipid mixing’) indicated that hem-
ifusion of the viral and target membranes had been achieved. The yield of hemifusion was ob-
tained by counting the number of viral-membrane-fluorescent spots at the start and end of the 
experiment (Figure 3.4b, right). Antigen-binding fragments crF8020 (Fabs), a fusion inhibitor 
binding to the X31 HA stem and preventing the conformational changes leading to fusion,221,222 
were used with a fluorescent tag to enable quantification of the numbers bound to individual 
virions, and to enable correlation with the observed yield of fusion (Figure 3.4b, left). 

3.2.1 X31 hemagglutinin globular bottom mutants displayed decreased fusion yields 
With the ability to visualize fusion at the single-particle level, we determined the probability to 
establish a hemifusion intermediate for the panel of globular bottom mutants described above. 
The virus particles were pre-docked to the planar lipid membrane and then rapidly acidified in 
the flow channel to pH 5.0. 

 

Figure 3.5 Yield of hemifusion of the panel of influenza A mutants of strains X31 and PR8. Virus particles were pre-
docked to a planar lipid bilayer and acidified to pH 5.0. This induced the virions to fuse to the target, leading to dissi-
pation of the membrane probe. The fraction of membrane-labeled spots at the start and end of the experiments was 
determined: the yield of hemifusion (see Figure 3.4). Triangles denote single trials. Bars show weighted mean±sem. P-
values, relative to wild-type within strain, determined by Welch’s t-test, see Table A3.1; *: p<0.05, **: p<0.01, 
****: p<0.0001, NS: not significant. 

For the X31 strain (Figure 3.5, left), the wild-type yield of hemifusion was determined to be 
0.81±0.05 (mean±sem). All X31 mutants, with destabilized HAs, were observed to have signifi-
cantly (see Figure 3.5 and Table A3.1) lower fusion yields than wild-type virus, with the single 
mutants having intermediate yields and the double mutants displaying low yields. The E131Q 
and R163A single mutants displayed similar, intermediate fusion yields of 0.59±0.04 and 
0.61±0.08 respectively. Combining these two single mutations in the double mutant E131Q-
R163A resulted in a low fusion yield of 0.28±0.02, and the double mutant E128Q-E131Q dis-
played a very low yield of 0.04±0.04. The wild-type PR8 strain (Figure 3.5, right) displayed a 
yield of 0.15±0.08, lower than that of wild-type X31. Introducing the residues identified in wild-
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type X31 with the aim of stabilizing the PR8 strain HA globular bottom, i.e. mutant PR8 N128E-
K131E-S163R, did not significantly change the fusion yield compared to PR8 wild-type 
(Figure 3.5 and Table A3.1). The reasons for this lack of improvement may be complex as the 
H1 HA amino-acid sequence is quite different from that of H3. 

3.2.2 Globular bottom mutants were more susceptible to inhibitor-mediated 
neutralization of fusion 

Previous reports combining numerical modeling and single-particle experiments have sug-
gested that fusion is mediated by the assembly of a cluster of HAs that have inserted into the 
target membrane in a contact patch between the virus and target membrane.32,33 Furthermore, 
a large fraction of HAs has been determined to be non-participating in fusion.31 In the numerical 
model, the final yield of fusion is exclusively dependent on the number of HAs in the contact 
patch and the relative number of HAs that are able to participate, which taken together we 
denote as the effective number of HAs. Since in our experiments the fusion yield of the mutants 
was changed, we postulated that the effective number of HAs was different. By performing 
viral-fusion experiments on the different globular bottom variants while using varying concen-
trations of HA-binding inhibitors we controlled the number of participating HAs in a fusion re-
action and studied how this number varied for different globular bottom variants. 

Recent work demonstrated that binding of HA by the broadly neutralizing, stem-binding 
antibody CR8020 (group-2-specific, such as the X31 strain) and its Fab fragment crF8020 re-
sulted in inhibition of HA-mediated viral membrane fusion.222 We used crF8020 to avoid the 
complications of bivalent binding of the antibody and used them labeled with a fluorescent dye 
to enable quantification of the number of inhibitors bound per virion. After incubation of the 
virus particles with these inhibitors and docking them onto the planar membrane in the flow 
channel, the fluorescence intensity per virion was measured. Using calibration experiments 
that were based on imaging individual labeled Fab fragments, the intensities were converted 
into numbers of inhibitors bound to the virus particle. By changing the concentration of incu-
bation, different binding levels were achieved and we effectively titrated epitopes on the viral 
surface with inhibitors. 

The batch of labeled inhibitors was identical to that used before (crF8020 labeled with 
AlexaFluor488 by Otterstrom et al.),30 and the assay was similar. The fraction of Fab without 
dyes, the dark fraction, had been measured before to be 0.90±0.01. The mean intensity of sin-
gle crF8020-AF488, dependent on the specific optics used, was determined in order to calculate 
inhibitor numbers (see Figure A3.1). Keeping the final volume constant for all conditions, the 
different virus mutants were diluted to the same final concentration of viral protein (as deter-
mined with UV-VIS spectroscopy) and incubated for at least 45 min with the target concentra-
tion of inhibitor to allow binding saturation (as described before).30 Experiments without 
inhibitors followed the same protocol using buffer instead of inhibitor solution. 
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Figure 3.6 shows the observed yield of hemifusion versus the estimated median number of 
bound inhibitors. We tested the four variants of X31 virus that had fusion yield higher than 0.2. 
These displayed different profiles of inhibition. To facilitate comparison and for lack of a model 
at this point, we show linear regressions on the data. X31 wild-type was insensitive to inhibitor 
binding up to about 400 copies bound, with a yield of fusion comparable to conditions without 
inhibitor (Figure 3.6a). With higher inhibitor numbers, the yield of fusion was reduced, reaching 
near-complete inhibition of fusion in a range of around 500 to 1500 inhibitors bound. 

 

Figure 3.6 Yield of fusion for different virus variants versus count of bound inhibitor. Virus was incubated with varying 
concentrations of inhibitor to reach a range of values of bound inhibitor (see Figure A3.3). Per trial (triangles), the 
median number of bound inhibitor over virions was determined as well as the yield of hemifusion (see Figure 3.4 and 
Methods). Virus variants: (a) X31 wild-type (b) X31 E131Q (c) X31 R163A (d) X31 E131Q-R163A. X-error bars show only 
errors from inhibitor intensity determination (Figure A3.1) and do not reflect population spread. Linear regressions 
(blue) are shown to aid comparison, and fitting was done without x-errors. 95% confidence intervals are indicated. 

Introducing the single mutations E131Q or R163A not only reduced the yield without pres-
ence of inhibitors (as shown previously in Figure 3.5), but in addition, the point of half-maximal 
reduction decreased to about 250 inhibitors bound (Figure 3.6b and c). Concomitantly, com-
plete inhibition occurred around 500 inhibitors bound. The double mutant E131Q-R163A was 
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observed to have a strongly reduced fusion yield under all conditions (Figure 3.6d), with an 
apparently slightly longer inhibition curve than the single mutants but a lower half-point than 
wild-type of around 400 inhibitors. Therefore, for a given number of inhibitors bound per virus 
particle the mutants showed lower yields than wild-type, and additionally were more suscepti-
ble to neutralization as implied by the shift in the half-maximum point. 

3.2.3 The incorporation of mutated HA per virion was reduced and correlated with 
destabilization and fusion properties 

The lower fusion yields without inhibitor and the increased susceptibility to neutralization sug-
gested that the mutants had lower numbers of HAs on their surface available to engage in the 
fusion process. We therefore set out to determine the total number of HAs embedded on the 
virus particles. 

HA incorporation was first determined by western blotting. Virus was loaded onto a gel and 
run denatured, and the quantitative fluorescence determined after fluorescent HA-antibody 
conjugation. To correct for loading differences, this value was normalized to the amount of M1 
protein determined with an M1 antibody. The relative HA-to-M1 ratio, a proxy for the relative 
amount of HA per virion, is shown in Figure 3.7a (right y-axis) relative to the wild-type virus. 
Mutants were observed to have reduced HA incorporation, where E128Q-E131Q did not have 
detectable incorporation at all. 

 

Figure 3.7 HA incorporation of the virus mutants, and comparison of results across assays. (a) In order to determine 
the maximum number of Fabs that can bind to virions, these were incubated with a saturating 2 μM of Fab. Then, after 
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docking to a planar lipid bilayer in the single-particle assay, the Fab-fluorescence intensity per virion was determined 
and converted to Fab numbers (see text and Methods). The number of HA trimers per virion was than determined by 
dividing this maximum Fab number by three (grey bars; mean±sem of 3 trials). The relative HA incorporation per virion 
was then determined in Western blot and is shown normalized to the single-particle wild-type (red bars and right y-
axis). Here, the fluorescent signal from antibody conjugation to HA was divided by the signal from an M1-antibody, to 
correct for differences in amount of virus loaded and to determine the virion relative HA-to-M1 ratio. All fluorescent 
Western blot X31 wild-type data are shown normalized to the single-particle wild-type and show mean±sem from 3 
trials. (b) Correlation of HA incorporation (red) and fusion properties (green and cyan). The single-particle HA incorpo-
ration (red, same data as black bars in panel a), the single-particle yield of fusion without inhibitors (green, from Fig-
ure 3.5) and the EC50 (cyan, half-point of inhibition determined from Figure 3.6) are shown for the X31 mutants, 
normalized to wild-type. (c) Correlation plot of the single-particle number of HA per virion (same values as black bars 
in panel a) versus the unfolding times determined in silico (data taken from Boonstra,219 see Figure 3.3). Data from top 
to bottom: wild-type, E131Q-R163A, E131Q, R163A, E128Q-E131Q. Dashed line shows y = x. N/D: not detectable. 

Because of its high sensitivity, we also studied HA incorporation in the single-particle assay 
using Fab binding as a proxy. The maximum number of Fabs per virion was determined by in-
cubating the viruses with a saturating 2 μM of Fab in excess ratio and determining the number 
of Fabs per virion as described above. The estimate of the number of HA per virion (i.e. maxi-
mum number of Fabs divided by three, the number of epitopes per HA) is also shown in Fig-
ure 3.7a (left y-axis). Similar results were obtained as in the western blots. We highlight the 
E128Q-E131Q mutant that was determined to have about a ten-fold reduction in HA numbers: 
24±11 HA proteins per virion, compared to 288±55 of the wild-type. Mutant virus particle sizes 
appeared similar in electron microscopy (Figure A3.2), indicating that the differences in HA in-
corporation measured in both assays above are due to different densities of HA in the mem-
branes. 

To compare the in silico prediction with the observations, Figure 3.7c shows the HA incor-
poration estimated in the single-particle assay correlated versus the unfolding time measured 
in the MD simulations. The level of destabilization of the globular bottom in silico and the re-
sulting reduction in HA incorporation were strongly correlated, with a Pearson correlation co-
efficient of 0.93. 

Then, to check if the HA incorporation could explain the observed properties of fusion, we 
show in Figure 3.7b the yield of fusion without Fab and the EC50 of inhibition (the half-points 
determined from Figure 3.6), normalized to the wild-type readouts. The HA incorporation and 
yield of fusion of the HA mutants were correlated. Moreover, HA incorporation appeared to be 
a good predictor of the EC50 of fusion inhibition. We therefore postulate a numerical model 
that may explain the fusion properties from the observed HA incorporations in the next section. 

3.2.4 Reduction in HA incorporation explains trends observed yields and inhibitor 
sensitivities 

We observed a strong correlation between destabilization of the globular bottom in X31 virus 
and decreased HA incorporation. HA incorporation then correlated with the observed fusion 
yield, and the sensitivity to Fab neutralization. As the particle sizes had not changed, the avail-
ability of HA in the contact patch in contact with the target membrane should be quite different 



54 

due to the differences in HA density. We therefore considered the number of Fabs bound to 
the virions relative to their HA numbers, and determined the effect of these Fabs in the case of 
a reduced contact patch in our current model of influenza fusion. First, the median number of 
inhibitors bound to the observed particles was determined for single trials as a function of the 
concentration (Figure A3.3). The maximum number of inhibitors that can bind was determined 
by fitting a hyperbolic function (also see Table A3.2). The observed yields were then plotted 
versus the bound number of inhibitors, normalized to the maximum binding determined from 
the fit (Figure A3.4). To facilitate comparison with the model described below, logistic curves 
were fitted to the data (Figure A3.4) and are shown in Figure 3.8e. 

 

Figure 3.8 Simulation of the effect of varying HA incorporation on fusion yield. (a) The region in contact with the 
target membrane was considered, containing M HA proteins. A contact patch of size M = 19 is shown for simplicity. 
HAs were either participating in fusion (blue), inhibited by Fab binding (cross), non-participating in fusion (grey) or the 
combination of the latter two. (b) 65% of HAs was randomly set as non-participating (as proposed before)31 and then 
a varying number of Fabs was randomly bound over all available epitopes. The fraction of the virion population able to 
fuse was determined from the requirement that a cluster of minimally size 3 was available anywhere in the contact 
patch (panel b). (c) Virions without the presence of a cluster were non-fusing. (d) From 1000 virions, the fraction of 
virions with a possible cluster was determined: the yield of fusion. This simulated yield of fusion was determined versus 
the fraction of inhibitor-bound epitopes, for decreasing contact patch sizes (M = 97, 55, 43, 31; indicated by squares, 
circle, up-facing and down-facing triangles). (e) Single-particle Fab numbers were scaled relative to the incorporation 
of HA per virion and fitted with logistic curves (Figure A3.4). The fits with 95% confidence intervals are shown here to 
facilitate comparison with the model. 

We then ran numerical simulations of the current numerical model of HA-mediated mem-
brane fusion as briefly described above.30-32,188 The region in contact with the target membrane 
was considered: a contact patch of M HA proteins (Figure 3.8a). A fraction of 65% of HAs was 
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randomly assigned to be non-participating in fusion (as modeled before for H3 strain)31 and 
varying numbers of inhibitors were randomly bound over the available epitopes. HAs could 
mediate fusion if not inhibitor-bound (i.e. all three epitopes were unbound), and if not non-
participating. Fusion was modeled only to ensue if a cluster of fusogenic HAs of size 3 or larger 
was present anywhere in the contact patch (Figure 3.8b), otherwise the virion was non-fusing 
(Figure 3.8c). The fusion yield was determined as the fraction of virions that was able to fuse. 
The only parameter we then varied with respect to Ivanovic et al.31 was the contact patch size M. 

The simulations showed that a decreased contact patch led to a reduction in fusion yield 
without inhibitors (Figure 3.8d, y-axis intercepts). Also, the smaller contact patch led to an in-
creased sensitivity to the inhibitors, where the fusion yield curves shifted downward and left-
ward. These phenomena arise from the decreased chance to have a cluster of participating HAs 
available as the contact patch becomes smaller and the bound fraction of epitopes higher. 
Comparing the data (Figure 3.8e) to the numerical simulation (Figure 3.8d), we see that the 
initial inhibition trends might be explained by a reduction in contact patch size, that is, a re-
duced number of HAs available per same-sized virion. The tails of the experimental distribu-
tions, however, do not match with the model. In conclusion, the decreased baseline yield and 
increased sensitivity to inhibitor binding of the HA globular bottom mutants appear to be at 
least partly explained from the decreased incorporation of mutant HA on the virions. 

3.3 Discussion 
We investigated influenza mutants that displayed destabilization of the HA globular bottom in 
silico and found that these had reduced fusogenicity in vitro. Boonstra et al.219 previously iden-
tified the residues critical for the stability of the globular bottom. We used viruses expressing 
the point mutations identified in that study. In a single-particle assay, we found that the desta-
bilized mutants had reduced yields of fusion. Furthermore, by counting the number of inhibi-
tors over single virions, these mutants were determined to be more susceptible to 
neutralization by inhibitors. We characterized the relative number of HA over the virions and 
found that the mutations lead to decreased HA incorporation. Finally, using the current model 
of influenza fusion, we proposed that the reduced numbers of HA available per virion partly 
explain the reduced fusogenicity. 

The in silico unfolding time, a measure for stability, and the HA incorporation as determined 
in vitro strongly correlated (Figure 3.7c). This unfolding time was reduced when residues were 
mutated to prevent them from forming a hydrogen-bonding network. The mutated HA un-
folded 2.3-fold to 6-fold faster compared to wild-type protein (Figure 3.3). We similarly meas-
ured that the virus mutants had reduced numbers of HA incorporated into the virions 
(Figure 3.7a). Comparing these two measurements (Figure 3.7c) shows that the two quantities 
are strongly correlated: HA with destabilized globular bottom incorporate less well into virions. 
Notably, E128Q-E131Q, for which insufficient material was available to determine the fusion 
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properties, was the most destabilized and had the least HA incorporated. Identifying the exact 
cause of the HA incorporation reduction is beyond this work, but we speculate that HA trimer-
ization may be affected. As Figure 3.2 shows, most of the hydrogen bonds from residues E128, 
E131 and R163 are inter-chain, so between HA monomers. Therefore, removing any of these 
hydrogen bonds may partially disrupt trimerization, in the end leading to less HA expressed on 
the virions. Alternatively, interactions between HA trimers, or HA-NA interactions might be re-
duced,223 affecting HA density in viral budding. 

Several fusion properties correlated with HA destabilization (Figure 3.7b). Comparing the 
yields of fusion, the single-point mutants X31 E131Q and R163A displayed decreased yields, 
reflecting that these residues are partners in the same hydrogen bond. However, the double 
mutation E131Q-R163A further reduced the fusion yield, in line with the in silico findings that 
E131 also interacts with R170, and R163 with E128. A negligible fusion yield was observed for 
E128Q-E131Q, corresponding to removal of all possible vertical hydrogen bonding. Comparing 
with HA incorporation (Figure 3.7b), especially the EC50 of Fab inhibition closely matched the 
trends, indicating that it is the number of inhibitors bound relative to the number of HA avail-
able that determines the stoichiometry of fusion inhibition. 

Using the current numerical model of HA-mediated fusion, we therefore proposed that the 
observed curves of fusion inhibition can in part be explained through a reduced contact patch 
size. As our viruses had both HA mutations and HA density differences, we cannot draw a nar-
rower conclusion from this work. The relative Fab occupancy (Figure 3.8e) trends show similar 
half-maximum points, as a result of the correlation of HA incorporation and EC50 of inhibition. 
In the numerical model (Figure 3.8d), reduction of the contact patch lead to increased inhibitor 
sensitivity and reduced baseline yield. Comparing model and data, the differences in baseline 
yield might be due to factors not considered in the model: the larger spacing of HA may make 
clustering more difficult, or the fraction of HA that successfully refolds to drive fusion may be 
affected. Then, the experimentally determined Fab occupancy may be an overestimate by a 
factor of 2, as estimated in previous work,30,31 explaining the differences in scale of the model 
and experiment axes. Furthermore, the saturation of binding of Fabs due to their mutual steric 
hindrance may depend on the density of epitopes on the surface, which implies that we over-
estimate the length of the mutant curve tails compared to wild-type. 

In conclusion, we investigated the effect of mutations determined in all-atom molecular 
dynamics at the level of whole, single-virus particles and showed that these mutations likely 
have a direct effect on the incorporation of HA into the viral membrane during virus assembly 
and thus adversely affect the efficiency of fusion. Future work should address two main uncer-
tainties identified here in the numerical model of influenza fusion. First, obtaining absolute 
numbers of HA available per virus particle will allow better estimates on the parameters of 
inhibitor occupancy and contact patch size. The combination of single-particle, cryo-EM and 
atomic force microscopy assays could address this issue. Second, influenza viruses with varying 
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densities of wild-type HA on their surface will allow to refine the estimate on the fraction of HA 
not involved in fusion, and if HA diffusion or spacing play a role in the fusion process. 

3.4 Acknowledgements 
We would like to thank Marc Stuart, José Herrera Rodriguez, Anke Huckriede, Wouter Roos and 
Viktor Krasnikov for technical assistance and discussions. 

3.5 Methods 
The single-particle experiments were performed to match the work by Otterstrom et al.30 as closely as 
possible. While a more detailed explanation of the methods can be found there, a brief overview follows 
here. Materials were purchased from Sigma-Aldrich unless noted otherwise. 

Virus and R18 labeling. Influenza A strains A/Aichi/2/1968 (X31, subtype H3N2) and A/Puerto 
Rico/8/1934 (PR8, subtype H1N1) and the specific HA mutants were produced in and received from the 
Ivanovic lab at Brandeis University, USA. The viruses were UV-irradiated in order to render them nonin-
fectious: 254 nm UV light from a Herolab NU-3 type lamp was irradiated for 28 min at 635 µW/cm2 into 
open 0.5-mL Eppendorf tubes containing 4 µL of sample. For labeling of the viral membrane, an appropri-
ate amount of virus stock was diluted to 0.5 mg/mL in PBS-EDTA (PBS with 0.2 mM NaEDTA, henceforth 
referred to as PBS only) in a volume of 20 uL. 0.1 µL of 0.2 mM R18 (Rhodamine C18 sodium salt, Ther-
moFisher) in DMSO was added, and all components were carefully mixed by pipetting up and down. After 
standing at room temperature for 1 h in darkness, the virus-R18 suspension was added to a PBS-pre-
equilibrated G-25 column (ThermoFisher) and allowed to enter the bed, 480 µL of PBS was added and the 
eluate discarded. Then, virus fractions per two drops were collected by eluting with 1mL of PBS, and the 
fractions of most concentrated virus were combined to about 350 µL total volume. The most concentrated 
fractions were determined by imaging 3 µL droplets on a bare coverslip, and comprised fractions 2-6 or 
3-7. 

Inhibiting Fab characterization. crF8020 Fab fragments, and the AlexaFluor488-labeled version 
crF8020-AF488, were the same stocks as used in Otterstrom et al.30 stored at -80 oC. Detailed methods 
and characterization are described in that reference. The labeled, and therefore visualized, fraction was 
determined there to be 0.90±0.01 and we corrected for this. 

Coverslip and flow cell. Experiments were performed in a 5-channel PDMS-chip self-adhering to a 
glass coverslip like before. Briefly, polydimethylsiloxane (PDMS, Slygard 184; Dow Corning) was mixed 
with the curing agent in a 10:1 ratio, poured on a mold and allowed to harden for two days at room 
temperature. PDMS chips were cleaned before use by sonication with 0.5% v/v Triton-X and 70% ethanol 
for 10 min each. Cleaning involved an additional step of sonication with 1M NaHCO3 for re-use. Glass 
coverslips (thickness #1.5; Marienfeld) were cleaned by sonication in detergent, acetone, ethanol (each 
30 min) and 1M KOH solution (10 min) successively, and subsequently rinsed with large amounts of water. 
Polyethylene tubing (Bioseb) provided the connection between buffer reservoirs, the flow cell and the 
syringe pump (NE-1000; New Era Pump Systems Inc.). Flow channel dimensions in the imaging region 
were 0.2 mm height x 0.5 mm width. 

Proteoliposome preparation. Liposomes were formed by extrusion through 200 nm-pore membranes 
(Avanti Polar Lipids), and composed of a 0.75 : 0.25 : 2.5x10-5 ratio of DOPC : cholesterol : biotin-DOPE 
(Avanti Polar Lipids). Liposomes were solubilized with Triton-X and the receptor protein GYPA (Glyco-
phorin predominantly glycophorin A) was added in an approximate ratio of 1:27000 GYPA:lipid, correcting 
for GYPA content per the manufacturer’s specification sheet. 
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Microscope specifications. All experiments were performed on an inverted microscope, under near-
total-internal-reflection conditions so that an even irradiation of the sample was assured. 488-nm and 
561-nm lasers (Sapphire model, Coherent) excited the AlexaFluor488 dyes and R18 molecules, respec-
tively. Fluorescence was split and collected onto two halves of an EM-CCD camera (C9100-13, Hamamatsu) 
to enable co-localization of Fab and viral-membrane signals (also see Figure 3.4). 

Fusion experiment. After rinsing with PBS, proteoliposomes were drawn into the channel and left for 
45 min for the liposomes to spontaneously form a bilayer. The channel was then washed with PBS. Bilayer 
integrity was confirmed with fluorescence recovery after photobleaching (FRAP). The virus was incubated 
at room temperature with or without fabs for at least 45 min to assure binding saturation.30 The following 
steps were then performed directly after eachother and with about the same timings: all of the virus 
mixture was drawn in; fluorescein-streptavidin (ThermoFisher) at 0.27 µg/mL was drawn in to bind to the 
sparse biotin-decorated lipids in the bilayer and provide a readout of the local pH conditions; rinsing with 
PBS; lastly, pH 5.0 buffer (10 mM citric acid, 0.2 mM NaEDTA) was drawn in quickly to acidify the channel 
and trigger the viruses to fuse. Acidification typically happened at 7 to 9 min after introducing the virus 
into the channel and was complete within seconds. Fusion movies were taken with 200 ms frame expo-
sure time for 4 min, and the first and last five seconds were imaged with the 488 nm laser off to allow 
rapid virus particle localization and fusion yield determination. 

Data extraction and analysis. Virus particles were detected in the R18 channel with the 488 laser off 
by using a discoidal averaging filter, and coordinates translated to the Fab channel. The time of acidifica-
tion (“pH drop”) was determined by fitting an error function to the fluorescein background signal in the 
488 channel. The illumination profile was corrected for by filtering out peaks and fitting a gaussian to the 
whole field of view. A 7x7 pixel region of interest was used to extract R18 and Fab signal intensities per 
virus particle, and background was globally corrected. Hemifusion was detected from a dequenching or 
dissipating virus spot signal. Fusion yield, the fraction of the virus population undergoing hemifusion, was 
determined by counting the number of virus particles at the beginning and end of the movie without 488 
illumination on, by using a threshold combined with manual inspection. Single Fab intensity was deter-
mined (Figure A3.1) by flowing a low concentration (roughly a pM) of fabs diluted into the same pH 5.0 
buffer into a clean flow channel, rinsing, and imaging the single spots under the same conditions as in a 
fusion experiment. This intensity was then used to calculate the number of fabs bound per virus particle 
averaged over the first 20 frames after the pH drop. 

HA incorporation by fluorescent western blot. 40, 80 and 120 ng total viral protein was loaded to 
each lane, for wild-type and mutant viruses (E131Q, R163A, E131Q-R163A). Viruses were loaded after 
treatment with PNGaseF (NEB) according to manufacturer’s guidance, to remove the potentially different 
glycosylations from the variants. 10% polyacrylamide gels were used. After protein transfer to the 0.2 µm 
PVDF membrane, the membrane was cut between the HA1 and M1 bands and the two gel parts were 
probed separately until the secondary antibody addition when they were combined in the same dish. The 
following primary antibodies were used. Antibody A2, mouse monoclonal antibody against HA1, was pro-
duced and purified from hybridomas (hybridomas were a generous gift by Judith White). The M1 antibody 
is from Abcam, clone 23936. Both primary antibodies were used at 1:10 000 dilution. The secondary anti-
body used was Goat anti-mouse IgG Dylight680 (Invitrogen) used at 1:20 000 dilution. Then, fluorescence 
was detected using a Li-Cor Odissey fluorescent imaging system. Fluorescence signal with background 
correction was quantified using ImageJ. The linear dependence of the detected fluorescent signal on the 
input protein amount was confirmed. For each loaded protein amount, the HA1/M1 ratio was determined. 
This ratio for the WT virus was set at 100%, and the rest were expressed relative to WT. Error bars are 
standard deviation of this measurement for the three different protein amounts loaded. 

Electron microscopy of virion sizes. Electron microscopy was performed on a FEI Morgagni TEM, using 
80 kV, tungsten-filament, and a 1k CCD. The grids were from SPI supplies, formvar/carbon copper grids. 
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Prior to sample application, grids were glow discharged at 20 mA for 30 s. Main virus stocks were diluted 
between 1:5 and 1:90, depending on the starting virus concentration, and 3 ul was applied to the grid for 
30 s. Staining was done with 2% phosphotungstic acid (PTA) at pH 7.5. Grids were washed once quickly 
with stain, stained for 30 s, then dried by vacuum suction and imaged. 

Simulations. The model proposed in Ivanovic et al.31 was used. The region in contact with the target 
membrane was considered, the contact patch, of M HA proteins. A fraction of 65% of HAs was randomly 
assigned to be non-participating in fusion (as modeled before for H3 strain31) and varying numbers of 
inhibitors were randomly bound over the available epitopes. HAs could mediate fusion if not inhibitor-
bound (i.e. all three epitopes were unbound), and if not non-participating. Fusion was modeled only to 
ensue if a cluster of fusogenic HAs of size 3 or larger was present anywhere in the contact patch, otherwise 
the a virion was nonfusing. The fusion yield was determined as the fraction of a virions that was able to 
fuse. The parameter we then varied with respect to Ivanovic et al.31 was the contact patch size M. The 
patch size M for wild-type was set to 97 HAs; the other patch sizes, modeling the mutants, were 
55 (E131Q), 43 (R163A) and 31 (E131Q-R163A). These numbers were based on the western blot HA den-
sity and assuming that patch size scales with HA incorporation. The wild-type number of HAs per virion 
was taken to be 375 and number of Fab epitopes to be three times that value. Number of Fab epitopes 
for the variants were thus 1125 (wild-type), 652 (E131Q), 512 (R163A), and 388 (E131Q-R163A). 

3.6 Appendix 

 

Figure A3.1 Intensities of single, tagged crF8020 molecules. crF8020 molecules were used labeled with AlexaFluor488 
dyes, the identical batch as used in earlier work.30 The inhibitors were introduced into a flow channel and absorbed 
nonspecifically to the glass surface. Using conditions identical to that used in the fusion experiments, the intensity per 
inhibitor spot was extracted from a 7x7 pixel region. These were corrected for background and inhomogeneous illumi-
nation. A binned histogram of these single intensities is shown, together with the population mean (dashed line). 
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Figure A3.2 Scanning electron microscopy images of X31 variants by phosphotungstic acid stain. See Methods for 
procedure. Scale bars, 100 nm. 
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Figure A3.3 Median bound number of crF8020 versus concentration of crF8020 incubation. Virions were incubated 
with the indicated concentration of Fab and docked to the planar bilayer for imaging. The extracted number of Fabs 
bound is shown as the medians of the virion population per trial (triangles). Hyperbolic fit shown with 95% confidence 
interval (see Table A3.2 for fit parameters). 
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Figure A3.4 Yield of fusion versus normalized binding of inhibitors. This figure shows the data from Figure 3.6 scaled 
to the mean maximum inhibitor numbers that could bind as determined in Figure A3.3. Due to the uncertainty in de-
termining the maximum inhibitor numbers, values large than 1 resulted for some conditions. X-errors were calculated 
from the error of inhibitor intensity determination and from the fit of the maximum binding level. Logistic curve fits 
with 95% confidence intervals are shown for (a) X31 wild-type, (b) X31 E131Q, (c) R163A, and (d) E131Q-R163A.  
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Observable Fusion yield 
Compared conditions Strain wild-type vs. strain mutants 
Null hypothesis Equal means 
Hypothesis test Two-sided weighted Welch’s t-test (t-test for unequal variances) 
 
Strain Variant Weights (number of particles) p-value   
X31 Wild-type 406, 101, 199, 793, 464 (reference)   
 E131Q 64, 43, 85 0.0035   
 R163A 171, 125, 83, 97 0.036   
 E131Q-R163A 58, 33, 50 5x10-5   
 E128Q-E131Q 126, 68, 49 3x10-6   
PR8 Wild-type 64, 45, 12 (reference)   
 N128E-K131E-S163R 53, 94, 140 0.19   

Table A3.1 Significance testing results of Figure 3.5. 

A. Yield of fusion versus Number of Fab bound (Figure 3.6) 
 Fit function: y = A1 + A2*x 
 
 Virus variant: Wild-type E131Q R163A E131Q-R163A 
 Parameter: 
 Y-intercept A1 0.71±0.06 0.62±0.05 0.58±0.04 0.30±0.04 
 Slope A2 (10-5) -4.6±0.9 -9±2 -12±2 -3.2±0.9 
      
B. Yield of fusion versus Normalized inhibitor binding (Figure A3.4) 
 Fit function: y = A1/(1 + (x/x0)^p) 
 
 Virus variant: Wild-type  
 Parameter:   
 Y-intercept A1 0.79±0.06  
 Center/EC50 x0 0.49±0.06  
 Power p 3±1  
    
C. Bound number of inhibitors versus Inhibitor concentration (Figure A3.3) 
 Fit function: y = P1*x/(P2 + x) 
    
 Virus variant: Wild-type E131Q R163A E131Q-R163A 
 Parameter:     
 Horizontal as-

ymptote P1 
1074±75 550±41 271±37 531±64 

 Vertical asymp-
tote P2 

67±20 37±11 23±13 18±9 

    
Table A3.2 Fitting functions used and resulting fit parameters for Figure 3.6, Figure A3.4 and Figure A3.3. 





 

4 Chikungunya virus fusion properties elucidated 
by single-particle and bulk approaches 

Abstract 
Chikungunya virus (CHIKV) is a rapidly spreading, enveloped alphavirus causing fever, 
rash and debilitating polyarthritis. No speci�c treatment or vaccines are available to treat 
or prevent infection. For the rational design of vaccines and antiviral drugs, it is impera-
tive to understand the molecular mechanisms involved in CHIKV infection. A critical step 
in the life cycle of CHIKV is fusion of the viral membrane with a host cell membrane. Here, 
we elucidate this process using ensemble-averaging liposome-virus fusion studies, in 
which the fusion behavior of a large virus population is measured, and a newly devel-
oped microscopy-based single-particle assay, in which the fusion kinetics of an individ-
ual particle can be visualized. The combination of these approaches allowed us to obtain 
detailed insight in the kinetics, lipid dependency, and pH dependency of hemifusion. 
We found that CHIKV fusion is strictly dependent on low pH, with a threshold of pH 6.2 
and optimal fusion e�ciency below pH 5.6. At this pH, CHIKV fuses rapidly with target 
membranes, with typically half of the fusion occurring within less than two seconds after 
acidi�cation. Cholesterol and sphingomyelin in the target membrane were found to 
strongly enhance the fusion process. By analyzing our single-particle data using kinetic 
models, we were able to derive that the number of rate-limiting steps occurring before 
hemifusion equals about three. To explain these data, we propose a mechanistic model 
in which multiple E1 fusion trimers are involved in initiating the fusion process. 

van Duijl-Richter MKS*, Blijleven JS*, van Oijen AM†, Smit JS†, Chikungunya virus fusion properties 
elucidated by single-particle and bulk approaches, Journal of General Virology (2015). 
*, †:These authors contributed equally to this work. 
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4.1 Introduction 
Chikungunya virus (CHIKV) is a rapidly emerging pathogen that belongs to the alphavirus genus, 
which also includes Semliki Forest virus (SFV), Sindbis virus (SINV) and O’nyong O’nyong virus 
(ONNV).224,225 After re-emerging in 2004, CHIKV has caused large epidemics in Africa and 
Asia226,227 and a number of cases in Europe.228 Recently, CHIKV crossed the Atlantic229,230 and as 
of January 2015, more than 26 000 confirmed and 1 094 000 suspected CHIKV cases were re-
ported in the Americas.231 

CHIKV is transmitted by Aedes mosquitos, with A. aegypti and A. albopictus as the most 
important vectors.16,232 The majority of people infected with CHIKV develop chikungunya fever, 
which is characterized by high fever, rash, myalgia, joint pain, and headache. A common long-
term implication of CHIKV fever is severe joint pain, which can persist for months to years. 
There is no vaccine or specific treatment for CHIKV available.232-235 For the rational design of a 
vaccine or antiviral drug it is imperative to acquire detailed knowledge on the molecular mech-
anisms involved in CHIKV infection. 

Alphaviruses are enveloped viruses that infect the cell via receptor-mediated endocytosis 
and subsequent membrane fusion from within acidic endosomes,236,237 although direct fusion 
at the plasma membrane has also been reported.238 Viral attachment and fusion are facilitated 
by the envelope glycoproteins E1 and E2, which are arranged as 80 spikes at the viral surface.239 
One spike consists of three E1/E2 heterodimers. The E2 protein contains the receptor-binding 
site and shields the fusion loop on E1.21,22 Upon virus uptake and delivery to endosomes, the 
acidic pH of the endosomal lumen causes a dramatic rearrangement within the E1/E2 hetero-
dimers, which drives fusion of the viral membrane with the endosomal membrane. The first 
step in this process involves dissociation of the E1/E2 heterodimer.240,241 As a consequence, the 
fusion loop is exposed and inserted into the target host membrane.242 A core trimer of E1 pro-
teins is formed and the E1 subunits re-fold, which causes the opposing proximal membrane 
leaflets to merge, a step known as hemifusion.243 Subsequently, a fusion pore is formed and 
the viral nucleocapsid is released into the cytosol.244 Generally, multiple copies of a viral protein 
trimer are thought to act in concert to catalyze hemifusion.245 

The characteristics of the membrane fusion reaction have been studied in detail for the 
alphaviruses SFV and SINV (reviewed in Kielian).236 For both viruses, membrane fusion is strictly 
dependent on low pH and the presence of sphingomyelin and cholesterol in the host cell mem-
brane.246-249 Fusion is not dependent on the presence of a protein receptor in the target mem-
brane. In liposomal bulk fusion assays, the threshold of fusion has been found to be pH 6.2 for 
SFV and 6.0 for SINV wild-type strains.248,250 However, this threshold varies with strain and as-
sessment method, as also lower pH thresholds for both viruses were described.251 For CHIKV, 
cell-based assays revealed that fusion is dependent on low pH and cholesterol as well.252,253 The 
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pH threshold of fusion is around pH 5.9-6.1, depending on the strain used.254,255 However, no 
details are known on the membrane fusion kinetics or sphingomyelin dependence of fusion. 

In this study, we characterized the kinetics of CHIKV (strain S27) fusion using both a liposo-
mal bulk fusion assay and a single-particle fusion assay based on total-internal-reflection fluo-
rescence microscopy (TIRF-M). We found that CHIKV fusion is strictly dependent on low pH, 
with a pH threshold of 6.2 and optimal fusion at a pH range of 4.5–5.6. For this CHIKV strain, 
we observed a sharp pH dependency of the extent of fusion, with only 0.3 pH units between 
conditions of near-maximal and only residual fusion activity. Both cholesterol and sphingomy-
elin in the host-cell membrane strongly supported CHIKV fusion activity. The single-particle as-
say indicated that multiple, parallel rate-limiting steps precede hemifusion, a phenomenon 
described earlier for other membrane-fusing viruses.181,188,189,256 We propose that these steps 
are arising from the parallel action of several fusion trimers. 

4.2 Results 

4.2.1 pH-dependent fusion of CHIKV with liposomes 
For the bulk fusion assay, CHIKV was biosynthetically labelled with 1-pyrenehexadecanoic acid 
(pyrene).257 The pyrene labelling did not influence viral infectivity (shown in Table A4.1). The 
virus was incubated with liposomes and fusion was triggered by adding a pre-titrated volume 
of low-pH buffer to the reaction mixture. Fusion was followed in real time using a fluorimeter 
at 37 °C. The lipid concentration corresponding to optimal fusion efficiency and signal-to-noise 
ratio was determined to be 400 µM, and therefore used for all experiments (Figure A4.1). 

Figure 4.1A shows the time traces of the extent of CHIKV fusion at different pH values as 
measured by the bulk assay (solid lines). The total extent of fusion as a function of pH is shown 
in Figure 4.1B. The highest pH showing detectable fusion was pH 6.2, with a residual fusion 
activity of 4.3±0.6%, compared to the pH 7.4 control (0±2%). For the CHIKV S27 strain used, we 
observed a sharp pH dependence: a change of 0.2 units from pH 5.9 to 6.1 resulted in an eight-
fold reduction of the extent of fusion, suggesting a fusion mechanism that involves a form of 
cooperativity between neighboring fusion proteins. Below pH 5.6, the extent of fusion reaches 
a plateau value. The fusion rate, which we calculated as the inverse of the time point at which 
half of the extent of fusion is reached, is plotted in Figure 4.1C. In the bulk assay, the fusion 
rate was observed to increase with lower pH from a minimal, detection-limited value at pH 6.0–
6.2, to saturating rate at pH 5.6. In the plateau region, CHIKV fusion happened promptly, with 
typically half of the fusion occurring within less than two seconds after acidification. The mid 
points of fusion extent and fusion rate were found to be 0.2 pH units apart. 
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Figure 4.1 Fusion of fluorescently labeled CHIKV with target membranes at low pH. (A) Representative fusion curves 
obtained with bulk (solid line) and single-particle (dashed line) assays. The pH value is shown next to the curve. (B) pH 
dependency of the extent of fusion. (C) Fusion rate (see text for definition, and Table A4.2 for data values) of CHIKV as 
a function of pH. (B & C) Solid dots, bulk fusion assay; open squares, single-particle assay. For each condition, at least 
three independent experiments were performed for the bulk assay and 360–1316 particles were studied per condition 
in the single-particle assay. Error bars show standard error of the mean (SEM). 

Earlier work on SFV and SINV showed that the time to induce fusion is very limited, as the 
E1 protein rapidly rearranges into a fusion-inactive state if acidification occurs in the absence 
of target membranes.248,258 To assess whether this also applies to CHIKV, virions were exposed 
to low pH in the absence of liposomes. At the indicated time points in Figure 4.2A, pre-acidified 
liposomes were added to the acidic virus-containing reaction mixture. A tenfold reduction in 
fusion extent was observed in 9±2 s. This inactivation curve is faster than for SFV (~50 s for a 
tenfold reduction) and for SINV (~75 s). The inactivation was not described well by a single in-
activation rate, but instead a sum of two exponentials was required to describe the data 
(Figure 4.2A; dotted curve). The fast-decaying fraction represented 76±5% of the total popula-
tion, decaying at a time scale of τ = 4.2±0.4 s. The remaining 24±5% inactivated with a time 
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constant of τ = 38±5 s. To test whether inactivation was reversible, virus was acidified in the 
absence of liposomes for 90 s at pH 5.0, back-neutralized to pH 8, and a standard fusion meas-
urement was performed. Inactivation was found to be partially reversible (Figure 4.2B). Ap-
proximately 55% of membrane fusion capacity was restored, when compared to the untreated 
control that was acidified after the same time interval (Figure 4.2C). This is slightly more than 
the one found for SFV (45%).258 

 

Figure 4.2 Reversible inactivation of CHIKV due to low pH exposure in the absence of liposomes. Data points show 
mean±SEM for at least three independent experiments. (A) CHIKV virions were incubated at pH 5.0 prior to the addition 
of pre-acidified liposomes for the indicated time period. The extent of fusion is compared to an untreated control. 
Dashed line shows a double-exponential fit, indicating the presence of two populations. The first population comprises 
a fraction of 0.76±0.05 with time scale τ = 4.2±0.4 s-1, the second, a fraction of 0.24±0.05 and τ = 38±5 s-1. (B) Revers-
ibility of low pH inactivation. Representative fusion curves of each condition are shown. The exact experimental pro-
tocol is described in the Material & Methods section. (C) Comparison of the fusion extents relative to the untreated 
control of the experiments of 90-seconds-inactivation (5±3%) and back-neutralization (55±4%). 
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4.2.2 Low-pH dependent fusion of single CHIKV particles at 37 °C 
The time traces of fusion obtained in the bulk assay represent an averaged readout of an en-
semble of virions in different stages of the fusion process. Due to the stochastic nature of the 
underlying molecular transition, the population becomes increasingly asynchronized as time 
elapses after triggering fusion. As a result, subpopulations and short-lived intermediate states 
cannot be discriminated. To overcome this population averaging and obtain more kinetic detail, 
we designed a single-particle assay based on earlier single-particle work by our group188 and 
others32,190,259-262 (Figure 4.3). 
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Figure 4.3 Experimental design of the single-particle assay. (A) Virions labeled with a membrane dye (R18) bind to a 
glass-supported lipid bilayer. Hemifusion is induced by lowering the pH and observed with total internal reflection (TIRF) 
microscopy as the dequenching of R18 caused by its dissipation into the target membrane. Fluorescein molecules 
bound to the supported bilayer provide a readout of local pH conditions. (B) The microfluidic flow cell and microscope 
objective are kept at 37 °C. Low pH buffer is incubated proximally to the channel of observation (left half of chip) in a 
serpentine-shaped flow channel (right half of chip) to provide constant-temperature and short acidification times. 
Emitted fluorescence is separated by color and collected onto different halves of an EM-CCD camera. (C) Pre- and post-
acidification movie frames (top) and an example of the fluorescence time trajectories (bottom). The fluorescein signal 
defines the t = 0 of the experiment and individual virus hemifusion lag times are identified. 

We modified our earlier experimental design188 to enable the observation of fusion both at 
elevated temperatures and with short acidification times (also see Methods). Purified CHIKV 
particles were labelled with octadecyl rhodamine B (R18) as described before.263 R18 labelling 
did not influence the specific infectivity of the virus (Table A4.1). After introduction of the la-
belled virus to the surface-supported lipid bilayer in the flow cell, we observed that the particles 
bind to the membrane in a nonspecific manner, likely mediated by electrostatic interactions 
(Figure 4.3C; red channel in left panel). Fusion was triggered by a rapid injection of low-pH 
buffer from a proximal storage channel in the microfluidic flow cell. Hemifusion of individual 
virions was visualized using TIRF microscopy (Figure 4.3A). The flow cell was kept constant at 
37±1 °C and acidification of the channel was achieved within 0.9 s. On a particle-by-particle 
basis, R18 dequenching traces were extracted from the fluorescence movies (Figure 4.3C) and 
the elapsed time between acidification and hemifusion was determined. 

Representative curves showing the percentage of particles in the field of view that fused 
over time are shown in Figure 4.1A (dashed lines), revealing similar population-level kinetics as 
in the bulk assay. Mean extents of fusion at t=60 s are plotted in Figure 4.1B (open squares). 
The population-level fusion rate, calculated here as the inverse of the median fusion time, is 
plotted in Figure 4.1C (open squares). As depicted in the graph, the main features of CHIKV pH-
dependent fusion found in the bulk assay were reproduced in the single-particle assay. 

4.2.3 Efficient CHIKV fusion is dependent on cholesterol and sphingomyelin in the 
target membrane 

Following previous observations that SINV and SFV fusion is dependent on cholesterol and 
sphingomyelin in the target membrane,246-249 we investigated the fusion characteristics of 
CHIKV with membranes consisting of varying concentrations of these lipids. As expected, cho-
lesterol in the target membrane strongly supported CHIKV fusion (Figure 4.4A; top and middle 
panels). The total fusion extent followed a sigmoidal curve, with higher amounts of cholesterol 
in the target membrane leading to higher extents of fusion. Maximal fusion was found at 38–
42 mol-% of cholesterol in the target membrane. The fusion rate did not differ considerably 
between the different cholesterol concentrations (Figure 4.4A; bottom panel). 
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Figure 4.4 Fusion of fluorescently labeled CHIKV with target membranes containing varying amounts of cholesterol 
and sphingomyelin. (A, top panel) Representative bulk fusion curves as a function of target-membrane cholesterol 
content. Target membrane cholesterol content is shown next to curves in mol-%. (A, middle panel) Extent of fusion 
quantified at varying cholesterol concentrations. Solid dots, bulk assay; open squares, single-particle assay. (A, bottom 
panel) Fusion rate at varying cholesterol concentrations. (B) Panels as by A, representing fusion characteristics as a 
function of target membrane sphingomyelin content. Target membrane sphingomyelin content is shown next to curves 
in mol-%. For each condition, at least three independent experiments were performed for the bulk assay and 308–767 
particles were studied per condition in the single-particle assay. Error bars show SEM. 

Furthermore, membrane fusion was strongly enhanced by sphingomyelin in the target 
membrane (Figure 4.4B top and middle panels). In contrast to the sigmoidal cholesterol de-
pendency, relatively low amounts of sphingomyelin were sufficient to achieve optimal fusion. 
The total extent of fusion using membranes containing 22.2 mol-%, 11.1 mol-% and 6.6 mol-% 
was equal to the maximum observed. Even if the sphingomyelin concentration was reduced 
10-fold compared to the standard liposome composition (from 22% to 2.2%), still about 27% of 
the particles fused with liposomes. Also here, the fusion rate did not vary significantly with 
target membrane sphingomyelin content (Figure 4.4B; bottom panel). 

4.2.4 Hemifusion of CHIKV is a process with multiple rate-limiting steps 
The data described above demonstrate that the bulk and single-particle fusion assays are mu-
tually consistent in the quantitative information they provide on the extent of fusion and its 
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kinetics at the population level. The strength of the single-particle approach lies in the fact that 
a particle-by-particle analysis of the kinetics provides additional information which is not ac-
cessible by the bulk approach. To evaluate the kinetic determinants for CHIKV fusion, the time 
elapsed between pH drop and hemifusion was obtained for a large number of particles for two 
pH points close to the threshold of fusion (pH 6.2 and 6.0) and one pH point within the optimum 
pH of fusion (pH 4.7). 

The distributions of virion lag times from the time of acidification to the hemifusion event 
are shown in Figure 4.5. At all three pH points, the frequency distributions show a rise and 
decay. We analyzed these distributions by fitting them to gamma functions that provide a fit-
ting parameter N describing the number of rate-limiting steps occurring before hemifusion. We 
showed previously193 that this is a powerful tool to determine the number of kinetic interme-
diates in a process. A single rate-limiting step results in a single-exponential distribution and 
multiple rate-limiting steps introduce the rise-and-decay in the histogram. Performing the fits 
with gamma functions resulted in N = 2.1±0.4 for pH 6.2 and N = 3.2±0.4 for pH 6.0. At pH 4.7, 
the typical timescale of hemifusion and the time to drop the pH become comparable in magni-
tude. To make sure the observed rise-and-decay cannot be explained solely from the pH drop, 
we did a correction in the fit (see Figure A4.2). Taking the effect of the finite width of the pH 
drop into account, we obtained a value of N = 3 for pH 4.7 (Figure 4.5 and Figure A4.3). 

 

Figure 4.5 Fusion lag time distributions of CHIKV at pH 6.2, 6.0 and 4.7. Elapsed time of individual virions between 
acidification and hemifusion for pH 6.2, 6.0 and 4.7 (n = 148, 605, 977 fusing virions respectively). The rise and decay 
indicates that several intermediate states precede the hemifusion event. For pH 6.2 and 6.0, fitted Gamma distribu-
tions (solid line; see text) are shown, with N = 2.1±0.4, 3.2±0.4 and k = 0.34±0.08 s-1, 0.9±0.2 s-1 respectively. For pH 4.7, 
the fits were modified to include the finite length of the pH drop (solid line; see text) and such fits with fixed N = 1 
(dashed line; fitted k = 0.53±0.09 s-1) and N = 3 (dotted line; k = 1.22±0.06 s-1) are shown. 

4.3 Discussion 
Fusion of CHIKV with endosomal membranes is a crucial process in the viral life cycle that has 
not yet been investigated in great detail. In our study, we established two assays to measure 
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CHIKV fusion in vitro at 37 °C with remarkable agreement between these approaches. We ob-
served that CHIKV fusion is receptor-independent, triggered by low pH, and enhanced by cho-
lesterol and sphingomyelin in the target membrane. With this approach, we were able to obtain 
detailed kinetic information on the fusion process up to and including hemifusion. 
We observed fusion of the majority of the viral particles within seconds after acidification. This 
observation is in line with earlier results on the other alphaviruses SINV and SFV.248,258 A slightly 
higher rate is observed in the single-particle assay (Figure 4.1C). This may be explained by the 
fact that in the single-particle experiments all observed particles are already docked to the 
membrane before lowering of the pH, while in the bulk assay a subpopulation of virions may 
still have to associate with a liposome after acidification. 

We found that the fusion threshold for CHIKV is pH 6.2. Optimal fusion occurs within the pH 
range of 4.5–5.6. Remarkably, the pH dependence of fusion for the S27 strain is very sharp: 
there is an eightfold reduction of fusion extent over 0.2 pH units. This pattern suggests that 
there is a high degree of cooperativity involved in the steps leading to hemifusion.39 A similarly 
sharp pH dependence was observed for the fusion rate, although with its half-point shifted 
0.2 pH units towards lower pH. This is most visible at pH 6 and might be due to bound particle 
pre-selection. The steepness of the pH dependence seems to be related at least partially to the 
amino acid at the E1 226 position. We and others255, unpublished results observed that CHIKV strains 
with an alanine at this position (like S27) exhibit a sharper pH dependence than strains with a 
valine at E1 226. Together with the altered cholesterol dependence observed in strains with an 
A226V mutation, this change might have an influence on the location of viral fusion within the 
endosomal pathway and subsequently alter viral fitness.16,255 

Pre-exposing CHIKV to low pH for different time intervals showed a reduction in extent of 
fusion of tenfold over 9±2 s, corresponding to an inactivation rate of kinact = 0.24±0.04 s-1, which 
is of similar magnitude as the overall fusion rate observed in both assays. We speculate that 
there is a competition between activation and inactivation of fusogenic trimers at the viral sur-
face under low pH conditions. Within a limited time window, a minimal number of trimers need 
to act simultaneously to mediate fusion before inactivation occurs. Residual fusion activity re-
mained at high time intervals, suggesting heterogeneity in this CHIKV strain. We modelled this 
with a double-exponential model and found a fast-fusing and quickly inactivating population 
(~76%) and a second population having longer fusion times and slowly inactivating (~24%). 

CHIKV fusion is strongly enhanced by the presence of both cholesterol and sphingomyelin 
in the target membrane. The cholesterol dependence of fusion extent followed a sigmoidal 
curve, flattening at around 40 mol-%. This observation is consistent with earlier studies show-
ing that cell infection of CHIKV is dependent on cholesterol.16,252,253,255 Furthermore, our find-
ings are in concordance with results obtained for SFV and SINV.247,248 Cholesterol is known to 
influence the physical properties of membranes such as curvature, stability and fluidity and was 
found to promote insertion of the E1 fusion protein into the target membranes.247,248,264-268 Our 
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observation that cholesterol does not influence the kinetics of fusion suggests that it indeed 
functions as a binding cofactor rather than exerting its function by altering the physical prop-
erties of the target membrane, with no role in the rate-limiting steps leading to fusion. 

No data on sphingomyelin dependency was available so far for CHIKV. We found that CHIKV 
fusion is strongly dependent on sphingomyelin in the target membrane. Relatively small 
amounts (6.6 mol-%) are sufficient for near-optimal fusion efficiency. In the absence of sphin-
gomyelin, we observed residual fusion activity in the bulk assay (7±1%), and to a lesser extent 
(1±1%) also in the single-particle assay. Residual fusion activity at 37 °C in the absence of sphin-
gomyelin has been described for SFV,269,270 but not for SINV.248 It has been found that sphin-
golipids support cholesterol-mediated virus binding and stimulate the conformational changes 
required for membrane fusion.247,271-273 In line with these findings, we observed that the fusion 
rate of CHIKV is not dependent on sphingomyelin concentrations, and therefore not dependent 
on the physical properties of the membrane that would vary with changing sphingomyelin con-
centrations.  

Using the single-particle assay, we found that multiple rate-limiting steps precede CHIKV 
hemifusion. At pH 6.2, 6.0 and 4.7, we obtained hemifusion kinetic data for a large number of 
individual particles to be able to resolve the rise-and-decay behavior in the distribution of hem-
ifusion times. This is a characteristic of a process having multiple, equally fast rate-limiting steps. 
These steps could be sequential or parallel. For the range of proton concentrations (thirtyfold 
difference between pH 6.2 and 4.7) investigated, the number of steps was found to be in be-
tween 2 and 3. In the case of mechanistically distinct sequential steps that happen to have the 
same rate of progression, the one being proton-dependent would become the slowest, rate-
limiting step at high pH, reducing the N to a value close to 1. In line with a similar reasoning 
previously used to rationalize single-particle fusion kinetics of influenza virus,188 it seems more 
plausible from our data that there are several parallel steps required. In our opinion, it is likely 
that this feature reflects the requirement to have several copies of the fusion trimer to mediate 
fusion. Indeed, low-temperature electron micrograph experiments have shown the assembly 
of rings of fusion protein trimers on the outside of the virion.274 The concerted action of assem-
bled trimers then could give rise to the observed rise-and-decay hemifusion distributions. Al-
ternatively, the formation of the fusogenic trimer from the individual E1 monomers could be 
rate limiting. We are currently working on obtaining an even more detailed molecular insight 
in the fusion process to test these hypotheses.  

We report here the application of a bulk and single-particle fusion assay to study CHIKV 
hemifusion and show good consistency in results between these two approaches. The main 
advantage of the bulk assay lies in the fact that it possesses a high throughput and can therefore 
be used for a broad and detailed characterization of fusion. The single-particle approach ena-
bles kinetic information to be obtained at higher time resolution and devoid of dephasing ef-
fects as present in bulk assays. On the other hand, because of the technically challenging nature 
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of the single-particle experiments, the single-particle experiments have a lower throughput and 
require more labor-intensive data analysis compared to the bulk assay. By using the combina-
tion of the two assays we arrive at an improved kinetic picture of CHIKV fusion, proving it a 
promising route for further research into the mechanistically guided search of fusion inhibitors. 
Further study of CHIKV fusion involving mutant virions and fusion-inhibiting antibodies will be 
needed to further elucidate the molecular mechanisms involved in fusion. 

4.4 Methods 
Production, labelling and inactivation of viruses. CHIKV strain S27 (kindly provided by S. Günther, Bern-
hard-Nocht-Institute for Tropical Medicine), which was isolated in Tanzania in 1953,275 was propagated in 
Vero-WHO cells to obtain seed stocks. The cells were maintained in DMEM (PAA laboratories) supple-
mented with 5% fetal bovine serum (FBS), 100 U/ml penicillin and 100 mg/mL streptomycin at 37 °C and 
with 5% CO2. For virus production, a confluent monolayer of Vero-WHO cells was infected at a multiplicity 
of infection (MOI) of 0.01. At 48 hours post infection (hpi), the cell supernatant was harvested and cleared 
from cell debris by low-speed centrifugation, frozen in liquid nitrogen, and stored at -80 °C. 

Virus for the bulk fusion assay was labelled biosynthetically with pyrene, essentially as described be-
fore for SFV and SINV.248,270 Briefly, baby hamster kidney cells (BHK)-21 were cultured in the presence of 
15 µg/ml of 1-pyrenehexadecanoic acid (Invitrogen) 48 h prior to infection in RPMI (Life Technologies) 
supplemented with 10% FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin at 37 °C and with 5% CO2. 
BHK-21 cells were infected at MOI 4 and at 24 hpi, the cell supernatant was harvested and cleared from 
cell debris by low-speed centrifugation. Subsequently, the pyrene-labelled CHIKV particles were pelleted 
by ultracentrifugation in a Beckmann type 19 rotor at 54 000×g for 2.5 h. The virus was purified on a con-
tinuous sucrose (20/55% w/v) gradient by ultracentrifugation in a Beckmann SW 41 rotor overnight at 
50 000×g. 

The virus preparations used for the single-particle fusion assay were generated and purified in the 
same fashion, except that the virus was propagated in the absence of pyrene. The purified CHIKV particles 
were subsequently labelled with the octadecyl rhodamine B chloride (R18; Invitrogen) fluorophore. For 
this purpose, 1×1011 to 2.2×1011 particles of purified and inactivated (see section single-particle assay) 
CHIKV were diluted in HNE (5 mM Hepes, 145 mM NaCl, 0.2 mM EDTA) and R18 dissolved in DMSO was 
added to a final concentration of 1µM. Subsequently, the virus solution was rotated at room temperature 
for 1 h. A gel-filtration column (PD-10 desalting column; GE Healthcare) was used to separate the virus 
from unincorporated dye. The most concentrated fractions were combined and used undiluted in the 
experiment. To test whether labelling influences viral infectivity, active virus was labelled using the same 
methods for use in infectivity assays. At the timescale of our experiments, no R18 flip-flop occurred, which 
would be visible as a loss of virus particle intensity before the pH drop. 

The number of physical particles was determined by a standard phosphate assay276 using a value of 
4.6×10-20 mol of phosphate per particle277 and with quantitative PCR (qPCR). The qPCR was performed as 
described previously for Dengue virus.278 Briefly, viral cDNA was synthesized by reverse transcriptase (RT) 
PCR using the forward primer 5’-AGCTCCGCGTCCTTTACCA-3’ and the reverse primer 5’-
GCCAAATTGTCCTGGTCTTCCT-3’. For the qPCR, the TaqMan probe 5’-FAM-CAC 
TGTAACTGCCTATGCAAACGGCGAC-TAMRA-3’ was added. DNA was amplified for 40 cycles of 15 s at 95 °C 
and 60 s at 60 °C. Determination of the number of RNA copies was performed with a standard curve 
(correlation co-efficient > 0.995) of a quantified CHIKV plasmid containing the E1 sequences (pCHIKV-LS3 
1B) constructed with standard DNA techniques. The infectivity of the virus was determined by a standard 
plaque assay on Vero-WHO cells. The specific infectivity was calculated by dividing the number of physical 
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particles or genome-containing particles (GCP) by the number of PFU. As can be seen in Table S1, there is 
no significant difference between the specific infectivity calculated with GCPs and the specific infectivity 
calculated with the physical particle concentration.  

Preparation of liposomes and supported lipid bilayers. Liposomes (200 nm in diameter) were pre-
pared by a freeze-thaw extrusion procedure as described before.248 Unless specified otherwise, liposomes 
consisted of phosphatidylcholine (PC) from egg yolk, phosphatidylethanolamine (PE) prepared from tran-
sphosphatidylation of egg PC, sphingomyelin (SPM) from porcine brain, and cholesterol from ovine wool 
in a molar ratio of 1:1:1:1.5. In experiments with lower SPM concentrations, SPM was replaced with an 
equal molar amount of PC to maintain the phospholipid-to-cholesterol ratio of 2:1. All lipids were pur-
chased from Avanti Polar Lipids. Lipids and the phospholipid-to-cholesterol-ratio were chosen to approx-
imate the lipid composition within the endosomal compartment.279,280 

For the single-particle assay, liposomes (200 nm) were also prepared by freeze-thaw extrusion. Lipo-
somes consisted of 1:1:1:1.5:2×10-5 ratio of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-di-
oleoyl-sn-glycero-3-phosphoethanolamine (DOPE), porcine brain sphingomyelin (SPM), ovine wool 
cholesterol and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(biotinyl) (Biotin-PE), unless other-
wise specified.  

Fusion assays. Throughout the report we refer to (hemi)fusion as fusion, as the assays used do not 
distinguish content mixing from lipid mixing.  

Bulk fusion assay. Fusion of pyrene-labelled CHIKV with liposomes at 37°C was monitored in a 
Fluorolog 3-22 fluorometer (BFi Optilas, Alphen aan den Rijn, The Netherlands), as described before.248,281 
Pyrene-labelled CHIKV (1.5 µM viral phospholipid, corresponds to 4×1010 virions) was mixed with an ex-
cess of liposomes (400 µM phospholipid, corresponding to 6×1010 liposomes) in a total of 665 µl in HNE 
buffer (5 mM HEPES, 150 mM NaCl, 0.1 mM EDTA) in a quartz cuvette. After 60 seconds of incubation 
with constant magnetic stirring, the pH was lowered by adding 35 µl of 0.1 M MES with 0.2 M acetic acid 
pretitrated with NaOH to achieve the desired pH. The fusion scale was calibrated such that 0% fusion 
corresponded to the initial excimer fluorescence value. 100% of fusion was set equal to the signal ob-
tained by adding 35µl of 0.2 M octaethyleneglycol monododecyl ether (C12E8; Sigma-Aldrich) which caused 
an infinite dilution of the probe. The total fusion extent was determined by calculating the average signal 
between of 50 and 60 s after the pH drop. Curves were corrected for bleaching of the dye by subtracting 
the linearized control curve at pH 7.4. 

To analyze whether CHIKV is inactivated by low pH in the absence of target membranes, the protocol 
was slightly adapted. In this case, HNE was mixed with 4×1010 virions, and the pH was lowered to pH 5.0 
with 0.1 M MES, 0.2 M acetic acid pre-titrated with NaOH. Pre-acidified liposomes were added to the 
measurement at the indicated time points to measure remaining fusion activity. For the back-neutraliza-
tion experiments, the virions were acidified as described above. After 90 seconds of acidification, the 
mixture was back-neutralized to pH 8.0 by a pre-titrated volume of NaOH. Then, liposomes in HNE (pH 7.4) 
were added and the mixture was re-acidified to pH 5.0 (t=0) and fusion was measured. Control experi-
ments were performed with the same time intervals without pre-acidification and back-neutralization. 

Single-particle fusion assay. Use of the virus in our single-particle microscope outside a BSL-3 envi-
ronment necessitated inactivation, which was achieved by UV radiation using a 2×8-watt 254 nm UV lamp 
(VWR) until infectivity remained below 75 PFU/mL. The single-particle fusion assay showed that CHIKV is 
still fusogenic after treatment with UV radiation, with no significant change in fusion characteristics when 
compared to the bulk assay data. 

Single-particle fusion experiments were performed using an assay we developed previously to visual-
ize influenza fusion,188 modified to perform all experiments at 37 °C. Glass microscope coverslips (24 × 50 
mm, No. 1.5; VWR) were cleaned using 30-min sonications in isopropanol and acetone, rinsing in between 
with deionized water, and finally 10 min in an oxygen plasma cleaner. Coverslips were stored in desiccated 
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vacuum. Polydimethylsiloxane (PDMS) flow cells were prepared by pouring and hardening on a photoli-
thography masks, essentially as before.222 

A schematic overview of the setup is shown in Figure 4.3A–C. Imaging was performed on a home-built 
Total Internal Reflection Fluorescence (TIRF) microscope, using an inverted microscope (Olympus IX-71) 
and a high numerical aperture, oil-immersion objective (NA 1.45, 60x; Olympus). The flow cell was kept 
at elevated temperature in a heating block (Pecon GmbH), with the microscope objective thermally iso-
lated from the microscope using a spacer ring (Bioptechs Inc.) and heated with a ring heater (Tokai Hit) to 
prevent local cooling of the flow cell. To provide pre-heated low pH buffer at short notice, a serpentine-
shaped channel was included on the flow cell proximally to the channel of observation (see Figure 4.3B), 
enabling acidification times of down to 0.5 s, necessary for the fast-fusing CHIKV. Liposomes were flushed 
into the flow cell and a planar lipid bilayer was allowed to form over the course of 20 minutes by the 
vesicle-spreading method.282 Membrane fluidity was confirmed by Fast Recovery After Photobleaching 
(data not shown). Virions were docked non-specifically to the lipid bilayer (see Figure 4.3C). Fluorescein-
labelled streptavidin (Life Technologies) was introduced into the flow cell to bind to the membrane-incor-
porated Biotin-PE and serve its pH-dependent fluorescence as an optical readout of the exact moment of 
the pH decrease. The aqueous environment was acidified by flowing in citric acid buffer (10 mM, 140 mM 
NaCl) of calibrated pH at 300 µL/min for 8 s. The fluorophores were excited using 488 nm and 561 nm 
lasers (Coherent Inc.). Viral membrane fluorescence (red) and fluorescein pH drop fluorescence (green) 
were projected on different halves of an EM-CCD camera (Hamamatsu). Movies were acquired at 20 
frames per second.  

Analysis. Home-written software in MATLAB was used to extract the fluorescence signals correspond-
ing to the pH drop signal and individual virions, essentially as described before (Figure 4.3C).188 The fluo-
rescein pH-drop signal was integrated over the entire field of view and the t=0 of the experiment defined 
as the point at which Erfc[1]/2 (~8%) intensity remained, with Erfc[] denoting the complementary error 
function. The lag time to hemifusion of n individual particles was then determined manually, binned per 
time unit and plotted in a histogram with n1/2 bins. Next, we fitted a gamma distribution to the histogram 
to obtain the number of steps N and rate k of each step, the distribution resulting from N identical, rate-
limiting steps.193 To take into account the finite width of the pH drop at pH 4.7, the gamma distribution 
was convoluted in Mathematica with the known fluorescein signal derivative (a Gaussian function, see 
Figure A4.2). For different values of N the rate k was then fitted. 
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4.6 Appendix 
Preparation    
 Particles/ml PFU/ml Particle/PFU 

ratio 
Purified CHIKV*  6 ± 1 × 1012 1.3 ± 0.8 × 1011 198 ± 96 
Pyrene labeled purified CHIKV*  9 ± 1 × 1012 3 ± 2 × 1011 125 ± 90 
    
 GCP/ml PFU/ml GCP/PFU ratio 
Purified CHIKV# 1.3 ± 0.7 × 1013 9 ± 5 × 1010 128 ± 69 
R18 labeled purified CHIKV#   3 ± 1 × 1011 1.4 ± 0.6 × 109 197 ± 66 

Table A4.1 Effect of virus labeling on CHIKV infectivity. Viral infectivity was determined by standard plaque assay on 
Vero-WHO cells. The number of physical particles was measured by phosphate determination or RT-qPCR. Averages of 
(*) 4 different virus preparations and (#) 3 independent labeling procedures. GCP = genome containing particles. PFU 
= particle-forming units. Errors show SEM. 

 Liposomal bulk assay  Single-particle assay 
pH 
 

Fusion half-point * 
(s) 

Fusion rate † 
(1/s) 

 Fusion half-point * 
(s) 

Fusion rate † 
(1/s) 

4.5 1.67 ± 0.03 0.601 ± 0.008  0.8 ± 0.3 1.3 ± 0.4 
4.7 1.58 ± 0.08 0.63 ± 0.04  1.1 ± 0.2 0.9 ± 0.2 
4.9 1.8 ± 0.3 0.55 ± 0.07    
5.1 1.9 ± 0.2 0.52 ± 0.04    
5.3 1.9 ± 0.2 0.52 ± 0.05    
5.5 1.7 ± 0.3 0.59 ± 0.08    
5.6 1.70 ± 0.07 0.59 ± 0.03    
5.7 2.3 ± 0.3 0.44 ± 0.06    
5.8 2.7 ± 0.3 0.38 ± 0.04  1.9 ± 0.9 0.5 ± 0.3 
5.9 4.1 ± 0.8 0.25 ± 0.05    
6.0 22 ± 4_ 0.046 ± 0.007  3.4 ± 0.5 0.29 ± 0.05 
6.1 17 ± 6_ 0.06 ± 0.02    
6.2 11 ± 10 0.09 ± 0.08  6 ± 3 0.18 ± 0.07 
6.4    9 ± 5 0.11 ± 0.06 

* The fusion half-point is defined as the time point at which 50% of the fusion measured at 60 seconds is reached. 
† The fusion rate is defined as the inverse of the fusion half-point. 

Table A4.2 CHIKV fusion rate versus pH. The Table shows the data corresponding to Figure 4.1C. For the experiments 
in the bulk assay, the fusion half-point was found by linearly interpolating the data. For the single-particle experiments, 
the fusion half-point was calculated as the median fusion time point of all single events. Data are mean ± SEM of at 
least three independent experiments in the bulk assay, and mean ± SEM of 360-1316 studied particles per condition in 
the single-particle assay. Empty cells either represent values that were not detectable (bulk) or not determined (single-
particle). 
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Figure A4.1 CHIKV fusion extent versus total concentration of lipids used in liposomal bulk assay. Membrane fusion 
was measured at pH 5.0 in the presence of increasing concentrations of liposomes consisting of PC:PE:SPM:Chol in a 
molar ratio of 1:1:1:1.5. Fusion extent was normalized to the value at the concentration used in the main article 
(400 µM). Error bars show SEM. At least 3 independent fusion measurements were performed. 

 

Figure A4.2 Deconvolution of the hemifusion lag-time distribution with the pH drop signal at pH 4.7. For the single-
particle experiments, time t = 0 was defined as the point where 87% of the fluorescein pH sensor signal had disappeared. 
At pH 4.7, the mean CHIKV particle hemifusion time (~2 s) and the time needed for acidification (0.80±0.09 s) were too 
similar and led to particles fusing during the pH drop. To check whether the observed rise-and-decay in fusion lag time 
distribution is not solely caused by the comparatively slow pH drop, we modified our fitting procedure to take the 
kinetics of the pH drop into account. (A) An average fluorescein signal, indicating the drop in pH in the experiment, was 
used to define a sigmoidal curve representing the pH as a function of time. The differential of this curve with respect 
to time was taken to obtain a Gaussian shape representing the pH change per time unit as a function of elapsed time 
(B). The Gamma distributions for specific N (C) were convoluted with the distribution from (B) to obtain the curves in 
(D). These were then fit to the hemifusion lag time distributions using least-squares fitting to obtain the rate parameter 
k. Resulting goodness of fit for different N is shown in Figure A4.3. n hemifusion data points were binned to n1/2 bins. 
(C) and (D) y-axes show frequency (s-1), label was omitted for clarity. Convolution and fitting was performed analytically 
in Mathematica (Wolfram Research). 
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Figure A4.3 Goodness-of-fit of the pH-drop corrected Gamma distribution versus the parameter N, apparent number 
of steps, at pH of fusion 4.7. For each fit of the convoluted Gamma distribution for different number of steps N, the R-
squared value was calculated. It indicates goodness-of-fit and is plotted versus N. The R-squared values seem to indi-
cate that multiple, rate-limiting steps are involved in CHIKV membrane hemifusion also at pH 4.7. 

 

Movie S1. Time series of images of the single-particle assay. For a description see Figure 4.3 and main text. To see this 
movie, go online.  
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5 Cooperative activity between fusion proteins 
mediates chikungunya virus fusion and is 
inhibited by sub-stoichiometric antibody 

binding 

Abstract 
A key step in the replication cycle of Chikungunya virus (CHIKV) involves fusion of the 
viral membrane with the limiting membrane of the endosome, resulting in the release 
of viral genomic RNA into the cellular cytosol. This step is catalyzed by the viral surface 
glycoprotein E1, which is positioned in spikes each composed of three E1-E2 protein 
heterodimers. In the acidic lumen of the endosome, E1 dissociates from E2, forming E1 
trimers that catalyze membrane fusion. Multiple trimers are thought to work together 
to overcome the membrane fusion barriers. The E2-binding antibody CHK-152 was pre-
viously shown to e�ectively neutralize CHIKV infection in vivo. Here, we studied the 
mechanism of neutralization of CHK-152 in more detail. We found that CHK-152 strongly 
inhibits membrane interaction of virions both at neutral and low pH. Fusion of single, 
pre-docked particles was blocked and slowed down, showing that CHK-152 also directly 
blocks membrane fusion and interferes with one of the rate-determining steps in the 
process. At the probed stoichiometry of 52±3 CHK-152/virion and target pH 6.1, the rel-
ative extent of fusion was reduced with about 70%. At pH 5.1 and 4.7 we observed that 
the relative inhibition was reduced and that the CHK-152 dissociated. We then numeri-
cally modeled the process leading to the observed extents of fusion as resulting from 
the action of E1 trimers that form from CHK-152-free spikes. The stoichiometry of CHK-
152 binding and the dissociation from the virions indicated a cooperative CHIKV fusion 
mechanism, where three to �ve inserted, neighboring trimers are necessary to over-
come the membrane fusion barrier. Overall, we found that CHK-152 acts both at the 
stages of membrane interaction and fusion, making it a promising candidate in a vaccine 
cocktail. Furthermore, we found that CHIKV fusion is cooperative and blocked at sub-
stoichiometric antibody binding conditions. Taken together, our data identi�es im-
portant parameters to consider in the rational development of CHIKV antivirals. 

Blijleven JS, Bouma EM, van Duijl-Richter MKS, Smit JM, van Oijen AM. In preparation. 
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5.1 Introduction 
Chikungunya virus (CHIKV; Alphavirus genus, Togaviridae family) is a human arthropod-borne 
virus causing chikungunya fever and potentially long-lasting effects such as joint pain. It has 
recently greatly expanded its geographic range to encompass most tropical-to-temperate re-
gions of the world15 and is likely to spread further due to geographic expansion of the mosqui-
toe vectors that transmit the virus.283-285 No preventive medicine or specific antiviral treatment 
is available to counter CHIKV infection. 

Alphaviruses are enveloped viruses in which the lipid bilayer is derived from the host.286 The 
membrane encapsulates the protein capsid in which the viral genome resides. Two viral pro-
teins, E1 and E2, are anchored in the membrane, arranged in trimers of E1/E2 heterodimers 
called spikes. The spikes cover the surface in an icosahedral lattice with triangulation T = 4, giv-
ing rise to 80 spikes, or 240 copies of the E1-E2 heterodimers in total.21 The E2 protein facilitates 
alphavirus binding to cellular receptors,23,24 and both the E1 and E2 proteins play an important 
role in the process of membrane fusion. 

A critical step in the reproduction cycle of enveloped viruses involves the merger of the viral 
membrane with the host cellular membrane in order to deliver the genome to the host cell and 
start a new cycle of viral replication (reviewed by Harrison)38. However, membrane fusion does 
not occur spontaneously on biological timescales due to high kinetic barriers between the in-
termediates.28 Enveloped viruses therefore bring coat proteins that catalyze membrane fusion 
(reviewed by Kielian),39 in order to deliver the viral genome at the right time to the right place 
in the host cell. Upon attachment of CHIKV to the cell, the virion is taken up into an endosomal 
compartment, mainly by clathrin-mediated endocytosis.252 Membrane fusion is initiated at the 
mildly acidic pH of the early endosome,287,288 triggering the E1-E2 heterodimers to dissoci-
ate.21,240 The E1 proteins insert into the endosomal membrane and trimerize to form the func-
tional units of fusion.268,289 Multiple trimers are thought to be necessary to concertedly bring 
both membranes together,274,288,290 first leading to a hemifused intermediate where the proxi-
mal leaflets have merged, and finally opening a pore to deliver the viral genome into the cellular 
cytosol. 

There is currently no vaccine available against CHIKV, but several promising antibodies have 
been isolated and were shown to prevent CHIKV infection.291 A potent antibody is CHK-152, 
that was found to protect against CHIKV infection in mouse and non-human primate mod-
els.292,293 Mutational and cryo-EM reconstruction studies showed that it binds to the acid-sen-
sitive region of E2. This region becomes disordered at low pH thereby facilitating exposure of 
the E1 fusion loop.21,22,294 

In this study, we found that CHK-152 strongly interferes with CHIKV membrane interactions 
both at neutral and low pH. Additionally, in a single-particle fluorescent microscopy assay, fu-
sion of pre-docked particles was blocked and slowed down. At pH 6.1 and sub-stoichiometric 
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antibody binding, fusion was efficiently blocked. This effect was diminished at pH 5 and 4.7 as 
at these pH values CHK-152 was found to dissociate from the virus particles. We explain the 
results in a model of CHIKV fusion as mediated by E1 trimers formed from CHK-152-free spikes. 
The stoichiometry of binding implies a cooperative fusion mechanism, where three to five 
neighboring E1 trimers mediate membrane fusion together. 

5.2 Results 
We first studied the effect of CHK-152 on membrane interaction using a combination of binding 
assays. Then, we used a single-particle assay with pre-docked particles to directly investigate 
the effect of CHK-152 on membrane fusion, and to determine the stoichiometry of neutraliza-
tion. 

5.2.1 CHK-152 shields virions thereby preventing neutral-pH membrane interaction 
First, we wanted to determine the effect of CHK-152 on aspecific membrane interaction at neu-
tral pH. A planar, lipid membrane was formed in a flow cell. The receptor-free bilayer incorpo-
rated DOPC, DOPE, sphingomyelin and cholesterol, the latter being stimulating and required 
factors for fusion, respectively.247,265,271,288 UV-inactivated CHIKV were labeled with the lipo-
philic dye R18, incubated with varying concentrations of CHK-152 and flown into the flow cell 
to dock aspecifically to the membrane. After rinsing with buffer, the number of particles stick-
ing to the bilayer was quantified by single-particle fluorescence microscopy (more detail below, 
in Figure 5.3 and Methods). Particle counts normalized to CHK-152-free docking are shown in 
Figure 5.1a on log-log scale. 

 

Figure 5.1 Shielding of virions by CHK-152 at neutral pH. (a) Inhibition of aspecific binding to a planar membrane. 
Fluorescently labeled CHIK virions were incubated with CHK-152, flown into a flow cell and docked to a planar mem-
brane aspecifically (see text). The number of particles binding to the membrane after rinsing the channel was counted 
and normalized to the no antibody condition mean. Single trials shown on log-log scale; blue line indicates a power-
law fit with power coefficient -0.5±0.2. (b) Shielding of surface proteins from enzymatic cleavage. [35S]-methionine/L-
[35S] cysteine labeled CHIKV was incubated with the appropriate concentration of CHK-152 and mixed with liposomes 
at neutral pH. The mixture was trypsinized for 1 h, and subjected to SDS-PAGE analysis. CHK-152 concentration in final 
volume: +, 0.63 nM CHK-152 in estimated ratio of 13 to virions; ++, 10 nM CHK-152 in ratio of 210 to virions. Repre-
sentative image out of 3 trials shown. 
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We found that aspecific binding reduced with increasing CHK-152 pre-incubation, as indi-
cated by the fit of a power function (linear on log-log scale). Interestingly, we also found that 
CHK-152 shields the E2 surface glycoprotein from enzymatic cleavage by trypsin (Figure 5.1b). 
Radiolabeled CHIKV was mixed with liposomes at neutral pH and subjected to trypsin digestion 
and SDS-page analysis. Trypsin completely digested the E1 and E2 proteins, while pre-incuba-
tion with increasing concentrations of CHK-152 protected the E2 protein from trypsin digestion, 
indicating that these were shielded against enzymatic cleavage. Collectively, this suggests that 
CHIKV membrane interaction at neutral pH is reduced due to steric hindrance of the CHK-152 
antibody. 

5.2.2 CHK-152 blocks interaction with target membranes at low pH 
At low pH, the virus undergoes conformational changes to support membrane fusion. Antibod-
ies have been described that prevent the conformational changes that are required for mem-
brane fusion or freeze virus particles in an intermediate stage. We described before that CHK-
152 abolishes membrane fusion activity at high antibody concentration in a liposomal fusion 
assay.292 There, we investigated the effect of CHK-152 on CHIKV fusion and revealed that both 
the extent as well as the rate of fusion decreases with increasing antibody concentrations (un-
published data and Pal et al.).292 At 10 nM CHK-152, membrane fusion was almost completely 
abolished. 

Here, to further dissect the role of CHK-152 on membrane fusion, we next determined the 
low-pH dependent binding properties of the virus to liposomes in the presence or absence of 
CHK-152, by use of a liposomal co-floatation assay (Figure 5.2a). 

 

Figure 5.2 CHK-152 inhibition of target membrane interaction at low pH. (a) Inhibition of E1-liposome interaction at 
low pH. A fusion experiment was performed, adding radiolabeled CHIKV that was pre-incubated without, or with 10 nM 
of isotype control or CHK-152 antibodies to liposomes and acidifying the mixture to pH 5.1. After neutralization at 1 min, 
the sample was added to a sucrose gradient and centrifuged. The relative radioactivity in the top fractions, therefore 
co-floating with the liposomes, was determined in triplicate and is plotted as mean±sem. (b) Inhibition of formation of 
trypsin-resistant E1 trimer. Radiolabeled CHIKV was incubated with or without CHK-152 for 10 min at 37 °C, added to 
liposomes and acidified to pH 5.1. After 1 min, the sample was neutralized to pH 8.0. The sample was incubated with 
0.25% β-ME for 30 min at 37 °C , trypsinized for 1 h and subjected to SDS-PAGE analysis. CHK-152 concentration at 
incubation: ++, 20 nM CHK-152 in ratio of 335 to virions. Representative image out of 3 experiments is shown. 
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Radiolabeled CHIKV pre-incubated with 10 nM CHK-152 was added to liposomes after which 
the mixture was acidified to pH 5.1 for 1 min and back-neutralized to pH 7.4. A sucrose density 
column was formed from a layer of 60% (w/v) sucrose, then the sample mixed with 50% sucrose, 
and on top of that 20% and 5% layers. Upon ultracentrifugation, liposome-bound virus particles 
are at the 5–20%-layer interface, whereas unbound particles remain within the 50% sucrose 
layer. The radioactivity counts were determined, providing a measure of virus co-floating with, 
and therefore bound to, the liposomes. In the absence of antibodies, 55% binding was observed 
that was set to 100%. Comparable virus-liposomes binding was observed in the presence of an 
isotype antibody. Importantly, however, virus-liposome binding was completely abolished in 
presence of CHK-152 antibodies. This suggests that CHK-152 prevents stable interaction of E1 
to liposomes and as a consequence no membrane fusion is observed. 

To investigate if CHK-152 indeed blocks the low-pH induced conformational changes that 
are required for membrane fusion, we assessed the formation of a trypsin-resistant form of E1 
under low-pH conditions (Figure 5.2b). It is known that the E1 homotrimer of alphaviruses that 
is formed upon low-pH treatment is resistant to trypsin digestion.295 The trypsin-resistant E1-
trimer dissociates into monomers when boiled in SDS sample buffer and can be detected with 
SDS-PAGE analysis. CHK-152-opsonized, radiolabeled CHIKV was incubated with liposomes at 
pH 5.1 as described for the liposome-binding assay (also see Methods). After back-neutraliza-
tion to pH 8.0, the acidified liposome-CHIKV mixture was incubated with the reducing agent 
β-mercaptoethanol for 30 min in order to make the proteins more accessible to trypsin cleav-
age. The sample was then subjected to trypsin digestion. As expected, in the absence of CHK-
152, a clear trypsin-resistant E1-band is seen. In presence of 20 nM CHK-152, however, the for-
mation of the trypsin-resistant form of E1 was markedly reduced. Collectively, these observa-
tions suggest that high concentrations of CHK-152 either freeze the particle in the original state 
or interfere with an early step in the membrane fusion process i.e. at a step prior to stable 
interaction of E1 with the target membrane. 

5.2.3 The single-particle assay 
We established that CHK-152 blocks efficient membrane interaction both at neutral and low 
pH at high antibody concentrations. At lower antibody concentrations, however, CHIKV was 
able to bind to planar bilayers (Figure 5.1a) and we aimed to elucidate if at these conditions 
CHK-152 is able to directly interfere with membrane fusion, and if so, to determine the stoichi-
ometry of CHK-152 mediated neutralization of membrane fusion. To this end, we employed a 
single-particle assay with fluorescently tagged CHK-152, allowing to count the number of CHK-
152 bound to the individual viral particles. The single-particle assay relies on a controlled in 
vitro environment for virus acidification, using fluorescent tags to correlate the rate and 
amount of fusion to antibody binding. 

The essentials of the single-particle assay are illustrated in Figure 5.3. The features were 
similar to those described before.30,288 The basis is an in vitro flow cell system that allows rapid 
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acidification of pre-docked virions (Figure 5.3a), monitoring at the same time for every particle 
the occurrence of hemifusion and the amount of antibody present. As described above, a pla-
nar lipid bilayer was formed on the coverslip in a flow cell. A biotinylated lipid provided an 
anchor for fluorescein-labeled streptavidin to report on the change in local pH. CHIKV particles 
were membrane-labeled with the lipophilic dye R18 and incubated at 37 °C with or without 
antibody and flown in to dock aspecifically to the bilayer. After acidification, hemifusion was 
observed as the escape of R18 into the target bilayer (Figure 5.3b), and the time from pH drop 
to fusion was determined. We studied fusion at room temperature; the rate of fusion scaled in 
an Arrhenius-like fashion over the range 37 °C to room temperature as determined with the 
liposomal fusion assay described above (Figure A5.1). 

 

Figure 5.3 Single-particle assay. (a) In a flow channel, a lipid bilayer was formed on a cover glass. Viruses were labeled 
with lipophilic dye R18 and docked aspecifically. A pH-sensitive dye attached to the membrane reported on pH change 
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in the channel. Antibodies were detected and counted through a fluorescent tag. Fluorescence was excited by laser 
beams leaving the coverslip at a small angle. Fluorescence was split and projected onto different halves of a camera, 
allowing colocalization of the viral membrane and antibody spots. (b) Examples of observed fluorescence (membrane 
and antibody) of the same virus particle. Hemifusion can be seen around 16 s after acidification as escape of the mem-
brane dye into the target bilayer. Loss of antibody intensity is also observed. (c) Intensity information collected from 
the virus particle in panel b. Top trace shows the loss of antibodies over time after acidification. Middle trace shows 
the membrane intensity signal. The lower trace shows the disappearance of fluorescence of the fluorescein pH probe, 
defining the start of the experiment. The time to hemifusion, defined as the onset of signal dissipation, is indicated. 

5.2.4 CHK-152 blocks and slows down fusion of pre-docked virions in a pH-dependent 
manner 

To correlate the effect of CHK-152 to different fusion conditions, we chose four pH points at 
which to determine the fusion extent and time to fusion: pH 6.2, 6.1, 5.1 and 4.7. The latter 
two pH points lie in the optimal regime of fusion, and the first two around the threshold of 
fusion activation (see Figure A5.5 and Van Duijl-Richter et al.),288 and in the pH range of early 
endosomes from which CHIKV particles fuse.287 The extent of fusion, the fraction of the popu-
lation that undergoes hemifusion within 2 min after acidification is shown in Figure 5.4a. 

 

Figure 5.4 CHK-152 inhibition and slow-down of CHIKV fusion in a pH-dependent manner. (a) Virions pre-docked to 
the planar bilayer were acidified to the pH-point indicated below the x-axis, either with (+) or without (-) pre-incubation 
with CHK-152. The extent of fusion, the fraction of the population undergoing fusion, is shown. Mean±sem shown 
together with single experiments (triangles): black/-, without CHK-152, red/+, with pre-incubation of 0.63 nM CHK-152, 
resulting in 52±3 CHK-152 bound (see text). Significances determined by weighted t-test. (b) Time of hemifusion of 
single particles with the same color coding of conditions as panel a. Means, diamonds; box plots, 5%-Q1-median-Q3-
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95% intervals. Significance of difference of medians determined by Wilcoxon rank-sum test. Obtained p-values (see 
Table A5.1) **: p<0.01, ***: p<0.001, ****: p<0.0001. 

Fusion was highly efficient, with trials showing up to 96% extent of fusion. Like previously 
observed for the S27 strain,288 the LR2006-OPY1 strain exhibited a sharp pH threshold between 
pH 6.2 and 6.1, with the extent of fusion dropping over 50 %-point for a pH difference of 0.1. 
The time to hemifusion of single particles is shown in Figure 5.4b and shows that the time to 
fusion is longer with higher pH. 

CHK-152 was labeled to enable quantification of the number bound to single virions. To this 
end, both the intensity of single, tagged CHK-152 and the unlabeled fraction of antibody were 
determined (Methods). Because CHK-152 incubation induced some amount of virion aggrega-
tion, we analyzed the 75% of the virus particles with the lowest antibody counts (more details 
in Methods). CHIKV was incubated with 0.63 nM of tagged CHK-152 for 15 min at 37 °C to allow 
binding to occur. This concentration resulted in an average of 52±3 antibodies bound per virion 
with minor preparational variation per pH condition (Figure A5.7a). This number corresponds 
to 22–43% of the 240 epitopes bound depending on the valency of CHK-152 binding (see Dis-
cussion). Under all conditions, this number of bound CHK-152 reduced the total extent of fusion 
(Figure A5.7a), indicating that CHK-152 directly blocks fusion at below maximum epitope occu-
pancy. The largest relative inhibition was observed at the threshold pH of 6.1 and 6.2, which 
had similar relative extents of fusion compared to the no Ab condition (Figure A5.8). In addition 
to a reduction in extent, fusion was slowed down significantly under all pH conditions (as tested 
on the medians, Figure 5.4b). There was no consistent correlation between fusion of particles 
and starting antibody count (Figure A5.7b). This may indicate that only a small number of the 
CHK-152 bound determine the fate of fusion, a number small enough that it does not show up 
as a detectable correlation. 

5.2.5 CHK-152 dissociates at low pH 
We observed that at pH 4.7 and 5.1 the fusion inhibition was reduced compared to the pH 6.1 
and 6.2 conditions even though the initial binding levels of CHK-152 were similar (Figure A5.7a). 
Hence, we decided to check the amount of CHK-152 bound to the virus particles over time. 
Figure 5.5a shows observed spots from single virions bound with fluorescently tagged CHK-152. 
After 2 min at pH 4.7, almost all fluorescence had disappeared from spots of non-fusing virions, 
indicating CHK-152 dissociation. In contrast, at pH 6.1 only marginal reduction of fluorescence 
was observed. Also, secondary, immobile spots were observed to form at this pH (Figure 5.5a, 
top images). Presumably, secondary spot formation occurred after full merger of the viral and 
target membranes, when CHK-152-protein complexes were able to diffuse into the target 
membrane. 
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Figure 5.5 CHK-152 dissociation at low pH. (a) Fluorescent spots of CHK-152 bound to virions are shown from a region 
of a movie slice for pH 6.1 and 4.7, and for t = 0 and t = 2 min. Two minutes after acidification to pH 6.1, secondary, 
immobile spots can be observed. At pH 4.7, loss of CHK-152 from the virions was observed after 2 min. Image heights 
correspond to 8.5 μm. (b) The average of bound CHK-152 of non-fusing virions is shown over time. Increase of signal 
towards t = 0 was due to rolling and arrest of virus particles. One out of every five error bars shown to reduce visual 
clutter. Blue lines show exponential fits (see text). (c) The final fraction of antibody remaining for each pH point was 
determined from the fits in panel b. (d) The linear rate of dissociation at t = 0 determined from the fits in panel b is 
shown per pH point in black (left y-axis). Red bars (right y-axis) show the ratio of the mean fusion time without antibody 
(see Figure 5.4) to the dissociation time (the inverse of the linear dissociation rate), at the pH points indicated. All error 
bars, sem. N/D: not detectable. 

The average bound number of CHK-152 over time was determined for fusing and non-fusing 
particles separately (Figure 5.5b and Figure A5.6). Time t = 0 was defined by the loss of fluores-
cence of the pH-sensitive fluorescein, and signals showed an initial increase towards t = 0 due 
to the rolling and arrest of virions under the force of the inflowing low-pH buffer. Both fusing 
and non-fusing virions displayed CHK-152 dissociation at pH 5.1 and 4.7. Because fusing parti-
cles additionally lost CHK-152 after fusion due to diffusion (Figure 5.5a, top images) we decided 
to take the number of CHK-152 bound to the non-fusing particles (Figure 5.5b) as a proxy for 
the dissociation behavior of the whole population, as this indicates purely dissociation into so-
lution. 
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As the fusion yields were slightly different for pH 5 and 4.7, we determined the properties 
of CHK-152 dissociation at these pH points. The CHK-152 time curves were fit with single-expo-
nential (pH 6.2 and 6.1) and double exponential (pH 5.1 and 4.7) decay functions to extract the 
fraction of CHK-152 that ultimately dissociate (Figure 5.5c). Only marginal loss of antibody was 
observed at pH 6.2 and 6.1, whereas a similar fraction, more than 80% of antibodies, dissoci-
ated at pH 5.1 and 4.7. From the fits, the linear rate of dissociation at t = 0 was determined for 
pH 5.1 and 4.7 (Figure 5.5d, red), showing that pH 4.7 features an about 10-fold faster initial 
dissociation rate. More importantly, the ratio of the rates of fusion and rates of dissociation 
differed (Figure 5.5d, green): at pH 4.7, CHK-152 dissociation is about 10-fold faster than at 
pH 5.1, while the mean fusion time is only about 2-fold faster. The rate of dissociation may 
therefore explain the differences in extent of fusion at pH 5.1 and 4.7. We postulate fusion 
would be blocked with the starting CHK-152 counts (like at pH 6.1 and 6.2). However, due to 
sufficiently fast dissociation, compared to the timescale of the events leading to fusion and 
potentially E1 protein inactivation, some virions become fusogenic again. Dissociation happens 
more quickly at pH 4.7 than at 5.1 relative to the events that lead to membrane fusion, thereby 
leading to a higher fusion extent. We therefore numerically modeled the process leading to the 
observed fusion extents, taking the CHK-152 stoichiometry and dissociation into account.  

5.2.6 Antibody stoichiometry indicates high cooperativity at spike level 
Binding of CHK-152 blocked and slowed down fusion. However, most epitopes were not bound 
with CHK-152, and at pH 4.7 CHK-152 dissociated on a timescale of seconds. Hence, we devised 
a numerical model of fusion which CHK-152 bound to surface epitopes prevents whole spikes 
from participating in fusion. This model bears semblance to earlier work by us and others on 
influenza fusion inhibition.30,31 We assumed that binding of any E2 in a spike by CHK-152 pre-
vents that spike from participating in fusion. Also, dissociation of all CHK-152 bound to the spike 
would restore that spike’s fusogenicity, if the dissociation happened quickly enough compared 
to the fusion timescale. The fusion extent was then numerically evaluated by looking at the 
availability of a sufficient number of unbound spikes in contact with the target membrane. The 
comparison of the results of this model to the observed stoichiometries and dissociation then 
informed us on the cooperativity of CHIKV fusion at the spike level. 

The model parameters were the number of spikes involved and the spike cooperativity in 
fusion. We considered different sizes for the contact patch in interaction with the target mem-
brane, containing M proteins (Figure 5.6a). A spike was considered not to participate in medi-
ating fusion if one or more of the three spike epitopes were bound by antibody (Figure 5.6b). 
Fusion could only be attained if a virus particle had a number NH of unbound spikes within any 
5- or 6-ring in its contact patch. Here, NH = 1 signifies fusion mediated by a single E1 trimer 
formed from an unbound spike, and for higher NH fusion results from multiple unbound spikes 
in a ring on the viral surface. This is illustrated in Figure 5.6c. The positions of unbound spikes 
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within the ring did not matter, as long as any ring in the contact patch contained NH unbound 
spikes. 

 

Figure 5.6 Cooperative model of CHIKV fusion at the level of spikes. (a) A virion (grey) docked to the planar membrane 
(blue) is shown. The region in contact with the target membrane is shown in purple: the contact patch. (b) The contact 
patch consists of M spikes, example of M = 20 shown. Unbound spikes (purple) are considered to mediate fusion 
whereas spikes bound with one or more CHK-152 are considered not to (black). (c) Cooperative fusion was modeled by 
the availability of a minimum number of unbound spikes, NH, in any of the 5- and 6-rings on the viral surface. The 
unbound positions can be anywhere in the ring; examples for different NH are shown. (d) For 10 000 virions 52±3 CHK-
152 were randomly bound per virion. Both the contact patch was varied (from 12 to 40) and the CHK-152 binding mode. 
The mean±SE of the number of unbound spikes is shown. Bivalent* binding was modeled as binding by 104±6 mono-
valent Fabs. (e) For 10 000 virions CHK-152 was randomly bound as in panel d and the relative extent of fusion was 
determined as the fraction of virions having available NH free spikes in a ring as defined in panel c. The extents of fusion 
from the simulations are shown as lines versus the fraction of CHK-152-bound epitopes on the viral surface. Line leg-
ends are as shown in panel c: NH = 3,4,5,6 are indicated by dash-dotted, dotted, dashed and a solid line respectively. 
The experimental extent of fusion was determined relative to the no antibody control (Figure A5.8) and is plotted ver-
sus the time-averaged fraction of bound epitopes (black squares, mean±sem). This time-average takes into account 
CHK-152 dissociation (see text and Figure A5.10). 
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We considered the two extreme cases of the CHK-152 binding mode: pure monovalent and 
pure bivalent binding. With a number of 52±3 antibodies bound over the 240 epitopes (in 
80 spikes), the probability of a spike to be unbound is: punboundSpike = (1-52/240)3 = 0.48±0.03 for 
monovalent binding, or punboundSpike = (1-104/240)3 = 0.18±0.03 for bivalent* binding. We write 
bivalent* binding, as this was estimated as binding of double the amount of monovalent Fabs. 
This is an unattainable maximum epitope occupancy, since bivalent antibodies can only bind 
neighboring epitopes and additionally will experience steric hindrance. Considering the calcu-
lated probabilities, any contact patch of size M > 5, corresponding to greater than 6.25% of the 
virion surface, on average has more than 1 unbound spike in contact with the target membrane. 

For a virion of 65 nm in diameter we estimate the contact patch at 20 spikes, or 25% of the 
viral surface by looking at the range that the 13-nm-long E121 may reach to a planar target 
membrane (Figure A5.9a). Earlier work has similarly estimated the contact patch area of spher-
ical, 50-nm diameter influenza viruses at 25% of the outer surface.32 Here, the contact patch 
could be larger if inserting E1 were to pull the target membrane around the virion like a coat, 
or could be smaller due to steric hindrance of antibodies. In the biological context, the contact 
area with the inversely curved endosome may increase the contact patch. Therefore, we con-
sider different sizes of M from 12 (about one eighth) to 40 (one half of a virion) as shown in 
Figure A5.9b, which appear to be reasonable limits for the minimum and maximum contact 
patch size respectively. Then, we counted the number of unbound spikes in numerical simula-
tions of the fusion. All tested patch sizes were determined to have multiple unbound spikes 
available on average (Figure 5.6d), in line with what we calculated above. We therefore con-
sidered a cooperative fusion mechanism. 

First, we scaled the data to enable comparison with the numerical model. The extents of 
fusion in the presence of CHK-152 were calculated relative to the no-antibody condition, 
thereby correcting the extents for non-fusogenic virions and for the effect of pH on the total 
extent (Figure A5.8). To correct for the dissociation of CHK-152 over time, we then calculated 
the effective number of CHK-152 bound to the virus particles during the time they fuse. We 
calculated this effective number over the timescale of fusion, by averaging the number of CHK-
152 bound to non-fusing virions over the population, and subsequently averaging over time 
weighted by the number of particles that have not yet fused (see Figure A5.10). It is therefore 
an estimate of the average number of CHK-152 a fusing virion had bound during the time to 
fusion. The result is shown in Figure 5.6e (squares): the observed relative extents of fusion ver-
sus the estimated effective epitope occupancies in the cases of monovalent and bivalent* bind-
ing. 

Finally, we ran numerical simulations for 10 000 virions determining at each epitope occu-
pancy what fraction of the virions had a ring containing NH unbound spikes, defining the extent 
of fusion. The result is shown in Figure 5.6e as lines, for M = 20. We see that the data best 
matches fusion mediated by 3–5 unbound spikes in a ring (indicated by a red dashed and cyan 
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dash-dotted line respectively), depending on CHK-152 binding valency. The cooperativity was 
largely determined by the valency of CHK-152 binding; the actual contact patch simulated was 
of minor effect (Figure A5.11 and Figure A5.12). 

5.3 Discussion 
In this Chapter, we reported on the mechanism of action of antibody CHK-152. We determined 
that it shields the virions at high concentrations of binding thereby preventing membrane in-
teraction under neutral-pH as well as low-pH conditions. Using a single-particle fluorescence 
assay and a sub-stoichiometric ratio of CHK-152 binding, virions were pre-docked to a mem-
brane. This allowed us to determine that CHK-152 also directly blocks fusion. In this assay, CHK-
152 was observed to dissociate at low pH, whereas it remained bound at mildly acidic pH. We 
devised a numerical model of CHIKV fusion with only E1 from unbound spikes able to trimerize 
and mediate fusion, and in which fusion is achieved by insertion of a minimal number of E1 
trimers within a ring of neighboring spikes. Correcting for CHK-152 dissociation, the CHK-152 
stoichiometries of binding were not consistent with fusion by single E1 trimers, but rather with 
fusion mediated by three to five trimers. 

In addition to CHK-152 effectively preventing viral docking to membranes at neutral pH, it 
appears to directly block low-pH fusion by interfering with stable attachment of the virus to the 
target membrane. Our data and previous work indicate that prevention of virus attachment to 
the cell, possibly by sterically hindering receptor or membrane interaction, is an important 
mechanism in its neutralizing efficiency.292 We demonstrated that CHK-152 also directly inhibits 
fusion for pre-docked virions, at sub-saturated occupancy of binding. This enhances its poten-
tial as an antiviral, as receptors are cell-specific, but membrane fusion has less cell-dependent 
parameters. It has been shown before that the CHK-152 Fab binds residues in the E2 A domain 
and the β-ribbon. The latter lies in the acid-sensitive region that becomes disordered at low pH, 
facilitating exposure of the E1 fusion loop.21,22,294 As we find that CHK-152 prevents the for-
mation of a trypsin-resistant form of E1, and inhibits stable association of E1 with target mem-
branes, it seems plausible that CHK-152 inhibits E1 membrane insertion by blocking E1-E2 
heterodimer dissociation. However, it could also lock the E2 proteins in place allowing E1 mem-
brane insertion but preventing trimerization, as observed in studies at threshold pH of 6.4 for 
Sindbis virus.289 Interestingly, the acid-sensitive region and A and B domains appeared more 
often as binding targets for antibodies.296-298 The epitope of neutralization lies within one E2, in 
contrast with other, E2-crosslinking antibodies isolated for alpha- and flaviviruses,298-300 so 
‘locking’ the virion would require CHK-152 bivalent binding. 

We observed CHK-152 dissociation at pH 5.1 and 4.7. In the in vitro conditions of our exper-
iment, all unbound CHK-152 had been washed away so that CHK-152 dissociating after acidifi-
cation effectively disappeared. This is in contrast with the liposomal fusion conditions292 and an 
in-vivo situation, where CHK-152 might rebind from solution. Also, at the probed stoichiometry 
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of binding in the single-particle assay, dissociation of just a couple of CHK-152 may restore vi-
rion fusogenicity. This would not be the case for higher concentrations of antibody incubation. 
Dissociation was marginal at pH 6.1 and 6.2, the pH of the early endosome through which CHIKV 
enters cells,287 and the extent of fusion was strongly reduced at these pH points. Also, the CHIKV 
strains so far have a sharp pH threshold and appear to be liable to acid-induced inactivation.288 
In all, CHK-152 dissociation may not need to compromise its neutralization effectiveness in vivo 
even at sub-stoichiometric binding levels. 

We found that the relative rate of CHK-152 dissociation determined the final extent of fu-
sion for pH 4.7 and 5.1. However, at both pH points nearly all CHK-152 dissociated if given 
enough time. Together, this indicates that there is a “window of opportunity” during which the 
spikes must become unbound in order to still be able to mediate fusion again. Such a window 
of opportunity may arise for example due to inactivation of E1 proteins at low pH, as observed 
without the presence of target membranes.288 Even though the window of opportunity is an 
underlying, necessary assumption of our model, we did not explicitly model it as we just con-
sidered the average presence of CHK-152 for particles during the time they take to fuse. 

Two different mechanisms of CHK-152 dissociation could be involved. In the first, the CHK-
152 lose affinity due to protonation changes in the epitope or paratope. This may involve an 
antibody-induced shift of the pKa of protonatable residues on the protein, as suggested in Zeng 
et al.301 In the second, we see an analogue to how the influenza hemagglutinin has been mod-
eled to overcome the kinetic barrier to rearrange to the post-fusion state by protonation.33 
Here, the CHK-152 would raise the kinetic barrier for E2-E1 heterodimer dissociation. However, 
this increased barrier to conformationally rearrange is then overcome at sufficiently low pH, 
shedding the antibody. Identifying the dissociation mechanism is beyond this work as both de-
scribed changes in CHK-152 and viral protein are proton-triggered. However, it appears im-
portant to determine if this mechanism is common in antibody-mediated neutralization of class 
II viruses, if it allows decreased-pH-threshold escape mutants to arise and if this could be 
avoided or exploited in rational antiviral design. 

Employing the fusion-inhibiting capacity of CHK-152, we found CHIKV fusion to be cooper-
ative by determining the stoichiometry of binding of CHK-152 and numerically simulating the 
resulting availability of CHK-152-free spikes on the virion surface. Fusion ensued when a suffi-
cient number of unbound spikes were available to trimerize and together overcome the mem-
brane fusion barriers. In this scenario, the E1 trimer fusion loops could associate to facilitate 
dimpling of both membranes, as detected before for the E1 ectodomain.274,302 The proposed 
mechanism is analogous to that developed for influenza viral fusion, where multiple protein 
trimers need to mediate fusion and the network of potentially cooperating trimers is disrupted 
by inhibitor binding.30,31 Interestingly, in those studies, binding of an estimated quarter of 
epitopes resulted in significant fusion inhibition, similar to the occupancy probed here. 
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The combination of data and numerical model allowed to determine that CHIKV fusion is 
cooperative, but some uncertainties remain. To develop a more complete understanding of 
CHIKV fusion, it is necessary to probe a large range of inhibitor binding concentrations and ob-
tain sufficient statistics to allow inference on the individual protein events to membrane fusion 
(for instance, the steps of heterodimer dissociation and E1 membrane insertion). The distribu-
tion of fusion times then allows inference on the underlying rate-determining steps.31,34,207 Here, 
we were limited to sub-stoichiometric levels of binding as CHK-152 prevented aspecific mem-
brane docking at high binding levels, and the statistics were too limited to determine the fusion 
time distributions. The actual number of E1 trimers involved in fusion depended for the most 
part on the valency of the CHK-152 and less on the size of the contact patch. We point out two 
additional factors why CHIKV fusion is more cooperative than we could probe. First, the CHK-
152 inhibited aspecific docking, and virions may therefore have preferentially bound with a 
relatively sparsely CHK-152-covered section of the viral surface. The epitope occupancy in the 
contact patch is then relatively lower than on the rest of the particle, which implies a more 
cooperative fusion mechanism. Second, we see no reason a priori why E1 from different spikes 
would be prevented from forming a trimer together. Compared to our model, this would fur-
ther increase the number of E1 trimers that could form in the contact patch, thereby also im-
plying a more cooperative mechanism. 

Because of the reasons stated above, future studies should uncouple the binding- and fu-
sion-inhibiting action of inhibitors by artificially coupling viruses to the membrane surface. Fur-
thermore, using monovalent-binding Fab fragments eases interpretation of the data, and may 
reduce steric effects. Our results on alphavirus fusion fit in with a universal context found so 
far across all three classes of enveloped viruses, where fusion is mediated by multiple protein 
trimers in a close neighborhood.32,34,207 Taken together, our data identifies important parame-
ters to consider in the rational development of CHIKV antivirals. 

5.4 Methods 
CHIKV strain LR2006-OPY1 was a kind gift by Prof. Andres Merits. Antibody CHK-152 was a kind gift from 
Prof. Michael Diamond. All assays were performed at 37 °C, except the single-particle assay which was 
performed at room temperature (around 22 °C). The corresponding change in the rate of fusion was de-
termined in the liposomal fusion assay described below (Figure A5.1). Throughout this Chapter we refer 
to (hemi)fusion as fusion, as the assays used do not distinguish content mixing from lipid mixing. Appendix 
contains details of hypothesis testing (Table A5.1) and fitting (Table A3.2). 

Virus – radiolabeled. A confluent layer of BHK-21 cells were infected at an MOI of 10 and the virus 
was radiolabeled with 200 µL [35S]-methionine/L-[35S] cysteine using EasyTag™ EXPRESS35S Protein La-
beling Mix (PerkinElmer). Supernatant was harvested 20 hpi (hours post-infection) and layered on top of 
a two-step sucrose gradient (20%/50% w/v in HNE) and centrifuged for 2 h at 154 000 x g at 4 °C in a SW41 
rotor (Beckman Coulter) to clear from cell debris. Radioactive virus was collected at the 20%/50% sucrose 
interface and radioactivity was counted by liquid scintillation analysis. Fractions were pooled based on 
radioactivity counts. Infectivity of virus preparation was determined by standard plaque assay on Vero-
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WHO cells and by qRT-PCR to determine the number of genome-containing particles with the primer set 
as described before.288 

Virus – pyrene-labeled, and inactivated. Virus stocks were prepared as described before.288 Briefly, 
CHIKV seed stocks were prepared by infection of Vero-WHO cells at a multiplicity of infection (MOI) of 
0.01. The supernatant was harvested at 48 hpi, cleared from cell debris by low-speed centrifugation and 
frozen in liquid nitrogen. Pyrene-labeled virus was produced in BHK-21 cells cultured beforehand in the 
presence of 15 μg/ml 1-pyrenehexadecanoic acid (Invitrogen). Purified virus was prepared like pyrene-
labeled virus, but in absence of pyrene. Before freezing, the virus was UV-inactivated as the single-particle 
fusion assay was performed outside the BSL-3 facility.288 The purified CHIKV particles were subsequently 
labelled with the octadecyl rhodamine B chloride (R18; Invitrogen) fluorophore. For this purpose, 7.2×1012 
particles of purified and inactivated CHIKV were diluted in PBS (10 mM phosphate, 140 mM NaCl, 0.2 mM 
EDTA) and 0.3 µL of 0.2 mM R18 dissolved in DMSO was added to a final concentration of 1 μM. Subse-
quently, the virus solution was kept on ice for 1 h. A gel-filtration column (PD-10 desalting column; GE 
Healthcare) was used to separate the virus from unincorporated dye. The most concentrated fractions 
were combined and used in the experiment. 

Liposomes. Liposomes were prepared as described before.248,288 For the non-single-particle assays, 
the liposomes consisted of sphingomyelin from porcine brain, transphosphatidylated L-α-phosphatidyl-
ethanolamine (PE) from chicken egg, L-α-phosphatidylcholine (PC) and cholesterol from ovine wool. The 
lipids were mixed in a molar ratio of 1:1:1:1.5. The liposomes were prepared by freeze-thaw extrusion 
and extruded through a polycarbonate membrane with 200 nm pore. All lipids and the polycarbonate 
membrane were purchased from Avanti Polar Lipids. Lipids and the phospholipid-to-cholesterol-ratio 
were chosen to approximate the lipid composition within the endosomal compartment.279,280 For the sin-
gle-particle assay, liposomes (200 nm) were also prepared by freeze-thaw extrusion. Liposomes consisted 
of 1:1:1:1.5:2×10-5 ratio of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), porcine brain sphingomyelin (SPM), ovine wool cholesterol and 1,2-di-
oleoyl-sn-glycero-3-phosphoethanolamine-N-(biotinyl) (Biotin-PE). 

Trypsin cleavage of CHIKV structural proteins at neutral pH. [35S]-methionine/L-[35S] cysteine la-
beled CHIKV was incubated for 10 min at 37 °C with CHK-152 in HNE in the appropriate ratio. In final vol-
ume for the tested conditions: 0.63 nM CHK-152 in approximate ratio of 13 to virions, and 10 nM CHK-
152 in ratio of 210 to virions. The mixture was added to 200 µM liposomes at 37 °C in a total volume of 
133 µL HNE buffer (5 mM HEPES, 150 mM NaCl, 0.1 mM EDTA) and kept for 60 s at pH 7.4.The mixture 
was digested with N-tosyl-L-phenylalanyl chloromethyl ketone (TPCK)-treated trypsin (Sigma) at a con-
centration of 200 µg/mL in the presence of 1% Triton X-100. After 1 h at 37 °C the samples were directly 
subjected to SDS-PAGE analysis. 

Trypsin cleavage of E1 homotrimer at low pH. Pre-incubated [35S]-methionine/L-[35S] cysteine la-
beled CHIKV with CHK-152 as described above were mixed with 200 µM liposomes at 37 °C in a total vol-
ume of 133 µL HNE buffer (5 mM HEPES, 150 mM NaCl, 0.1 mM EDTA). After 60 s of incubation, the pH 
was lowered to pH 5.1 by the addition of 7 μL of a pre-titrated buffer (0.1 MES, 0.2 M acetic acid, NaOH 
to achieve desired pH). After 60 s, the mixture was neutralized to pH 8.0 by the addition of 3 µL of pre-
titrated NaOH solution. Samples were incubated in 0.25% β-mercaptoethanol (β-ME) for 30 min and sub-
sequently digested with TPCK-treated trypsin (Sigma) at a concentration of 200 µg/mL in the presence of 
1% Triton X-100. Samples were then subjected to SDS-PAGE analysis. 

SDS-PAGE analysis. Samples were solubilized by 4x SDS sample buffer (Merck-Millipore) and analyzed 
by SDS-PAGE on 10% Mini-PROTEAN® TGX™ Precast Protein Gels (Biorad). Gels were fixed in 1 M sodium 
salicylate for 30 min and dried. Viral protein bands were visualized in a Cyclone Plus Phosphor Imager 
(PerkinElmer) and radiographs were further analyzed using ImageQuant. 
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Liposomal binding assay. The influence of antibody binding of CHIKV on low-pH induced liposome-
binding was assessed using a liposomal binding assay described before for SFV and SINV.248,250,268 Briefly, 
0.75 μM viral phospholipid of [35S]-methionine/L-[35S]-cysteine labeled CHIKV particles was mixed with 
200 μM liposomes in HNE buffer. The mixture was acidified by adding a pre-titrated amount of low pH 
buffer (0.1 M MES, 0.2 M acetic acid, NaOH to achieve desired pH). Total volume was 140 μL, target pH 5.1; 
60 s after acidification, the mixture was neutralized to pH 8.0 by NaOH and placed on ice. 100 μL of this 
fusion reaction was added to 1.4 mL of 50% sucrose in HNE (w/v). A sucrose density gradient was prepared 
consisting of 60% sucrose in HNE, followed by 50% sucrose in HNE including the fusion mixture, 20% su-
crose in HNE and 5% sucrose in HNE on top. Gradients were centrifuged in a SW55 Ti rotor (Beckman 
Coulter) for 2 h at 150 000 × g. The gradient was fractionated in ten parts and radioactivity in each fraction 
was determined by liquid scintillation analysis. The relative radioactivity in the top four fractions com-
pared to total radioactivity in the gradient was taken as the measure for CHIKV that were bound to lipo-
somes. For antibody-inhibition, [35S]-methionine/L-[35S]-cysteine labeled CHIKV was incubated for 
10 min at 37 °C with 10 nM of CHK-152 in HNE before proceeding with a fusion measurement as described 
above. 

Single-particle fusion – assay and microscopy. Experiments were performed at room temperature as 
reported before.30,288 Glass microscope coverslips (24 mm x 50 mm, No. 1.5; Marienfeld) were cleaned 
using 30 min sonications in acetone and ethanol, followed by 10 min sonication with 1 M potassium hy-
droxide and finally 30 min cleaning in an oxygen plasma cleaner. The last step was performed on the day 
of measurement. Polydimethylsiloxane (PDMS) flow cells with a channel cross-section of 0.1 mm² were 
prepared as before.30 Imaging was performed with near-total internal reflection fluorescence microscopy 
(TIRF-M), using an inverted microscope (Olympus IX-71) and a high numerical aperture, oil-immersion 
objective (NA 1.45, 60×; Olympus). Liposomes were flushed into the flow cell and a planar lipid bilayer 
was allowed to form for >50 min. Virions were docked non-specifically to the lipid bilayer for 3 min at 
50 μL/min. Fluorescein-labelled streptavidin (Life Technologies) was introduced into the flow cell at 
0.2 μg/mL for 5 min at 10 μL/min, as a pH drop proxy. Then, PBS with 2 mM Trolox ((±)-6-Hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid, Sigma-Aldrich) was flown in for 2 min at 100 μL/min to remove 
unbound virions and fluorescein. The presence of Trolox prevented laser-intensity dependent fusion in-
activation, presumably by reducing oxidative damage from the fluorescent dye. The aqueous environment 
was acidified by flowing in citric acid buffer (10 mM, 140 mM NaCl, 0.2 mM EDTA) of pH 5.1 at 600 μL/min. 
The fluorophores were excited using 488 nm and 561 nm lasers (Sapphire, Coherent Inc.). Viral membrane 
fluorescence (red) and fluorescein pH drop fluorescence (green) were projected on different halves of an 
EM-CCD camera (C9100-13, Hamamatsu). Exposure time was 300 ms. Opsonization was performed for 
15 min at 37 oC with appropriate concentration of antibody and 10x diluted labeled virus, in final volume. 

Antibody labeling and characterization. CHK-152 was labeled with AlexaFluor488 TFP-ester (Life 
Technologies) per manufacturer’s guidance. UV-VIS spectroscopy indicated a labeling ratio of 1.5 
dye/CHK-152. Tandem MALDI mass spectrometry was consistent with this (Figure A5.2). MALDI was per-
formed in 150 mM ammonium acetate, after dialysis. From the labeling ratio we estimated the fraction 
of unlabeled (i.e., not visualized) CHK-152 at 0.22, by assuming a Poissonian labeling distribution. To de-
termine single CHK-152 intensity, labeled CHK-152 was flown in at roughly picomolar concentration into 
a clean flowcell as described above. Imaging conditions and buffers were the same as for virions (i.e. 
pH 5.1, unless noted otherwise). Single CHK-152 intensity was determined in a 7x7-pixel region, to be 
36±2 A.U. per CHK-152 (Figure A5.3a), corrected for background and laser intensity. Antibody fluores-
cence intensity was independent of pH (Figure A5.3b). 

Single-particle fusion – analysis. Home-written software in MATLAB was used to extract the fluores-
cence signals, essentially as described before.30,288 In brief, the fluorescein pH-drop signal was integrated 
over the entire field of view and the t=0 of the experiment defined as the time point where only 8% of a 
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fitted sigmoidal function remained. Particles fusion events and times were manually detected by inspect-
ing the virion R18 intensity traces together with the movie. CHK-152 fluorescence traces were extracted 
in a 7x7-pixel region, corrected for background, laser intensity and laser illumination profile, and divided 
by the intensity per CHK-152 and dark fraction as determined above, to yield the number of CHK-152 
bound. As we detected virion aggregation, presumably by antibody crosslinking, in both an increased R18 
intensity distribution and a bimodal CHK-152 distribution (Figure A5.4a and b), we only analyzed virions 
with up to 90 CHK-152 bound. These fell within a normally distributed portion of the population 
(Figure A5.4b), in contrast with the lognormally distributed tail, and comprised 75% of the total number 
of virions observed. 

Simulations. Numerical simulations were performed in Matlab. A grid of spikes was defined per Fig-
ure A5.9b, where patch sizes from 12 to 40 (half a virion) were considered. Each spike contained 3 
epitopes, and a specified number of inhibitors was bound randomly across all epitopes. This number of 
antibodies, or the related quantity epitope occupancy (number of antibodies divided by number of 
epitopes), was varied. Statistics were obtained for 10 000 virions. The number of unbound spikes within 
the contact patch was counted separately, and in the context of the defined 5- and 6-rings in Figure A5.9b. 
The extent of fusion was defined as the fraction of virions that had at minimum one 5- or 6-ring with NH 
unbound spikes as shown in Figure 5.6c. To facilitate comparison with the numerical model (Figure 5.6e), 
the data was scaled to take into account dissociation. Effective number of CHK-152 bound: the average 
number of CHK-152 over non-fusing virions was averaged over time weighted by the number of unfused 
virions. This is therefore a measure for the average number of CHK-152 a fusing virion had bound during 
the time it took to fuse. Relative extent of fusion: the extent of fusion in the presence of CHK-152 was 
divided by the extent of fusion without antibody. The relative extent of fusion therefore is corrected for 
virions that were never able to fuse, and for the pH variability of the fusion extent. 

5.5 Appendix 

 

Figure A5.1 Arrhenius plot of the rate of fusion in a bulk liposomal fusion assay versus the inverse temperature. 
Pyrene-labeled viruses were mixed with liposomes and acidified to pH 5.1 at the specified temperature. The rate of 
fusion was determined as the inverse of the time to reach 50% of the maximum fusion extent (see Methods). N=21 
trials. Linear fit with 95% confidence interval indicated. 
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Figure A5.2 MALDI spectra of labeled and unlabeled CHK-152. Spectra were obtained with antibody dialyzed to 
150 mM ammonium acetate. The AlexaFluor488 dye had with a molecular weight of about 700. 

 

Figure A5.3 Labeled CHK-152 intensity determination. (a) Single AF488-labeled CHK-152 were flown into the flow cell 
and absorbed aspecifically to the cover glass at pH 7.4. Imaging conditions as for a fusion experiment were then used 
to extract the single CHK-152-AF488 intensity. The histogram of intensities is shown for n=186 spots. Solid line is a 
Gaussian fit, dashed line shows mean value. (b) With conditions as in panel a, the intensities of CHK-152-AF488 versus 
pH are shown, normalized to mean pH 7.4 intensity. Significances from t-test, n = 65,47,58 spots respectively. Means, 
diamonds; box plot shows 5%-Q1-median-Q3-95% intervals. 

 

Figure A5.4 CHK-152-induced virion aggregation. a) For virions docked to the planar bilayer at pH 7.4 the R18 intensity 
was determined and is shown on a log scale. Conditions: -, without CHK-152 and +, with CHK-152 pre-incubation. Sig-
nificance determined by t-test on the means, n-=2149 and n+=1042 virions. Means, diamonds; box plot shows 5%-Q1-
median-Q3-95% intervals. b) Similarly, single-virion CHK-152 counts were determined at pH 7.4 and are shown in a 
histogram. Particles falling within the fitted Gaussian were selected for further analysis: the 75% of the data points 
with a CHK-152 count of up to 90 per virion. 
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Figure A5.5 pH-dependence of the extent of fusion in a liposomal fusion assay for the CHIKV LR2006 OPY1 strain. 
Pyrene-labeled viruses were mixed with liposomes and acidified to the indicated pH at 37 °C. The yield of fusion was 
determined as the amount of fluorescence detected at 60 s relative to full dilution of the pyrene probe by detergent 
(see Methods). A logistic curve was fitted to the data, 95% confidence intervals indicated. 

 

Figure A5.6 Bound number of CHK-152 averaged for all fusing particles over time. In the single-particle assay, the 
fluorescence intensity of virions was tracked over time and converted to absolute number of CHK-152 bound (Methods). 
The average number of CHK-152 bound for fusing virions is shown over time. Increase of signal towards t = 0 due to 
rolling and arrest of virus particles. One out of every five error bars (sem) shown to reduce visual clutter. 
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Figure A5.7 Number of CHK-152 bound at the start of the experiment per pH condition. As described in the Methods, 
the number of CHK-152 per virion was determined in the single-particle assay at t = 0. These numbers are here shown 
as means for different subsets of all virions. (a) All virions: number of CHK-152 bound at start for all particles taken 
together. (b) The data as in panel a split into the subpopulations of viruses that fuse and those that do not. Significances 
determined by t-test. * p<0.05, ** p<0.01. 

 

Figure A5.8 Relative extent of fusion with CHK-152 for each pH point. The relative extent of fusion was calculated as 
the ratio of the extents of fusion of the antibody and no-antibody conditions (both from Figure 5.4). Sem was propa-
gated accordingly. 
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Figure A5.9 Patch size considerations. (a) Schematic diagram of the number of spikes that fall within range of the 
contact patch (delineated by dotted lines) facing the target membrane. Virion of 65 nm diameter and E1 proteins of 
13 nm length assumed (approximate range shown in grey). The number of spikes is shown, that fits on the relative 
fraction of the viral surface indicated. In total the virion comprises 80 spikes. (b) Layout of the surface grid of spikes of 
one half of a CHIK virion. The lines indicate the connections that make rings. The different contact patch sizes are 
indicated by color, cumulatively: M = 12 (black), M = 20 (black+red), M = 31 (black+red+green), M = 40 (black+red
+green+blue). 

 

Figure A5.10 Correlation of the mean number of bound CHK-152 versus the cumulative extent of fusion. Both the 
extent of fusion and CHK-152 number were determined over time for individual virions and then averaged. The two 
readouts are here plotted against each other for each time point. As is visible in Figure 5.5, at pH 6.2 and 6.1 only a 
small number of CHK-152 dissociate, whereas at pH 5.1 and 4.7 dissociation occurs. The graph shows that at pH 5.1 
and 4.7 only late-fusing virions, with respect to the whole fusing population, have lost large numbers of CHK-152 at the 
moment of fusion. 
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Figure A5.11 Simulation and data compared for different patch sizes, assuming monovalent CHK-152 binding. Like in 
Figure 5.6, for 10 000 virions CHK-152 was randomly bound and the relative extent of fusion was determined as the 
fraction of virions having available NH free spikes in a ring. The extents of fusion from the simulations are shown as 
lines versus the fraction of CHK-152-bound epitopes on the viral surface. Line legends are as shown in Figure 5.6c: 
NH = 3,4,5,6 are indicated by dash-dotted, dotted, dashed and a solid line respectively. The data points (squares) shown 
are the same for every graph and are equal to that of Figure 5.6e. The simulation was adapted to assume a contact 
patch of M = 12,20,31,40 spikes as indicated above the graphs. 
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Figure A5.12 Simulation and data compared for different patch sizes, assuming bivalent CHK-152 binding. Simulation, 
legend and data like Figure A5.11, but assuming bivalent* binding of CHK-152. This was modeled by binding double 
the amount of Fabs.  
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A. Yield of fusion (Figure 5.4a) 
 Observable Yield of Hemifusion 
 Compared conditions No antibody (1) vs. 0.63 nM CHK-152 (2) 
 Null hypothesis Equal means 
 Hypothesis test Two-sided weighted Student’s t-test  

 pH Weights1 (number of particles) 
Weights2 (number 
of particles) P-value   

 4.7 83, 44, 54 113, 10, 12 0.001   
 5.1 149, 248, 142 25, 20, 113 5x10-4   
 6.1 254, 227, 202 164, 13, 13, 19, 11 2x10-5   
 6.2 249, 227, 270 105, 185, 10 0.01   
 
B. Time of fusion (Figure 5.4b) 
 Observable Fusion time 
 Compared conditions No antibody (1) vs. 0.63 nM CHK-152 (2) 
 Null hypothesis Equal medians 
 Hypothesis test Two-sided Wilcoxon rank sum¹ 

 
¹ Reference: Nonparametric Hypothesis Testing: Rank and Permutation Methods with Applica-
tions in R, Bonnini et al.  

 pH n1 n2 P-value   
 4.7 163 98 0.002   
 5.1 490 91 2E-11   
 6.1 550 61 3E-11   
 6.2 188 26 0.003   

Table A5.1. Significance testing. 

Number of bound CHK-152 versus Time (Figure 5.5b) 
 Fit function: y = A1*exp(-x/t1) + y0 
 
 pH: 6.2 6.1  
 Parameter:  
 Baseline y0 45.48±0.03 41.45±0.08  
 Amplitude A1 1.5±0.1 2.05±0.08  
 Time scale t1 8±1 36±4  
    
 Fit function: y = A1*exp(-x/t1) + A2*exp(-x/t2) + y0 
    
 pH: 5.1 4.7  
 Parameter:    
 Baseline y0 6.7±0.2 3.83±0.03  
 Amplitude A1 27±2 4.9±0.3  
 Time scale t1 59±3 26±2  
 Amplitude A2 12±2 38±2  
 Time scale t2 17±2 3.4±0.2  

Table A5.2. Fitting functions used and resulting fit parameters, for Figure 5.5b. 
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6.1 Summary 
Membrane fusion is a key step in the entry pathway of enveloped viruses, as it enables mixing 
of the viral content with that of the target cell and introduction of the viral genome into the 
interior of the cell. Subsequent translation of this viral genome will give rise to new viral pro-
teins, thereby hijacking the cell to produce new virus offspring. To overcome the high kinetic 
barriers associated with the fusion of two membranes, enveloped viruses bring coat proteins 
that catalyze the membrane fusion process. These fusion proteins enable genome delivery at 
the right place in the host cell for virus reproduction. 

In this thesis, I have studied membrane fusion mediated by proteins from two different 
classes: the class I hemagglutinin protein of influenza virus and the class II E1 protein of 
chikungunya virus. Even though the pathways of protein-mediated fusion of influenza and 
chikungunya viruses differ on key aspects as identified in Chapter 1, the overall mechanism is 
strikingly similar, and this commonality in fusion mechanisms seems to hold universally for all 
enveloped viruses studied thus far. 

The influenza hemagglutinin (HA) is arguably the best studied of the viral fusion proteins 
and we started out reviewing current knowledge of influenza membrane fusion in Chapter 2. 
First, we identify the kinetic barriers involved in fusion through an overview of literature-re-
ported values. We then describe the structure of the influenza hemagglutinin and the large 
conformational changes that make the HA act as a fusion catalyst. The structure and pre-to-
post-fusion conformational changes of HA have largely been mapped onto to different steps in 
the fusion pathway. For example, a region in the pre-fusion structure termed the B loop extends 
and forms an alpha helix upon acidification, thereby projecting the fusion peptide towards the 
target membrane. There is however evidence that another region, termed the globular bottom, 
may influence the success rate of fusion peptide insertion. If the globular bottom zippers up 
too quickly, the HA might refold without succeeding to bridge the viral and target membranes. 
The existence of such nonproductive pathways has been predicted in models of single-particle 
data, which we review last. Single-particle assays were developed over the last decade and 
were extended in this thesis. They enable the study of the fusion of individual virus particles to 
a target membrane. Bottom-up and controlled design are key aspects of such a single-particle 
approach. By observing the effect of for instance fusion inhibitors on the behavior of fusing 
influenza particles, the cooperativity of HA-mediated fusion and the possible existence of non-
productive pathways have become clear. Influenza fusion, and viral fusion in general, is now 
seen as arising from the collective action of multiple, stochastically activated fusion proteins 
that together overcome the membrane fusion barrier. 

In Chapter 3 we studied the effect of single amino-acid substitutions in the globular bottom 
of HA on membrane fusion. All-atom molecular dynamics simulations previously had identified 
residues that form a hydrogen-bonding network in the globular bottom of HA.219 Mutating 
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these residues in silico to prevent hydrogen bonding resulted in reduced unfolding times under 
a pulling force, indicating destabilization. I describe the use of single-particle fluorescence mi-
croscopy to observe fusion of a panel of mutant-HA influenza viruses. We found that the single-
particle yields of fusion correlated with the extent of destabilization in silico. Then, we em-
ployed fusion-inhibiting antibody Fab fragments that had previously been identified by phar-
macists. By titrating the concentration of these antibodies to bind a varying fraction of the 
available HA epitopes we controllably disabled a fraction of the HAs. By counting the number 
of inhibitors and correlating this number with the yield of fusion, we observed that the more 
destabilized mutants also were more susceptible to inhibitor neutralization. We determined 
that the destabilized virus mutants incorporated less HA per virion, which we modeled as re-
sulting in reduced numbers of HA in contact with the target membrane. Using the molecular 
model reviewed in Chapter 2, we were able to semi-quantitatively explain the observed inhib-
itor sensitivity. The major effect of the mutations in the globular bottom appeared to be a 
change in HA incorporation, which manifested as reduced viral fusogenicity. 

In the subsequent two Chapters I focus on the mechanism of chikungunya virus (CHIKV) 
fusion. This virus has recently globally expanded its range, while no vaccine or specific treat-
ment of infection is available. In Chapter 4 we set out to study the pH and lipid dependency of 
fusion in both bulk liposomal and single-particle fusion assays. We found a very sharp fusion 
threshold, around which a difference of 0.1 pH units resulted in a doubling of the yield of fusion. 
The combined data on the extent and rate of fusion suggested that there is a window of oppor-
tunity for the acid-activated protein rearrangements beyond which inactivation occurs. Inacti-
vation of the CHIKV particles in the absence of target membranes was rapid but partly 
reversible at neutral pH. We then investigated the effect of two lipids in the target membrane, 
cholesterol and sphingomyelin. Both cholesterol and sphingomyelin were required and re-
sulted in larger fusion yields at higher concentrations, but for sphingomyelin this phenomenon 
was subject to a threshold. However, both lipids did not consistently influence the rate of fusion. 
Analysis of the single-particle fusion time distributions showed that at least two rate-determin-
ing steps are involved in the CHIKV fusion process. 

We set out to further study the cooperativity of CHIKV fusion in Chapter 5 by using fusion-
inhibiting antibodies. Antibody CHK-152 had been determined before292,294 to bind to the E2 
protein on the viral surface and to be an effective inhibitor of infection. We first showed that 
CHK-152 strongly shields the virus particles from interaction with membranes, both at neutral 
and low pH. Then, we used single-particle microscopy to study CHK-152’s mechanism of neu-
tralization. At a sub-stoichiometric number of antibodies per virion we observed differential 
inhibition of fusion: at pH around 6.1, fusion was strongly reduced, whereas at lower pH this 
effect was reduced. The CHK-152 were observed to dissociate at low pH. Taking into account 
the partial dissociation of the antibodies and considering the number of unbound protein spikes, 
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we deduced that CHIKV fusion is cooperative, needing three to five E1 trimers in close proximity 
to mediate fusion. 

Overall, this dissertation aimed to unravel the molecular mechanisms of viral fusion of in-
fluenza and chikungunya viruses. Collaboration between scientists enabled the observation of 
collaboration between proteins. We demonstrated that it is now possible to bridge the length 
scales between experiment and simulation: to map in-silico-derived, single amino-acid substi-
tutions to function at the level of a virion; to titrate in inhibitors on virions in order to find the 
cooperativity at the level of the proteins. By identifying the molecular mechanism of virus fu-
sion this work may help to advance the rational design of antivirals to prevent or eliminate 
future viral infections. 

6.2 Perspectives 
The field of viral fusion has seen great advancements over the last decade due to the advent of 
single-particle assays. In the years 2006 to 2008, seminal papers were published demonstrating 
that fusion for single virions can be observed.188,190,260 This new experimental paradigm has in-
stigated a synergy of experiment and modeling, with the complementarity of these approaches 
providing new testable hypotheses.30,32-34,207 Models of influenza fusion have since then been 
refined to the point that there are now predictions on the conformational changes of viral pro-
teins residing on the viral surface from the observed behavior of the whole virus particle.31 We 
further extended the bridging of length scales by combining atomistic modeling and single-par-
ticle fusion, to trace the effect of single amino-acid substitutions to the protein and virion level 
(Chapter 3). The findings of this thesis then also suggested several venues of further study, de-
tailed below. 

Virion-membrane interaction geometry. Designing influenza viruses with controllably var-
ied densities of hemagglutinin protein on the viral surface will allow to test the current hypoth-
eses on non-productive refolding pathways of hemagglutinin. A changed density of 
hemagglutinins leads to a change in the size of the contact patch in contact with the target 
membrane, a poorly defined parameter in current models. Observing the fusion properties of 
such hemagglutinin-density variant viruses will allow researchers to refine or refute parameters 
of the current model of influenza fusion, for example on the non-productive pathways. Another 
effect not currently modeled is that influenza virus particles are heterogeneous in size. Some 
preliminary explorations by the author not included in this thesis showed that such heteroge-
neity can, by itself, give rise to a rise-and-decay distribution of fusion times, due to the variation 
of the contact patch over virus particles. Having a measure of individual virion contact patch 
sizes is therefore important to further refine the estimates on the cooperativity and robustness 
of fusion by the hemagglutinin proteins. In addition to clarifying the geometry of virion-mem-
brane interaction, separating the fusion and binding functions of viral proteins will help to elu-
cidate both processes as discussed in Chapter 5. For example, virions could be tethered to the 
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target membrane artificially, so that the effect of inhibitors on membrane fusion can be studied 
separately from binding. Additionally, this approach would provide more control over experi-
mental statistics, and hence, throughput, which is generally a limiting factor for single-particle 
experiments. 

Protein conformational dynamics. Crucial details of the dynamic conformational changes 
of viral fusion proteins are typically inferred from static pictures as obtained from x-ray crystal-
lography or other structural approaches. An important recent tool able to probe sub-nanome-
ter distance changes is single-molecule Förster resonance energy transfer (smFRET). It has been 
used to probe the conformational dynamics of HIV-1 fusion proteins.211 In combination with all-
atom or coarse-grained modeling, similar to our approach in Chapter 3, this will open a very 
promising direction of future studies where the dynamic protein states and the reversibility of 
these states can be directly probed. 

Membrane composition and crowding. The exact role of the composition of the target 
membrane in viral fusion is largely unknown. We determined the influence of the composition 
of the target membrane in chikungunya fusion and found that the two factors required for 
fusion, sphingomyelin and cholesterol, affected the fusion very differently (Chapter 4). Recent 
work has shown that the influence of cholesterol on fusion depends on the type of receptor 
used,303 suggesting that lipid raft domains may be involved. HIV-1 has been shown to fuse at 
the edge of such membrane domains, at the phase between ordered and disordered regions.191 
As the receptor to which the virus attaches appears to influence the properties of fusion, an 
effect that remains unclear, inhibitors targeting receptor or receptor-binding sites may prove 
insightful when used in single-particle assays. Moreover, the environment of a live cell is highly 
crowded, including crowding of membrane-anchored components. An important step in fusion 
may therefore be de-proteination of the target membrane before fusion can occur.42 Knowing 
more about the local ordering and structure of the membranes involved, for example by em-
ploying fluorescence or atomic force microscopy, will help to extend viral fusion models to in-
clude environmental factors as discussed above. 

In the end, integrating the insights from different fields of study of membrane fusion may 
lead to a picture of a very universal nature, as has already been obtained for viral fusion. Freely 
after L.V. Chernomordik and B. Podbilewicz, this will define the rising field of ‘fusionology’. 
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Wetenschappelijke samenvatting 
Membraanfusie van influenza- en chikungunyavirus 
Mechanismen afgeleid uit enkeldeeltjes-experimenten 
Membraanfusie is een cruciale stap voor de toegang van membraan-omhulde virussen tot de 
cel, aangezien het leidt tot de introductie van de inhoud van het virus, waaronder het genoom, 
in de cel. Daarmee wordt de cel gekaapt voor de translatie van het virale genoom tot nieuwe 
virale eiwitten en de productie van nieuwe virusdeeltjes. Om de hoge kinetische barrières voor 
het fuseren van twee membranen te overwinnen, hebben membraanvirussen eiwitten aan de 
buitenkant die fusie katalyseren. Deze fusie-eiwitten zorgen ervoor dat het genoom op de juiste 
plek in de gastheercel wordt afgeleverd om nieuwe virusdeeltjes te produceren. 
In dit proefschrift heb ik membraanfusie bestudeerd van eiwitten uit twee verschillende klas-
sen: het hemagglutinine-eiwit uit klasse I, van het influenzavirus, en het E1-eiwit uit klasse II, 
van het chikungunyavirus. Hoewel de tussenstappen van de eiwit-gemedieerde fusie van influ-
enza- en chikungunyavirus verschillend zijn (Hoofdstuk 1), is het mechanisme als geheel opval-
lend gelijkend. Dit lijkt op te gaan voor de fusie van alle membraanvirussen die tot zo ver 
bestudeerd zijn. 

Het influenza hemagglutinine (HA) is een van de best bestudeerde virale fusie-eiwitten en 
als eerste brachten wij dan ook de literatuur over membraanfusie van influenzavirus in kaart 
(Hoofdstuk 2). Eerst maakten we een overzicht van de gerapporteerde waarden voor de 
hoogte van de kinetische barrières tussen de verschillende tussenstappen in membraanfusie. 
Vervolgens beschreven we de structuur van HA en de grote conformationele veranderingen die 
de katalyse van membraanfusie door HA mogelijk maken. De structuur en pre-naar-post-fusie 
conformationele veranderingen zijn grotendeels in verband gebracht met de verschillende 
functies van HA. Zo is er bijvoorbeeld een gebied in de pre-fusie structuur genaamd de B-lus 
dat zich onder zure omstandigheden uitvouwt en een alfahelix vormt, waardoor het de zoge-
noemde fusie-peptide naar het andere membraan brengt. Er zijn echter aanwijzingen dat een 
ander gebied, genaamd de globulaire onderkant, de kans op succesvolle insertie van de fusie-
peptide beïnvloed. Als de globulaire onderkant te snel ontvouwt en weer opvouwt bereikt de 
fusie-peptide het andere membraan niet, waardoor de HA onproductief is voor membraanfusie. 
Het bestaan van zulke onproductieve hervouwing van HA is voorspeld in verschillende experi-
menten, waaronder ook experimenten die individuele virusdeeltjes observeren. Ten slotte pre-
senteren we een overzicht van zulke experimenten en hun resultaten. 
Enkeldeeltjesexperimenten werden ontwikkeld gedurende het laatste decennium, en werden 
aangepast en gebruikt in dit proefschrift. Ze maken het mogelijk de fusie van individuele virus-
deeltjes met een ander, kunstmatig membraan te volgen. De experimenten hebben een van 
onderop opgebouwde en gecontroleerde opzet. Door bijvoorbeeld het effect van fusie-rem-
mers op het gedrag van fuserende virusdeeltjes te observeren, is meer duidelijk geworden over 



126 

het belang van samenwerking tussen de HAs en de onproductieve mechanismen van HA. Fusie 
van het influenzavirus, en virale fusie in het algemeen, wordt nu gezien als voortgebracht door 
de gezamenlijke actie van meerdere, stochastisch geactiveerde eiwitten om zo samen de mem-
braanfusiebarrière te overwinnen. 

In Hoofdstuk 3 beschrijf ik het effect van de substitutie van een enkel aminozuur in de glo-
bulaire onderkant van HA op membraanfusie. In silico simulaties van moleculaire dynamica met 
alle atomen hadden eerder residuen geïdentificeerd die een waterstofbruggennetwerk vormen 
in de globulaire onderkant van HA. Het muteren van deze residuen om waterstofbrugvorming 
te voorkomen leidde tot gereduceerde tijden van ontvouwing van HA als er met kracht aan 
getrokken werd, wat aangaf dat de gemuteerde HAs gedestabiliseerd waren. We gebruikten 
fluorescentiemicroscopie op individuele deeltjes om de fusie-eigenschapen van een selectie 
van zulke HA-mutante virussen te observeren. We vonden dat de fusie-efficiënties correleer-
den met de mate van destabilisatie van HA in silico. Vervolgens gebruikte we fusie-remmende 
Fab antilichaamfragmenten die eerder waren gekarakteriseerd. Door deze Fabs in te titreren 
op de beschikbare HA-epitopen konden we op gecontroleerde wijze een deel van de HAs uit-
schakelen. Door het aantal inhibitoren per virusdeeltje te tellen en dit met de fusie-efficiëntie 
te correleren, vonden we dat de gedestabiliseerde mutanten ook vatbaarder waren voor neu-
tralisatie door de inhibitor. We bepaalden dat de gedestabiliseerde mutanten kleinere aantal-
len HA per virusdeeltje bevatten, wat we in het bestaande model van influenzafusie konden 
plaatsen door aan te nemen dat er minder HA in contact met het doelmembraan waren. Met 
behulp van het fusiemodel zoals beschouwd in Hoofdstuk 2 konden we de observaties semi-
kwantitatief verklaren. Het grootste effect van de destabiliserende mutaties in de globulaire 
onderkant bleek dus een reductie in incorporatie van HA te zijn, wat zich manifesteerde als 
gereduceerde virale fusogeniciteit. 

In de daaropvolgende Hoofdstukken focus ik op het mechanisme van fusie van chikun-
gunyavirus (CHIKV). Dit virus is recent in voorkomen sterk uitgebreid, terwijl er geen vaccin of 
specifieke behandeling van infectie voorhanden is. In Hoofdstuk 4 bepaalden we de pH- en li-
pidenafhankelijkheid van fusie van CHIKV in zowel een liposoomfusie- als enkeldeeltjes-experi-
ment. We vonden een steile pH-afhankelijkheid van fusie, waarbij een verschil van 0.1 in pH 
gepaard ging met een verdubbeling in de fusie-efficiëntie. De gecombineerde data van fusie-
efficiëntie en fusiesnelheid suggereerde dat er een beperkte tijd is waarbinnen de zuur-geacti-
veerde eiwitten membraanfusie kunnen mediëren, omdat ze anders inactiveren. De inactivatie 
van volledige CHIKV-deeltjes in de afwezigheid van andere membranen was snel, in de orde 
van een minuut, maar was ook deels omkeerbaar bij neutrale pH. Vervolgens onderzochten we 
het effect van twee lipiden op fusie: sphingomyeline en cholesterol. De aanwezigheid van beide 
lipiden was noodzakelijk voor fusie en leidde tot een grotere fusie-efficiëntie bij grotere con-
centraties, maar voor sphingomyeline gold dit tot een bepaalde drempelwaarde. Echter, beide 
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lipiden hadden geen consistente invloed op de fusiesnelheid. Analyse van de fusietijdverdelin-
gen van individuele deeltjes toonde aan dat er tenminste twee snelheidsbepalende stappen 
zitten in het CHIKV fusieproces. 

We wilden de mate van coöperativiteit van CHIKV-fusie verder uitzoeken in Hoofdstuk 5 
door fusie-remmende antilichamen te gebruiken. Antilichaam CHK-152 bindt het E2-eiwit op 
het virusoppervlak en is een effectief middel om infectie tegen te gaan, zo hadden eerdere 
studies aangetoond. We lieten eerst zien dat CHK-152 de virusdeeltjes sterk afschermt van 
membraaninteractie, zowel bij neutrale als bij lage pH. Daarna gebruikten we fluorescentiemi-
croscopie op individuele virusdeeltjes om het neutralisatiemechanisme van CHK-152 uit te zoe-
ken. Bij sub-stoichiometrische bindingsaantallen van CHK-152 per virusdeeltje vonden we een 
fusie-inhibitie die afhing van de pH: bij pH 6.1 werd fusie sterk geremd, terwijl dit effect minder 
was bij lagere pH. We observeerden dat CHK-152 dissocieerde bij lage pH. Door dit effect in te 
calculeren en het aantal ongebonden virale eiwitten te bepalen konden we afleiden dat CHIKV 
een coöperatief fusiemechanisme heeft waarbij drie tot vijf naburige E1-trimeren nodig zijn om 
fusie te bewerkstelligen. 

Als geheel bezien was dit proefschrift erop gericht de moleculaire mechanismen van fusie 
van influenza- en chikungunyavirus te bepalen. Hierbij maakte de samenwerking tussen weten-
schappers de bevindingen over de samenwerking tussen de eiwitten mogelijk. We hebben la-
ten zien dat het nu mogelijk is de lengteschalen te overbruggen tussen experiment en 
computermodel: het bepalen van het effect van een enkele aminozuurmutatie op de functie in 
de context van het hele virusdeeltje, en het in-titreren van fusieremmers om de coöperativiteit 
op het niveau van de eiwitten te bepalen. Door de moleculaire mechanismen van virale fusie 
uit te zoeken draagt dit proefschrift bij aan het bespoedigen van het uitvinden van antivirale 
middelen met als doel virale infecties te voorkomen of uit te roeien. 
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Summary for non-experts 
Viruses depend on a host for their continued existence: they invade a host cell and hijack its 
machinery to produce new virus particles. In this thesis we studied two virus species that infect 
humans. Influenza virus (“the flu”) causes yearly epidemics due to its ability to extensively 
change appearance; this continuous shapeshifting makes the threat of a new, deadly influenza 
pandemic real. Chikungunya virus has recently spread across the globe and is transmitted by 
mosquitos whose range expands with global warming. Full protection or treatment against ei-
ther virus remain unavailable. Both viruses have an envelope, a membrane wrapping the viral 
contents. A key step in entry is the merger of the viral envelope with the envelope that covers 
cells. Protein spikes on the outside of the virus mediate this fusion event. In the process, the 
proteins extend and grab the target membrane after which they fold back onto themselves. 
Thereby, they force both membranes to come together and merge, mixing the viral contents 
into the cell. This thesis focuses on determining the mechanisms that these proteins use to 
achieve entry. We use a microscopy technique that allows us to observe the behavior of indi-
vidual virus particles. By controlling the experimental conditions and using agents that block 
fusion, new insight was obtained on the way these proteins function, and specifically, how mul-
tiple spike proteins need to work together to mediate fusion. Such knowledge of the exact 
mechanisms involved in viral fusion will help to guide the design of new antiviral therapeutics. 
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Samenvatting voor niet-deskundigen 
Virussen zijn voor hun voortbestaan afhankelijk van een gastheer: zij dringen een gastheercel 
binnen en dwingen die tot de productie van nieuwe virusdeeltjes. In deze dissertatie bestu-
deerden we twee soorten virussen die mensen ziek maken. Het griepvirus veroorzaakt jaarlijks 
epidemieën doordat het in staat is zich in grote mate te veranderen; hierdoor blijft ook de kans 
op een nieuwe dodelijke griep-pandemie bestaan. Chikungunyavirus is recentelijk sterk ver-
spreid over de wereld en wordt overgebracht door muggen, wiens leefgebied toeneemt door 
klimaatverandering. Er bestaat geen volledige bescherming of behandeling tegen deze virussen. 
Beide virussen hebben een omhulsel, een lipide membraan. Een belangrijke stap voor toegang 
tot de cel is het samenvoegen van het virus-membraan en dat van de cel. Deze stap van mem-
braanfusie wordt gemedieerd door eiwitmoleculen op het virus. In dit proces klappen de eiwit-
moleculen uit, grijpen het andere membraan, en vouwen vervolgens op zichzelf terug. Hierdoor 
brengen ze beide membranen bij elkaar tot ze samengaan, waarna de inhoud van het virus in 
de cel terecht komt. In deze dissertatie onderzochten we de mechanismen waarmee de eiwit-
moleculen toegang tot de cel verschaffen. We gebruikten een experimentele methode waarbij 
het gedrag van individuele virusdeeltjes wordt bestudeerd. Door de experimentele randvoor-
waarden slim te kiezen en gebruik te maken van fusie-blokkerende stoffen, kregen we nieuw 
inzicht in hoe deze eiwitmoleculen werken, en specifiek hoe meerdere eiwitmoleculen moeten 
samenwerken om membraanfusie te bewerkstelligen. Zulke kennis over de precieze mechanis-
men die een rol spelen bij virale fusie helpt bij het bedenken van nieuwe antivirale medicijnen. 
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