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PREFACE

For a virus to invade a host cell it needs to penetrate the physical barrier imposed 
by the plasma membrane. Viruses have evolved specialized surface proteins to meet 
this challenge. These proteins facilitate delivery of the viral genetic information into 
the host cell by either fusing the viral envelope with a host cell membrane (enveloped 
viruses) or by forming membrane pores (non-enveloped viruses). Membrane fusion and 
pore formation critically depend on the engagement of host cell receptors and receptor 
choice is a key determinant of viral tropism. The multi-faceted interplay between viral 
and cellular factors during virus entry is a fascinating field of study, which can provide 
important insight into viral pathogenesis and define new targets for intervention. This 
book provides a comprehensive overview of this exciting field of research.

The first step in viral entry is the attachment of virions to target cells. Cellular 
factors which promote viral attachment and their role in virus infection are reviewed 
by Jolly and Sattentau. Two chapters review key processes underlying host cell entry of 
non-enveloped viruses: Bergelson and Coyne discuss the cell biology of picornavirus 
entry. These viruses exploit various endocytic pathways to invade cells and, by binding 
to cell surface receptors, activate signaling cascades which prime the cells for infection. 
Cellular entry of reoviruses is discussed by Danthi and colleagues. Members of the 
reovirus family depend on the cellular proteases cathepsins B and L for disassembly 
and viral structures exposed during disassembly can induce signaling cascades, which 
drive cells into apoptosis. 

Enveloped viruses have evolved three related yet distinct solutions to bind and 
enter target cells: Class I, II and III membrane fusion proteins. Class I membrane fusion 
proteins are discussed in four chapters. Sun and Whittaker introduce the prototype class 
I membrane fusion protein, the influenza virus hemagglutinin. Simmons discusses 
entry of Ebola and Marburg virus, the only members of the filoviridae family. These 
viruses enter an extremely broad range of cells in a pH-dependent fashion. However, the 
pH-dependence is indirect: An acidic milieu is required for the activity of cathepsins B 
and L, which prime the viral glycoprotein for membrane fusion. A particular solution to 
host cell entry has been evolved by paramyxoviruses, which encode two distinct proteins 
to accomplish attachment to host cells and membrane fusion. Bossart and Broder describe 
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how these proteins cooperate during host cell entry. Retroviruses comprise important 
human pathogens and are frequently used to study virus-host interactions during entry. 
Lindemann and colleagues review how foamy virus and HIV select and enter target cells. 
Class II membrane fusion proteins are structure- and sequence-wise different from class I 
fusion proteins but employ related mechanisms to merge the viral and cellular membranes. 
The key features of class II membrane fusion proteins are discussed by Modis. Class 
III membrane fusion proteins combine elements of the other classes and are only found 
in herpes-, rhabdo- and baculoviruses. Regan and Whittaker guide the reader through 
each step of host cell entry of rhabdoviruses. Entry of herpes viruses into host cells is 
facilitated by several viral glycoproteins and is regulated by glycoprotein-glycoprotein 
and glycoprotein-receptor interactions. The respective processes are reviewed by 
Krummenacher and colleagues, with a particular focus on the structures involved in 
receptor binding. 

Stefan Pöhlmann, PhD
Institute for Virology, Hannover Medical School, Hannover, Germany,  

and German Primate Center, Göttingen, Germany
and

Graham Simmons, PhD
Blood Systems Research Institute, and Department of Laboratory Medicine,  

University of California San Francisco, San Francisco, California, USA
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CHAPTER 1

ATTACHMENT FACTORS

Clare L. Jolly and Quentin J. Sattentau*
Sir William Dunn School of Pathology, University of Oxford, Oxford, UK 
*Corresponding Author: Quentin J. Sattentau—Email: quentin.sattentau@path.ox.ac.uk

Abstract:  As obligate intracellular parasites, viruses must bind to, and enter, permissive 
host cells in order to gain access to the cellular machinery that is required for 
their replication. The very large number of mammalian viruses identified to date 
is reflected in the fact that almost every human and animal cell type is a target for 
infection by one, or commonly more than one, species of virus. As viruses have 
adapted to target certain cell types for their propagation, there is exquisite specificity 
in cellular tropism. This specificity is frequently, but not always, mediated by the first 
step in the viral replication cycle: attachment of viral surface proteins to receptors 
expressed on susceptible cells. Viral receptors may be protein, carbohydrate, and/
or lipid. Many viruses can use more than one attachment receptor, and indeed may 
sequentially engage multiple receptors to infect a cell. Thus, it is useful to differentiate 
between attachment receptors, that simply allow viruses a foothold at the limiting 
membrane of a cell, and entry receptors that mediate delivery the viral genome 
into the cytoplasm. For some viruses the attachment factors that promote binding 
to permissive cells are very well defined, but the sequence of events that triggers 
viral entry is only now beginning to be understood. For other viruses, despite many 
efforts, the receptors remain elusive. In this chapter we will confine our review to 
viruses that infect mammals, with particular focus on human pathogens. We do 
not intend that this will be an exhaustive overview of viral attachment receptors; 
instead we will take a number of examples of well-characterized virus-receptor 
interactions, discuss supporting evidence, and highlight any controversies and 
uncertainties in the field. We will then conclude with a reflection on general 
principles of viral attachment, consider some exceptions to these principles, and 
make some suggestion for future research.

Viral Entry into Host Cells, edited by Stefan Pöhlmann and Graham Simmons. 
©2006 Landes Bioscience and Springer Science+Business Media.
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INTRODUCTION

Despite striking differences in genome type, replication, morphology and tropism, all 
viruses carry structures, usually proteins, on the outer surface of the virion that mediate 
attachment to receptors expressed on the surface of target cells. There are two principal 
groups of viruses, with gross classification based on whether they are limited by a lipid 
membrane derived from a host cell membrane (enveloped viruses), or nonenveloped 
viruses, that have a protein exterior. Although most examples of viral surface structures 
are virally-encoded, others, such as adhesion molecules and proteoglycans, may be host 
cell-derived.

Attachment may be a relatively nonspecific process, by which surface viral structures 
associate reversibly with the cell limiting membrane via generalized biochemical 
properties such as charge, or may use more sophisticated bonding patterns to receptors 
that are specific for the viral family, genus, type, subtype or strain. A number of viruses 
use ubiquitously expressed receptors to attach to target cells, and replication is restricted 
by other factors, for example temperature sensitivity in the case of viruses that target the 
upper respiratory tract. Glycoproteins are major targets for viral attachment, and due to 
their regulated expression on different cell types, help provide the specificity required 
for viral tropism. Lipids are also used by a number of viruses for binding to target cells, 
particularly viruses that invade cells of the gastrointestinal tract. A great many viruses take 
advantage of the carbohydrate moieties present on both glycoproteins and glycolipids.

Because receptor binding is the essential first step in viral replication, and most viral 
attachment receptors are nonpolymorphic, there is strong selective pressure to maintain 
highly conserved receptor binding sequences. This is in the face of negative selective 
pressures such as those exerted by neutralizing antibodies. To overcome this, some 
viruses have adapted to shield the important receptor binding domains of their protein 
using a variety of strategies including protective glycan ‘shields’ and protein ‘decoys’. 
Another strategy is to bury the receptor binding surface in a cleft or ‘valley’, occluding 
bulky immunoglobulin molecules. Furthermore, a number of viruses have evolved to use 
conformational changes, triggered by binding to a primary attachment receptor, to expose 
or create a previously hidden or ‘cryptic’ domain that then attaches to a second receptor, 
commonly the one that then mediates virus entry into the cell. For some viruses these 
interactions are very well defined, and contact sites have been mapped precisely to specific 
amino acid residues on the viral attachment protein, interacting with known domains on 
the cognate cellular receptor. Two very good examples of viruses where a great deal is 
known about the mechanism of virion attachment are the human immunodeficiency virus 
(HIV) and influenza A virus. Both of these viruses have benefited from intense study 
over a number of years and unparalleled levels of structural and functional information 
are available.

NONSPECIFIC VIRUS-RECEPTOR INTERACTIONS

Charge-Based Interactions

Often, viruses may find themselves in conditions that are unfavourable for cellular 
attachment, examples of which include the presence of competitive ligands in the 
extracellular milieu, conditions of flow such as are found in the vasculature, and repulsive 
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forces of viral and cellular membranes in the case of enveloped viruses. Virus particles 
are often relatively labile, and inactivation of infectivity may ensue if entry into a cell 
is not achieved relatively rapidly. Thus, viruses need to limit random three-dimensional 
diffusion and expedite the receptor engagement process. To achieve this, many have chosen 
to anchor onto the cell glycocalyx, as this is the first physical structure to be encountered 
as the cell surface is approached. The glycocalyx is a ubiquitous carbohydrate ‘umbrella’, 
that contains negatively charged moieties in which the charge density is dependent on 
cell type and stage of differentiation and maturation. The charge within the glycocalyx is 
predominantly contributed by a group of glycoproteins called proteoglycans, that express 
sulfated glycan side chains termed glycosaminoglycans (GAGs). The number of glycan 
chains and the degree of sulfation varies according to the proteoglycan type, resulting in 
a wide spectrum of charge densities per molecule (Fig. 1). Moreover, the composition 
of the repeating dissacharide units allows for many different sulfated proteoglycans to 
exist, of which heparan sulfate and to a lesser extent, chondroitin sulfate can serve as 
viral attachment factors.

Figure 1. Schematic illustration of the composition of the major glycosaminoglycan side chains. Many 
viruses use HSPGs to attach to target cells and there is evidence that a select few may also associate 
with chondroitin sulfate containing proteoglycans.
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A variety of both eukaryotic and prokaryotic pathogens, including viruses, bacteria, 
fungi and parasites have the ability to associate with proteoglycans. The requirement for 
proteoglycan binding appears to be a somewhat indistinct motif or patch of basic amino 
acids on the pathogen surface, but there is a degree of specificity linking the structure 
and charge of the pathogen motif and the type of proteoglycan used. GAGs are very 
promiscuous attachment receptors for viruses: many viruses have been identified that 
bind GAGs, including member of the Retroviridae, Picornaviridae and Flaviviridae1-6 
(Table 1), and the list is growing.

HSV

The first described and one of the best-characterized virus-proteoglycan interactions 
is probably that between herpes simplex virus type 1 (HSV-1) and a class of highly 
sulfated proteoglycans termed heparan sulfate proteoglycans (HSPGs). Herpes simplex 
virus attachment and entry into target cells requires the concerted action of multiple 
viral glycoprotein and cellular receptors, but the attachment of virions to permissive 
cells is initiated by binding of the viral structural proteins gB and gC to the disaccharide 
repeats of heparan sulphate.7,8 In vitro, this association probably concentrates virions 
on the surface of target cells and facilitates subsequent interactions between HSV-1 
glycoproteins and cellular receptors that are required for virus entry. Binding of gB 
or gC to HSPGs alone is insufficient to mediate virus entry, but in the absence of gC, 
infection decreases 10 fold,9 and although HSPG binding is not an absolute requirement 
for virus entry the increased kinetics of infection after HSPG binding means they function 
as true attachment receptors. The recognition events that permit gB and gC to bind 
heparan sulfate are currently being dissected and it appears the minimal oligosaccharide 
recognized by HSV comprises as little as 10 monosaccharide units.10 Interestingly, data 
indicate that gB and gC do not recognize the same receptor unit, moreover different gC 
proteins from different HSV types (HSV-1 versus HSV-2) also attach to distinct receptor 
domains,11,12 however the importance of this in vivo is not established. Of the two HSV-1 
glycoproteins that interact with HSPGs, gC may be more important in initial attachment, 
and while it is dispensable for growth in vitro, it is almost always expressed in primary 
patient isolates (reviewed in ref. 13). Within gC the basic and hydrophobic amino acids 
between 129 and 160, and residue 247, interact with heparan sulfate; mutation of these 
residues significantly reduces attachment of virions to cells.14 This is consistent with 
the idea that positively charged viral domains promote binding to negatively charged 
heparan sulfate disaccharides. As mentioned earlier, there is some redundancy in the 
system and although the presence of gC enhances infectivity measurably, both gB and gC 
can bind to heparan sulfate. Mutation studies have shown if both proteins are removed, 
virus infectivity is severely impaired, however interpretation of these data is complicated 
because gB has a role in virus entry that is independent of the initial HSPG binding.15 
Although the relative contributions of gB and gC to virion binding are difficult to dissect, 
clearly the maintenance of both gB and gC in HSV-1 evolution indicates these proteins 
are indispensable for viral infectivity and pathogenesis.

As well as interacting with heparan sulfate containing GAGs, there is evidence 
that HSV can use chondroitin sulfate proteoglycans (CSPGs) as an auxiliary receptor 
in the absence of HSPGs16,17 (Fig. 1). Studies designed to map the chondroitin sulfate 
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Table 1. Examples of attachment receptors for animal viruses
Family Virus Receptor Reference

Adenoviridae Adenovirus CAR 53
HSPGs 32
sialic acid 128

Bunyaviridae Hantavirus 3 integrins 129
Caliciviridae Norovirus HSPGs 130
Circoviridae Circovirus CSPGs 131

HSPGs
Filoviridae Ebola virus DC-SIGN 93
Flaviviridae Dengue virus DC-SIGN 88

HSPGs 132
HCV DC-SIGN 90

HSPGs 1
SR-B1 97

Herpesviridae CMV HSPGs 133
DC-SIGN 92

HSV1 and 2 HSPGs 8
CSPGs 18

KSV (HHV8) DC-SIGN 77
HSPGs 76

3 1, 2 1 75
HHV7 CD4 134

Orthomyxoviridae Influenza A virus 2,3 sialic acid (avian) 104
2,6 sialic acid (human) 96

mannose receptor
Paramyxoviridae RSV HSPGs 135

Sendai virus 2,3 sialic acid 136, 137
Picornaviridae Coxsackie CAR 53

v 3 138
Rhinovirus ICAM-1 (CD54) 50
Rhinovirus 87 sialic acid 139
Rhinovirus 89 HSPGs 3
FMDV HSPGs 140

v 3 141
Echovirus 2 1, v 3 57 142

Poxviridae Vaccinia virus HSPG 143
CSPG 144

Retroviridae HIV CD4 145
HSPGs 6
DC-SIGN 94
Langerin 82
mannose receptor

HTLV DC-SIGN 146
HSPGs 25

Reoviridae Rotavirus 2,6 or 2,3 sialic acid* 110
2 1, 4 61, 65

Rhabdoviridae Rabies virus NCAM 147
*Animal strains of rotavirus use terminal sialic acid for attachment to target cells but evidence to 
date suggests that human strains do not.
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binding domains have shown that there is some redundancy between CSPG and HSPG 
attachment with the binding sites mostly overlapping, although subtle differences are 
apparent.18 In addition to HSV, CSPGs can support the binding of other viruses to target 
cells (Table 1) and it is likely that many viruses that associate with HSPGs may also 
interact with chondroitin sulfate containing GAGs.

HIV

HIV-1 binds HSPGs via its surface envelope glycoprotein, gp120. The surfaces on 
gp120 mediating this interaction have been partially defined, and appear to consist of two 
structures: the V3 loop and the CD4-induced (CD4i) surface. These two regions form the 
chemokine receptor binding surface, and contain patches of positively charged amino acids 
that contribute to HSPG binding (Fig. 2). The ability of HIV to interact with HSPGs depends 
on several factors, and is linked to the tropism of the virus. The dominant determinant 
of HSPG binding is the charge on the V3 loop, and this appears to be linked to whether 
the virus uses CXCR4 or CCR5 as its entry coreceptor. CXCR4-using (X4) viruses tend 

Figure 2. Model of HIV gp120 surface complexed to heparin (14 repeating disaccharide units) is shown 
with the CD4-induced and the V3 loop indicated. The surface of gp120 is color-coded according to 
electrostatic potential from blue (most negative) to red (most positive). Reprinted from Vives RR et 
al. J Biol Chem 2005; 280(22):21353-21357.20
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to have a more basic V3 loop, and associate more tightly with HSPGs than CCR5-using 
(R5) viruses.19 Moreover, the charge on the V3 loop is most likely increased during viral 
passage in HSPG-rich cell types such as human T-cell leukaemia virus (HTLV)-transformed 
T-cell lines. Thus, selection pressure on the virus to attach efficiently to HSPG-containing 
cell surfaces drives gp120 adaptation to a more positively charged surface. This selection, 
amongst others, results in viruses termed T-cell line adapted (TCLA). The charge on the 
V3 loop of TCLA viruses may reach +9, whereas that on an R5 primary isolate (PI) that 
has never been passaged in cell lines is typically +2 to +5. The affinity of monomeric X4 
gp120 interaction with the prototype GAG heparin has been measured at 200nM in the 
absence of sCD4, and 17nM in the presence,20 confirming the two site binding of gp120 
to GAGs. Semi-quantitative analysis of X4 HIV virion binding to HSPG+ cells (HeLa) 
demonstrates that, as expected, the overall avidity of the interaction is much higher than 
that for monomeric gp120, no doubt as a result of multivalent gp120-HSPG interactions.6 
Although there is a wealth of information regarding TCLA virus-HSPG association in vitro, 
little information is available regarding the importance of HSPGs in primary isolate HIV-1 
attachment.21 Moreover, very little is known concerning the use of HSPGs by HIV-1 on 
primary cells. Recently it has been observed that primary CD4+ T cells express low levels 
of HSPGs under certain conditions,2 although we have no insight into whether this makes 
these cells better targets for HIV-1 infection. There is evidence (our unpublished results) 
that CD4 is the dominant attachment receptor for TCLA virus on CD4+ T cells, suggesting 
that other factors such as HSPGs may play a more minor (if any) role. However, it should 
be noted that primary isolates of HIV-1 tend to have a much lower affinity for CD4 than 
TCLA viruses22,23 and so under these circumstances HSPGs may play a more significant 
role. Macrophages express the proteoglycan syndecan-II upon maturation, facilitating HIV-1 
attachment to, and infection of, these cells.4 It will be of interest to see whether the same 
is true of dendritic cells and other related cell types. Finally, nothing is known regarding 
the relationship between HIV-1 and HSPGs in vivo. One can speculate that HSPGs may 
promote HIV-1 infection in vivo by facilitating virus adsorption to target cell membranes, 
assuming that sufficient HSPG is expressed, that the viral V3 loop is sufficiently basic, and 
that the CD4i region is at least partially constitutively exposed. A recent study suggested 
that HSPGs might allow HIV-1 to be taken up into a protected intracellular environment 
and subsequently represented to permissive target cells.5 However, it seems equally, if not 
more likely, that HSPGs ubiquitously expressed on epithelial and endothelial cell surfaces 
would trap HIV-1 onto (or into) a nonpermissive cellular environment that would lead 
to virus inactivation before viral ‘rescue’ by infection in trans of a permissive cell type.22

In a twist to the established HIV-1-GAG interaction story, it has been noted that 
HIV-1 can take up proteoglycans during budding from infected cells expressing these 
molecules at the plasma membrane.24 The chemokine RANTES, when oligomeric, 
cross-linked the virions to target cell membranes and thereby enhanced viral infection of 
those cells. Thus, RANTES may have opposing effects on viral infection of CD4+ cells: 
inhibition by coreceptor occupation but enhancement by increasing viral attachment.

HTLV-1

The surface Env subunit (gp46) of a related retrovirus, HTLV-1, binds HSPGs in 
an efficient manner, leading to enhanced HTLV pseudotype infection and HTLV-1 
Env-mediated cell-cell fusion.25 Moreover, even though human T cells express low 
levels of HSPGs after activation, this may be sufficient to increase infection by HTLV-1. 
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Although we believe the data in these two studies to be robust, there are caveats in their 
interpretation. First, it is unlikely that the HTLV-1 isolates used, and the Env derived 
from them, represents ‘primary isolate’-derived material. More likely is that they have an 
adapted phenotype coming from production of the virus by cells expressing high levels of 
HSPGs and have thereby been selected for strong HSPG binding. A related observation 
that we (unpublished data) and others26 have made, is that HTLV-1 transformed CD4+ 
T-cell lines express high surface levels of HSPG, whereas nonHTLV-1-transformed 
T-cell lines express little or none. Thus, HTLV-1 infection (or transformation) may 
upregulate HSPGs on CD4+ T cells, implying advantage for the virus. The second caveat 
is that HTLV-1 disseminates predominantly in vivo by direct cell-cell spread, probably 
via a ‘virological synapse’,27 and not by release of cell-free virus or via cell-cell fusion. 
It remains to be seen, therefore, whether the presence of HSPGs on T cells is beneficial 
for HTLV-1 spread in vivo, or not.

Nonenveloped Viruses

The interaction between foot and mouth disease virus (FMDV) and GAGs has 
been characterized at the atomic level by crystallography of FMDV-heparan sulfate 
complexes.28 The HSPG binding site of FMDV resides in a shallow depression located 
at the junction of the three major capsid proteins, and essentially no changes in protein 
conformation are required to accommodate the sugar. Basic and polar residues in VP1 
(Lys193), VP2 (Thr134 and Arg135) and VP3 (Arg56 and Asn88) are crucial for heparan 
sulfate binding. Additional interactions between VP1, 2 and 3 and the HSPGs help to 
stabilize the complex and a total of nine amino acids make contact with the sulfate sugar. 
Studies comparing variants of FMDV have indicated that Arg56 in VP3 and Arg135 in 
VP2 may be important mediators of heparan sulfate binding between different strains 
of virus and changes that result in an Arg at position 56 are clearly associated with the 
acquisition of a high affinity HSPG binding phenotype.29,30 Interestingly the adaptation 
to HSPG binding may be an in vitro phenomenon for FMDV and heparan sulfate binding 
is rapidly lost upon transfer into an animal model.29

There are of course other nonenveloped viruses, in addition to FMDV, that bind to 
GAGs to establish a foothold at the cell surface. Of particular interest are the adenoviruses 
that are being extensively modified, evaluated and tested as potential viral vectors to be 
used in gene therapy. Gene therapy naturally requires exquisitely refined cell targeting, 
so that the genetic material intended to correct the specific cellular defect is delivered to 
precisely the right tissue and cell. This requires that we fully understand the mechanisms 
of attachment of virus vectors in order to block native receptor binding and retarget 
virus to tissue specific sites. In addition to adenovirus binding to v integrins and CAR 
there is data indicating that Ad serotypes 2 and 5 can also interact with HS GAGs at 
the cell surface.31,32 This finding has important implications for gene therapy because 
of the diversity of cell types that express these GAGs. Elucidating, and inhibiting, the 
molecular mechanisms of this interaction will be necessary to deliver adenoviral vectors 
to the correct tissue and prevent sequestering virus at inappropriate sites.

Host Cell Molecule Interactions

During budding from infected target cells, enveloped viruses wrap themselves 
in host cell membrane. If this takes place at the plasma membrane, as is the case for 
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many viruses, then plasma membrane proteins, including adhesion molecules, may be 
incorporated into the viral envelope. This has been documented for several viruses, but the 
best characterized is probably HIV-1. Early studies demonstrated that mAbs to adhesion 
molecules inhibited HIV-1 Env-mediated cell-cell fusion.33 Subsequently it was shown that 
CD4+ T cells deficient in LFA-1 (leukocyte function antigen 1), obtained from Leukocyte 
Adhesion Deficiency Type-1 (LAD-1) patients, were deficient for HIV-induced syncytium 
formation.34 Confirmatory evidence came from studies in which virions produced in 
cells over-expressing transgenic ICAM-1 were shown to be substantially (up to 10-fold) 
more infectious on LFA-1+ target cells than virions produced in ICAM-1-low expressing 
cells.35,36 This increase in viral infectivity probably results from the artificially high levels 
of ICAM-1 incorporated into the viral envelope. ICAM-1-enhanced infection probably 
also reflects the low CD4 affinity of primary isolate Env and the predicted small number 
of Env molecules on each HIV-1 virion.37 A series of further studies by Tremblay’s group 
has extended our understanding, at the molecular level, of the ICAM-1-LFA-1 interaction 
in the context of HIV infectivity.38

As well as classical adhesion molecules, HIV incorporates other cell surface proteins 
into the viral envelope, some of which influence viral infectivity. Studies have shown that 
incorporation of host-derived MHC class II (MHC-II) into the HIV envelope enhances 
infectivity and that virus produced in MHC-II+ve RAJI cells showed more rapid attachment 
and entry kinetics than virus produced in MHC-II-ve RAJI cells.39 Moreover the presence 
of host derived CD80 (B7.1) and CD86 (B7.2) in HIV virions can enhance infectivity 
by facilitating attachment to CD28 and CTLA4 on the surface of target immune cells.40 
Many other enveloped viruses also incorporate host cell molecules during budding 
(reviewed in ref. 41) and this may be a general characteristic used by enveloped virus 
to enhance attachment.

SPECIFIC VIRUS-RECEPTOR INTERACTIONS

Immunoglobulin Superfamily Members

CD4

In vitro and in vivo, HIV infects predominantly CD4+ T cells and cells of the 
monocyte/macrophage linage. Viral attachment to CD4+ T cells and macrophages 
is mediated by the Env gp120 subunit, which along with the fusion protein gp41 
result from proteolytic cleavage of the precursor gp160. gp120 binds CD4 by contact 
between 26 amino acids on gp120 and 22 residues of the D1 extracellular domain of 
the CD4 molecule.42 Within CD4 these residues are localized between amino acids 25 
and 64, but in gp120 are spread over about 6 discontinuous regions.42 In gp120 it has 
been reported that Asp 368, Glu 370 and Trp 427 are particularly important and are 
conserved between both HIV-1 and HIV-2.42,43 Interaction between monomeric gp120 
and CD4 tends to be of high affinity (typically low nanomolar kD), but oligomerization 
into the intact Env spike has, in every case reported, reduced the affinity by up to 
two (or more) orders of magnitude.22,44,45 The reason for this is not yet known, but the 
working hypothesis is that the CD4 binding surface on gp120 is partially obscured in 
the assembled trimer, potentially by the bulky V1V2 loop of the same gp120, or that 
of an adjacent gp120 protomer.46
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After binding to CD4, gp120 undergoes a conformational change that exposes a 
binding site for the second receptor, a chemokine receptor (CKR), either CCR5 or CXCR4. 
The chemokine receptor binding site (CKRbs) of gp120 is spatially distinct from the 
CD4 binding site and is predominantly made up of amino acids in the ‘bridging sheet’ of 
gp120.42,47 Although the chemokine receptors were initially termed ‘secondary’ receptors, 
mutations in the V1-V2 loop of gp120 can render HIV CD4-independent,48 suggesting, 
along with other evidence, that the CKRs are most likely the primordial receptors and 
CD4 adaptation came later. The adaptation of HIV-1 to CD4-independence appears to 
be an in vitro phenomenon. By contrast, HIV-2 and SIV isolates have been found to be 
CD4-independent ex vivo, but they are rare and their fitness in vivo is unclear.

CD4+ T cells express high levels of CD4, and as such this is likely to be the predominant 
HIV attachment receptor on this cell type. By contrast, the other CD4+ permissive target 
cells, dendritic cells (DCs), Langerhans cells (LCs), monocytes/macrophages and their 
central nervous system (CNS) relatives microglia, express low levels of CD4. It has 
thus been proposed that HIV-1 attachment to these cells is likely to be via other types 
of structure. We have already mentioned HSPGs and adhesion molecules (above), but 
probably more important are the families of lectins that decorate the membranes of 
antigen presenting cells (Table 1), and these are discussed later.

ICAM-1

Some Picornaviridae family members, such as human rhinoviruses (HRV) and 
certain Coxsackie viruses, also use an Ig-like protein, in this case ICAM-1 (intercellular 
adhesion molecule 1, CD54), to attach to target cells. For HRV this interaction is very 
well defined. HRVs infect cells of the respiratory tract and are the major cause of the 
common cold. Of the approximately 100 known serotypes of human rhinovirus most 
utilize CD54 as the cellular attachment factor.49,50 ICAM-1 was identified as the receptor 
for HRV using a mAb screen to inhibit infection followed by affinity chromatography. 
ICAM-1 is a ubiquitously expressed receptor that is found on many cell types, including 
the nasal epithelium to which HRV attaches, and the normal function of this protein is 
to mediate cell-cell interactions between ICAM-1 expressing cells and cells that express 
the cognate binding partner LFA-1 or Mac-1. ICAM-1 contains five Ig-like extracellular 
domains and the binding site for LFA-1 and HRV are within domains 1 and 2 (D1 and 
D2) but the pertinent amino acids required for HRV attachment are in the N-terminal 
D1 region.51,52 Unlike LFA-1 binding, HRV attachment to ICAM-1 does not require 
divalent cation cofactors. Crystallography and cryo-electron microscopic modelling 
have identified the attachment sites in the BC, CD, DE and FG loops of D1 and charge 
complementarity is apparent between D1 and the HRV binding sites.52 These charged 
interactions are very important for ICAM-1-HRV binding and are conserved amongst 
different rhinovirus groups. Human rhinoviruses are nonenveloped virions whose capsid 
consists of 60 protomers each of which is made up of a single unit of VP1, 2, 3 and 4. VP1, 
VP2 and VP3 comprise the capsid shell and the main feature of the rhinovirus capsid is 
the ‘canyon’. The canyon, as the name suggests, is a depression or recess on the surface 
of the HRV virion that is constructed by residues from VP1, 2 and 3 and it is in this 
canyon that ICAM-1 binding interactions occur. The receptor binding site is necessarily 
highly conserved and is hidden at the bottom of the canyon, protected from neutralizing 
antibodies. Hypervariable residues line the canyon walls and it is thought that these are 
exposed to constant immune surveillance. Attachment of HRV to ICAM-1 is mediated 
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by residues that lie deep within the recess on the canyon floor and because HRV attaches 
to the N terminal D1 region of ICAM-1, data suggests that the long extracellular Ig-like 
region must act as a probe to facilitate receptor-virus binding.

CAR (Adenovirus)

The coxsackie and adenovirus receptor (CAR), as the name suggests, facilitates cell 
surface attachment of Coxsackie viruses and group A, C, D, E and F adenoviruses. CAR 
was identified as the attachment receptor by a number of groups after being purified from 
extracts of cultured cells with intact Ad2 virions.53-55 Not all adenoviruses require CAR to 
attach to host cells and adenovirus type 5 first recognizes MHC class I while serotypes 2 
and 9 bypass CAR and MHC and bind directly integrins and enter host cells (Table 1). 
Morphologically, adenovirus capsids contain five prominent trimeric fibres that protrude 
from the vertices of the icosahedral capsid and are anchored into the virion via a penton 
base and are readily seen by electron microscopy. The distal end of the fibre contains the 
receptor binding knob region that interacts with the 46 kDa CAR. CAR and MHC class I 
alone are insufficient to permit viral infection and a second binding step involving integrin 
family members is required. CAR contains two Ig superfamily domains that are liganded 
at the N terminal V-like domains by the Ad-fibre knob56 and crystallography has revealed 
that binding is multivalent and 3 CAR V domains associate with the surface exposed 
loop of a single Ad knob. Greater than 50% of the receptor-ligand binding is contributed 
by the AB loop of the knob region and the complex is stabilized by a series of hydrogen 
bonds. Although a great deal of structural information is known about adenovirus-CAR 
binding, the potential for designing therapeutic inhibitors is complicated by the fact that 
the normal physiological function of CAR is unknown and that expression is on the 
basolateral surface of epithelial cells and so drug accessibility to the site of virus-cell 
attachment may be problematic.

Integrins

Integrins are heterodimers of  and  subunits that are present on many cell types 
and whose function is to mediate interactions between cells and the extracellular matrix, 
and to serve as adhesion molecules for cell-cell interactions. Because they are so widely 
expressed on different tissues, integrins are often recognized as cellular attachment 
receptors by viruses. Some viruses use integrins exclusively to mediate binding and entry 
whereas others use them as coreceptors. Echovirus is a picornavirus that uses integrins 
as the primary receptor for cell binding and three different  heterodimers can serve as 
attachment factors. Viruses bind to integrins by short virally encoded peptide sequences 
present in structural proteins that mimic the natural integrin ligands. 2 1, also known 
as VLA-2, is the attachment receptor for echovirus serotypes 1 and 8 and was identified 
using mAbs to block infection of susceptible cells.57 This was confirmed using cells 
expressing little 2 1 that did not bind virus until transfected with the 2 encoding cDNA. 
Binding of echovirus to 2 1 is via a DGE tripeptide motif in VP1. Not all echoviruses 
use 2 1 and serotype 22 associates with the v subunit presented as v 3 or v 1 and this 
is through a RGD domain also within VP1. The interaction of VP1 with v is relevant 
in vivo and RGD-containing peptides can inhibit virus replication in a mouse model.58 
The first structural integrin data for picornaviruses was obtained using echovirus59 and 
the virus-binding site is located within the I domain of the 2 subunit, in agreement with 
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earlier recombinant protein work implicating residues 199-201 and 212-216 in binding.60 
The “I” (inserted) domain is present within a subclass of  subunits and contains the 
MIDAS (metal ion dependent adhesion site) that chelates divalent cations which act 
as cofactors for ligand binding. Interestingly, unlike collagen, echovirus binding does 
not require divalent cations and the residues that bind echovirus are on a different face 
to those that recognize collagen, indicating that the integrin associates with these two 
ligands by different mechanisms. Importantly for viral fitness, echovirus binds with a 10 
fold higher affinity to integrins than do the natural ligands.59 Separate binding domains, 
coupled with the higher affinity interactions, would help virus attach to target cells even 
in the presence of potentially competing ligands such as collagen and other components 
of the extracellular matrix. In addition, models predict that multiple 2 1 heterodimers 
can bind to adjacent sites on the echovirus capsid without any apparent steric hindrance, 
leading to a higher affinity interaction that sequesters virus tightly to the cell surface.

Rotavirus, a nonenveloped virus that causes gastroenteritis in infant humans and 
animals, also binds to integrins as part of the infection process.61 Rotavirus entry appears 
to be a multi-step process whereby most animal rotaviruses (and probably some human 
strains also) bind initially to a sialic acid containing carbohydrate and then interact with 
integrins to promote viral entry into the cytoplasm.62,63 An exception to this is the porcine 
rotavirus strain CRW-8 that is integrin independent.64 A number of integrins have now 
been identified that interact with rotavirus motifs present within the two outer capsid 
proteins, the spike protein VP4 and the major outer capsid protein VP7, and some of 
these promote virus binding while others are involved in post-attachment entry steps. 
Integrins that have been shown to mediate initial events in rotavirus attachment to target 
cells in vitro are 2 1, 4 1 and 4 7.61,65 Binding to these integrins is modulated by motifs 
within VP7 and the VP5* domain of VP4. 2 1 binding by rotavirus occurs via a DGE 
sequence in VP5* and the I domain of 2 is both necessary and sufficient for binding.66,67 
Up to 4 potential binding motifs are present within both VP4 and VP7 that can interact 
with 4 1 and 4 7 integrins.64 The reason for the high degree of redundancy in the system 
is unclear, however it is clearly necessary for efficient infection, and blocking these 
interactions has a measurable effect on binding and entry. Whether rotavirus interacts 
sequentially or alternatively with all integrins present on the surface of target cells is not 
known. It is possible that the presence of multiple binding motifs within VP4 and VP7 is 
influenced by the expression levels of integrins in vivo during various stages of cellular 
differentiation and may also be an important determinant of species tropism.

Multispan Receptors

Tetraspanins

The role of multispan proteins as attachment receptors for animal viruses is 
relatively ill-defined when compared to other factors that promote virion binding. There 
is some evidence that multispan proteins can function as viral attachment proteins and 
clearly they are capable of acting as coreceptors for some viruses. Tetraspanins are four 
transmembrane receptors whose exact cellular function is unknown. Tetraspanins shuttle 
between endocytic membranes and the plasma membrane by virtue of their association 
with intracellular vesicles and at the cell surface tetraspanins form what is known as a 
“tetraspan web”, where, because of their reported association with integrins, they are 
thought to be involved in cell-cell interactions. To date, the only tetraspanin implicated 
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as a receptor for viral attachment is CD81.68 Whether CD81 is strictly an attachment 
factor for hepatitis C virus (HCV), or also mediates viral entry, is controversial. It has 
been suggested that CD81 acts as a post-attachment entry receptor for HCV69 and a 
number of other receptors including DC-SIGN, the LDL receptor, HSPGs and scavenger 
receptor class B type I (SR-B1) have also been implicated in attachment (reviewed in 
ref. 70). HCV experiments have been complicated by the absence, until recently, of a 
cell culture system to grow virus, or of pseudotyped virions. Because of this, studies 
have used truncated expressed forms of E2, the putative viral receptor binding protein, 
which, while very informative, is not necessarily reflective of the situation with intact 
virions. However, despite the limitations, there is solid data demonstrating that the E2 
protein of HCV binds to an extracellular loop of CD8168 and so it may function as the 
binding receptor. Moreover, reports have indicated that CD81+ nonhepatic cell lines do 
not support HCV pseudovirus entry, adding some weight to the argument that CD81 
promotes virus binding but that additional receptors regulate entry.69,71,72 With the advances 
in techniques to study HCV it is anticipated that a great deal of new information about 
virus binding will become available over the next few years that could help clarify the 
area of tetraspanins in viral attachment.

Seven and 12 Transmembrane Receptors

As mentioned previously, seven transmembrane (TM) proteins (the G-protein 
coupled chemokine receptors CXCR4 and CCR5) act as coreceptors to allow infection 
of HIV-1 into CD4+ target cells. Not all lentiviruses require CD4 and lab adapted isolates 
of HIV-2 as well as primary isolates of the simian immunodeficiency virus (SIV) are 
able to infect CD4 negative cells via CXCR4 and CCR5 respectively. This is not just an 
in vitro property of HIV-2 and it is reported that most primary patient isolates of HIV-2 
use CXCR4 or CCR5 to infect target cells.73 Thus, 7TM receptors are able to function 
as attachment factors for a small group of viruses.

Very recently a 12 TM protein has been identified as a putative viral receptor for 
Kaposi’s sarcoma herpes virus (KSHV, also known as HHV8).74 The receptor identified, 
xCT, is a human protein involved in L-cystine influx into cell and concomitant efflux of 
L-glutamine. xCT and was identified in a two-cell fusion assay whereby xCT expression 
in 3T3 cells rendered cells susceptible to fusion with cells expressing transfected KSHV 
glycoprotein. In addition to this, a viral entry assay demonstrated xCT- BHK-21 and 
K562 cells did not support viral entry whereas xCT transfected cells did. Thus, whether 
the effect on viral infectivity is due a direct effect on virus penetration or whether xCT 
functions along with GAGs, DC-SIGN and 1 integrins75-77 at the first stages of attachment 
is unclear but remains a possibility.

Lectins

DC-SIGN

Lectins are a family of molecules that bind carbohydrate moieties, many in a calcium 
(C-type-lectins) dependent manner (Fig. 3). DC-SIGN is a C-type lectin that was first 
cloned in 1992 from placental tissue, was demonstrated to exhibit an affinity for gp120 
in the low nM range, but its function was unknown. In 2000, Geijtenbeek and coworkers 
identified DC-SIGN as a DC-expressed ligand for HIV-1 gp120. The interaction is based 
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on recognition of terminal mannose moieties on gp120 and it has been confirmed that 
DC-SIGN binding to gp120 is carbohydrate dependent, with no appreciable effect of 
protein-protein interactions.78 DC-SIGN binding to N-linked high mannose on gp120 
is mediated by a characteristic carbohydrate recognition domain (CRD) and it is the 
Glu-Pro-Asn motif that confers the mannose specificity. Specifically, studies have shown 
that Glu347, Asn349, Glu351 and Asp355 are important for gp120 binding, while Gly346 
is critical.79 DC-SIGN cannot mediate HIV-1 entry, and is therefore a true attachment 
receptor. Nevertheless, if CD4 and a CKR are present on the same cell, DC-SIGN capture 
of virus can increase the efficiency of infection of that cell,80 no doubt by enhancing 
viral attachment to the permissive cell surface followed by viral presentation to the 
entry receptors. Geijtenbeek and colleagues described an intriguing DC-SIGN-mediated 
phenomenon, that ligation of DC-SIGN by HIV-1 resulted in internalization of the virus 
into an intracellular compartment, within which HIV-1 remained infectious for several 
days. Subsequent studies appeared to confirm this, and hypothesized that HIV-1 uptake 
by DCs allowed viral storage in a ‘safe’ compartment until presentation to CD4+ T cells 
in local secondary lymphoid tissue led to infection in trans. More recent studies have 
contested the concept that HIV-1 can remain infectious in a DC endosomal compartment 
for such an extended time, and instead demonstrate that these cells become infected at a 
low level.81,82 Moreover, there is evidence that high affinity gp120-DC-SIGN binding is 
lost at lower pH83 and while this provides a mechanism for virus escape from acidifying 
endosomes, it raises questions about the role of DC-SIGN as a mediator of HIV capture 
in the acidic environs of the vaginal mucosa. Whatever the mechanism of preservation 

Figure 3. The C-type lectin-like receptors expressed by dendritic cells and macrophages. DC-SIGN, 
Langherin and the mannose receptor have all been shown to promote viral attachment to target cells. 
Reprinted from: McGreal EP et al. Curr Opin Immunol 2005; 17(1):18-24;148 ©2005, with permission 
from Elsevier.
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of viral infectivity, the model for DC-mediated transfer of virus from the mucosae to the 
draining lymph nodes as a primary route of dissemination is compelling, and in vitro tissue 
culture models back this up.84,85 Whether this trafficking occurs in a DC-SIGN-dependent 
manner alone or is mediated also by Langerhans cells that are prevalent at mucosal 
surfaces and can bind gp120 via their CLR, Langerin,82,86 is unclear. It is therefore striking 
that antagonists of the DC-SIGN-gp120 interaction, such as mannan, have no inhibitory 
effect on HIV-1 infection following mucosal challenge in macaques:87 clearly the in vivo 
relevance of this model remains to be confirmed.

DC-SIGN is a promiscuous viral attachment receptor, and also binds human 
cytomegalovirus (CMV), hepatitis C virus, Dengue virus and Ebola virus envelope 
glycoproteins (Table 1).88-92 For CMV and Ebola virus, DC-SIGN appears to function in a 
manner similar to its role in HIV infection. In the case of Ebola virus, it seems DC-SIGN 
can mediate infection in cis and in trans93 while CMV-associated DC-SIGN expressing cells 
are not infected directly but instead transfer virus, via DC-SIGN capture, to permissive 
target cells. Finally, for HCV both DC-SIGN and the liver/lymph node specific molecule 
L-SIGN (also termed DC-SIGNR) attach to the E2 glycoprotein of HCV and as well as 
permitting binding of transformed cell lines this interaction mediates HCV binding to 
primary cells.90 Because of the restricted tissue expression of L-SIGN, in particular, this 
lectin may be an efficient way of targeting HCV to the liver.

Other Lectin Receptors

Antigen presenting cells carry multiple lectin receptors whose function is to sample the 
extracellular milieu. Amongst these, the mannose receptor is perhaps the best characterized, 
and like DC-SIGN it also acts an attachment factor for viruses via its specificity for 
terminal mannose, fucose and N-acetylglucosamine. The mannose receptor binds HIV 
gp120, and this may be an additional mechanism for infection of DCs and other APCs.82 
Mannose receptor binding of HIV gp120 can also explain the observation that blocking 
of gp120-DC-SIGN binding alone, or in combination with inhibitors of CD4 and the 
CKR, do not completely abolish binding of HIV to DCs.82,94 Moreover, macrophages 
are a prevalent in vivo target for HIV infection and attachment of incoming virions to 
the mannose receptor may facilitate better viral replication kinetics in cis or infection in 
trans.95 Mannose receptor binding has also been shown to promote attachment of influenza 
virus to macrophages96 via high-mannose oligosaccharides on the viral hemagglutinin 
(HA) and a good correlation is seen between the degree of glysosylation of HA and the 
ability of flu virions to bind to macrophages. It seems very likely, that like DC-SIGN, 
the mannose receptor will be involved in the pathogenesis of other viruses that harbour 
mannosylated structural proteins.

Scavenger Receptors

Scavenger receptors are cell surface proteins that can bind and internalize modified 
lipoproteins such as acetylated LDL and have a broad ligand binding specificity. Initially 
described in cultured macrophages, scavenger receptors are found on many different cell 
types. Of the two classes of scavenger receptors identified (class A and B) class B type 1 
(SR-B1) has been implicated in binding of HCV to target cells97 and SR-B1 is expressed 
to high levels in the liver, placing it at the correct anatomical site to play a role in HCV 
infection.98,99 Data from experiments performed with soluble proteins indicates that 
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HCV binding to SR-B1 is via the hypervariable region 1 of E2 but whether this region 
comprises all or part of the SR-B1 binding site in not known.97 The exact role of SR-B1 
in HCV attachment and entry is unclear and it has been shown that expression of SR-B1 
and CD81 together are insufficient to mediate virus infection, indicating that additional 
molecules are likely to be involved.72 One interesting possibility is that SR-B1 acts as 
a “nonclassical viral receptor” and facilitates infection of cells because of its ability to 
modulate the lipid composition of membranes.70 In support of this theory the capacity 
of SR-B1 to act as an entry receptor for HCV is enhanced by SR-B1 mediated uptake of 
lipids from HDL.72,100 Thus, whether SR-B1 acts as an attachment receptor or can also 
internalize bound virus is not known but the potentially novel role that SR-B1 may play 
in HCV infection makes it a fascinating topic of study.

Nonproteic Attachment Receptors

Sialic Acid

Many viruses recognize carbohydrate moieties for binding to cells (Table 1) and 
carbohydrates are well suited to this for a many reasons. Firstly, carbohydrate side 
chains can project relatively long distances from the cell surface and so may be one 
of the first structures encountered by incoming viruses. Secondly, carbohydrates are 
often charged and so attract charged residues in viral proteins that can form rapid and 
transient interactions. Finally, sugars such as sialic acids are ubiquitously expressed on 
cells and viruses that use carbohydrates tend to have a broad host range. Probably the 
best-studied virus that uses sialic acid to bind to target cells is influenza virus. Influenza 
virus infects cells of the upper respiratory tract via binding of the trimeric viral HA 
protein to sialyloligosaccharide receptors on the surface of target cells.101-103 During 
viral assembly the HA undergoes proteolytic cleavage to produce HA1 and HA2 which 
remain associated via disulphide bonds. HA1 comprises the membrane distal globular 
head of the molecule and X-ray crystallographic studies have determined the receptor 
binding site of the HA resides in a pocket which is completely occupied by the sialic 
acid, supporting the idea that it is the only necessary component of the cell receptor for 
influenza.102 Approximately 15 amino acids that are widely spaced on the linear molecule 
are required for direct binding of sialic acid, or help to stabilize the interaction.102,104 Of 
these residue 226 is believed to be the most important in determining the sialic acid 
specificity, and a change from Leu to Glu at this position alters the viral preference from 
Neu5Ac 2-6 to Neu5Ac 2-3,105 while a number of other amino acids, both proximal 
and distal are also important.106-108 The simplicity of the carbohydrate receptor as well 
as structural studies on both the viral HA and the neuraminidase protein (required for 
releasing virions from the cell surface after viral exit) has opened the door for rational 
drug design and the inhibition of influenza infection and dissemination within the host.

Rotavirus expresses an outer capsid protein VP7 and a spike protein VP4 that work 
together to allow virus to bind to and infect mature, differentiated enterocytes on the small 
intestine. While animal strains of rotavirus bind in a sialic acid dependent manner to host 
cells, human rotaviruses (and some animal strains) are sialic-acid independent63,109-111 and 
it is thought that another, as yet undefined, carbohydrate group may be the attachment 
receptor for human strains. Alternatively, the glycan receptor for human strains of rotavirus 
may be an internal (and thus neuraminidase-insensitive) sialic acid.112,113 Terminal sialic 
acids, or related carbohydrates in the case of human rotaviruses, probably serve as the 
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attachment receptors for rotavirus and precede virus binding to integrins that then mediate 
virus entry.61 This is the hypothesis behind the proposed two-step model for rotavirus 
attachment and entry62,63 (and Fig. 4). The requirement for sialic acid in animal rotavirus 
binding was demonstrated in a series of studies involving enzymatic cleavage and 
competitive sialoconjugates and these studies demonstrated that rotaviruses are able to 
distinguish between different sialic acid-galactose linkages. For example simian viruses 
seem to prefer 2,3 linked sialic acid while bovine strains show a preference for 2,6 
linkages114-116 and both can distinguish between N-acetyl and N-glycolyl sialic acids.113 
The hemagglutinating and carbohydrate binding domain of VP4 has been mapped to 
VP8*110,117 and crystallographic information about the structure of VP8* alone and 
liganded to sialic acid,118 coupled with knowledge of the sugar specificity of rotavirus, 
has permitted early stage evaluation of synthetic receptor mimics that could be used to 
inhibit rotavirus infection and/or reduce disease severity.119,115,120

Other Carbohydrate Attachment Receptors

Although animal rotaviruses recognize terminal sialic acids, the hierarchy of 
preference for different sialic acid linkages hinted that the underlying glycan group may 
also be a component of the rotavirus attachment receptor. This has been confirmed by a 
number of groups who have shown that animal rotaviruses can bind to receptors where 
the terminal glycan is a galactose, or that galactose-binding inhibitors can effectively 
block viral attachment to cells in vitro62,109,121 and it seems the minimal structural element 
required may be a terminal sialyl-galactose. Whether the carbohydrate receptor is present 

Figure 4. A model for the early stages of rotavirus attachment for a neuraminidase-sensitive strain 
of rotavirus. Initial binding is mediated by the VP8* domain of VP4 that binds to a sialic acid 
containing glycoprotein or glycolipid, perhaps with a contribution by the underlying galactose. A 
(possible) conformational change may then occur to facilitate an interaction between the DGE motif 
in rotavirus VP5* and the I domain of the 2 1 integrin. After this a number of possible additional 
binding events may take place, involving other integrins and additional receptors, culminating in virus 
crossing the plasma membrane by a presently unknown mechanism. Reprinted from: Lopez S, Arias 
CF. Multistep entry of rotavirus into cells: Trends Microbiol 2004; 12(6):271-278; ©2004;149 with 
permission from Elsevier.
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on a glycoprotein, glycolipid or ganglioside is unclear, and may vary between different 
species of rotavirus, but there is evidence that for porcine strains the putative in vivo 
receptor is a ganglioside.122,123

Other viruses can also use glycolipids to attach to target cell. For example, HIV 
binding to CD4-negative neuronal cells and intestinal cell lines (that do not express 
the preferred receptors) in vitro may take place via galactosyl ceramide (GalCer).124,125 
Antibodies that block gp120-GalCer binding or GalCer derivatives are able to inhibit 
infection of neural cells124,126 and the galactosyl-lipid linkage has been demonstrated to 
be an important factor in gp120 binding. GalCer binds to HIV gp120 with high affinity 
and the binding site on HIV has been mapped to amino acids 206-275 in gp120.127 It 
should be noted that with the exception of some strains of rotavirus and HIV infection 
of certain cell types, most viruses that use carbohydrate for attachment tend to exploit 
sialic acid, or acetylated sialic acid, to attach to host cells.

CONCLUSION

Viruses have subverted a wide variety of cell surface molecules as attachment 
receptors. In some cases these are also entry receptors, in other cases they are not 
sufficient to allow virus infection and entry receptors must also be engaged. Most of the 
work on viral attachment to cell surface receptors has been done in vitro, and we have 
generally little information on whether these receptors function equivalently, or even at 
all, in vivo. In many cases receptor expression in vitro explains the species and tissue 
tropism of viruses in vivo, but in other cases does not, implying the existence of other 
factors. Certainly in vitro work using primary tissues and nonadapted viruses is a step in 
the right direction, and indeed may be the only source of information where an animal 
model is not available.

Since attachment is the very first step in viral entry, targeting this step for prophylactic 
or therapeutic ends is attractive. Despite the potential, only a few drugs have been licensed 
to date that target this crucial first stages in the virus life cycle, and with further advances 
in our understanding of the molecular details that govern viral attachment, we hope to 
reveal more secrets that can help us to expand the area of viral intervention strategies.
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Abstract: The essential event in picornavirus entry is the delivery of the RNA genome to the  
cytoplasm of a target cell, where replication occurs. In the past several years progress has  
been made in understanding the structural changes in the virion important for 
uncoating and RNA release. In addition, for several viruses the endocytic mechanisms 
responsible for internalization have been identified, as have the cellular sites at 
which uncoating occurs. It has become clear that entry is not a passive process, 
and that viruses initiate specific signals required for entry. And we have begun to 
recognize that for a given virus, there may be multiple routes of entry, depending 
on the particular target cell and the receptors available on that cell.

INTRODUCTION

The picornaviruses are a family of small, nonenveloped viruses with a single strand 
positive-sense RNA genome (Table 1). A number of picornaviruses are significant 
pathogens in humans and animals: polioviruses and other members of the enterovirus 
group cause febrile illnesses and infections of the central nervous system; rhinoviruses are 
a major cause of the common cold; and foot and mouth disease virus causes economically 
important disease in cattle. Picornaviruses replicate within the cytoplasm, and transfected 
viral RNA is sufficient to initiate infection; therefore, the critical event in the entry 
process is delivery of RNA into the cell. The RNA is encased in a protein capsid, which 
must be sufficiently tough to protect the RNA from harsh environmental conditions (for 
example, enteroviruses enter the host by crossing the intestinal mucosa, and must survive 
exposure to gastric acid and intestinal proteases). Nonetheless, at an appropriate moment 
in the virus life cycle, the capsid must permit the release of RNA into the cell. The major 
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questions in picornavirus entry concern how the virus capsid is disassembled to release 
the RNA (a process referred to as “uncoating”), and how the RNA is translocated across 
the cellular membranes that separate the cytoplasm from the external environment. Many 
aspects of the entry process remain poorly understood.

PICORNAVIRUS STRUCTURE

The typical picornavirus capsid is an icosahedral structure constructed of 12 pentamers, 
each pentamer composed of 5 copies of each of the four viral structural proteins, VP1-4.1,2 
VP1-3 (each approximately 30 kD in mass) form the external surface of the capsid. VP4, 
a small (approximately 7 kD) protein with an N-terminal myristic acid modification, is 
located on the inner surface, possibly in contact with the viral genome. The surfaces of 
many rhinoviruses and enteroviruses are marked by deep depressions (or a continuous 
canyon) surrounding the five-fold axis of symmetry; these serve as the site of attachment 
for cellular receptors (Fig. 1A). In contrast, foot and mouth disease virus does not have a 
canyon, and the receptor attaches to a flexible loop exposed on the virus surface.3

In the structures of both rhinoviruses and enteroviruses, a hydrophobic pocket 
is evident beneath the canyon floor, accessible to the outside environment through a 
small pore (Fig. 1B). In most instances this pocket is filled by a small molecule (termed 
“pocked factor”), evident as electron density in the crystal structure, and believed to be 
a fatty acid. A number of antiviral drugs [such as disoxaril (WIN51711) and pleconaril] 
bind within the pocket, presumably displacing the natural pocket factor;4-7 these drugs 
stabilize the virion and prevent infection, in part by blocking the uncoating process.5,7 It 
has thus been suggested that occupation of the pocket acts to regulate the stability of the 
virion. The N-termini of VP1-3 form a stabilizing network on the inner surface of the 
poliovirus capsid,9 which must be disrupted during the uncoating process. At physiologic 
temperatures the virion structure is dynamic, and undergoes reversible conformational 
changes (described as “breathing”) during which VP4 and the N-terminus of VP1 
become exposed and accessible to neutralizing antibodies and proteolytic enzymes.8,9 

Table 1. Selected picornaviruses
Genus Example Host

Enterovirus Poliovirus Humans
Echovirus “
Coxsackievirus A “
Coxsackievirus B “
Enterovirus “

Rhinovirus Rhinovirus “
Parechovirus Parechovirus “
Hepatovirus Hepatitis A virus “
Aphthovirus Foot and mouth disease virus Ruminants
Cardiovirus Theiler’s encephalomyelitis virus Mice

Encephalomyocarditis virus Mice
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These transient movements, which are inhibited by the stabilizing antiviral drugs,9 may 
contribute to the irreversible changes that occur during uncoating (see below).

ATTACHMENT TO A RECEPTOR

The first event in the entry process is attachment of virus to a receptor on the target 
cell. Receptors trap virus at the cell surface, increasing the likelihood that infection will 

Figure 1. The picornavirus canyon and receptor interactions. A) Structure of poliovirus 1 determined 
by X-ray crystallography. Prominences on the viral surface are dark, depressions are light. The canyon 
surrounds the star-shaped prominence at the 5-fold axis. (Rasmol image courtesy of Dr. J.-Y. Sgro, 
UW-Madison, from data in PDB-ID: 2PLV, ref. 111. See http://virology.wisc.edu/virusworld). B) 
Model of receptor interaction with the canyon. ICAM-1 binds first to the south wall of the canyon (1). 
Subsequent interaction with the north wall of the canyon leads to conformational change in VP1, with 
displacement of pocket factor; formation of a channel at the 5-fold axis may permit exit of VP4, the 
VP1 N-terminus, and RNA. Adapted by permission from Macmillan Publishers Ltd: EMBO J ©1999.17 
C) Structure of human rhinovirus 16 complexed with ICAM-1 (dark); the ICAM-1 N-terminus is inserted 
in the canyon. Reprinted from reference 14, with permission from Macmillan Publishers Ltd: Nat Struct 
Biol ©2008. D) Structure of echovirus 7 complexed with DAF; DAF lies across the virus surface, near 
the 2-fold axis of symmetry, but does not interact with the canyon. Reprinted from reference 18, with 
permission from the National Academy of Sciences, USA, ©2002.
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occur. In some cases, contact with the receptor may destabilize the virion and trigger the 
uncoating process; in others, endocytic uptake of the virus-receptor complex may deliver 
the virion to an intracellular compartment where uncoating can occur. In addition, receptors 
may activate intracellular signaling pathways that are required for virus internalization 
and intracellular trafficking. (In the discussion that follows we will not attempt to make 
distinctions between “true receptors”, “coreceptors,” and “attachment factors”; if a virus 
binds to a molecule on the cell surface, and if that molecule contributes in an important 
way to infection by the virus, we consider it a receptor).

Specific receptors have been identified for a number of picornaviruses (Table 2). 
The receptor for the major group of rhinoviruses (ICAM-1), the poliovirus receptor 
(PVR), and the coxsackievirus and adenovirus receptor (CAR) are members of the 
immunoglobulin superfamily, and function in cellular adhesion. The N-terminal domains 
of these receptors bind to a site within the viral canyon10-14 (Fig. 1B,C). The close contact 
between the viruses and these receptors leads to a conformational change in the virion; 
attachment of the receptor may distort the base of the canyon, resulting in expulsion of 
the pocket factor, and destabilization of the capsid. Kinetic studies of rhinovirus-ICAM-1 
and poliovirus-PVR interaction each reveal two classes of binding sites on the viral 
surface, differing both in association rate and affinity;15,16 one possible explanation is 
that the initial binding of receptor in the canyon is followed by a deeper, higher-affinity 
interaction that leads to expulsion of pocket factor and subsequent uncoating events.17

Table 2. Picornavirus receptors
Virus  Receptor

Poliovirus PVR (CD155)89

Rhinovirus (major group) ICAM-190-92

Rhinovirus (minor group) LDL receptor93

Coxsackie B viruses CAR73,74

Decay accelerating factor (DAF, CD55)76,77

Heparan sulfate94

Echovirus 1 Integrin 2 167

Echovirus 6, 7 Decay accelerating factor (CD55)95,96

Heparan sulfate97

? others
Coxsackie A viruses ICAM98

DAF99

Integrin v 3100

MHC-I -associated GRP78101

Enterovirus 71 SCARB2102

PSGL-1103

Heparan sulfate104

Foot and mouth disease virus Integrins v 1, v 3, v 6, v 8105-108

Heparan sulfate109

Encephalomyocarditis virus Mouse VCAM110
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A number of enteroviruses and rhinoviruses bind to decay accelerating factor (DAF), 
a complement regulatory protein. DAF does not insert in the canyon, but instead drapes 
across the virus surface in a way that differs for different viruses [echovirus (EV) 7 
(Fig 1D),18 EV12,19 and CVB3110]. Unlike ICAM, CAR, and PVR, DAF does not appear 
to induce conformational changes in the capsid,20,21 and for virtually all DAF-binding 
viruses, infection is thought to require interaction with a second receptor that induces 
uncoating. Other picornaviruses have been found to infect by interacting with members 
of the integrin family of homodimeric adhesion receptors, members of the LDL receptor 
family, and with heparin sulfate on the cell surface; it is likely that these receptors do 
not induce uncoating, but instead serve to target virus to an appropriate endosomal 
compartment, where other factors trigger the uncoating process.

THE A PARTICLE, A LIKELY UNCOATING INTERMEDIATE

After attachment to receptors on the cell surface, many enteroviruses and rhinoviruses 
undergo a conformational change to form altered (A) particles,22-25 reflected by a change 
in sucrose gradient sedimentation rate, from approximately 160S to 135S [(Fig. 2), 
reviewed in ref. 26].  Appearance of A particles is followed by the appearance of 80S 
particles, empty capsids from which the RNA has been released.

Several lines of evidence suggest that the poliovirus A particle is an intermediate of 
the uncoating process: infection is blocked by drugs that stabilize the virion and prevent A 

Figure 2. Poliovirus uncoating intermediates. A) 160S virion is converted to A particles and empty 
capsids, releasing RNA. B) Native virions (160S), A-particles (135S), and 80S particles are separated 
on sucrose gradients.
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particle formation;27 A particles are infectious when delivered to susceptible cells (although 
they infect very inefficient because they do not bind to PVR);28 and kinetic experiments 
indicate that during infection, RNA release from A particles is faster than from native virions 
(by several minutes—approximately the time required for A particles to form).29 Infection 
by certain cold-adapted poliovirus mutants occurs without evident accumulation of A 
particles, which has led some ixnvestigators to suggest that they are not true intermediates 
of the uncoating process;30 however, subsequent work suggests that at low temperature, A 
particles do not accumulate because they are formed more slowly than they are eliminated by 
subsequent events in uncoating.29 It is likely that the uncoating process involves additional 
intermediate structures that are not stable enough to be detected.

Transition to the A particle involves release of myristylated VP4, which is inserted 
into cell membranes, and exposure of the hydrophobic N-terminus of VP1, which 
becomes available to tether the virion to cellular membranes. Interaction of VP4 and VP1 
with membranes leads to the formation of pores, which may serve as portals for RNA 
transfer into the cytosol.31-33 Release of VP4 from the interior of the capsid is probably 
the irreversible step that distinguishes capsid “breathing” from uncoating.

The structure of the poliovirus 135S particle has been determined by cryo-electron 
microscopy.34,35 The A particle is 4% larger than the native virion (accounting in part for 
its slower sedimentation in sucrose gradients). The expansion of the virion creates several 
gaps between capsid subunits, which may permit the extrusion of VP4 and movement 
of the VP1 N-terminus from the interior to the virion surface. (The movement of capsid 
subunits has been referred to as a “molecular tectonic” model of conformational change34). 
However, the gaps do not seem sufficiently large to allow the RNA to exit, suggesting 
that RNA may not be released  from the 135S particle itself, but from a form of the virion 
that has not been identified.

A-particles, as well as empty capsids, have been observed during infection by a 
number of human rhinoviruses,23,36 but no structures have been reported for a rhinovirus 
A particle. In vitro, exposure of different rhinovirus serotypes to ICAM-1 in vitro has 
several possible outcomes, which are likely to depend on the strength of the interactions 
between capsid protomers, as well as the particular structural distortions caused by 
receptor engagement. Some serotypes are relatively stable, forming a virus-receptor 
complex without proceeding to uncoat; others are triggered to release RNA without the 
appearance of a stable A particle intermediate. Interaction of HRV3 with ICAM-1 in 
vitro leads to expansion of the capsid (by 4%, as observed for the poliovirus A particle), 
with separation of the capsid protomers near the receptor attachment site;37 in this case, 
the receptor remains attached to the intermediate form of the capsid, which retains VP4 
and has not yet undergone full conversion to an A particle. Interaction of poliovirus with 
PVR probably results in the transient formation of a similar expanded structure before 
the exposure of VP1 and release of VP4 lead to an irreversible change.

THE 80S EMPTY CAPSID

The 80S forms of HRV238 (which binds to the LDL receptor) and HRV1439 (which 
binds ICAM-1) are remarkable for the opening of a channel at the 5-fold axis, which may 
permit the release of RNA. The N-termini of VP1, buried in the native capsid, are extruded 
at the 5-fold axis of the 80S particle, and VP4 molecules—released from their interior 
location—appear to remain associated with the capsid near the 5-fold axis. Thus VP4 and 
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VP1 would be well situated to fix the virus to the cell membrane, possibly forming a pore 
through which RNA, exiting the channel formed at the 5-fold axis, might enter the cell.

However, in the structure of the poliovirus 135S particle, the N-terminus of VP3 
forms a plug at the five-fold axis that would interfere with RNA release,34 and there is 
no other evident portal through which RNA could pass. If the 135S and 80S particles 
really are formed upstream and downstream of RNA release, the structural evidence 
suggests that poliovirus RNA must be released from a transient intermediate form that 
has not been identified so far.

CELL BIOLOGY OF VIRUS ENTRY: ENDOCYTIC MECHANISMS

Clathrin-Mediated Endocytosis

Cells take up macromolecules by a variety of endocytic mechanisms [reviewed in ref. 
40] and viruses probably exploit all of these to enter cells (Fig. 3) [reviewed in ref. 41]. 
Clathrin-mediated endocytosis (often referred to as receptor-mediated endocytosis) is a 
process by which membrane proteins and their associated ligands are internalized in vesicles 
surrounded by a basket-like coat of clathrin. The assembly of clathrin coats depends on a 
number of adaptor, accessory, and regulatory proteins, and the release of clathrin-coated 

Figure 3. Mechanisms of virus entry. The best-described endocytic mechanisms involve clathrin-coated 
vesicles and caveolae. Modified from references 40 and 41.
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vesicles into the cell requires the activity of dynamin, a large GTPase. Clathrin-coated 
vesicles deliver their cargoes to early endosomes, from which they may be recycled back 
to the plasma membrane, or proceed further to more acidic late endosomes and lysosomes. 
Clathrin-mediated endocytosis is the best-understood endocytic mechanism. Many classic 
studies of virus entry have focused on viruses (such as Semliki Forest virus, influenza virus, 
and adenovirus) that are internalized in clathrin-coated vesicles, and then move to endosomes, 
where endosomal acidification triggers the events that permit membrane penetration.

Caveolar Endocytosis

Clathrin-independent endocytic mechanisms are less well understood. The best-studied 
of these involves caveolae—vesicles with cholesterol-rich membranes, coated by 
the integral membrane protein caveolin. Caveolae are seen in electron micrographs 
as flask-shaped invaginations of the plasma membrane; they are largely static, but in 
response to ligand-induced signals they detach from the membrane (in a process requiring 
dynamin) and enter the cell. SV40 enters cells in caveolae, and moves to a distinctive 
caveolin-rich intracellular vesicle called the caveosome. Although it is known that there 
is vesicular traffic involving caveolae, caveosomes, and early endosomes,42 the functions 
of the caveosome, and its role in endocytosis, is largely undefined.

Clathrin- and Caveolin-Independent Pathways

It is clear that viruses also enter cells by mechanisms that are independent of both 
clathrin and caveolin. Some of these are sensitive to depletion of cellular cholesterol, 
others require dynamin function; however, in the absence of specific marker proteins, 
these pathways are difficult to define at present. Flotillin has recently been identified as a 
protein important for at least one clathrin- and caveolin-independent endocytic process.43 
One distinctive pathway, macropinocytosis, is a receptor-independent process in which 
actin rearrangements lead to ruffling of the plasma membrane, and fusion of ruffles leads 
to internalization of extracellular fluid in actin-coated vesicles.

Methods for Studying Picornavirus Entry

Our current understanding of picornavirus entry depends on a consensus between 
morphologic studies, in which the movement of virions is followed by electron microscopy 
or fluorescence microscopy, and functional studies in which inhibitors of specific cellular 
processes are used to block entry and infection. Each of these approaches is subject to important 
limitations. Picornavirus particle/PFU ratios are very high (100-1,000), so it is always difficult 
to know that viral particles observed by microscopy are the ones that give rise to infection. 
And inhibitors, despite their supposed specificity, often have unanticipated effects.

Commonly used pharmacologic inhibitors include chlorpromazine (which inhibits 
clathrin recycling and formation of clathrin-coated vesicles), bafilomycin (which 
inhibits endosomal acidification), filipin (which disrupts caveolae by sequestering 
cholesterol), and amiloride (which inhibits macropinocytosis by an uncertain mechanism). 
Dominant-negative mutants and siRNAs directed against components of endocytic 
processes (e.g., clathrin and clathrin accessory proteins, caveolin, dynamin) are thought 
to be highly specific, but the most reliable information comes from studies that combine 
a variety of approaches.
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POLIOVIRUS: DOES “ENTRY” INVOLVE INTERNALIZATION  
OF THE VIRION?

In vitro, poliovirus is converted to A particles when it is exposed to recombinant receptor 
at 37°C.44 With high concentrations of receptor, virus is converted to 80S empty capsids.13 
Conversion occurs even at neutral pH. (Coxsackievirus B321 and some rhinoviruses45 also 
undergo conformational changes when exposed to soluble receptors in vitro.) It is conceivable 
that uncoating could be completed at the cell surface; as poliovirus contacts its receptor, 
conformational changes may occur, and VP1 and VP4 may create pores in the plasma 
membrane through which RNA can enter the cell. Whether poliovirus does enter the cell, or 
whether it injects its RNA at the cell surface, has been a subject of continuing controversy.

Experiments in the 1980s suggested that poliovirus entered cells in clathrin-coated 
vesicles, and that uncoating occurred within acidified endosomes. Poliovirus was observed 
within clathrin-coated vesicles in electron micrographs,46 and agents that interfere with 
endosomal acidification (such as chloroquine and monensin) were reported to prevent (or at 
least delay) RNA release from the capsid.47,48 However, as discussed above, demonstrating 
a virus particle in a particular vesicle does not confirm that the vesicle is important for 
infection, and drugs may have nonspecific effects. Experiments with bafilomycin, a powerful 
inhibitor of the endosomal proton pump, subsequently demonstrated that poliovirus replication 
does not require endosomal acidification.49 Furthermore, inhibition of dynamin, a GTPase 
required for internalization of clathrin-coated vesicles, does not block poliovirus replication 
in HeLa cells.50 It thus appears that classical endocytosis and endosomal acidification are 
not essential.

Two recent studies support this view, and suggest that poliovirus may follow different 
entry routes in different cells. In the first, the entry of individual polio virions (with distinct 
fluorescent labels incorporated in RNA and capsid proteins) was examined in live HeLa 
cells.51 Virions were seen to enter the cell in small vesicles and release their RNA molecules 
while very close to the cell surface. Entry did not require clathrin, caveolin, or flotillin, 
and the identity of the entry vesicles remains uncertain. However, an inhibitor of tyrosine 
kinases blocked entry, suggesting a possible role for kinase signaling.

In a second recent study,52 we have found evidence for a different entry pathway in a 
different cell type: in microvascular endothelial cells derived from human brain, poliovirus 
entry requires both dynamin and caveolin (but not clathrin), and virus is detected within 
the cells in vesicles containing caveolin. Conversion to A particles appears to occur after 
contact with PVR on the cell surface, but the release of RNA from A particles does not 
appear to occur until virus has entered the cell. It is unclear what intracellular stimulus is 
required for the A particle to proceed further in the uncoating process.

FOOT AND MOUTH DISEASE VIRUS (FMDV) UNCOATS  
IN AN ACIDIC ENDOSOME

FMDV is transmitted by the respiratory route, and unlike poliovirus, has not evolved 
to resist gastric acidity. The capsid is labile even in mildly acidic conditions, dissociating 
into pentamers at pH 6.5.53 However, contact with receptors on the cell surface does not 
cause FMDV to undergo conformational changes or release VP4.54 Once internalized, 
virions are rapidly degraded to 12S pentameric capsid subunits with no intermediate 
135S or 80S structures detected.
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After attachment to the receptor, integrin v 6, FMDV enters the cell in clathrin-coated 
vesicles, then traffics to early endosomes.55,56 FMDV can infect cells lacking specific 
receptors by an antibody-dependent, Fc receptor-mediated pathway, suggesting that 
specific receptors are not required to trigger uncoating.57 Because FMDV is acid-labile, 
delivery to endosomes is sufficient for uncoating to occur. In contrast, for acid-stable 
viruses like poliovirus and coxsackievirus, contact with a specific receptor is needed to 
trigger uncoating.

RHINOVIRUSES USE BOTH RECEPTOR-MEDIATED AND ENDOSOMAL 
TRIGGERS FOR UNCOATING

Human rhinoviruses (HRV) are also susceptible to acid, although some are more 
stable than others. Twelve of the approximately 100 rhinovirus serotypes (the minor group, 
which includes HRV2 and HRV14) bind to the members of the low density lipoprotein 
receptor (LDLR) family. LDLR does not bind within the canyon, but interacts with a 
star-shaped prominence on the viral surface. Once bound to the receptor, virus enters the 
cell (probably in clathrin-coated vesicles,58 although clathrin-independent mechanisms 
have also been suggested59), and traffics to endosomes, where acidification leads to capsid 
disassembly and release of RNA. The receptor serves primarily to deliver the virus to 
the acidic endosomal compartment, and does not itself induce essential conformational 
changes. Under acidic conditions virus is released from the LDL receptor, so it is likely 
that uncoating within the endosome occurs when the virus and receptor are no longer 
in contact.60

Nearly 90 rhinovirus serotypes (the major group) bind to the N-terminal domain 
of ICAM-1, which interacts with the viral canyon. Attachment to ICAM is followed by 
internalization of virions to the endosomal compartment, and exposure to low pH. HRV3 
and HRV14—both of which lack the pocket factor proposed to stabilize the capsid—are 
induced to form A particles when they interact with ICAM, even at neutral pH.13,45 HRV16, 
which does have a pocket factor, remains stable when bound to the receptor at neutral 
pH. However, under mildly acidic conditions (pH 5.5-6.0, similar to the environment 
within an endosome), contact with receptor induces uncoating of HRV16.61 Thus, both 
the receptor and the endosomal environment contribute to the uncoating of some major 
group HRV. Experiments with agents that inhibit endosomal acidification suggest that 
HRV16 and other viruses that are more stable to receptor-induced changes are more 
dependent on endosomal acidification for uncoating and infection.61

Some major group RV (HRV5462 and variants of HRV8963) can infect ICAM-deficient 
cells by binding to an alternate receptor, heparan sulfate proteoglycan. The relevant 
mutations in HRV89 are localized at the interfaces between capsid protomers as well as at 
the binding site for heparin.64 Because ICAM itself destabilizes the capsid, ICAM-dependent 
infection by these viruses is not blocked by bafilomycin, a proton pump inhibitor that 
prevents endosomal acidification; in contrast, heparan sulfate does not destabilize the capsid, 
and heparan sulfate-dependent infection is blocked by bafilomycin. Thus, it appears that 
the strength of protomer-protomer interactions helps determine the strength of the signal 
required for uncoating: the most stable virions require both receptor-mediated disruption 
and low pH, but less stable virions uncoat in response to milder stimuli.

If uncoating occurs in an endosomal vesicle, RNA must traverse the endosomal 
membrane to reach the cytosol. In the case of HRV2, RNA is released within late 
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endosomes; uncoating virions induce size-selective pores that are likely to permit RNA to 
escape.65 In contrast, HRV14 causes a larger-scale disruption of the endosomal membrane 
releasing 135S and 80S particles into the cytosol;66 whether the 135S particles undergo 
further uncoating remains unclear.

ECHOVIRUS 1 NEEDS CAVEOLAE FOR ENTRY

Echovirus 1 (EV1) binds to an integrin receptor ( 2 1);67,68 cryo-electron microscopy 
reveals that the 2 I-domain inserts into the viral canyon.69 In vitro, interaction with 
soluble I domain does not trigger A particle formation,69 but A particles are formed during 
infection,70 and it is unclear whether other parts of the integrin, or an additional factor, 
are required. Clustering of 2 1 by antibodies leads to activation of protein kinase C 
(PKC ), and internalization of the receptor in vesicles containing caveolin (thought to be 
caveolae and caveosomes).71 EV1 also causes clustering of integrins, and it is internalized 
with the receptor in caveolar vesicles.72 Entry and infection are blocked by inhibitors of 
PKC , suggesting that a receptor-induced PKC signal is required; entry also requires 
dynamin, as well as the activity of one or more tyrosine kinases.70

Although virus rapidly enters the cell, A particles are not detectable for 1-2 hrs, 
suggesting that uncoating does not begin until virus enters the cell and has been transported 
to caveosomes. Viral proteins and viral RNA remain concentrated in caveosomes for 
several hours, and do not appear to traffic elsewhere before replication begins. It is 
possible that EV1 uncoating occurs in caveosomes, but it is not clear what initiates the 
uncoating process within these neutral-pH vesicles.

COXSACKIEVIRUSES: MULTIPLE RECEPTORS SERVE  
DISTINCT FUNCTIONS

CAR and DAF Serve Distinct Functions in Virus Entry

All group B coxsackieviruses (CVB) bind to the coxsackievirus and adenovirus receptor 
(CAR),73-75 but a subset of CVB also bind to decay accelerating factor (DAF).76,77 CAR, 
an immunoglobulin family member like PVR and ICAM-1, binds to the CVB canyon.14 
Contact with CAR in vitro is sufficient to trigger A particle formation,21 and expression 
of CAR permits transfected rodent cells to become infected.73,74 A subset of CVB also 
bind to a second receptor, decay accelerating factor (DAF).76,77 Unlike CAR, DAF does 
not initiate conversion of virus to A particles,21 and although virus binds to human DAF 
on transfected rodent cells, no infection occurs. There has been a continuing question 
about why CVB and other enteroviruses and rhinoviruses bind to DAF, when interaction 
with DAF appears insufficient for infection.

A CVB4 isolate has been reported to enter cells by a lipid-raft-dependent mechanism, 
independent of clathrin-mediated processes.78 In contrast, CVB3 entry into HeLa cells 
has been reported to occur by a clathrin-mediated pathway, and to depend on endosomal 
acidification.79 In neither of these studies was it determined whether the virus isolate bound 
DAF. Other investigators have reported that a DAF-binding isolate of EV11 enters cells by 
a mechanism different from that used by an EV11 isolate that does not bind DAF.80 It will 
be interesting to determine whether DAF-binding and DAF-independent isolates enter HeLa 
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cells by different routes, but important insights into DAF function come from studies of 
polarized epithelial cells, a cell type with—perhaps—greater relevance to viral pathogenesis.

CVB and other enteroviruses are transmitted by the fecal-oral route, and must cross 
the intestinal mucosa to initiate infection. The intestines are lined by polarized epithelial 
cells, with distinct apical and basolateral surfaces; although virus in the intestinal lumen 
is free to interact with apical cell membranes, intercellular tight junctions prevent virus 
access to basolateral membranes, and interfere with penetration of virus into deeper 
cell layers. CAR is a component of the tight junction,81 and it is absent from the apical 
surface and inaccessible to virus (Fig. 4A). As a result, application of CAR-dependent 
viruses to the apical surface results in little, if any, infection.81 In contrast, DAF is highly 

Figure 4. Coxsackievirus interaction with polarized epithelial cells. A) Tight junctions (TJ) separate the 
apical membrane from the basolateral membrane, and prevent passage of solutes across the epithelial 
layer. CAR is a component of the tight junction; DAF is expressed on the apical surface. B) CVB3 
binds to DAF on the apical surface of a polarized epithelial cell (1); DAF clustering (2) initiates 
signals that permit virus movement to the tight junction (3). At the junction, virus interacts with CAR 
and is converted to A-particles, then enters the cell in a caveolin-containing vesicle (4) and moves to 
the perinuclear region (5). C) CVB3-induced signals required for entry. Clustering of DAF leads to 
activation of Abl and Rac, inducing actin rearrangements that permit virus movement the TJ. DAF 
clustering activates Fyn, leading to phosphorylation of caveolin. CVB3 also induces macropinocytosis, 
which requires activation of Ras, as well as Rab5 and Rab34. It is not yet known whether the signals 
required for macropinocytosis are induced by DAF clustering or by another mechanism.
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expressed on the apical membrane, and DAF-binding CVB3 and CVB5 isolates infect 
polarized epithelium.82 We suspect that DAF provides a means for CVB, and possibly 
for other enteroviruses, to interact with intestinal epithelium as virus is transmitted from 
person to person.

The CVB entry route in polarized epithelial cells is complex83 (Fig 4B). Virus binds 
to DAF on the apical cell surface then moves to the tight junction (TJ); there it interacts 
with CAR and is converted to A particles. (CAR is essential; when CAR is depleted with 
siRNA, virions move to the TJ, but fail to undergo conversion to A particles, and fail to 
enter the cell.) Virus then enters the cell, appearing first in caveolin-containing vesicles 
in the cell periphery, then moving to a perinuclear location. It appears that uncoating 
does not occur until virus has moved deep into the cell. We have found (unpublished 
observations) that in the presence of nocodazole, an inhibitor of microtubule formation, 
virus does not move to the perinuclear compartment, 135S particles are not converted to 
80S empty capsids, and infection is prevented; however, nocodazole has no effect on virus 
replication when viral RNA is transfected directly into the cell. Conversion to A particles 
and release of RNA thus occur at different sites within (or on the surface of) the cell.

VIRUS-INDUCED SIGNALS ARE REQUIRED FOR ENTRY

DAF Mediated (and Other) Signals Required for CVB Entry

DAF does more than permit CVB to attach to polarized epithelium. It also initiates 
multiple intracellular signals required for entry.83 By clustering DAF, virus activates c-Abl, 
a tyrosine kinase responsible for initiating cytoskeletal rearrangements that permit virus 
movement to the TJ. At the same time, DAF mediates activation of Fyn, a Src family kinase 
that induces phosphorylation of caveolin, permitting virus entry from the TJ (Fig. 4C).

Although internalization of caveolae is thought to require the activity of dynamin 
GTPase, dynamin is not required for caveolin-dependent entry of CVB. We do not 
know whether virus enters the cell in typical caveolae, or whether it enters by another 
caveolin-dependent mechanism. CVB entry is accompanied by the activation of 
macropinocytosis, and the internalization of a tight junction protein—occludin—in 
macropinosomes.84 We have found that CVB entry requires occludin, as well as a number 
of regulatory molecules (including PI3 kinase, Rab34, Rab5, and Ras) that are also required 
for macropinocytosis of occludin; furthermore, drugs that inhibit macropinocytosis, such 
as amiloride and rottlerin‚ prevent CVB entry from the TJ. It thus appears that CVB 
entry in polarized cells involves a distinctive process that combines elements of caveolar 
endocytosis with features generally associated with macropinocytosis.

PVR SIGNALS IN POLIOVIRUS ENTRY

As mentioned above, we have recently found that poliovirus enters human brain 
microvascular endothelial cells (HBMEC) by a caveolin-dependent mechanism that is 
clearly different from the entry route in HeLa cells. HBMEC are polarized cells that 
replicate features of the blood-brain barrier, and they may provide insights into the 
mechanisms by which poliovirus spreads from the bloodstream to the central nervous 
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system. Strikingly, the function of PVR in infection of HBMEC is not limited to its role 
in virus attachment and uncoating. PVR ligation by virus initiates signals within the 
cell that are required for entry from the cell surface. The PVR cytoplasmic domain is 
phosphorylated after contact with virus, and phosphorylated PVR recruits and activates a 
protein tyrosine phosphatase, SHP-2, that is essential for virus entry and infection. PVR 
ligation also triggers activation of Rho GTPase, leading to dramatic rearrangements of 
the actin cytoskeleton that are important for entry as well.

Receptor-induced signals are thus required for caveolin-dependent entry by at 
least three picornaviruses—EV1, PV, and CVB3. Because caveolar endocytosis is 
triggered by specific ligands, such signals may be particularly important for virus entry 
by caveolin-dependent mechanisms. Nonetheless, We believe it likely that a virus may 
evolve to use a specific receptor not only because the receptor is expressed on particular 
target cells, but also because its intrinsic signaling capacity serves to prime the cell for 
entry and infection.

CONCLUSION AND FUTURE PERSPECTIVES

The past several years have provided a number of advances in our understanding of 
picornavirus entry. Progress has been made in understanding the structural changes in 
the virion important for uncoating. For a number of viruses, the endocytic mechanisms 
responsible for internalization have been identified, as have the sites at which uncoating 
occurs. It has become clear that entry is not a passive process, and that viruses initiate 
specific signals required for entry. And we have begun to recognize that for a given 
virus, there may be multiple routes of entry, depending on the particular target cell and 
the receptors available on that cell.

Important questions remain. To understand how RNA exits the picornavirus capsid 
and traverses the membrane will require that structural biologists capture the moment 
of RNA release; recent structural studies of poliovirus bound to a membrane-receptor 
complex85,86 are an important step in that direction. Much of our recent understanding 
of the cell biology of entry has come from the use of fluorescence microscopy, as well 
as the use of siRNA and dominant-negative mutants to dissect the cellular components 
required for entry. Understanding the dynamic process by which viruses enter the cell, 
disassemble, and traffic to appropriate intracellular compartments is likely to benefit 
greatly from imaging techniques that make it possible to track individual virions and 
viral genomes in a living cell.87 The application of broad siRNA screens88 to the entry 
process is likely to enhance our appreciation of the complex interactions between virus 
entry mechanisms and cellular signaling pathways.
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Abstract:  Mammalian orthoreoviruses (reoviruses) are members of the Reoviridae. Reoviruses 
contain 10 double-stranded (ds) RNA gene segments enclosed in two concentric 
protein shells, called outer capsid and core. These viruses serve as a versatile 
experimental system for studies of viral replication events at the virus-cell interface, 
including engagement of cell-surface receptors, internalization and disassembly, 

cellular signaling pathways. Reoviruses also provide a model system for studies of 
virus-induced apoptosis and organ-specific disease in vivo.

  Reoviruses attach to host cells via the filamentous attachment protein, 1. 
The 1 protein of all reovirus serotypes engages junctional adhesion molecule-A 
(JAM-A), an integral component of intercellular tight junctions. The 1 protein also 
binds to cell-surface carbohydrate, with the type of carbohydrate bound varying by 
serotype. Following attachment to JAM-A and carbohydrate, reovirus internalization 
is mediated by 1 integrins, most likely via clathrin-dependent endocytosis. 
In the endocytic compartment, reovirus outer-capsid protein 3 is removed by 
acid-dependent cysteine proteases in most cell types. Removal of 3 results in the 
exposure of a hydrophobic conformer of the viral membrane-penetration protein, 

1, which pierces the endosomal membrane and delivers transcriptionally active 
reovirus core particles into the cytoplasm.

  Reoviruses induce apoptosis in both cultured cells and infected mice. Perturbation 
of reovirus disassembly using inhibitors of endosomal acidification or protease 

Viral Entry into Host Cells, edited by Stefan Pöhlmann and Graham Simmons. 
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and activation of the innate immune response, including NF‑κB‑dependent 
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activity abrogates apoptosis. The 1-encoding M2 gene is genetically linked to 
strain-specific differences in apoptosis-inducing capacity, suggesting a function 
for 1 in induction of death signaling. Reovirus disassembly leads to activation 
of transcription factor NF- B, which modulates apoptotic signaling in numerous 
types of cells. Inhibition of NF- B nuclear translocation using either pharmacologic 
agents or expression of transdominant forms of I B blocks reovirus-induced 
apoptosis, suggesting an essential role for NF- B activation in the death response. 
Multiple effector pathways downstream of NF- B-directed gene expression execute 
reovirus-induced cell death. This chapter will focus on the mechanisms by which 
reovirus attachment and disassembly activate NF- B and stimulate the cellular 
proapoptotic machinery.

INTRODUCTION

For several virus families, significant progress has been made in understanding the 
molecular events associated with viral entry into host cells. Viral entry steps include stable 
attachment of the virus to the cell surface, penetration of the virus into the interior of the 
cell, disassembly of the viral capsid, and activation of the viral genetic program. These 
steps are essential for the virus to traverse the extracellular environment to the cellular 
compartment in which viral transcription and replication occur. Viral entry mechanisms 
also have relevance to viral pathogenesis as these events often determine target cell 
selection within the host, which dictates the site of virus-induced disease. Moreover, 
entry steps can induce intracellular signaling cascades that influence whether cells enter 
into an antiviral state or undergo apoptosis. In this chapter, we consider mechanisms of 
reovirus cell entry and describe our current understanding about how these entry events 
initiate proapoptotic signaling.

PATHOGENESIS OF REOVIRUS INFECTION

Members of the Reoviridae family are nonenveloped viruses containing genomes of 
9-12 segments of double-stranded (ds) RNA1 (Fig. 1). This family includes mammalian 
orthoreoviruses (reoviruses), orbiviruses, and rotaviruses. For reoviruses, the viral proteins 
are designated with a Greek letter corresponding to the size of the encoding genome 
segment: sigma ( ) for proteins encoded by small genome segments, mu ( ) by medium 
segments, and lambda ( ) by large segments. Each of the genome segments encodes a 
single protein with the exception of the S1 gene, which encodes the viral attachment 
protein, 1, and a small nonstructural protein, 1s. Like other members of the Reoviridae, 
reovirus particles are formed from concentric protein shells. Two such shells exist for 
reoviruses, called outer capsid and core.1

Reoviruses can infect many mammalian species, including humans, although they are 
rarely associated with disease.1,2 Three reovirus serotypes have been recognized based on 
neutralization and hemagglutination profiles. Each is represented by a prototype strain, 
type 1 Lang (T1L), type 2 Jones (T2J), and type 3 Dearing (T3D), which differ primarily 
in 1 sequence.3,4 The pathogenesis of reovirus infections has been most extensively 
studied using newborn mice, in which serotype-specific patterns of disease have been 
identified. 1,2 The best characterized of these models is reovirus pathogenesis in the murine 
central nervous system (CNS).
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Following oral or intramuscular inoculation of newborn mice, strains of serotype 
1 and serotype 3 reoviruses invade the CNS. However, these strains disseminate in 
the host by different routes and have distinct pathologic consequences. Serotype 1 
reovirus spreads to the CNS hematogenously and infects ependymal cells,5,6 resulting 
in hydrocephalus.7 In contrast, serotype 3 reovirus spreads to the CNS by neural 
routes and infects neurons,5,6,8 causing lethal encephalitis.7,9 Studies using T1L x T3D 
reassortant viruses have shown that the pathways of viral spread5 and tropism for neural 
tissues6,10 segregate with the viral S1 gene. Since the S1 gene encodes attachment 
protein 1,11,12 these studies suggest that 1 dictates the CNS cell types that serve as 
targets for reovirus infection, presumably by its capacity to bind to receptors expressed 
by specific CNS cells.

ATTACHMENT RECEPTORS: CELL-SURFACE SIALIC ACID  
AND JUNCTIONAL ADHESION MOLECULE-A

The 1 protein is a filamentous, trimeric molecule about 480 Å in length with 
distinct head-and-tail morphology13,14 (Fig. 2). Independent domains of the protein 
mediate binding to different types of cell-surface receptors. Sequences in the N-terminal 

1 tail bind to carbohydrate, which is known to be sialic acid in either 2,3 or 2,6 
linkages for serotype 3 reoviruses.15-19 The C-terminal 1 head binds to junctional 
adhesion molecule-A (JAM-A, previously called JAM or JAM1),20 a member of 

Figure 1. The reovirus virion. A) Schematic of a reovirus virion. Reovirus virions are composed of two 
concentric protein shells, outer capsid and core. The core contains the viral genome, which consists of 
10 segments of double-stranded RNA. B) Cryo-EM image reconstruction of a reovirus virion at 23 Å 
resolution. Note the finger-like projections of 3 (blue) that sit atop a layer of 1 (green). The 2 protein 
(yellow) forms a pentamer at each of the virion fivefold symmetry axes. Figure modified from: Nason 
E et al, J Virol 75:6625-6634; ©2001 with permission from the American Society for Microbiology.74
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the immunoglobulin (Ig) superfamily that regulates formation of intercellular tight 
junctions.21-23 The 1 tail partially inserts into the virion, while the head projects away 
from the virion surface.13,24

The crystal structure of the C-terminal half of T3D 1 (residues 170-455) reveals 
a homotrimer with an unusual structural fold25,26 (Fig. 2). N-terminal residues in the 
crystallized fragment (170-309) form the body domain, which consists of seven -spiral 
repeats interrupted by a short stretch of -helix. -spiral repeats are also observed in 
the adenovirus fiber27 and avian reovirus C.28 C-terminal residues form the compact 
head domain (310-455), which consists of an 8-stranded -barrel. Sequence analysis, 
coupled with the crystallographic data, has facilitated the development of a model of 
full-length 125 (Fig. 2). The 1 tail is predicted to contain ~20 heptad repeats of an 
N-terminal -helical coiled-coil.3,4

Both murine (m) and human (h) homologs of JAM-A function as reovirus 
receptors.20 The crystal structure of the extracellular region of hJAM-A consists of 
two concatenated immunoglobulin domains (D1, membrane distal and D2, membrane 
proximal)29 (Fig. 3). Two monomers form a symmetrical dimer that is stabilized by 
extensive ionic and hydrophobic contacts between the D1 domains. Like the structures 
of reovirus 1 and adenovirus fiber, the structures of JAM-A and the coxsackievirus 
and adenovirus receptor (CAR) are strikingly similar.30 These observations suggest that 
reovirus and adenovirus use similar mechanisms of attachment. In concordance with 
this prediction, the 1 head binds to the membrane-distal D1 domain of monomeric 
JAM-A,31,32 analogous to the mechanism by which the adenovirus fiber binds to CAR.33,34

The presence of discrete receptor-binding domains in 1 suggests that reoviruses 
employ a multiple-step binding process similar to that used by some herpesviruses35,36 
and retroviruses.37,38 Binding studies using isogenic point-mutant viruses T3SA+ and 
T3SA-, which vary only in the capacity to engage sialic acid,39 support this hypothesis. 
Kinetic analyses using inhibitors of sialic acid and JAM-A binding demonstrate that 
sialic acid is engaged first in the adsorption process, as the inhibitory effect of sialic 
acid analogs on infection by T3SA+ occurs at early but not late timepoints.39 However, 
a 1-specific monoclonal antibody (mAb) that blocks virus binding to JAM-A inhibits 

Figure 2. Attachment protein 1. Full-length model of 1 generated by adding a trimeric -helical 
coiled-coil to the N-terminus of the crystallized 1 fragment.26 The three monomers of the crystallized 
fragment are shown in red, yellow, and blue; the model is shown in grey. Regions of the molecule 
that interact with sialic acid and JAM-A are indicated.
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viral infectivity at both early and late times during adsorption.39 Thus, reovirus binding 
to sialic acid enhances virus attachment through rapid adhesion of the virus to the cell 
surface where access to JAM-A is thermodynamically favored.

INTERNALIZATION RECEPTORS: 1 INTEGRINS

Although engagement of JAM-A is required for high-affinity attachment of reovirus 
to cells, binding to this receptor does not appear to stimulate viral internalization. 
Expression of a JAM-A mutant lacking a cytoplasmic tail in nonpermissive cells 
confers full susceptibility to reovirus infection, suggesting that cell-surface molecules 
other than JAM-A mediate viral internalization following attachment.40 Outer-capsid 
protein 2, which serves as the structural base for 1,13,24 contains integrin-binding 
sequences,41 raising the possibility that integrins mediate reovirus endocytosis. Integrins 
are heterodimeric cell-surface molecules that consist of  and  subunits.42 Integrins 
function to mediate cellular adhesion to the extracellular matrix, regulate cellular 
trafficking, and transduce both outside-in and inside-out signaling events.43 Consistent 
with a role for integrins in reovirus internalization, a 1 integrin-specific antibody, 
but not antibodies specific for other integrin subunits, inhibits reovirus infection.40 In 
comparison to isogenic cells expressing 1 integrin, uptake of reovirus into 1-deficient 
mouse embryonic stem cells is substantially diminished40 (Fig. 4). This defect in uptake 
is associated with a parallel reduction in infectivity. Additionally, mutations in the 
NPXY motifs in the cytoplasmic tail of 1 integrin result in mislocalization of virions 
to lysosomes.44 These data provide strong evidence that 1 integrins facilitate reovirus 
internalization and suggest that viral entry occurs by interactions of reovirus virions 
with independent attachment and entry receptors on the cell surface.

Figure 3. Crystal structure of the JAM-A extracellular region. Ribbon drawings of the hJAM-A dimer, 
with one monomer shown in yellow and the other in blue. Disulfide bonds are shown in green. The D1 

Figure modified from: Prota AE et al, Proc Natl Acad Sci USA 100:5366-5371; ©2003 with permission 
from the National Academy of Sciences, USA.29

domain is distal to the cell membrane. The two views differ by rotation of 90˚ along a vertical axis. 
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STEPWISE DISASSEMBLY IN THE ENDOCYTIC COMPARTMENT

Following attachment to cell-surface receptors, reovirus virions are delivered into 
the endocytic pathway (Fig. 5). Although conclusive evidence for the mechanism of 
internalization is lacking, current data support a role for clathrin-dependent endocytosis 
in reovirus cell entry. Thin-section EM images show virions in structures that resemble 
clathrin-coated pits on the cell surface and in clathrin-coated vesicles in the cytoplasm,45-48 
suggesting clathrin-dependent uptake. Reovirus virions and clathrin colocalize during 
internalization,49 providing further evidence that reovirus entry is mediated by a mechanism 
involving clathrin.

Vesicles containing internalized reovirus virions are transported via microtubules50 
and accumulate in late endosomes.45-48,50,51 In the endocytic compartment, reovirus virions 
undergo stepwise disassembly forming sequential disassembly intermediates, the first of 
which is the infectious subvirion particle (ISVP) (Fig. 5). ISVPs are characterized by the loss 
of outer-capsid protein 3, a conformational change in attachment protein 1, and cleavage 
of outer-capsid protein 1 to form particle-associated fragments,  and . Following further 
processing, ISVP-like particles (called ISVP*s) penetrate endosomal membranes, leading to 
release of transcriptionally active core particles, which lack 1 and 1, into the cytoplasm. 
Thus, the disassembly process consists of a highly coordinated series of events that are 
dependent on host cell functions that act upon discrete components of the viral outer capsid.

Insight into mechanisms of reovirus disassembly was first provided by using 
pharmacologic inhibitors of endosomal acidification and protease function. Treatment of 
murine L929 (L) cells45,52,53 with the weak base ammonium chloride (AC), which raises 
the pH of endosomes and lysosomes,54,55 blocks replication of reovirus when infection 

Figure 4. 1 integrin enhances reovirus entry into cells. (A) GD25 1A ( 1 +/+) and (B) GD25 ( 1 -/-) cells 

actin (red), and DNA (blue), and imaged using confocal immunofluorescence microscopy. Representative 
digital fluorescence images of the same field are shown in each row. Figure modified from: Maginnis MS 
et al, J Virol 80:2760-2770; ©2006 with permission from the American Society for Microbiology.40

were chilled, adsorbed with T1L virions, and incubated at 4˚C for 1 h. Nonadherent virus was removed, warm 
medium was added, and cells were incubated at 37˚C for 30 min. Cells were fixed, stained for reovirus (green), 
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is initiated with virions. However, ISVPs generated in vitro by treatment of virions with 
the intestinal serine proteases chymotrypsin or trypsin can infect AC-treated cells.45 This 
finding indicates that the block to reovirus replication mediated by AC occurs following 
internalization but prior to disassembly. Similarly, treatment of L cells with E64, an inhibitor 
of cysteine proteases,56 arrests infection by reovirus virions but not by ISVPs,57-60 suggesting 
that one or more endocytic cysteine proteases effects reovirus disassembly in host cells.

A CRITICAL ROLE FOR CATHEPSINS IN REOVIRUS  
ENDOSOMAL DISASSEMBLY

The major cysteine proteases in the endocytic compartment of fibroblasts such 
as L cells are cathepsins B, H, and L, with cathepsin L being the most abundant in 
several cell types.56,61-64 Infection of either L cells treated with the cathepsin L inhibitor 
A-Phe-Tyr(t-Bu)-diazomethyl ketone or cathepsin L-deficient mouse embryo fibroblasts 
results in inefficient proteolytic disassembly and decreased viral yields. In contrast, L 
cells treated with the cathepsin B inhibitor CA-074Me and cathepsin B-deficient mouse 
embryo fibroblasts support reovirus disassembly and growth. However, removal of both 
cathepsin B and cathepsin L activity completely abrogates disassembly and growth of 
reovirus. Concordantly, cathepsin L mediates reovirus disassembly more efficiently than 
cathepsin B in vitro.65 These results demonstrate that either cathepsin L or cathepsin B 
is required for reovirus entry into murine fibroblasts and indicate that cathepsin L is 
the primary mediator of reovirus disassembly in these cells. However, proteases other 
than cathepsin B and cathepsin L are capable of ISVP formation in other types of cells. 
In P388D cells, a macrophage-like cell line, cathepsin S, an acid-independent cysteine 
protease,66 mediates uncoating of some strains of reovirus.67 Titers of reovirus in mice 
lacking cathepsin B, L, or S are decreased at early times post-infection, indicating the 

Figure 5. Stepwise disassembly of reovirus. Following attachment to cell-surface carbohydrate (sialic 
acid for serotype 3 [T3] strains) and JAM-A, reovirus uses 1 integrin to enter cells by receptor-mediated 
endocytosis. In the endocytic compartment, the viral outer capsid undergoes acid-dependent proteolysis. 
The first disassembly intermediate is the ISVP, which is characterized by loss of 3 and cleavage of 

1 into particle-associated fragments  and . The ISVP then undergoes further conformational changes 
to form the ISVP*. The ISVP* is characterized by loss of attachment protein 1 and conformational 
rearrangements of the 1 cleavage fragments to expose hydrophobic residues. The 1 fragments 
mediate viral penetration of the endosomal membrane, releasing the transcriptionally active core into 
the cytoplasm. Treatment of cells with either AC or E64 blocks virion-to-ISVP conversion.
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importance of these proteases in reovirus replication in vivo.68 However, other proteases 
in the enteric tract or airway also facilitate reovirus infection.69

OUTER-CAPSID PROTEIN 3, THE MAJOR TARGET FOR ENDOSOMAL  
PROTEASE ACTIVITY

The first step in the disassembly of reovirus virions is the proteolytic removal of 
outer-capsid protein 3.45,57 The 3 protein acts as a cap to protect 1,24 which is the viral 
protein that mediates membrane penetration.70-72 Reovirus 3 is a bi-lobed protein with its 
N-terminus in a virion-proximal smaller lobe bound to 1 and its C-terminus in a virion-distal 
larger lobe73,74 (Fig. 6A). Treatment of reovirus virions in vitro with either cathepsin B or 
cathepsin L leads to an initial cleavage of 3 most likely near the C-terminus of the protein.65 
During proteolysis by cathepsin L, subsequent cleavages occur between residues 243-244 
and 250-251,65 which are physically located near the 3 C-terminus73 (Fig. 6A,B). Because 
of this proximity, the small end fragment released following initial cathepsin L cleavage 
likely exposes the other two sites, rendering them sensitive to subsequent cleavage events. 
The C-terminus therefore appears to act as a “safety latch” that controls access to internal, 

Figure 6. The 3 protein. A) Ribbon diagram of the crystal structure of T3D 3.73 The cathepsin L 
cleavage sites in T1L are depicted in blue between amino acids 243 and 244 and between 250 and 251.65 
Surrounding residues, from amino acids 241 to 253, are shown in yellow. The C-terminal residues of 3, 
from amino acids 340 to 365, are colored red. Tyrosine 354, which is altered in several PI,75 D-EA,59 
and ACA-D viruses,76 is colored green. The virion-distal end of 3 is at the top of the figure, and the 
virion-proximal end and N-terminus are at the bottom. B) An enlarged view of the boxed region of 

3 indicated in panel B is shown using the same color scheme. Amino acids 243, 244, 250, 251, and 
354 are depicted in ball-and-stick representation. Figure and legend modified from: Ebert DH et al, 
J Biol Chem 277:24609-24617; ©2002 with permission from the American Society for Biochemistry 
and Molecular Biology.65
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proteolytically sensitive sites in 3. Because reovirus disassembly in some cell types is 
an acid-dependent process, the safety latch might be primed for movement at acidic pH. 
Numerous reovirus mutants, including those selected during persistent infection (PI viruses)75 
and those selected for resistance to either AC (ACA-D viruses)76 or E64 (D-EA viruses)59 
have mutations adjacent to the C-terminus of the protein (Fig. 6B). Residues at positions 
198 and 354 are particularly important for regulating protease susceptibility.77 Changes at 
these positions may mediate structural alterations in the safety latch that provide enhanced 
access to the cleavage sites located more internally in the protein.

MEMBRANE-PENETRATION PROTEIN 1

The 1 protein is genetically and biochemically linked to penetration of endosomal 
membranes by reovirus disassembly intermediates. Most of the 1 protein on mature 
virions is autocatalytically cleaved near the N-terminus to generate two fragments, 1N 
and 1C78,79 (Fig. 7). This cleavage is not required for virion assembly80 and may occur 
physiologically during the transition from the ISVP to the ISVP*.81 In ISVPs, 1C is 

Figure 7. The 1 protein. A) Ribbon diagram of the crystal structure of the T1L 1 trimer without 
bound 3.88 One 1 subunit is colored by domain (domain I, light and dark blue [ 1N, 1C]; domain 
II, light and dark green [ 1N, 1C]; domain III, red; domain IV, yellow); the other two 1 subunits 
are shown in gray. -octyl glucosides and sulfate ions present in the structure are shown in red and 
yellow. B) Surface-shaded representation of an isolated 1 subunit. Colors and orientation are as in 
(A). C) Domain segmentation of the amino acid sequence as determined from the three-dimensional 
structure. Domain color code as in (A) and (B). The central domain II contains domains I and III as 
“inserts,” and domain III similarly contains domain IV. Figure and legend modified from: Liemann S 
et al, Cell 108:283-295; ©2002 with permission from Elsevier.88
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further cleaved by either endocytic45,65 or intestinal82 proteases to form fragments  and , 
which remain particle-associated.83 However, the role of this cleavage in viral penetration 
is not understood, as core particles recoated with mutant forms of 1 incapable of /  
cleavage can establish productive infection.84 In addition, 1 is not cleaved at the /  
junction in ISVPs generated in the presence of alkyl sulfate detergents (dpSVPs), yet 
dpSVPs are infectious.58

Transformation from the ISVP to the ISVP* in vitro is triggered by differential 
cationic concentration or interactions with membranes.85,87 In contrast to ISVPs, ISVP*s 
lack 1 and have an altered conformer of 1 in which internal hydrophobic residues are 
exposed. ISVP*s are capable of membrane penetration and transcription initiation.85,87 
The conformational change in 1 may be the driving force for both the loss of 1 and 
the initiation of transcription.88 Mechanisms underlying these events are unknown, but it 
is possible that 1 rearrangement induces a conformational change in 2, the pentameric 
turret that anchors 1, causing 1 release.

Cleavage of intact 1 to form 1N and 1C is required for the generation of the 
ISVP*.80,81 Particles recoated with mutant forms of 1 incapable of 1N/ 1C cleavage can 
facilitate each of the entry steps, including 1 conformational changes and transcription 
initiation, but are deficient in membrane penetration.80 In addition to 1, the N-terminal 

1 fragment 1N is released from the ISVP* and forms membrane pores that recruit virus 
particles.85,86 The  fragment may act as a 1N chaperone. However, the full nature of 
the membrane-penetration complex is not completely understood. 

The conformational changes in 1 that accompany viral disassembly are thought to 
expose internal hydrophobic residues and release 1N from the particle as a consequence 
of massive rearrangement in the 1 structure.80,85,87,88 The cleavage of 1 to form 1N and 

1C is necessary for productive infection.80 However, it is not clear whether membrane 
penetration is accomplished by soluble or particle-associated 1N, perhaps acting in 
concert with other regions of the molecule. For example, an anion-binding site in domain 
IV lies on the outermost, solvent-exposed surface of the ISVP88 (Fig. 7). This site may 
bind to phospholipid head groups bringing the virus particle into proximity with the 
endosomal membrane. This association also might trigger rearrangements in 1 revealing 
the myristoylated 1N and the internal hydrophobic residues.

VIRAL DETERMINANTS OF APOPTOSIS INDUCTION BY REOVIRUS

Reovirus elicits the morphological and biochemical features of apoptosis in both 
cultured cells89-91 and in the murine CNS92,93 and heart.93-95 Insights into mechanisms by 
which reovirus induces apoptosis first emerged from studies of strain-specific differences 
in the efficiency of apoptosis induction. Reovirus strain T3D induces apoptosis to a much 
greater extent than T1L in a variety of cell types.89,90,96 Experiments using T1L x T3D 
reassortant viruses implicated the S1 and M2 genes as the key determinants of differences 
in the capacity of reovirus strains to induce apoptosis in L cells89 and Madin-Darby 
canine kidney (MDCK) cells.90 Linear regression analysis of these data pointed to a 
primary role for the S1 gene in apoptosis induction with a minor contribution from the 
M2 gene. These findings were corroborated by studies analyzing genetic determinants 
of differences in apoptosis efficiency displayed by T1L and another serotype 3 strain, 
type 3 Abney (T3A).97 Since no other viral gene segments are significantly associated 
with differences in apoptosis induction by serotype 1 and serotype 3 reovirus strains, 
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these studies collectively pinpoint important functions for the S1 and M2 genes in the 
induction of this cellular response.

The S1 gene encodes viral attachment protein 1 and nonstructural protein 1s 
from distinct but overlapping reading frames.98-100 The role of both proteins in apoptosis 
induction has been investigated. Reovirus strains T3C84 and T3C84-MA, which differ in 
the expression of 1s,101 do not differ in apoptosis-inducing capacity following infection 
of L cells or MDCK cells,101 indicating that the 1s protein is not required for apoptosis 
induction following infection of cultured cells. In contrast to those in vitro results, 1s 
appears to influence the kinetics and severity of apoptosis induction in both the heart and 
CNS of infected mice.102 However, since the viral strains compared in that study were 
not isogenic, it is not possible to exclude the involvement of other viral determinants in 
the observed differences in viral pathology. Studies using 1s-null viruses recovered by 
reverse genetics identified an essential role for 1s in establishing viremia and promoting 
viral dissemination to sites of secondary replication.103,104 However, the precise role of 

1s in apoptosis induction in vivo remains unknown.
The 1 protein binds to two cell-surface receptors, the proteinaceous receptor JAM-A20 

and a carbohydrate receptor. Strains of all three reovirus serotypes bind to JAM-A,20,29,31,105 
but only serotype 3 strains bind to sialic acid.16,18,106 Sialic-acid-binding strain T3SA+ induces 
significantly higher levels of apoptosis than isogenic nonsialic-acid-binding strain T3SA-.96 
Consistent with these findings, removal of cell-surface sialic acid with neuraminidase, or 
blockade of virus binding to cell-surface sialic acid using a soluble competitor, sialyllactose, 
abolishes the capacity of T3SA+ to induce apoptosis.96 These data indicate that the capacity 
to bind to sialic acid enhances the efficiency of apoptosis induced by reovirus infection. 
However, sialic acid binding is not sufficient to induce apoptosis. Blockade of 1 binding to 
JAM-A by using either 1- or JAM-A-specific mAbs also diminishes the apoptosis-inducing 
capacity of sialic-acid-binding reoviruses.20,89 Thus, attachment of 1 to both sialic acid 
and JAM-A is required for efficient induction of apoptosis.

Despite the role of the reovirus receptors in influencing apoptosis efficiency, receptor 
binding alone is not sufficient for apoptosis induction. Blockade of viral disassembly using 
either AC or E64 diminishes reovirus-induced apoptosis107 (Fig. 8A). On the other hand, 
inhibition of de novo viral RNA synthesis using ribavirin does not affect apoptosis induced 
by reovirus107 (Fig. 8B). Thus, in addition to sialic acid- and JAM-A-mediated attachment 
of reovirus to cells, replication steps that occur during or after viral disassembly but before 
the cytoplasmically delivered core becomes transcriptionally active also contribute to 
reovirus-induced apoptosis. Since the M2-encoded 1 protein functions in virus-induced 
endosomal membrane penetration following disassembly but prior to synthesis of viral 
RNA,80,83,88 the deleterious effects of reovirus disassembly inhibitors on apoptosis induction 
suggest a functional link between the M2 gene and differences in the efficiency of apoptosis 
exhibited by different reovirus strains in previous genetic studies.89,90,97

Further evidence for a role of the M2-encoded 1 protein in apoptosis induction 
was gathered in a study in which productive reovirus infection was initiated in 
JAM-A-negative, Fc receptor-expressing Chinese hamster ovary cells (CHO-B1) using 
reovirus preincubated with capsid-specific mAbs.108 Fc-mediated infection of CHO-B1 
cells was found to induce apoptosis in an antibody dose-dependent manner108 (Fig. 9). 
Furthermore, antibody-directed binding of reovirus to Fc receptors expressed on CHO-B1 
cells was not sufficient for reovirus-induced apoptosis. Analogous to apoptosis initiated 
following uptake via cognate receptors, apoptosis induced following the Fc-receptor 
dependent pathway is sensitive to inhibitors of viral disassembly but is not perturbed 
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Figure 8. Reovirus-induced apoptosis in cells treated with inhibitors of viral replication. A) HeLa 
cells were either mock infected or infected with T3SA+ virions or ISVPs at an MOI of 100 PFU/
cell and incubated in the absence or presence of 10 mM AC or 200 M E64. B) HeLa cells were 
either mock infected or infected with T3SA+ at an MOI of 1,000 PFU/cell prior to incubation in the 
absence or presence of ribavirin at the concentrations shown. Mock-infected cells were incubated 
in the presence of 200 M ribavirin. After incubation for 48 h (A and B), cells were stained with 
acridine orange. The results are expressed as the mean percentage of cells undergoing apoptosis for 
three independent experiments. Error bars indicate SD. Figure modified from: Connolly JL, Dermody 
TS, J Virol 76:1632-1641; ©2002 with permission from the American Society for Microbiology.107

by inhibitors of viral replication.108 These data suggest that regardless of the receptor 
used to initiate infection, reovirus-induced apoptosis requires events that occur during 
or after viral disassembly but prior to viral RNA synthesis. Uptake via Fc receptors 
also allows nonsialic acid-binding reovirus strains to efficiently induce apoptosis,108 

Figure 9. JAM-A-independent uptake of reovirus via Fc receptors leads to apoptosis. A) Reovirus 
T3D virions were incubated overnight with the indicated concentration of mAb 9BG5 and adsorbed 

cells were fixed using methanol. Infected cells were visualized by immunostaining with polyclonal 
rabbit anti-reovirus serum. Reovirus-infected cells were quantified by counting fluorescent cells. 
The results are presented as mean fluorescent focus units (FFU)/field. B) HeLa cells or CHO-B1 
cells were adsorbed with 100 PFU/cell of either virus or virus-antibody complex, harvested 48 h 
after infection, and stained with acridine orange. The results are expressed as the mean percentage 
of cells undergoing apoptosis for three independent experiments. Error bars indicate SD. Figure 
modified from: Danthi P et al, J Virol 80:1261-1270; ©2006 with permission from the American 
Society for Microbiology.108

to either HeLa cells or CHO‑B1 cells at an MOI of 100 PFU/cell. After incubation at 37˚C for 18 h, 



54 VIRAL ENTRY INTO HOST CELLS

suggesting that 1-mediated differences in the efficiency of apoptosis induction are 
eliminated following Fc-receptor mediated uptake. Collectively, these findings suggest 
that signaling pathways initiated as a result of ligation of 1 to sialic acid and JAM-A 
are dispensable for reovirus-induced apoptosis.

Differences in the capacity of T1L x T3D reassortant viruses to induce apoptosis 
following Fc-mediated uptake segregate strictly with the 1-encoding M2 gene,108 
providing further support for a role of the 1 protein in apoptosis induction. In addition, 
temperature-sensitive reovirus mutant tsA279.64, which bears a lesion in the M2 gene,109 
is defective in apoptosis induction108 (Fig. 10). Particles of this virus strain when grown 
at nonpermissive temperature contain a misfolded, membrane penetration-defective 1 
protein.109 In comparison to particles assembled at permissive temperature, those assembled 
at nonpermissive temperature are less efficient inducers of apoptosis. Moreover, reovirus 

1 mutants recovered by reverse genetics induce apoptosis less efficiently than does 
wild-type virus.110,111 These findings suggest that reovirus membrane-penetration protein 

1 induces proapoptotic signaling events during or after endosomal membrane penetration.

SIGNALING PATHWAYS ACTIVATED BY REOVIRUS INFECTION

NF- B

A critical component of the intracellular signal transduction apparatus activated 
following reovirus infection is nuclear factor- B (NF- B), a family of structurally related 
transcription factors that play important roles in cell growth and survival. Reovirus activates 
NF- B in cell culture beginning at 2-4 h post-infection and achieves maximal levels of 

Figure 10. Apoptosis induced by temperature-sensitive 1 mutant virus tsA279.64. HeLa cells were 
adsorbed with tsA279.64 grown at permissive or nonpermissive temperatures at the MOIs shown. After 

expressed as the mean percentage of cells undergoing apoptosis for three independent experiments. Error 
bars indicate SD. *, P < 0.05 by Student’s t-test relative to virions grown at permissive temperature at 
an equivalent MOI. Figure modified from: Danthi P et al, J Virol 80:1261-1270; ©2006 with permission 
from the American Society for Microbiology.108

incubation at 37˚C for 48 h, cells were harvested and stained with acridine orange. The results are 
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activation at 8-10 h post-infection91 (Fig. 11A). Electrophoretic mobility shift assays 
using antisera specific for p50 and p65 identified both of these subunits in the NF- B 
complexes activated during reovirus infection (Fig. 11B). Concordantly, cells devoid of 
either p50 or p65 do not activate NF- B following reovirus infection,91 supporting the 
involvement of these NF- B subunits in the complexes activated by reovirus. A second 
phase of NF- B regulation occurs in some cell types following viral RNA synthesis 
and involves downregulation of NF- B signaling through a mechanism dependent on 
the inhibition of I B  degradation.112 This sophisticated manipulation of a central cell 
fate-determining transcription factor emphasizes the importance of NF- B activation 
status in the reovirus replication cycle.

Mechanisms leading to NF- B activation following reovirus infection are not 
completely understood. The efficiency with which reovirus activates NF- B is influenced 
by viral attachment to both sialic acid96 and JAM-A.39 Viral disassembly also is required 
for NF- B activation, but subsequent events in viral replication are dispensable.107 
This finding suggests that replication steps following formation of ISVPs but before 
commencement of RNA synthesis are responsible for activating NF- B. Intriguingly, 
NF- B activation following reovirus infection occurs over a much longer time course 
than that elicited by other NF- B agonists such as TNF- ,113 suggesting that the viral 
agonist is constitutively active, similar to Epstein-Barr virus latent membrane protein 
1114 or human T-cell leukemia virus Tax.115

NF- B activation can either potentiate116-118 or inhibit apoptosis119-121 depending 
on the nature of the NF- B agonist. Three independent lines of evidence suggest that 
activation of NF- B by reovirus is proapoptotic in cultured cells.91 First, treatment of HeLa 
cells with proteasome inhibitors to block NF- B activation following reovirus infection 

Figure 11. Reovirus activates NF- B. A) NF- B DNA-binding activity following reovirus infection. 
HeLa cells were either mock-infected or infected with T3D at an MOI of 100 PFU/cell and incubated 

extracts were prepared and incubated with a [32P]-labeled oligonucleotide consisting of the NF- B 
consensus binding sequence. Incubation mixtures were resolved by acrylamide gel electrophoresis, dried, 
and exposed to film. NF- B-containing complexes are indicated. B) NF- B complexes activated by 
reovirus contain p50 and p65/RelA subunits. Nuclear extracts were prepared 10 h after viral adsorption. 
Extracts were incubated with no antibody, a control antibody, p50-specific antiserum ( -p50), p65-specific 
antiserum ( -p65), or both p50- and p65-specific antisera. NF- B complexes unaffected by antibody 
and complexes demonstrating retarded mobility with antibodies to p50 or p65 are indicated. Figure 
modified from: Connolly JL et al, J Virol 74:2981-2989; ©2000 with permission from the American 
Society for Microbiology.91

at 37˚C for the times shown. Uninfected cells also were treated with 20 ng/ml TNF‑α for 1 h. Nuclear 
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substantially diminishes reovirus-induced apoptosis. Second, transient expression of a 
dominant-negative form of I B that constitutively represses NF- B activation significantly 
reduces levels of apoptosis induced by reovirus. Third, apoptosis by reovirus is substantially 
diminished in mouse embryonic fibroblasts (MEFs) lacking either of the NF- B subunits 
p50 or p65 (Fig. 12). Together, these data indicate that NF- B plays an essential role in 
the mechanism by which reovirus induces apoptosis of host cells.

MAPKs

Mitogen-activated protein kinases (MAPKs) are important signal transducers 
that respond to a wide variety of stimuli. Several MAPKs transduce signals initiated 
by reovirus infection. Reovirus activates c-Jun NH2-terminal kinase (JNK) by 10-12 
h post-infection, and this activation is sustained for at least 20-30 h.122 Strain-specific 
differences in the capacity of reovirus to activate JNK and its downstream effector c-Jun 
correlate with the capacity of those strains to induce apoptosis, suggesting that JNK 
activation is required for apoptotic signaling. Additionally, cells lacking MEK kinase 
1 (MEKK1), an upstream activator of JNK, or engineered to express a kinase-inactive 
form of MEKK1 do not phosphorylate JNK or undergo apoptosis in response to reovirus 
infection.123 Pharmacologic inhibitors of JNK inhibit reovirus-induced apoptosis123 
but do not block reovirus growth,123,124 indicating that JNK activity is not required for 
reovirus replication. Interestingly, although JNK phosphorylates and activates c-Jun in 
response to reovirus infection, c-Jun activation is not required for apoptosis. These data 
indicate that JNK contributes to apoptosis induction via a mechanism independent of its 
activation of c-Jun,123 possibly through its effect on mitochondrial signaling pathways.

The p38 MAPK is activated by reovirus between 4-8 h post-infection; 125 however, 
p38 becomes downregulated at late times (24-48 h) post-infection.122 Pharmacologic 
inhibitors of p38 MAPK reduce reovirus growth in cells that express an activated 
Ras pathway, indicating that this pathway is important for replication of the virus.124 
Inhibition of p38 also blocks reovirus-induced secretion of the proinflammatory 

Figure 12. Apoptosis induced by reovirus is diminished in cells lacking NF- B subunits p50 and p65. 
Cells were either mock-infected or infected with T3D at an MOI of 100 PFU/cell. After incubation 

percentage of cells undergoing apoptosis for three independent experiments. Error bars indicate SD. 
Figure modified from: Connolly JL et al, J Virol 74:2981-2989; ©2000 with permission from the 
American Society for Microbiology.91

at 37˚C for 48 h, cells were stained with acridine orange. The results are expressed as the mean 
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cytokines IL-1  and TNF- .125 However, pharmacologic inhibitors of p38 have no 
effect on reovirus-induced apoptosis,122 indicating that this pathway is distinct from 
NF- B-mediated death signaling during reovirus infection.91 Finally, although reovirus 
infection activates the MAPK extracellular signal-regulated kinase (ERK) at early 
(10-30 min) and late (24 h) times post-infection, pharmacological inhibitors of ERK 
do not inhibit reovirus-induced apoptosis.122 The role of ERK activation in reovirus 
replication is unknown.

Ras

Reovirus replication is potentiated in transformed cells containing an activated Ras 
pathway.126,127 Expression of constitutively active signal transducers in the Ras pathway, 
including the vErbB oncogene and v-Ras-h, render nonpermissive cells permissive 
for reovirus replication.128,129 This activity is mediated by the small G protein Ral and 
its guanine nucleotide exchange factors (RalGEFs) and p38 MAPK.124 Activated Ras 
also can inhibit the antiviral protein kinase R (PKR),130 which blocks protein synthesis 
and inhibits reovirus growth.127 These observations suggest that the increased yield of 
reovirus following infection of transformed cells is due in part to suppression of PKR. 
The capacity of reovirus to preferentially infect and kill transformed cells has led to 
several studies evaluating its potential as an oncolytic agent.129,131-133

IRF-3

Innate immune responses are stimulated following reovirus infection, leading to the 
activation of transcription factor IRF-3 and the subsequent induction of a type I interferon 
(IFN) response. Reovirus activates IRF-3 in HeLa cells by 2-4 h post-infection and 
stimulates maximal transcription factor activity by 8-12 h.134 IRF-3 activation depends 
on the cellular dsRNA sensors RIG-I, Mda-5, and IPS-1.134-136 Importantly, decreased 
expression of RIG-I or IPS-1 by RNA interference does not inhibit NF- B activation,134 
suggesting that reovirus engages the NF- B pathway via an alternative mechanism. 
IRF-3 is required for efficient induction of apoptosis in reovirus-infected cells and 
elaboration of IFN-  in cultured cells and in vivo.134 However, signals emanating from 
the type I interferon receptor are dispensable for apoptosis induction, indicating that cell 
death is mediated through an IRF-3-dependent, interferon-independent mechanism.137

CELLULAR GENE EXPRESSION PROFILES FOLLOWING  
REOVIRUS INFECTION

The role of transcription factors such as NF- B and c-Jun/AP1 in the inductive 
proapoptotic signaling pathway elicited by reovirus led several groups to investigate 
cellular genes regulated by reovirus using oligonucleotide microarrays.138-140 Strikingly, 
these studies identified few classical proapoptotic Bcl-2 family members (such as Bid, 
Bax, or Bak) or components of death receptor-mediated pathways (such as Fas, Fas 
ligand, or FADD) upregulated in response to reovirus infection. Additionally, few 
proapoptotic genes regulated by reovirus were noted to be NF- B-dependent, indicating 
that the cell-death response downstream of NF- B may represent secondary or tertiary 
events initiated by NF- B activation at early times post-infection.139 Despite the lack of 
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apoptosis effectors identified in the microarray studies, three major functional categories 
of genes that may influence apoptotic processes stand out as significantly regulated in 
response to reovirus infection: the DNA damage response, the endoplasmic reticulum 
(ER) stress response, and the host innate antiviral immune response. Analysis of these 
gene networks may provide clues about the mechanisms by which inductive signaling 
events elicited by reovirus lead to a widespread apoptotic response in host cells.

DNA damage response genes were found to be significantly downregulated by 
reovirus infection in two microarray studies.138,139 Reovirus-regulated DNA damage 
response genes include damage-specific DNA binding protein 2 (DDB2), excision 
repair cross-complementing group 4 (ERCC4), and fusion involved in t(12; 16) in 
malignant liposarcoma (FUS). The physiological role of this response in viral replication 
or cell death is unknown. However, interactions between the NF- B pathway and the 
proapoptotic tumor suppressor protein p53 pathway141,142 may link these responses 
in reovirus-infected cells. In support of this hypothesis, the NF- B-dependent genes 
PLK3143 and IER3 (IEX-1128), both of which are induced by reovirus infection as rapidly 
as 2 h post-infection,139 can regulate p53-mediated apoptosis.

Genes involved in the ER stress response are also regulated following reovirus 
infection. These include growth and DNA-damage-inducible 45  and  (GADD45  
and GADD45 ) and heat shock protein 70 (Hsp70), which were identified in all three 
microarray studies.138-140 Interestingly, expression of those genes was significantly greater 
following infection with reovirus strains that potently inhibit host-cell protein synthesis 
(T3C8 and T3C87) in comparison to a strain that does not (T3D), suggesting that the 
ER stress response may be potentiated by mechanisms of translation inhibition.140 One 
functional effect of ER stress is the activation of PERK,145 a kinase that phosphorylates 
translation initiation factor eIF2  to inhibit translation.146 Despite inhibition of cellular 
protein synthesis, reovirus replication is enhanced in the presence of PERK, suggesting 
that reovirus may benefit from the ER stress response, perhaps by preferentially allowing 
synthesis of viral proteins.140

A large number of genes regulated by reovirus infection identified in previous 
microarray studies belong to the cellular innate immune response to viral infection, 
particularly IFN-stimulated genes (ISGs) upregulated downstream of NF- B-dependent 
production of type I IFN. Secreted type I IFNs activate the Janus-activated kinase 
(JAK)-signal transducer and activator of transcription (STAT) signal-transduction 
pathway leading to transcription of ISGs via a STAT1/STAT2/IRF9 complex, known 
as ISGF3.147,148 ISGs induce an antiviral state in uninfected cells through a variety 
of mechanisms including inhibition of protein synthesis.149 Type I IFNs also greatly 
sensitize tissue-culture cells to apoptosis in response to dsRNA and influenza virus.150 
Reovirus infection upregulates STAT1, STAT2, and many of the classical ISGs, including 
2’5’ oligoadenylate synthase (OAS1), double-stranded RNA-activated protein kinase 
(PKR), ISG15, and myxoma resistance 1 and 2 (Mx1/Mx2) (Table 1). The type I IFN 
response is significantly enhanced following infection with two strains that are potent 
apoptosis inducers (T3D and T3C87) in comparison to a strain that is not (T3C8).140 
However, apoptosis following reovirus infection does not require type I IFN signaling,137 
suggesting that other mechanisms dependent on IRF-3 and NF- B are responsible.

Several proteins involved in the intrinsic, mitochondrial-dependent apoptosis 
pathway are also regulated by reovirus infection,138,139 including MCL1,151 PAWR 
(Par-4152), BNIP3L,153 and MOAP1.154 These genes are NF- B-independent, suggesting 
that they may function in concert with, or in parallel to, NF- B-dependent genes to 
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modulate the apoptotic response in reovirus-infected cells. Proteins in the extrinsic, death 
receptor-mediated apoptosis pathway regulated by reovirus infection as determined by 
either microarray or RT-PCR include TNF-related apoptosis-inducing ligand (TRAIL), 
death receptors DR4, DR5, and DR6, and the Fas death domain-associated protein 
DAXX (refs. 140, 155 and O’Donnell, Holm, and Dermody, unpublished). While 
TRAIL and DR5 have been shown to be involved in reovirus-induced apoptosis,155 
upregulation of both of these genes was not observed in the same microarray study, 
indicating that either these genes are under differential temporal regulation or 
endogenous mRNA or protein levels are sufficient to bring about an apoptotic response. 
DAXX is a particularly intriguing candidate, as it is a multifunctional protein that 
associates with the Fas death domain to potentiate Fas-induced apoptosis.156 DAXX 
also joins with two other IFN-induced proteins upregulated by reovirus, PML and 
Sp100, to direct stress responses in the nucleus.157 Together, these discovery-based 
approaches have provided a number of potential proapoptotic candidates that warrant 
further examination.

EFFECTORS OF REOVIRUS-INDUCED APOPTOSIS

Apoptosis induced by reovirus requires both extrinsic death receptor pathways and 
mitochondrial damage. Activation of the extrinsic pathway following reovirus infection 
is mediated by TRAIL and its receptors DR4 and DR5.155 TRAIL is released from cells 
following reovirus infection with maximal levels detected at 48 h post-infection. DR5 is 
upregulated in response to reovirus beginning at 4 h and increases to maximal levels at 24 
h post-infection.155 Treatment of cells with soluble TRAIL receptors or TRAIL-specific 
antibodies decreases apoptosis following reovirus infection of HEK293 cells155 and 
neuroblastoma cells.158 Death receptors engaged by TRAIL mediate apoptotic signaling 
through the initiator caspase, caspase 8,159 which is activated following reovirus infection.160 
Expression of a dominant-negative FADD mutant, which blocks the capacity of caspase 
8 to engage death receptors,161 decreases reovirus-induced activation of caspase 3,155 
which serves as the executioner caspase.159 Mechanisms by which reovirus upregulates 
the release of TRAIL and DR5 expression are not fully understood. Maximal levels 
of TRAIL are detected following NF- B activation, suggesting that TRAIL release is 
mediated by NF- B.91,155 However, TRAIL sensitivity is potentiated by blockade of NF- B 
activation observed later in infection,112 which might be mediated by downregulation of 
the antiapoptotic protein, cellular FLICE (caspase 8) inhibitory protein (cFLIP).162 TRAIL 
and death receptor expression are regulated by type I IFN,163,164 providing further support 
for the hypothesis that extrinsic apoptotic pathways initiated by reovirus infection are 
activated downstream of type I IFN action.

Reovirus infection also activates the intrinsic apoptosis pathway, which is initiated by 
mitochondrial injury and release of cytochrome c and Smac/DIABLO.165-168 Release of these 
mediators leads to activation of caspase 9, which in turn activates caspase 3.166,167,169 Smac/
DIABLO can be detected in the cytoplasm of HEK293 cells approximately 4 h following 
reovirus infection,170 which is subsequent to the activation of NF- B.91 Identification of 
Noxa as an NF- B- and IRF-3-dependent protein that is upregulated following reovirus 
infection and required for efficient apoptosis induction provides a mechanistic link 
between the initial signaling events and the intrinsic, mitochondrial-dependent apoptotic 
pathways.137 These findings suggest a direct connection between initial signaling events 
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and mitochondrial damage. Another link could be Bid, a proapoptotic Bcl-2 family member 
that, following an activating cleavage event, translocates to mitochondria and mediates 
cytochrome c release and activation of caspase 9.169,172 Bid cleavage can be detected at 
approximately 10 h post infection of HEK293 cells or 24 h post infection in murine 
fibroblasts.160,170,171 Bid is required for apoptosis induction following reovirus infection and 
potentiates reovirus disease in the central nervous system of newborn mice.171 Together, 
these data suggest that mitochondrial factors and the overall stability of mitochondria 
play important contributing roles in the induction of apoptosis by reovirus.

REOVIRUS-INDUCED APOPTOSIS IN VIVO

Determinants of reovirus apoptosis in vivo show some similarity to those observed 
in cell-culture models, as well as some surprising differences. Markers of apoptosis, such 
as caspase 3 activation and cleavage of cellular DNA, are detected in both the brain and 
heart of newborn mice infected with reovirus.92-94 Reovirus induces apoptosis in neurons 
following either intracranial92 or peroral93 inoculation. Differences in the capacity of 
reovirus strains to induce encephalitis are associated with the capacity of these strains to 
induce neuronal apoptosis.173 Moreover, as judged from studies using primary neuronal 
cultures, apoptosis induction may enhance viral replication in those tissues.173 Accordingly, 
inhibition of neuronal apoptosis with minocycline delays reovirus encephalitis and reduces 
virus growth following intracranial inoculation.174 Similar to its role in cell-culture models, 
NF- B is required for apoptosis of neurons following reovirus infection in vivo, as mice 
deficient in the NF- B p50 subunit are protected from neuronal injury.93

In keeping with the pathogenesis of reovirus encephalitis, myocarditis following 
reovirus infection also is mediated by apoptosis, which can be attenuated by pharmacologic 
inhibitors of either caspases95 or calpain.94 The innate antiviral immune response plays 
a key role in determining the extent of myocardial injury following reovirus infection. 
Nonmyocarditic reovirus strains induce higher levels of type I IFN and are more sensitive to 
its effects than myocarditic strains.175 Additionally, the ISGs IRF-1 and PKR play protective 
roles in reovirus myocarditis.176,177 Type I IFN production in the heart or in cardiac myocyte 
cultures is downstream of both IRF-3178 and NF- B.93 Intriguingly, the lack of NF- B p50 
markedly enhances reovirus myocarditis, but this disease manifestation can be attenuated 
by treatment with IFN- .93 These findings demonstrate a tissue-specific role for NF- B 
following reovirus infection in vivo: NF- B is required for reovirus-induced apoptosis 
in the CNS, whereas it protects the heart from viral damage via activation of type I IFN.

CONCLUSION AND FUTURE DIRECTIONS

Despite the accumulated knowledge about reovirus attachment to cell-surface 
receptors and internalization into host cells, a precise understanding of the role of the 
viral attachment and internalization receptors in reovirus disease is not available. Serotype 
1 and serotype 3 reovirus strains vary in the types of cell-surface carbohydrate used as 
coreceptors,19 but both serotypes bind to JAM-A.20,105 These observations make it unlikely 
that JAM-A is the sole determinant of reovirus tropism. It is possible that JAM-A serves 
as a serotype-independent reovirus receptor at some sites within the host and other as 
yet unidentified receptors, perhaps carbohydrate in nature, confer serotype-dependent 
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differences in growth in other tissues. It is also possible that reovirus serotypes engage 
JAM-A with different affinities, which influences tissue tropism in infected animals.

Little is known about the signaling events that are initiated by the binding of reovirus 
to its cell-surface receptors. JAM-A contains a cytoplasmic domain that is approximately 
45 amino acids in length, includes 13 potential phosphorylation sites, and interacts 
with several PDZ domain-containing proteins, suggesting a role in ligand-induced 
cell signaling.179,180 Although signaling through JAM-A is not required for reovirus 
infection40,108 or apoptosis,108 the role of JAM-A signaling, if any, in the reovirus infectious 
cycle remains unknown. The cytoplasmic domains of the 1 integrin heterodimers that 
function as reovirus internalization receptors also are involved in a number of signaling 
pathways.43 In particular, the 1 integrin cytoplasmic tail is linked to cytoskeletal proteins 
such as talin181 and -actinin,182 in addition to signaling molecules like paxillin and focal 
adhesion kinase.183 Furthermore, the 1 integrin cytoplasmic domain contains two NPXY 
motifs,184 which serve as recognition sites for the cellular endocytic machinery185 and 
are required for transport of reovirus to late endosomes for viral disassembly.44,51 The 
mechanisms by which signaling pathways elicited by 1 integrins promote reovirus 
infection have not been resolved.

As with most nonenveloped viruses, it is unclear how reovirus overcomes the 
physiological barrier posed by cell membranes during viral entry. Although structural features 
of the 1 protein that contribute to membrane penetration have been identified, the precise 
role of specific 1 domains in delivery of the viral core into the cytoplasm is not known. 
The 1 protein is a key regulator of reovirus-induced apoptosis,108,110,111 but it is not clear 
how the viral disassembly events culminating in 1-mediated membrane penetration elicit 
proapoptotic signaling. It is possible that endosomal disruption by 1 leads to the release of 
hydrolytic enzymes such as cathepsins, which in turn damage mitochondria and stimulate 
death signaling.186-188 Interestingly, mitochondrial injury has been reported as early as 4 
h following reovirus adsorption, suggesting the involvement of an early viral replication 
event.160,170 It is also possible that release of these enzymes causes apoptosis via their 
action on death regulators such as Bid.189 Alternatively, fragments of 1 produced during 
proteolytic viral disassembly are known to gain access to the cytoplasm,85 and peptides 
derived from the 1  domain can destabilize membranes and induce cell death.190,191,192 
These fragments may activate other cellular sensors of viral infection or directly injure 
mitochondria to activate proapoptotic signaling pathways.

Events in reovirus replication following viral disassembly in endosomes but prior 
to viral RNA synthesis result in the activation of NF- B, which is required for apoptosis 
following reovirus infection.91 The signaling pathways that connect the 1-mediated 
events during viral disassembly to the activation of NF- B are not known. Furthermore, 
although NF- B activation is required for apoptosis induction by reovirus, the activation 
of this transcription factor alone is not sufficient.162 These results suggest a role for other 
cellular signal transducers in the initiation of the apoptotic response. Since MEKK1 and 
its downstream target JNK also are required for reovirus-induced apoptosis,122,123 it is 
possible that the MAP kinase cascade acts together with NF- B to trigger the apoptotic 
response. However, neither the mechanism of activation of the MAP kinase cascade nor 
the relationship between MAP kinases and NF- B during reovirus infection is understood.

Insights into how the activation of intracellular signaling pathways results in the 
execution of the cell-death response are also being elucidated. Both classical extrinsic 
and intrinsic apoptotic pathways are activated following reovirus infection.160 In some 
cell types, these pathways appear to be activated by the release of TRAIL from infected 
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cells and the upregulation of TRAIL receptors DR4 and DR5.155 However, mechanisms by 
which reovirus infection results in secretion of TRAIL or upregulation of DR4 and DR5 
remain unknown. Microarray studies comparing gene expression profiles of cells infected 
with reovirus strains that differ significantly in apoptotic potential138 or cells blocked in 
apoptosis due to functional absence of NF- B139 do not demonstrate upregulation of any 
classical apoptosis effector pathway components. Rather, they show an upregulation 
of several ISGs in an NF- B dependent manner,138,139 suggesting a requirement for the 
expression of type I IFNs in the apoptotic response to reovirus. However, type I IFNs are 
not required for the induction of apoptosis following infection by reovirus,137 in at least 
in some cell types. Nonetheless, these cytokines are clearly crucial for cell fate decisions 
as part of the innate immune response150 and may contribute to reovirus-induced cell 
death in some tissues.

Studies describing the pathogenesis of reovirus in mice lacking the p50 subunit 
of NF- B demonstrate that p50 serves two distinctly different functions in reovirus 
pathogenesis, inducing apoptosis in the brain, while mediating survival in the heart.93 At 
least two nonmutually exclusive possibilities may account for these different outcomes 
following reovirus-induced NF- B activation. It is possible that NF- B activation by 
reovirus leads to expression of the same constellation of genes regardless of cell type, and 
proapoptotic or prosurvival signaling pathways are dictated by the cellular response to 
these expression patterns. Alternatively, reovirus-induced NF- B activation may activate 
different signaling pathways depending on the cell type and tissue microenvironment. 
In the CNS, NF- B signaling may upregulate expression of apoptosis-inducing genes, 
whereas in the heart, NF- B signaling may lead to expression of prosurvival genes. Further 
studies are required to precisely define the basis for the differences in reovirus virulence 
in different tissues. Such studies will reveal new mechanisms by which viral attachment 
and disassembly regulate prodeath signaling responses and extend an understanding of 
how viruses cause tissue-specific injury.
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Abstract: As a major pathogen of human and certain animal species, influenza virus causes wide 
spread and potentially devastating disease. To initiate infection, the virus first binds to  
cellular receptors comprising either -(2,3) or -(2,6) linked sialic acid. Recent advances 
in our understanding of the influenza virus receptor and viral host species involved 
have shed light on the molecular mechanism of how influenza virus transmits across 
species and adapts to a new host. Following receptor binding, influenza viruses 
are internalized through multiple endocytic pathways, including both clathrin- and 
non-clathrin-dependent routes, which have recently been visualized at single viral 
particle level. The viral envelope then fuses with the endosomal membrane in a low 
pH-dependent manner and the viral genome is released into the cytosol, followed 
by further transport to the nucleus where genome replication occurs.

INTRODUCTION

Influenza A viruses are major pathogens of humans and other animal species and 
share the common properties of possessing a segmented single-strand negative sense 
RNA genome encapisdated into ribonucleoproteins (RNPs) that are further packaged 
into enveloped virions.1 They are now established to enter cells via pH-dependent 
endocytosis and replicate their genomes in the nucleus. This chapter aims to summarize 
our current knowledge of how influenza A virus binds to cells and is internalized into 
low pH endosomes, and how these processes are coordinated with membrane fusion, 
virus uncoating and nuclear import. This process is summarized in Figure 1.

Viral Entry into Host Cells, edited by Stefan Pöhlmann and Graham Simmons. 
©2006 Landes Bioscience and Springer Science+Business Media.



73ENTRY OF INFLUENZA VIRUS

INFLUENZA VIRUS RECEPTORS

It has been recognized for many years that cell surface sialic acids from either 
glycoprotein or glycolipid are the receptors for influenza viruses.2 Although there is 
considerable variety in the terminal sialic acids expressed on the cell surface with 

Figure 1. Routes of influenza virus entry into host cells. Avian and human influenza virus binds to 
-(2-3) or -(2-6)-linked cell surface sialic acid. Viruses are then internalized by clathrin-dependent 

or -independent endocytosis, in a cytoskeleton-dependent manner. Virions are trafficked through Rab 
5 and Rab 7-positive early and late endosomes, where fusion occurs in a low pH-dependent manner. 
For virus uncoating the M2 ion channel allows acidification of the virus interior and release of M1 
before the genomic RNPs enter the nucleus via nuclear pores.
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regard to the substitution at the amino group or at the hydroxyl group and the linkage 
to the penultimate sugar, avian and human influenza viruses selectively recognize 
N-acetylsialic acids attached to galactose in -(2,3) and -(2,6) linkages respectively.3-5 
The question of how influenza virus achieves its binding specificity for the terminal sialic 
acid has been partially understood by biochemical, genetic and structural approaches; 
especially recent studies of the crystallographic structure of influenza viruses in complex 
with sialic acid analogs, which provide an extensive insight into the receptor binding 
properties of influenza virus.6-9

Binding of influenza virus to its sialic acid receptor is mediated by the viral 
glycoprotein hemagglutinin (HA), which is a trimeric molecule present on the viral 
surface. Based on protein antigenicity there are currently 16 distinct HA subtypes, with 
avian species (notably water fowl and shore birds) harboring all of the HA subtypes.10,11 
These species are therefore regarded as the natural reservoir of influenza virus. In 
humans, influenza H1, H2 and H3 viruses have caused pandemics in the last century, and 
more recently H5, H7 and H9 viruses transmitted from birds have resulted in sporadic 
human influenza outbreaks.12-14 Only a limited number of influenza subtypes are seen 
in other animals (including domestic poultry).11 The receptor binding specificity of 
the virus from a given species correlates with the abundance of cellular receptor in its 
host. Human lung and upper respiratory tracts have abundant -(2,6) linked sialic acid, 
whereas sialic acid in -(2,3) linkage is predominant in avian enteric tracts, giving 
rise to a simple model of avian-human tropism and suggesting that the availability of 
cellular receptor provides the positive selective pressure for viral receptor specificity 
and restricts influenza host range.15-17 However, -(2,3) linked sialic acid is certainly not 
excluded from human respiratory tracts. Residual expression of -(2,3) linked sialic acid 
in human airway ciliated cells, was originally proposed to explain the initial infection 
of a highly virulent avian virus in humans without any changes at viral receptor binding 
sites.18,19 More recently, immunohistochemistry of the human respiratory tract has shown 
that whereas -(2,6) linked sialic acid is expressed extensively in the upper regions, 

-(2,3) linked sialic acid can be quite abundant in the lower respiratory tract therefore 
allowing the highly pathogenic avian influenza (HPAI) virus A/Vietnam/1194/04 (H5N1) 
attachment to type II pneumocytes, alveolar macrophages, and nonciliated cuboidal 
epithelial cells from the lower respiratory tract; in part explaining the possibility of 
extensive primary pneumonia of H5N1 HPAI in humans.20,21

Our understanding of the molecular mechanism of virus binding to cellular receptor 
with strong specificity has been greatly improved by structural studies of HA at the 
atomic level. Most notably, the crystallographic structures of the complexes formed 
by sialic acid analogs and the hemagglutinin proteins of the H1, H3, H5, H7 and H9 
subtypes have been resolved and a model for interpreting the interactions between viral 
HA proteins and receptors has been established.9,22-24 In this model, it was suggested 
that the viral receptor bound to a membrane-distal pocket, in which the 190 helix 
(residues 190 to 198), the 130 loop (residues 135-138) and the 220 loop (residues 
221-228) form the three sides of the pocket, with the conserved residues Tyr 98, Trp 
153, His183 and Tyr 195 located at the base.2,22 The amino acid residues constituting 
the receptor-binding pocket of HA interact with sialic acid by extensive hydrogen 
bonding and van der Waals interactions. Later, a second receptor binding site located 
at the interface between HA1 and HA2 was also identified, but its significance remains 
unclear due a weaker binding affinity for -(2,3) linked sialic acid; -(2,6) linked 
sialic acid fails to bind to this site.8
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The exact residues in the receptor-binding site that contribute to receptor specificity 
may be different in influenza viruses across species. A comparison of HA sequences from 
avian influenza H1-H13 subtypes revealed six conserved residues, including 138A, 190E, 
194L, 225G, 226Q and 228G.25 Human H2 and H3 viruses with a preference for -(2,6) 
linked sialic acid have conserved 226L and 228S residues, indicative of the importance of 
these two residues in receptor binding specificities.26 In contrast, human H1 viruses have 
an avian consensus sequence at residues 226Q and 228G, but instead have substitutions at 
residues 190 and 225. Interestingly, HA from the 1918 influenza H1 pandemic virus, A/
New York/1/18, had only one mutation at residue 190 compared to the avian consensus 
sequence and could bind to both -(2,6) and -(2,3) sialic acid, whereas another 1918 
isolate A/South Carolina/1/18 had both the expected H1 substitutions at position 190 and 
225, and preferentially bound to -(2,6)-linked sialic acid.27 As a whole, we can conclude 
that the amino acid residues at the primary cellular receptor-binding pocket are the major 
determinant of viral receptor specificity and that mutation(s) at this site can confer the 
ability to bind to a different cellular receptor.

Understanding the correlation between unique sequences at the HA receptor binding 
site and influenza virus binding specificity may help predict at which position(s) a 
virus needs to mutate for adaptation to a new host. As demonstrated for the H5N1 
influenza virus A/Vietnam/1203/2004, which was transmitted from birds and caused 
mortality in humans, viral receptor binding specificity can be modulated by altering the 
consensus residues that have proven to be important for H1, H2 and H3 subtypes. For 
instance, mutations at the residues 226 and 228 that can convert avian H2 and H3 HAs 
to human receptor specificity, when introduced into the A/Vietnam/1203/2004 H5 HA 
background, showed a reduced binding affinity for -2,3 linked sialic acid and could 
bind to a natural human -(2,6) glycan, indicating a possible path for this avian H5 
virus to alter receptor specificity and gain the ability to spread in human population.28 
Host-dependent glycosylation adjacent to the receptor binding site of HA molecule also 
affects its receptor binding properties. It was shown that the mutations in the HPAI fowl 
plaque virus (FPV) HA that eliminated the oligosaccharides at position Asn 123 and Asn 
149 showed stronger binding affinity for receptor.29 The reduced receptor binding affinity 
modulated by the presence of glycosylation of HA protein is believed to be important 
during virus release from host cells.29,30 Moreover, mutations at glycosylation sites close 
to the receptor binding pocket are often seen during viral adaptation to a new host, e.g., 
for human influenza grown in embryonated eggs or adapted to mice, suggesting that the 
host dependent glycosylation may be involved in the regulation of HA molecule binding 
to specific receptors encountered in different hosts.31,32

Although cellular sialic acid has been regarded as the sole receptor for influenza 
virus, there is evidence supporting the existence of a coreceptor, which may be essential 
for viral internalization and subsequent infection. It was shown that a mutation in 
A/X-31virus at residue 98 (Y98F) bound only weakly with erythrocytes, yet the virus 
replicated in MDCK cells and embryonated eggs as efficiently as parental virus.7 These 
data may be explained by differences in the affinity of the Y98F virus for sialic acid, or 
could be due to a sialic acid-independent pathway. In a more recent study, it was found 
that influenza virus could infect MDCK cells that had been enzymatically treated to 
remove all accessible sialic acid residues.33 Moreover, influenza is unable to infect Lec1 
cells, which are deficient in terminal N-linked glycosylation, despite the fact that these 
cells express abundant glycosphingolipids at the cell surface.34 Conversely cells deficient 
in glycosphingolipids, but containing normal N-linked glycoprotein, showed no defects 
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in virus entry and infection.35,36 Overall, these results suggest that a specific coreceptor 
may be required for viral internalization in addition to initial sialic acid binding, or that 
the critcal sialic acid is on a specific (or selection of specific) protein(s).

Conventional studies of influenza virus receptor binding specificity depend heavily 
on agglutination assays using resialylated erythrocytes, which express specific sialic 
acid determinants by linkage-specific sialyltransferases, following enzymatic removal 
of endogenous sialic acid from red blood cells.37 However, this method suffers from 
great variation in the preparation of erythrocytes and has limited sensitivity. The recent 
application of high throughput glycan microarrays to study of influenza virus receptor 
specificity provides us with a more powerful tool and makes it possible to perform quick 
and accurate evaluation of viral receptor binding specificity.38 We hope that in the near 
future we will have a better understanding of influenza virus receptor binding properties, 
especially for viruses newly adapted to a different host.

VIRAL INTERNALIZATION AND ENDOCYTIC TRAFFICKING

Upon viral receptor binding, influenza viruses are endocytosed, leading to their 
residency in intracellular vesicles. Earlier studies, heavily dependent on morphological 
observation by electron microscopy, suggested that influenza virus could get internalized 
by clathrin-mediated endocytosis.39,40 More recent studies, taking advantage of recent 
advances in cell biology and molecular biology, have provided us with new findings 
regarding viral endocytic pathway(s). By using dominant-negative mutants involved in 
clathrin- and caveolin-mediated endocytosis (Eps15 and caveolin-1 respectively), as well 
as siRNA targeting of the clathrin heavy chain, it was found that influenza infectivity 
was not affected significantly in HeLa cells, indicating that influenza virus could be 
internalized, and cells infected, by additional endocytic pathways beside clathrin-dependent 
endocytosis.41,42 The involvement of multiple endocytic pathways in influenza virus entry 
was further confirmed by individually tracking viral particles in real time, providing 
more quantitative analyses. Live cell microscopy of BSC-1 cells revealed that about 
65% of receptor-bound viruses were internalized by clathrin-mediated endocytosis.43 The 
remaining one-third of the viruses could enter cells by clathrin, caveolae-independent 
endocytosis, suggesting that clathrin-independent endocytosis occurs in live cells and 
is a functional route contributing to influenza virus infection. Moreover, Zhuang and 
coworkers have suggested that the virus using clathrin-mediated endocytosis tended to 
be internalized through the de novo formation of clathrin-coated pit at the virus binding 
sites.43 The molecular mechanism of how influenza virus might induce de novo clathrin 
coated pit formation remains unclear.

After being recruited into either clathrin-coated or noncoated pits, virus-containing 
pits can be pinched off to form intracellular vesicles by dynamin GTPases.44 Like 
other vesicles derived from the plasma membrane, virus-containing vesicles mature 
into early endosomes and subsequently late endosomes, from which viral fusion 
and uncoating occurs. In addition to biochemical evidence, relying mainly on low 
pH-induced fusion of viruses with erythrocytes or liposomes,45 viral fusion with 
endosomal membranes can also be visualized in real time by using either a single 
fluorescent dye (e.g., DiD) or with dual-labeled viruses (DiO and octadecyl rhodamine, 
R18).46,47 Fusion events are indicated by increased fluorescence intensity due to 
fluorescence dequenching in single fluorescence labeling or by shifted fluorescence 
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wavelength upon both dequenching and fluorescent resonance energy transfer 
(FRET) in dual-fluorescence labeling. Dual-wavelength imaging appears to offer 
some advantages in tracking numerous particles simultaneously because the fusion 
event is revealed by a change in the fluorescence wavelength, which may be more 
evident than that revealed by the change in a single fluorescence intensity. Notably, 
fusion in HeLa cells, which was not observed in single-fluorescence imaging, could 
be demonstrated by dual-wavelength imaging.46,47

Rab5 and Rab7 GTPase proteins, as well as specific isoforms of protein kinase C 
and the cellular vacuolar protein sorting (VPS) pathway, have been demonstrated to be 
involved in the maturation of virus-containing endosomes.48-50 By live cell imaging in 
BSC-1 cells, most fusion events seem to occur from endosomes containing both Rab 
5 and Rab 7,51 and as such would not be considered true “late endosomes”, but rather 
intermediates between early and late endosomes. One characteristic of influenza virus 
entry is that the early endosome-enclosed influenza viruses were transited rapidly along 
microtubules, compared to transferrin-containing early endosomes, which moved much 
more slowly and were microtubule independent.46,51 The sorting of influenza virus into 
dynamic, rapidly maturing endosomes occurs at the plasma membrane and is believed to 
be determined by the specific adaptor protein(s) binding to the cytoplasmic tails of the 
influenza receptor. This finding might explain the requirement for sialated glycoprotein 
rather than glycospingolipid for receptor binding. Unexpectedly, influenza entry was 
found to be independent of the clathrin-adaptor protein AP-2.51 However as mentioned 
above, due to the lack of specificity of the influenza receptor, specific adaptor proteins 
that mediate viral internalization remain undefined.

When influenza resides in endosomes, transport toward to the nucleus can be 
facilitated by intracellular actin and microtubule motor proteins. Viral trajectories 
in nonpolarized CHO cells could be assigned into three stages, from the initial 
actin-dependent movement in the cell periphery, to a rapid, dynein-directed transport 
on microtubules, followed by an intermittent movement involving both plus- and 
minus-end-directed microtubule-based motilities in the perinuclear region.46 Although 
viral movement could be facilitated by the existence of intracellular motor proteins, 
it was not absolutely necessary for infection in nonpolarized cells.52 However, in 
polarized epithelial cells, which influenza encounters during in vivo infection, intact 
actin filaments are essential and actin filament disruption treatment leads to failed viral 
infection from the apical surface.52 Considering the existence of dense actin meshwork 
at polarized apical side, influenza virus transport in polarized cells seems to require 
distinct actin motor proteins. Myosin VI, the only actin motor protein traveling toward 
the minus ends of actin filaments, has recently been shown to have a role in transporting 
endocytosed virus across the actin meshwork of polarized MDCK cells (X. Sun and 
G. Whittaker, unpublished data).

All of the above mentioned viral endocytic trafficking studies have used tissue 
culture-adapted influenza viruses, which are spherical in nature. However, viruses from 
clinical samples can be present in long filamentous forms up to several micrometers in 
length.53,54 These viruses are infectious, indicating their importance in viral pathogenesis 
and transmission in vivo. The questions of how the filamentous viruses get into the cells 
and initiate infection largely remains unclear, in part due to the technical difficulty of 
purifying the filamentous form of the virus. Initial studies have suggested that filamentous 
influenza could be endocytosed in a delayed, dynamin-independent manner, compared 
to rapid, dynamin-dependent endocytosis of spherical virions.55
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MEMBRANE FUSION

In addition to receptor binding, a second major function of the influenza hemagglutinin 
(HA) is to mediate fusion of virus and cell membranes.2 Such a fusion process is essential 
to deliver the genome of any enveloped virus into the cell, and influenza HA has proven 
to be a paradigm of virus-cell fusion, as well as providing a mechanistic framework for 
other fusion events; e.g., those mediated by cellular SNARE proteins. The role of HA in 
influenza virus entry has been reviewed extensively elsewhere and the reader is referred 
here for more detail.2

Different influenza HA subtypes have been shown to have distinct properties regarding 
fusion activity. In contrast to the H3 subtype, the HA protein from a H2 subtype reacts slowly 
upon low pH-induced conformational change.56,57 The refolding of HA from its initial form 
to a fusion competent state may involve reversible intermediates. The transition from a 
reversible to irreversible conformation is not only affected by pH and the presence of target 
membrane, but also by the presence of adjacent HA trimers. The existence of adjacent HA 
trimers could facilitate the transition from a reversible intermediate state to an irreversible 
conformation, allowing multiple copies of HA to initiate fusion simultaneously.56,58

In the influenza virion, HA exists in a metastable state, with the hydrophobic fusion 
peptide hidden towards the base of the molecule. Fusion is triggered in vivo by exposure to the 
low pH environment of the endosome. The HA molecule has a high degree of alpha-helical 
secondary structure, and in the process of fusion it undergoes a major conformational change, 
accompanied by the formation of a “coiled coil” of alpha helices,59 which reorientates the 
fusion peptide to the outermost part of the HA molecule and initiates the fusion event. 
HA shares many features with fusion proteins of other viruses (e.g., retroviruses and 
paramyxovirus) and is a founding member of the Class I family of viral fusion proteins,60 
which have common structural features but differing activation requirements. Whereas 
human immunodeficiency virus (HIV) Env and simian virus 5 (SV5) F proteins have 
extensive “six-helix bundles” in their active fusogenic state, influenza HA has a much smaller 
six-helix bundle and has been proposed to employ a “leash in the groove” mechanism to 
bring the virus envelope and endosomal membrane into close enough proximity to initiate 
fusion.61 Fusion is initiated by insertion of the kinked, amphipathic fusion peptide into the 
outer leaflet of the cell membrane,62 followed by a hemifusion event and finally fusion 
pore formation and expansion.63

Influenza virus fusion has been extensively studied by biophysical techniques. The 
most common method involves labeling of the virus envelope with a fluorescent probe and 
binding of the labeled virus to the surface of erythrocytes (or alternatively liposomes or 
tissue culture cells), followed by induction of fusion by artificially dropping the external 
pH. For probes such as octadecyl rhodamine (R18), fusion is monitored by dequenching of 
R18 as the probe dilutes into the target membrane. Under these conditions, fusion occurs 
with rapid kinetics (T1/2 of approximately 50 seconds or less). Based on in vitro studies, 
influenza virus fusion is generally considered to have an optimum pH of approximately 
5.0, with fusion effectively occurring only between pH 4.5 and pH 5.5.45 Such a pH 
requirement fits well with in vivo data showing selective entry of influenza virus through 
vesicles with properties of “intermediate”/late endosomes.48,51 This is in contrast to many 
other pH-dependent enveloped viruses, which can fuse in the range of pH 6.2-6.5, i.e., 
clearly within early or recycling endosomes.64

Virus fusion relies on several features of HA that are initiated during virus assembly 
in the previous replication cycle. First, HA is cleaved immediately N-terminal to the 
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fusion peptide. This cleavage of HA0 to HA1 and HA2 is essential for the subsequent 
conformational change to occur in the endosome and allow fusion peptide exposure.2 
Second, the HA trimerizes, with HA trimers functioning in a cooperative manner during 
fusion.65 Third, the partitioning of HA into lipid microdomains during budding is essential 
for subsequent fusogenic activity.66 In this scenario, the HA (present in a trimeric form 
in the virus envelope) must be organized cooperatively, possibly in a specific lipid 
environment, for fusion to occur. The influenza virus envelope contains high levels of 
cholesterol, depletion of which severely affects the ability of virions to infect cells.66,67 Such 
depletion may affect virus fusion directly67 and/or other early events in virus replication.

VIRUS UNCOATING AND NUCLEAR IMPORT OF VIRAL COMPONENTS

Once fusion has occurred from the endosomal compartment, the uncoated virus 
is released into the cytoplasm.68-70 In addition to being a trigger for fusion, endosome 
acidification is essential for a second event during virus entry-virus uncoating. Within 
the endosome, H+ ions are transferred into the interior of the virion via the M2 ion 
channel present in the virus envelope.71,72 This enables the release of the influenza matrix 
protein (M1) from the genomic ribonucleoproteins (RNPs) during virus uncoating.68 The 
anti-influenza drug amantadine, inhibits the M2 ion channel, thus preventing the interior 
of the virus from encountering low pH.69,73,74 Hence, vRNPs are not released and thus do 
not enter the nucleus and replication cannot occur.

RNPs from the infecting virus particle must enter the nucleus before viral RNA synthesis 
can occur and because of the large size of the RNPs, an active nuclear transport mechanism 
is necessary. Nuclear localization signals (NLSs) have been identified in all three polymerase 
proteins as well as in the nucleoprotein NP. The localization signals in influenza A virus NP 
have been by far the most intensively studied. These signals have been reviewed recently 
and the reader is referred here for more detail.75 In summary, NP and the RNPs contain 
multiple NLSs that may be redundant in nature, with a nonconventional NLS toward the 
N-terminus of NP likely being the dominant import signal.76 Reconstitution experiments 
have shown that NP is necessary and sufficient to direct nuclear import of a viral RNA 
segment.77 In addition, the import function of the multiple NLS signals present on RNPs 
are clearly regulated by the viral M1 protein, as an amantadine-induced failure of M1 to 
dissociate from RNPs during virus uncoating inhibits RNP nuclear import;69,70,78 a block 
that can be reversed by acidification of the cytoplasm to cause M1-RNP dissociation.68 
Following purification of RNPs from influenza virions and microinjection into live cells, 
single-particle trajectories show that RNPs are transported to the nuclear envelope by 
diffusion.79 Overall the influenza M1 protein, appears to down-regulate the nuclear import 
of RNPs by inhibiting the interactions between RNPs and nuclear pore complexes, but 
has no significant effect on the transport properties of RNPs themselves.78,79 Equally there 
is no known role for direct interactions of RNPs with the cytoskeleton.70

CONCLUSION AND FUTURE PERSPECTIVES

Given the recent interest in pandemic influenza in humans, the entry of both avian 
and human influenza into cells is of fundamental importance for our understanding of 
influenza pathogenesis. The viral HA plays pivotal roles in entry, being responsible for 
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both binding and fusion. Detailed structural information on a variety of both avian and 
human HA subtypes is now available80 and, combined with new techniques involving 
glycan microarrays, our knowledge of sialic acid-mediated binding is becoming more 
sophisticated. In terms of virus fusion, much existing data exists, but this is generally 
confined to the human H1 and H3 subtypes. Future work focused on connecting the virus 
binding and fusion events with the route of endocytosis and the relevant cell signaling 
pathways involved both in virus entry and down-stream events in virus replication 
promises to be a productive area, especially combined with high-throughput screening 
and live cell imaging techniques.
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Abstract:  A number of advances in recent years have significantly furthered our understanding 
of filovirus attachment and cellular tropism. For example, several cell-surface 
molecules have been identified as attachment factors with the potential to facilitate 
the in vivo targeting of particular cell types such as macrophages and hepatic cells. 
Furthermore, our knowledge of internalization and subsequent events during filovirus 
entry has also been widened, adding new variations to the paradigms for viral entry 
established for HIV and influenza. In particular, host cell factors such as endosomal 
proteases and the intracellular receptor Niemann-Pick C1 are now known to play 
a vital role in activating the membrane fusion potential of filovirus glycoproteins.

INTRODUCTION

The family filoviridae consists of just two members, Marburg virus (MARV) and 
Ebola virus, first identified in 1967 and 1976, respectively. The Ebola viruses comprise 
five distinct species: the prototypical Ebola virus (EBOV, Zaire ebolavirus); Sudan 
ebolavirus (SUDV); Bundibugyo ebolavirus (BDBV); Taï Forest ebolavirus (TAFV, 
formerly known as Côte d’Ivoire) and Reston ebolavirus (RESTV). Filoviruses are 
responsible for sporadic, highly lethal outbreaks of severe hemorrhagic fever in both 
humans and apes in sub-Saharan Africa. While human cases of filovirus infection are 
rare, with less than 1700 deaths and 2500 total cases between their discovery in 1967 
and 2010,1 recent years have seen a more sustained level of outbreaks, including multiple 
introductions of filoviruses into the human population. Although the primary animal host 
for the filoviruses is still unclear, as with other tropical viral diseases, bats have been 
strongly implicated as a possible reservoir.2,3 In addition, the less pathogenic RESTV 
has been identified in populations of pigs in Asia.4
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FILOVIRUS GLYCOPROTEIN

Filoviruses encode a single membrane-bound surface glycoprotein, termed GP, 
responsible for mediating viral attachment and entry into cells. While MARV encodes 
GP within a single open-reading frame, the equivalent open-reading frame for ebola virus 
encodes a truncated, non-structural protein, termed sGP, secreted by infected cells. However, 
in approximately 20% of GP transcripts, a cotranscriptional editing event introduces a 
frame-shifting adenine, leading to production of full-length GP.5 Given that sGP is easily 
detectable in the blood of infected individuals,6 a number of roles have been proposed, 
including sGP synthesis as a mechanism for controlling membrane-bound GP expression 
levels.7 The virus may be required to limit GP expression due to excessive levels of 
membrane-bound GP leading to a loss of cell adhesion, resulting from a downregulation 
of adhesion molecules.8,9 In addition, viral particles can tolerate very inefficient levels 
of GP incorporation without a resultant loss of infectivity,10 thus methods to reduce GP 
expression, in particular from the surface of infected cells, may help blunt the immune 
response mounted against EBOV.

As with many other viral fusion proteins, full-length GP forms a trimer on the virion 
surface, with each monomer proteolytically processed into two subunits during transit 
through the trans golgi by the proprotein convertase furin.11,12 The resulting proteins, a 
surface subunit, GP1, and a transmembrane-bound subunit, GP2, are linked by a single 
disulfide bond.13 Unlike most viral fusion proteins,14 proteolysis of EBOV-GP at the furin 
cleavage site is not absolutely required for GP to mediate membrane fusion and infection, 
both in tissue culture and in vivo.15,16 However, due to the generally conserved nature of 
the cleavage site between the different strains of EBOV and MARV, it seems likely that 
cleavage plays a role during natural infection.

GP contains many of the hallmarks of a class I viral fusion protein, most notably the 
presence of two heptad repeats within GP2 that associate to form an antiparallel six-helix 
bundle during membrane fusion.17 In addition, a highly hydrophobic fusion peptide is 
positioned close to the N terminus of GP2. As with a subset of other class I viral fusion 
proteins, the fusion peptide is not at the very amino terminus of GP2, but rather forms an 
internal loop created by two flanking cysteine residues linked by a disulfide-bond. This 
may explain why furin-mediated cleavage of GP is not absolutely required for function, 
as viruses without fusion peptides bounded by two cysteines require the cleavage event 
itself in order to free the fusion peptide.18

Filovirus GP is extensively glycosylated,19 as simply demonstrated by a dramatic 
increase in mobility by SDS-PAGE following treatment with glycosidases such as 
PNGase F. Both N- and O-linked carbohydrate moieties are present, with a particularly 
high density situated within a serine and threonine-rich region in the C-terminal half of 
GP1. This region is highly variable between the four characterized strains of EBOV, but 
due to the high density of O-linked glycans it shows homology to mucins. This region 
is also markedly hydrophilic, and due to the presence of a disulfide bond linking the 
more hydrophobic N-terminal region of GP1 to GP2, the C-terminus of GP1 is thought 
to project out into aqueous milieu.13,20 Surprisingly, deletion of the mucin-like domain 
from GP1 does not impact infectivity mediated by EBOV-GP,8,9 but rather actually 
enhances infection.21 Thus, it is unlikely that the determinants for receptor binding lie 
within this region of the glycoprotein. However, due to its highly glycosylated nature, 
and its position distal to the viral membrane, the mucin-like domain likely does contribute 
to relatively nonspecific viral attachment to some cellular lectins (see below). Further 
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mutagenic mapping of GP1 highlights the N-terminal 150-160 amino-acids as critical for 
both EBOV- and MARV-GP mediated entry, suggesting that in fact the amino terminal 
region may be the site of the receptor-binding domain.22,23 Phenylalanines at positions 
88 and 159, in particular, appear to be critical for GP function.24

CELLULAR TROPISM

Studies using filovirus GP pseudotyped onto retroviral or rhabdovirus cores reveal a 
very broad range of cell tropism in vitro.25-28 In addition to the transduction of a diverse 
set of cell types, cell lines from a range of mammalian and avian sources were found to 
be valid targets for filovirus GP mediated entry. The only consistent exception to the 
pan-tropism of filoviruses are cell lines of lymphoid origin, which are totally refractory 
to entry mediated by EBOV-GP.26 These in vitro findings mirror those seen in infected 
patients and experimentally challenged animals, where little or no viral RNA or protein 
has been observed in lymphocytes.29 Thus, the step of viral entry appears to be the major 
determinant for filovirus tropism. Cells of the mononuclear phagocytic system are sites of 
early and sustained viral replication (reviewed in ref. 30). It is likely that organ-specific 
macrophages act as initial targets for viral replication within specific organs,31 while blood 
monocyte/macrophages play a role in dissemination of the virus to tissues,32 although in 
vitro assays suggest monocytes may be less infectible than fully mature macrophages.33 
Dendritic cells are also a target for filovirus replication,34 and may also disseminate virus. 
Later in infection, other cell types, in addition to macrophages, demonstrate high levels 
of viral replication, including hepatocytes and endothelial cells, as well as a range of 
other parenchymal cells. All organs participate in viral replication, with the liver, lungs 
and spleen appearing to be central sites for viral production and viral induced damage.

RECEPTORS FOR FILOVIRUS ENTRY

Generally, in order to gain entry into target cells, enveloped viruses such as the 
filoviruses must first engage specific cellular receptors. The presence of these receptors 
on target cells is thus a major determinant of cellular and tissue tropism. Detailed studies 
of entry mediated by EBOV and MARV glycoproteins, established that for EBOV at 
least, a proteinaceous component, with a requirement for glycosylation, is necessary 
for entry.25,27 Interestingly, neither treatment with pronase, nor disrupting carbohydrate 
addition, inhibited entry mediated by MARV GP,27 suggesting that either the two filoviruses 
use different receptors, or there are functional differences in the way the same receptor 
is utilized. The fact that pronase treatment did not negatively impact MARV entry does 
not exclude the role of proteins in infection as other viruses known to use proteinaceous 
receptors are also insensitive to pronase.27 In support of this, soluble versions of EBOV 
GP can block MARV infection, and vice versa, suggesting a shared receptor.23

Recently, a bioinformatics approach was used to identify T-cell immunoglobulin 
and mucin-domain containing protein-1 (TIM-1) as a potential receptor for EBOV on 
mucosal epithelia.35 It remains to be seen whether TIM-1 acts as a true receptor, or merely 
as a tissue-specific attachment factor, particularly as TIM-1 is also expressed on subsets 
of activated T cells which are refractory to infection. Either way, use of TIM-1 could 
explain the high levels of filovirus replication seen in lung tissue. Three members of 
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the Tyro3 receptor tyrosine kinase family have been demonstrated to facilitate filovirus 
infection.36 Stable expression of any of Axl, Dtk or Mer in refractory lymphocyte cell 
lines permitted infection with either pseudovirions or live virus. In turn, antibodies, Gas6 
ligand and soluble versions of the ectodomains from each Tyro3 family member were 
able to prevent the enhancement of infection seen on Tyro3-expressing lymphocytes.36 
Axl, but not Dtk or Mer, is readily detectable on many EBOV sensitive cell lines, such 
as Vero, HT1080 and HeLa cells.36 Antibodies and RNAi directed against Axl potently 
inhibited infection on some of these lines. However, in Vero cells no inhibition was 
noted, suggesting the existence of alternate factors for EBOV infection in these cells.36,37 
Furthermore, RNAi knockout of Axl did not alter binding to cells, nor was direct binding 
between the extracellular domains of Axl and EBOV GP noted, strongly suggesting Axl 
does not operate directly as a receptor for the virus, but rather acts downstream.37

Folate receptor alpha (FR ) has also been implicated as a receptor for filoviruses.38 
Transcripts encoding FR , that allowed MARV GP-mediated infection of a normally 
refractory T-cell line, were identified in a cDNA library screen.38 Furthermore, expression 
of FR  on T cells reconstituted infection by EBOV GP-bearing pseudotypes, as well as live 
MARV and EBOV.38 Surprisingly, the initial cDNA clone of FR  isolated in these studies 
was not full length, but rather was truncated at the 5’ end and hence failed to encode a 
functional signal peptide for FR .38 It is thus unclear how such a protein would be expressed 
on the cell surface and hence act as a receptor for viral entry. In other studies, transfection 
of refractory cell lines with plasmids expressing functional FR  was unable to reconstitute 
EBOV GP-mediated infection.39 Regardless of the role of FR  in entry, other molecules 
must be capable of functioning as receptors for filoviruses, as GP can mediate efficient 
infection of primary and established cell lines that are negative for both FR  mRNA and 
protein.38,39 In addition, various ligands to FR , such as folate and antibodies, were unable 
to consistently inhibit EBOV GP mediated infection of a range of cell types.21,39

A number of other molecules, such as 1 integrins,40 have been postulated to be 
involved in filovirus entry, however, none of these potential receptors has passed the 
acid test of making refractory cells permissive to filoviruses. Thus, these molecules may 
only play minor, if any, roles in filovirus attachment and entry into target cells. Given 
the novel mechanisms required for triggering EBOV mediated fusion described below, 
it may well in fact be that specific cell surface receptors are not required by this virus, 
but rather any of a multitude of less specific attachment factors or random events leading 
to internalization are sufficient to lead to entry. Lack of specific receptors for entry has 
also be hypothesized for highly pH-dependent viruses such as many of the flaviviurses. 
One could also speculate that with their large, filamentous shape, filoviruses could rely 
on numerous low-affinity surface interactions for effective initiation of attachment.

ATTACHMENT FACTORS

For many viruses, receptor engagement is a relatively inefficient process.41 Thus, 
additional cellular factors that enhance viral attachment to the cell surface can dramatically 
alter infectivity and cellular tropism without being absolutely required for viral infection 
(see Chapter 1). These so-called attachment factors often recognize and bind to viruses in 
a relatively nonspecific manner, for example through carbohydrate modifications on the 
viral envelope proteins. Calcium-dependent (C-type) lectins represent one of a number 
of families of molecules termed pattern recognition receptors that are responsible for 
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identifying, and inducing responses to, unique pathogen signatures. Ironically, many 
of these molecules have been subverted by pathogens in order to either gain entry into 
antigen-presenting cells such as macrophages, or to subvert immune responses. The 
prototypical C-type lectin involved in pattern recognition is CD209 (formerly known 
as DC-SIGN). CD209 maps to chromosome 19p13.3, together with a cluster of related 
C-type lectins including CD23, CD209L (also called DC-SIGNR or L-SIGN) and 
LSECtin.42,43 CD209 and the highly related CD209L (henceforth collectively referred to 
as CD209(L)) are tetrameric, membrane-anchored lectins reported to act as ligands for 
the intercellular adhesion molecules (ICAM) -2 and -3, through recognition of N-linked 
high-mannose carbohydrate moieties.42,44,45 Transcripts corresponding to CD209 were 
originally identified in screens of human placental cDNA libraries for molecules capable 
of binding HIV gp120.46 Subsequent analysis demonstrated the ability of CD209(L) to 
interact with glycoproteins from a variety of pathogens, including HIV, hepatitis C virus, 
dengue, Leishmania and Mycobacterium tuberculosis.47-52 However, CD209(L) are not 
universal attachment factors, as glycoproteins from many viruses, including vesicular 
stomatitis virus, herpes simplex virus and lassa virus, are not enhanced by CD209(L).53 
Some viral glycoproteins that do not interact with CD209(L) efficiently can be engineered 
to contain high-mannose carbohydrate moieties by treating producer cells with mannosidase 
I inhibitors.54 This leads to a marked increase in binding to, and usage of, CD209(L), 
suggesting that the presence or absence of high mannose is the major determinant of 
viral glycoprotein interactions with CD209(L).55 However, it has also been suggested that 
the spatial arrangement of high-mannose moieties either within a single glycoprotein, or 
between multiple glycoproteins on the viral surface, is also important in order to allow 
optimal interactions with these tetrameric calcium-dependent lectins.56,57

The composition of the glycans decorating filovirus GP is highly heterologous, 
consisting of both high-mannose and complex carbohydrate structures.55,58,59 Thus, it is not 
surprising that mammalian lectins, such as CD209(L), are able to interact with filovirus 
GP. The expression of CD209(L) on primary macrophages led to an almost ten-fold 
enhancement of infection by live, replication-competent EBOV, despite these cells 
already being a highly competent cell type for EBOV replication.53 Similarly, transduction 
of infectible cells by retroviral pseudovirions bearing either EBOV or MARV GP is 
dramatically enhanced by transient expression of CD209(L), as well as another C-type 
lectin clustered with CD209(L) on chromosome 19, LSECtin.53,60-62 Whether expression of 
CD209(L) on nonpermissive lymphocyte cell lines can make them permissive to filovirus 
infection is controversial.53,60 While CD209(L) may inefficiently directly mediate viral 
infection, this may be a moot point as the majority of CD209(L) positive cells likely also 
express other receptors for filovirus entry. It is more likely that CD209(L) predominately 
act to concentrate virus at the cell surface of target cells, and hence increase the likelihood 
of GP interactions with its cognate receptor. Thus, CD209(L) may act in vivo to target 
particular cell types for enhanced infection, as well as promoting infection despite very 
low levels of infectious viral particles, for example during transmission.

Ex-vivo, CD209 is very highly expressed on monocyte-derived dendritic cells but 
not monocyte-derived macrophages.45 However, somewhat lower expression is observed 
on a variety of both dendritic cells and tissue macrophages in vivo, as well as liver 
sinusoidal endothelium.45,63-66 CD209L, together with LSECtin, are found predominantly 
on microvascular endothelial cells in lymph nodes and liver sinusoids.43,67 Many of these 
cell types may be important for the establishment and spread of filovirus throughout its 
target organs.
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 Hepatic asialoglycoprotein receptor (ASGP-R) was the first attachment 
factor to be identified for filoviruses.68 ASGP-R binds galactose on asialylated 
carbohydrate structures, such as the serum constituent, asialofetuin.69 Asialofetuin, 
together with antisera to ASGP-R, were able to block MARV infection of ASGP-R 
positive HepG2 cells, while transient expression of ASGP-R in mouse cells led to 
enhanced infection.68 Similarly, ASGP-R is also able to enhance infection mediated 
by EBOV GP on already infectible cell lines by over 30-fold.55 Given that the liver is 
an important target organ for filovirus infection, ASGP-R may play a role in targeting 
filovirus infection of liver cells, due to its presence on hepatocytes. Another calcium 
dependent lectin with specificity for galactose, human macrophage galactose- and  
N-acetylgalactosamine-specific C-type lectin (hMGL), has also been shown to 
significantly enhance infection mediated by filovirus glycoproteins.70 As its name 
suggests, hMGL is highly expressed on macrophages, as well as dendritic cells, 
important cell types for filovirus infection in vivo, particularly early during infection. 
For both galactose-specific lectins, enhancement of infection mediated by EBOV GP 
lacking the mucin-like domain is greatly reduced70 (Unpublished observations—G.
Simmons). Thus, the determinants for binding likely predominantly lie within this 
highly glycosylated region.

Given that lectins are expressed on a range of cell types that could function as 
“doorways” to viral infection within mucosal and epithelial surfaces, as well as target 
organs, it is tempting to speculate that lectins play an important role both in transmission 
of filovirus infections, and the dissemination of virus throughout the body.

ROUTES OF ENTRY

A major component of filovirus GP-mediated membrane fusion is an acidic 
pH-dependent step (see section on mechanisms of membrane fusion below). This implies 
that the virus requires internalization and trafficking to the low pH environment of an 
acidified endosome, as demonstrated by a necessity for an intact microtubule network 
within target cells.33 Several potential routes of internalization are present within cells and 
have been hijacked by various viruses for the purpose of entry or trafficking to specific 
subcellular compartments.71 These include classical clathrin-mediated endocytosis, lipid 
raft-associated caveolae, macropinocytosis and less defined nonclathrin, noncaveolae 
routes of entry. Several groups have determined that cholesterol and lipid rafts are 
required for EBOV GP-mediated infection, both using pseudovirions, and live virus.33,72,73 
Given that caveolae invaginate from cholesterol-rich lipid rafts, Empig et al looked at the 
partitioning of GP-bearing pseudovirions following exposure of target cells.72 Indeed, 
following internalization, pseudotypes incorporating either EBOV or MARV GP, 
colocalized with markers of caveolae to a large extent, suggesting a role for caveolae in 
filovirus entry. However, cells lacking functional components for caveolae formation, 
such as caveolin-1, remain fully infectious to pseudovirions bearing EBOV GP.39 Utilizing 
pseudoparticles, and inhibition of live virus with specific inhibitors, other groups have 
also implicated clathrin-mediated endocytosis as an efficient mode of entry.74 However, 
it appears likely that in this instance pseudoparticles do not adequately mimic authentic 
virus particles which are typically filamentous and up to 1-2 m in length. Studies with 
virus-like particles (VLPs) and replication-competent virus have largely coalesced opinion 
around the idea that macropinocytosis is the predominant route of entry for filoviruses, 
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with clathrin-dependent endocytosis playing a lesser role.75-77 Furthermore, it appears that 
Axl, which had previously been suggested as a receptor, is involved in mediating early 
events in  internalization through macropinocytosis.78

MECHANISMS OF MEMBRANE FUSION

Class I viral fusion protein induced membrane fusion, such as that mediated by 
filovirus GP, occurs through a complex cascade of conformational rearrangements 
within the glycoprotein. Mature, native class I glycoproteins generally exist as 
trimers of heterodimers held in a so-called metastable state, primed for fusion.79 The 
metastable protein is destabilized during attachment and entry, leading to the exposure 
of the hydrophobic fusion peptide and subsequently membrane fusion. Three distinct 
triggers of these conformational rearrangements have been elucidated for the induction 
of membrane fusion by class I viral glycoproteins; interactions with receptor(s) as seen 
with HIV, exposure to low pH as is the case with influenza virus, or a two-step process 
requiring specific interactions with receptor followed by acidic pH treatment.80

The exact triggers necessary for filovirus GP conformational change have yet to be 
elucidated, but it appears that filoviruses present a new paradigm whereby additional 
non-cell surface cellular factors are required. Low pH clearly plays an important role in 
filovirus entry as infection by GP-bearing pseudovirions can be inhibited by agents such 
as bafilomycin A that prevent acidification of endosomes.25-27 Interestingly, however, in 
cell-to-cell fusion assays, while acidic pH is required in order to prime the membrane 
fusion potential of EBOV GP expressing effector cells, treatment of target cells with low 
pH inhibits fusion.81 Also, unlike many pH-dependent viruses, acid treatment of virus 
bound to cells does not induce fusion at the plasma membrane and hence viral entry.82 
Likewise, preincubation at pH 5 does not inactivate EBOV GP, suggesting that low 
pH does not act as a trigger of irreversible conformational rearrangements within the 
glycoprotein. These findings suggest, as with other viruses inhibited by Bafilomycin A 
but not directly sensitive to low pH,83 that rather than acting purely as a direct trigger, 
the requirement for low pH indicates the necessity for the action of a cellular factor 
that is itself sensitive to endosomal pH. Indeed, inhibitors of acid-dependent endosomal 
cysteine proteases specifically inhibit EBOV GP-mediated entry.84,85 In particular, a 
specific inhibitor of the ubiquitous endosomal protease, cathepsin B (CTSB) inhibits 
both EBOV GP bearing pseudovirions and live EBOV infection.84 The requirement 
for CTSB was confirmed by an 80-90% loss of infectivity on both CTSB deficient 
mouse cells and Vero cells treated with RNAi duplexes capable of reducing CTSB 
activity by 85%.84,85 A second cathepsin, cathepsin L (CTSL) was also demonstrated to 
play a possibly more minor role. Specific inhibitors and loss of function experiments 
suggest that CTSL has a synergistic effect together with CTSB, but is not sufficient 
for entry by itself. More recent data suggests that while EBOV, TAFV and BDBV are 
strongly dependent on CTSB, SUDV, RESTV and MARV have a requirement for as 
yet unidentified proteases.86,87

Cleavage of EBOV GP by CTSB and CTSL can be performed in vitro, however 
the findings of different laboratories have not been consistent, perhaps due to separate 
preparations of proteases. Chandran et al demonstrate CTSL can digest GP1 to leave an 
18kDa N-terminal fragment associated with GP2.84 CTSB can also perform this digest, 
although somewhat less efficiently. Interestingly, the 18kDa form is still infectious 
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further supporting the findings that the receptor binding domain of GP1 lies within its 
amino terminus.22 Infection mediated by pseudovirions bearing the 18kDa form remains 
inhibitible by high concentrations of specific CTSB inhibitors and these viruses do 
not infect cells from CTSB knockout mice. However, infection by the 18kDa form is 
significantly enhanced compared to untreated virus on cells undergoing partial inhibition 
of CTSB (i.e., likely to prevent the inefficient production of the 18kDa form mediated 
by CTSB) and full inhibition of CTSL. This supports a two-step process whereby CTSL 
efficiently digests GP1 to leave an 18 kDa fragment, which is then further digested by 
CTSB. Indeed incubation of the 18 kDa form with CTSB, but not CTSL, leads to a 
total loss of GP1 from particles. The fact that CTSB can perform both steps, albeit less 
efficiently, explains why CTSB inhibitors are more effective than those directed against 
CTSL, but not as potent as both together.

In contrast to the findings of Chandran et al, Schornberg and colleagues85 report that 
CTSB treatment reduces GP1 (approximately 130 kDa) to a 50 kDa species—consistent 
with the loss of the mucin-like domain from GP1. A second minor species at 19 kDa 
was also noted. CTSL treatment predominantly leads to a 20 kDa form, while combined 
cleavage gives a doublet of the 20 and 19 kDa fragments.85 These partially digested 
pseudovirions demonstrate enhanced infectivity, and while they are no longer sensitive 
to CTSB inhibition or ablation, they retain a requirement for acidified endosomes.

Cathepsin-mediated proteolysis also plays a role in the entry of several other viruses, 
including the corona- and reoviruses.88-90 In the case of the coronavirus, SARS-CoV, 
temperature-dependent interactions with receptor are required prior to cathepsin-mediated 
cleavage—an interesting modification of a two-step trigger mechanism for induction of 
membrane fusion.89 It appears that almost the reverse situation occurs for filoviruses. 
Proteolysis proceeds receptor engagement - which uniquely occurs on internal membranes. 
Following proteolysis, exposure of the receptor binding domain (RBD) allows EBOV 
GP to interact with Niemann-Pick C1 (NPC1), a cholesterol transporter present in late 
endosomal membranes.91,92 NPC1 can be demonstrated to directly bind to EBOV-GP 
and to allow infection of refractory cell types.93 Thus, the long search for a true filovirus 
receptor has finally yielded results in an unexpected place—inside the cell.

CONCLUSION

The recent advances in understanding filovirus entry highlight the requirement 
by enveloped viruses for a range of host factors other than classical receptors in order 
to achieve efficient entry. External membrane-bound molecules such as DC-SIGN 
and glycosaminoglycans are able to concentrate filovirus at the cell surface in a fairly 
nonspecific manner, while a more specific requirement for proteolysis by individual 
endosomal proteases is observed post-internalization. The recently identified lysosomal 
membrane located molecule, NPC-1, can then function as the true receptor, driving 
membrane fusion and entry.
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Abstract: The family Paramyxoviridae consists of a group of large, enveloped, negative-sense, 
single-stranded RNA viruses and contains many important human and animal pathogens. 
Molecular and biochemical characterization over the past decade has revealed an 
extraordinary breadth of biological diversity among this family of viruses. Like all 
enveloped viruses, paramyxoviruses must fuse their membrane with that of a receptive 
host cell as a prerequisite for viral entry and infection. Unlike most other enveloped 
viruses, the vast majority of paramyxoviruses contain two distinct membrane-anchored 
glycoproteins to mediate the attachment, membrane fusion and particle entry stages of 
host cell infection. The attachment glycoprotein is required for virion attachment and 
the fusion glycoprotein is directly involved in facilitating the merger of the viral and 
host cell membranes. Here we detail important functional, biochemical and structural 
features of the attachment and fusion glycoproteins from a variety of family members. 
Specifically, the three different classes of attachment glycoproteins are discussed, 
including receptor binding preference, their overall structure and fusion promotion 
activities. Recently solved atomic structures of certain attachment glycoproteins are 
summarized, and how they relate to both receptor binding and fusion mechanisms are 
described. For the fusion glycoprotein, specific structural domains and their proposed 
role in mediating membrane merger are illustrated, highlighting the important features of 
protease cleavage and associated tropism and virulence. The crystal structure solutions 
of both an uncleaved and a cleavage-activated metastable F are also described with 
emphasis on how small conformational changes can provide the necessary energy to 
mediate membrane fusion. Finally, the different proposed fusion models are reviewed, 
featuring recent experimental findings that speculate how the attachment and fusion 
glycoproteins work in concert to mediate virus entry.
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INTRODUCTION TO PARAMYXOVIRUSES

The family Paramyxoviridae is an interesting group of large, enveloped, negative-sense, 
single-stranded RNA viruses that includes many important human and animal viruses 
such as measles virus (MeV), mumps virus, respiratory syncytial virus (RSV) and the 
human parainfluenza viruses (hPIV) in addition to animal viral agents such as Sendai 
virus (SeV), parainfluenza virus type 5 (PIV5) and canine distemper virus (CDV).1 Several 
paramyxoviruses, including Newcastle disease virus (NDV) and rinderpest, pose major 
economic threats due to their possible impact on poultry and livestock industries.2,3 In 
addition, more recently discovered members of the paramyxovirus family, namely Hendra 
virus (HeV) and Nipah virus (NiV), have been shown to possess a broad host range with 
the ability to infect and cause disease in a number of animal species as well as humans.4,5

Paramyxoviruses were originally classified as “myxoviruses” in the family 
Orthomyxoviridae due to the shared properties of hemagglutination and neuraminidase 
activity of the envelope glycoproteins of some members. However, paramyxoviruses differ 
from orthomyxoviruses in a number of critical aspects including genome organization, protein 
expression and replication strategies and more closely resemble other families in the order 
Mononegavirales, including Rhabdoviridae, Filoviridae and Bornaviridae.6 The family 
Paramyxoviridae is divided into two subfamilies, Paramyxovirinae and Pneumovirinae. 
The classification is based on the organization of the genome, the molecular properties 
and biological activities of the encoded proteins, and morphological criteria.1 Existing and 
proposed genera with examples of family members and unclassified viruses are summarized 
in Table 1. In 2002, two new genera were added to the Paramyxovirinae subfamily such 
that there are now 5 genera including Respirovirus, Rubulavirus, Morbillivirus, Henipavirus 
and Avulavirus.7 NDV and other avian paramyxoviruses were removed from the genus 
Rubulavirus and reclassified in a new taxon, Avulavirus, due to differences in genome 
organization,8 RNA editing profiles and phylogenetic comparisons.9,10 The formation of 
the genus Henipavirus, which presently includes HeV and NiV, was justified in large part 
because of genome size, unique genome termini, limited homology with other family members 
and the different biological activities of various encoded proteins.5,11 The Pneumovirinae 
includes the genera Pneumovirus and Metapneumovirus, and members include RSV and 
human metapneumovirus (hMPV), respectively. 

Over the past few decades, a number of new paramyxoviruses have been identified, and 
in spite of the increase in the number of genera in the Paramyxovirinae, several members 
remain unclassified. J-virus (J-V) and the newly discovered Beilong virus (BeV) have been 
shown to be closely related to one another, yet neither can be placed in any of the existing 
genera and a new genus, Jeilongvirus, has been proposed.12 Fer-de-Lance virus (FDLV), a 
new reptilian paramyxovirus, also has a unique genome, and a further new genus, Ferlavirus, 
has also been proposed.13 Most recently, a new paramyxovirus, Cedar virus (CedPV), was 
isolated from urine samples of flying foxes in Australia and was shown to be genetically 
and antigenically related to HeV and NiV.14 CedPV also appeared to utilize the same entry 
receptor, ephrin-B2, that both HeV and NiV employ, and CedPV is the first new proposed 
member of the Henipavirus genus. Other paramyxoviruses, such as Salem virus, Mossman 
virus and Nariva virus, have also been described but cannot be placed in any existing genera 
nor have new genera been proposed; therefore, these viruses remain unclassified. 

Until recently, the genomes of paramyxoviruses as a group were generally considered 
to cluster in the range 15.1-15.9 kb. With the discovery and molecular characterization of 
HeV, NiV, BeV and CedPV, and the genome sequencing of the previously described Tupaia 



97PARAMYXOVIRUS ENTRY

virus and J-V, the genome size range has significantly increased. BeV, with a 19,212-nt 
genome, now represents the largest genome among all known non-segmented negative-strand 
RNA viruses, longer than the 19,151-nt genome of Marburg virus.12 Indeed, aided by 
discovery and/or sequencing, the genetic diversity within the family Paramyxoviridae has 
rapidly increased within the past decade, and research efforts focused on their molecular 
and biochemical characterization have revealed an extraordinary breadth of biological 
diversity among this virus family. 

Table 1. Existing and proposed genera in the family Paramyxoviridae
Subfamily Genus Species

Paramyxovirinae
Rubulavirus Parainfluenza virus type 5*

Mumps virus
Human parinfluenza virus types 2, 4a 
and 4b
Menangle Virus

Respirovirus Sendai virus
Human parinfluenza virus types 1 and 3
Bovine parinfluenza virus type 3

Avulavirus Newcastle disease virus
Avian paramyxovirus types 2-9

Morbillivirus Measles virus
Canine distemper virus
Rinderpest virus

Henipavirus Hendra virus
Nipah Virus
Cedar virus

Pneumovirinae
Pneumovirus Human respiratory syncytial virus

Bovine respiratory syncytial virus
Pneumovirus of mice

Metapneumovirus Human metapneumovirus
Avian pneumovirus**

Proposed
TPMV-like viruses*** Tupaia virus
Jeilongvirus*** J-virus

Beilong virus
Ferlavirus*** Fer-de-lance virus

Unclassified
Nariva virus
Mossman virus

Salem virus
*Formerly known as simian virus 5 (SV5). **Formerly known as turkey rhinotracheitis virus. 
***Proposed genus within the subfamily Paramyxovirinae
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PARAMYXOVIRUS ENTRY

Fusion of enveloped viruses with the plasma membrane of a receptive host cell is 
a prerequisite for viral entry and infection. As a group, most paramyxoviruses contain 
two membrane-anchored glycoproteins that are required for the entry process, and these 
glycoproteins appear as spikes projecting from the envelope membrane of the viral particle 
when viewed under the electron microscope. Several examples are provided in Figure 1. 
One glycoprotein is required for virion attachment to the host cell, and depending on 
the particular virus, has been designated as either the hemagglutinin–neuraminidase 
glycoprotein (HN), the hemagglutinin glycoprotein (H) or glycoprotein (G), which has 
neither hemagglutinating nor neuraminidase activities (reviewed in ref. 15). Paramyxovirus 
attachment glycoproteins are type II membrane proteins where the protein’s amino 
(N)-terminus is oriented towards the cytoplasm and the protein’s carboxy (C)-terminus is 
extracellular. The other glycoprotein is the fusion protein (F), which is directly involved 
in facilitating the fusion of the viral and host cell membranes (reviewed in ref. 16). The F 
glycoprotein is a type I integral membrane glycoprotein with an extracellular N-terminus 
that shares several conserved features with other viral fusion glycoproteins and will be 
discussed in greater detail in the sections to follow. A cartoon diagram of an attachment 
and fusion glycoproteins and their important functional domains is depicted in Figure 2.

The attachment and fusion glycoproteins work in concert to mediate membrane 
fusion and particle entry into susceptible host cells. Following virus attachment to a 
permissive and receptor-bearing host cell, fusion of the virion and plasma membranes 

Figure 1. Negatively stained paramyxovirus virions. A) Newcastle disease virus (avulavirus). B) Human 
parainfluenza virus type 3 (respirovirus). C) Hendra virus (henipavirus). D) Canine distemper virus 
(morbillivirus). E) Menangle virus (proposed rubulavirus). F) Respiratory syncytial virus (pneumovirus). 
G) J-virus (proposed jeilongvirus). H) Mossman virus (unclassified). All micrographs were adjusted 
to the same magnification with exception of panels F and G. For all panels: bar, 200 nm. Images 
courtesy of the AAHL Biosecurity Microscopy Facility, Australian Animal Health Laboratory (AAHL) 
Livestock Industries CSIRO, Australia.
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occurs, resulting in delivery of the viral nucleocapsid into the cytoplasm. In a related 
process, cells expressing attachment and fusion glycoproteins on their surface can 
fuse with receptor-bearing cells under physiological or cell culture conditions, 
leading to the formation of multinucleated giant cells (syncytia)—a hallmark of many 
paramyxovirus infections. 

ATTACHMENT GLYCOPROTEINS AND THEIR RECEPTORS

General Tertiary Structure of Attachment Glycoproteins

The paramyxovirus attachment glycoproteins consist of a stem (or stalk) and a globular 
head structure with the latter domain containing both the receptor binding and, if present, 
enzymatic activities of the molecule.17-19 The general model for the monomeric structure 
of HN and H is a globular head comprised of 6-folded antiparallel -sheets ( 1-6) of four 
strands each (S1-4), with each sheet arranged regularly around and radiating out from the 
central axis of the molecule.20 Although the henipavirus G glycoprotein has only limited 
sequence homology to HN and H glycoproteins it possesses a high structural similarity.21 
The attachment glycoprotein -propeller shape is maintained by disulfide bonds, which 
are highly conserved among these three types of attachment glycoproteins (reviewed in 
ref. 22). The 6-bladed propeller model is similar to both the earlier predicted structures 
of HN23 and henipavirus G21 and the now known HN structures of NDV, hPIV3 and 
PIV5,24-27 the structure of MeV H28,29 and the structures of henipavirus G.30,31

Earlier electron micrographs of SeV HN exhibit a box-shaped arrangement consistent 
with four discrete subunits,32 similar to influenza virus neuraminidase (NA). The oligomeric 
forms of HN from different paramyxoviruses have been extensively characterized and 
depending on the virus consist of pairs of disulfide-linked homodimers that can come 
together to create noncovalently linked tetramers32-36 or also disulfide-linked tetramers 
(dimer of dimers).37 The disulfide-linked dimers of PIV5 HN are joined through cysteine 
residue 111 in the stalk domain; the exact residues responsible for tetramer association 
have yet to be identified although the presence of the stalk domain is critical.26 PIV526 
and NDV HN38 also exist as tetramers in solution; however, significant differences exist 
in dimer packing. 

The oligomeric organization of the MeV H glycoprotein has also been characterized by 
structural and functional studies identifying disulfide-linked dimers via cysteine residues 
at positions 139 and 15439 with a higher order tetramer configuration (dimer of dimers).40 
Likewise, the biochemical characterization of native HeV G, as well as a transmembrane 
domain/cytoplasmic tail-deleted, soluble version of G has revealed disulfide-linked 
dimers and both noncovalent and disulfide-linked tetramers of G similar to the oligomeric 
forms of HN and H glycoproteins.41 The residues involved in the oligomerization of G 
are located in the stalk domain with NiV G cysteine residues 158, 162 and 146 having 
critical roles. Residues 158 and 162 are involved in the covalent dimer formation of NiV 
G and were found to be absolutely required for its fusion promotion activity, perhaps by 
maintaining G in a pre-receptor bound conformation, while cysteine residue 146 appeared 
to stabilize higher-order oligomers (tetramers)42 (reviewed in ref. 43). Additional details 
on the structures and functions of the types of attachment glycoproteins will be discussed 
in the sections below.
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Hemagglutinin–Neuraminidase Glycoprotein (HN) 

The majority of well-described paramyxoviruses, particularly those in the Respirovirus, 
Avulavirus and Rubulavirus genera, possess a multifunctional HN glycoprotein that 
attaches the virion to sialic acid receptors on host cells. In addition to binding, the HN 
glycoprotein cleaves sialic acid moieties from both host cell molecules and virus particles. 
Analogous to the role played by influenza NA, the neuraminidase activity of HN prevents 
re-attachment of the virion to producer cells as well as self-aggregation of progeny virions 
as they bud from an infected cell into the extracellular environment (reviewed in ref. 44). 
Because the optimal pH for paramyxovirus neuraminidases is between 4.8 and 5.5 it has 
been suggested that the removal of sialic acid from carbohydrate chains occurs in the 
acidic trans Golgi network. 

Recently, the structure of the NDV HN ectodomain was reported that showed the NA 
domain dimers flanking the N-terminal stalk domain (Fig. 3). The NDV stalk formed a 
parallel tetrameric coiled-coil bundle (4HB) that also permitted the classification of existing 
mutagenesis data, revealing broad insight into the functional roles of the HN stalk and 
its tetrameric configuration. Many mutations that affected only F-glycoprotein activation 
mapped to the 4HB surface (Fig. 3A). Two of four NA domains revealed an interaction 
with the 4HB stalk, and residues at this interface in both the stalk and NA domain have 
been implicated in HN function.27 The two independent structures of PIV5 and NDV 
HN glycoproteins26,27 have now been referred to as the ‘heads-up’ versus ‘heads-down’ 
conformations, respectively. Alternative models describing how tetrameric HN structures 
promote fusion have been proposed by both Zaitsev et al38 and Yuan et al26,27 and will 
be discussed in a later section.

HN mediates both binding to sialic acid as a receptor for viral attachment and cleavage 
of sialic acid via its neuraminidase enzymatic activity. An interesting question remains 
as to whether this is achieved through one or two separate sialic acid binding sites. 
Studies have demonstrated two sialic acid binding sites in the NDV HN dimer, one in the 
globular head domain and the second site at the dimer interface of the molecule.38 Both of 
these proposed sialic acid binding sites in NDV HN are shown in Figure 3A. Binding of 
ligand to the first active site induces a conformational change that then allows formation 
of the second site to which sialic acid also binds. Structural studies of hPIV3 and PIV5 
HN reveal dimers very similar to those of NDV HN and suggest a similar oligomeric 
arrangement; however, unlike NDV the hPIV3 and PIV5 HN glycoproteins contain only 
one sialic acid binding site, an enzymatically active site in the globular head domain, 
while differences in sequence and conformation render the second sialic acid binding 
site implausible.25,26 Like hPIV3 HN, PIV5 HN does not undergo conformational change 
upon ligand binding, highlighting further distinctions from the NDV HN structure.25,26 

Hemagglutinin Glycoprotein (H) 

The morbilliviruses, including MeV and CDV, have a H attachment glycoprotein, 
which possesses only hemagglutinating activity and does not bind to sialic acid receptors. 
However, H glycoproteins have significant sequence identity to HN, and similar tertiary 
structure models analogous to those for the HN glycoproteins of respiroviruses, avulaviruses 
and rubalviruses have been developed.20 MeV was also the first paramyxovirus shown to 
employ a cell-surface protein as a receptor,45,46 and co-immunoprecipitation experiments 



102 VIRAL ENTRY INTO HOST CELLS

Figure 3. A) Structure of the NDV HN, Australia–Victoria (AV) strain ectodomain. Two dimers of the 
NDV HN NA domains flank the 4HB (residues 83-114) in the stalk. The four NA active sites are shown 
as blue spheres. The secondary sialic acid binding sites located at the NA domain dimer interface are 
shown as orange spheres. Mutations of NDV HN stalk residues R83, A89, L90, L94 and L97 are known 
to impair F activation specifically and are implicated in forming direct contacts with the F glycoprotein. 
These mutations reside along the stalk region marked by the arrow in the HN tetramer structure. B) 
Model of HeV G. Left: The G ectodomain is shown in the dimer conformation with the two globular 
head domains derived from the crystal structure, colored in green and blue, with predicted N-linked 
glycosylation sites shown as gray spheres. The G head domain folds as a six-bladed -propeller with 
disulfide bonds illustrated as yellow sticks. The residues of the ephrin-B2 G-H loop are also shown in 
yellow occupying the RBS. Stalk residues 77–136 are modeled for each monomer, and the position of the 
HeV G head dimer and stalks are oriented based on the alignment with the NDV structure.27 Ile residues 
in the HeV G stalk domain that modulate G fusion promotion activity are indicated.197 Right: Model of 
the HeV G dimer with globular heads and stalk domains as on right and rotated with residues G449 
and D468 highlighted in red showing their proximity to the stalk domain. Mutation of these residues 
decreases HeV fusion, suggesting they may be involved in interactions between the globular heads and 
stalk domains that are essential for the fusion process. Figures have been modified from original work with 
permission from R.A. Lamb and Yuan P et al. Proc Natl Acad Sci USA 2011; 108(36):14920-14925;27 
and Steffen DL et al. Viruses 2012; 4(2):280-30 (the creative commons public license).43
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demonstrated an interaction between the H glycoprotein of laboratory strains of MeV and 
CD46.47 In addition, MeV field isolates as well as vaccine strains can utilize signaling 
lymphocyte activation molecule (SLAM, CD150) as a receptor48—a receptor also employed 
by CDV and wild-type rinderpest virus.49,50 Further, CD46 and SLAM expression are 
down-regulated in MeV-infected cells in a H glycoprotein-dependent manner.51,52 It was 
hypothesized that reducing the levels of surface-expressed receptors may circumvent 
the need for intrinsic neuraminidase activity by MeV, and possibly morbilliviruses in 
general, which for HN bearing paramyxoviruses cleaves surface-associated sialic acid 
and prevents virus aggregation during virus budding as discussed earlier. Moreover, the 
use, and down-modulation, of SLAM by morbilliviruses may play a role in the general 
immunosuppression seen in infected hosts. Interestingly, the MeV attachment sites for 
both receptors appeared to overlap on the globular head domain of H,53 although viruses 
that preferentially use either CD46 or SLAM could be selected.54 Yet a third MeV 
receptor, speculated to exist on epithelial cells,55,56 was recently discovered. Nectin-4, 
an adherens junction protein of the immunoglobulin superfamily, is the most recently 
identified MeV receptor.57,58 Highly expressed in a variety of tissues including epithelial 
cells of the human airway, Nectin-4 supports MeV entry and is also down-regulated in 
infected cells. Of the three MeV receptors, Nectin-4 has the strongest affinity for MeV 
H58, and MeV targets Nectin-4 to emerge in tracheobronchial airways. Following the initial 
infection and spread of MeV within the host, facilitated by macrophages and dendritic 
cells, infection of epithelial cells occurs later in the disease and is important for aerosol 
transmission of the virus (reviewed in ref. 59). 

In just the past several years a significant amount of new information on the interactions 
between paramyxovirus H glycoproteins and their binding partners has been obtained and 
the structures of MeV H alone and in complex with SLAM, CD46 and Nectin-4 have been 
determined.28,29,60-62 The most recent structure of MeV H in complex with Nectin-4 has 
allowed for the first time a detailed comparison of the binding of H with three different 
receptors, revealing overlapping but distinct binding sites for Nectin-4, CD46 and 
SLAM.60 Of particular interest, this latest study revealed a hydrophobic pocket centered 
in the MeV H 4- 5 groove involved in the binding of all three receptors, suggesting a 
new potential target for antivirals.

Glycoprotein (G)

There are two distinct and structurally unrelated G lineages within the family 
Paramyxoviridae—those described for the genus Henipavirus in the subfamily 
Paramyxovirinae and those described for the genera Pneumovirus and Metapneumovirus 
in the subfamily Pneumovirinae. Both lineages of G attachment glycoproteins lack 
hemagglutinin and neuraminidase activities. Only a single amino acid residue of the 
seven known to be critical for neuraminidase activity is conserved in HeV and NiV 
G, compared to at least six residues in HN or four residues in H. Additional studies 
demonstrated that neuraminidase treatment of Vero cells (a cell line used to propagate 
HeV and NiV stocks) did not inhibit HeV or NiV infection, while such treatment can 
abrogate their susceptibility to NDV and influenza virus A, which depend on sialic acid 
structures as receptors. 

It was also observed that cell lines from the same species, most notably human cell 
lines, could be clearly positive or negative for HeV or NiV-mediated membrane fusion 
and that protease treatment could prevent fusion of an otherwise permissive target cell.63-65 
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Perhaps not unexpected in light of the observed characteristics possessed by HeV and 
NiV G, it was later discovered that the henipaviruses utilize a host cellular protein as a 
viral receptor, ephrin-B2 ligand.66,67 Ephrin-B2 ligand is a widely-expressed and highly 
conserved cell surface protein across many different species, and its identification as the 
henipavirus receptor has aided in understanding the broad host range of HeV and NiV 
as well as their neurotropism. 

In addition, ephrin-B3 ligand was identified as a second entry receptor for NiV68and 
HeV.69 Like MeV H attachment to its protein receptors, the attachment sites for both 
ephrin receptors in NiV G also revealed overlapping binding sites as binding to ephrin-B2 
ligand can inhibit binding to ephrin-B3 ligand.68,70 More recently, the crystal structures 
of both NiV and HeV G globular head domains have been determined both alone and in 
complex with the ephrin-B2 and -B3 receptors, revealing the exact G-receptor interactions 
and identical receptor binding sites.30,31,71-73 Also, similar to NDV HN, the henipavirus 
G stalk domain contains alpha helices with a predicted break from amino acids 95–98, 
and the stalks with the globular heads of HeV G have been modeled with the resulting 
structure resembling the heads-down configuration of NDV HN (Fig. 3B). 

An obvious difference between the G glycoproteins of henipaviruses and those 
of the subfamily Pneumovirinae, is size, just over 600 amino acids for HeV and NiV 
whereas the G glycoproteins of pneumoviruses and metapneumoviruses vary between 
230 and 300 amino acids.74 There are also significant sequence differences between the 
G glycoprotein of pneumoviruses and metapneumonviruses, although both have a similar 
hydrophobicity profile, a high serine and threonine content (24-34%) and an ectodomain 
that also contains two mucin-like domains.75,76 In addition, the G glycoprotein of RSV, 
a member of the pneumovirus genus, is heavily glycosylated with both N- and O-linked 
sugars that contribute greater than 50% of the weight of the mature glycoprotein—an 
unusual feature among viral membrane glycoproteins. The high serine and threonine 
content facilitates the addition of O-linked carbohydrates, and it is likely that these sugar 
moieties contribute to the binding of carbohydrate receptors on the cell surface.75 hMPV 
G has a serine/threonine content of 34%, slightly higher than RSV,76 and it is predicted to 
have a similar profile of O-linked glycosylation and carbohydrate binding as RSV G. In 
addition to the membrane-bound RSV G, a soluble and secreted G glycoprotein molecule 
is also observed in infected cell cultures.77 It has been suggested that this soluble version 
of RSV G may act as an immunological decoy during infection. 

Another notable characteristic of RSV, including bovine (RSV) which is being explored 
as a human vaccine platform, is that G-deleted viruses are still capable of replication in 
cell culture or in animals.77-81 These observations suggested that RSV G may function 
as an accessory protein that increases the efficiency of virus entry.82 Indeed, the RSV F 
glycoprotein has been shown to bind heparin-containing structures and the GTP-binding 
RhoA protein as well as interact with and subsequently signal through CD14 and toll-like 
receptor 4.75,83 Clearly, RSV possesses an alternate mechanism for virus entry in which 
attachment and fusion can be directly mediated by F and does not strictly require G. More 
recently, endocytosis has been implicated as a possible route of RSV entry, either via a 
caveolin84 or clathrin85 mediated route(s).

Like RSV, recombinant human metapneumovirus (hMPV), which lacks G, has 
also been shown to be replication competent in vitro and in vivo,86,87 and it was recently 
demonstrated that the first cell surface binding target for hMPV is also heparan sulfate.88 
Although no definitive receptor for the hMPV F protein has been identified, integrin 

1 has been suggested as a host cell factor promoting entry.89 Altogether, these recent 
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findings suggest that hMPV F glycoprotein has effectively replaced a requirement for 
an attachment protein with a low pH-induced triggering process,90,91 a unique feature 
amongst the paramyxoviruses. 

Finally, the newly characterized G genes and their encoded G glycoproteins of J-V 
and BeV warrant discussion, as they may represent a third lineage of G glycoproteins in 
the family Paramyxoviridae. The J-V and BeV G genes are 4401 and 4527-nt in length, 
respectively, more than double the size of most family members.12,92 The significant 
increase in size is due to the presence of additional open-reading-frames (ORFs) within 
the G gene. To begin with, for both J-V and BeV, the 5’ half of the G mRNA contains 
an open reading frame (ORF-G) encoding putative proteins 709 or 734 amino acids in 
length, respectively. Such proteins are 105 and 130 amino acids larger, respectively, than 
the largest paramyxovirus attachment glycoprotein; HeV G. The putative G glycoproteins 
of J-V and BeV share many conserved structural elements with other paramyxovirus HN, 
H and G glycoproteins, and also lack any detectable hemagglutinating or neuraminidase 
activities.12,92 In addition, and perhaps of greater interest, both the J-V and BeV G gene 
contain an additional ORF (ORF-X) within the 3’ half of their G mRNAs, encoding 
putative proteins, 709 and 299 amino acids in length, respectively. These additional coding 
regions are separated from the ORF-G by only one stop codon. BeV has another ORF 
downstream from, but overlapping with ORF-X which encodes another putative protein 
394 amino acids in length. Probes specific for ORF-G and ORF-X in J-V both identified 
mRNA transcripts corresponding in size to a monocistronic G gene mRNA. However, no 
evidence was found for the existence of an mRNA molecule specific to ORF-X alone, 
nor was the protein encoded by ORF-X or a fusion protein of G-X detected.93 Although 
the biological significance of these additional ORFs remains unknown, clearly, the G 
genes of J-V and BeV are unlike any other within the family Paramyxoviridae.

Fusion (F) Glycoprotein

Nearly all paramyxoviruses that have been examined to date require both attachment 
and F glycoproteins for efficient membrane fusion to occur, although some exceptions 
have been noted. PIV5 F can mediate moderate levels of membrane fusion in the absence 
of HN94, and as described above, RSV and hMPV derivatives that lack the G gene remain 
fusogenic and infectious. For all paramyxoviruses the F glycoprotein is directly involved 
in facilitating the fusion between the virus and host cell membranes. F glycoproteins 
are homotrimeric oligomers with considerable hydrophobicity36,95-100 and share several 
conserved features with other viral fusion proteins, including the envelope glycoprotein 
of retroviruses, such as gp120/gp41 of HIV-1, and the hemagglutinin (HA) of influenza 
virus.95,96,101,102 These types of viral fusion glycoproteins have since been categorized as 
class I viral fusion proteins103 where from the protein’s N- to C-terminus there is a fusion 
peptide located just C-terminal to the cleavage site of a precursor form of the protein 
followed by two heptad repeat domains, a transmembrane domain (TMD) and a cytoplasmic 
tail. These features of the paramyxovirus F glycoprotein will be discussed below. The 
three prominent classes of viral fusion proteins have been recently reviewed in detail.104

Biologically active F consists of two disulfide linked subunits, F1 and F2, (Fig. 2) that 
are generated by the proteolytic cleavage of a precursor known as F0.105,106 Likewise, HIV-1 
envelope and influenza HA are cleaved by a host cell protease, leading to the generation of 
a membrane distal subunit analogous to F2 and a membrane-anchored subunit analogous 
to F1. Cleavage of F0 is thought to play an important role that influences both infectivity 
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and pathogenicity of paramyxoviruses. The various paramyxovirus F glycoproteins fall 
into two groups—those with multiple basic residues and those with a single basic residue 
at the cleavage site. Proteolytic activation involves two separate cleavage events mediated 
by host proteases. The first initially cleaves the carboxyl side of the basic residue, and 
the next step, mediated by a carboxypeptidase, removes the basic residue. Cleavage of F 
glycoproteins with multiple basic residues occurs within the cell as they traffic through 
the trans Golgi network of the secretion pathway and is thought to be mediated by furin, 
a host endoprotease1 (reviewed in ref. 106). Two different mechanisms exist for cleavage 
of paramyxoviruses with single basic residues at the cleavage site. The first, which has 
been more widely studied, has demonstrated extracellular cleavage by an exogenous 
protease. As an example, SeV replicates poorly in tissue culture; however, after addition 
of exogenous protease, productive infection significantly increases.105 When grown in 
eggs, SeV F is cleaved by an extracellular amniotic endoprotease.107 For NDV, virulence 
of the virus is directly correlated to the nature of the cleavage site, where strains with a 
single basic residue in the cleavage site are avirulent and are restricted to the respiratory 
tract, while those with multiple basic residues readily disseminate through the host.108 
In general, most viruses that contain a single basic residue at the cleavage site have a 
more restrictive tropism and do not disseminate. Newly recognized exceptions to these 
general rules are HeV and NiV. Both henipaviruses have a single basic residue at the 
cleavage site, however, both viruses readily disseminate within the host upon infection, 
productively targeting a variety of organ systems. Of particular interest is the discovery 
that the F0 glycoprotein of HeV and NiV is cleaved in a novel process that occurs after 
transportation of the uncleaved molecule to the surface of infected cells. Following 
re-internalization of F0, cleavage occurs within the endosomal compartment and is 
mediated by the endoprotease cathepsin L.109,110 

Nevertheless, in all cases following F0 cleavage, the membrane-anchored subunit F1 
remains linked to F2 by a disulfide bond and contains a new N-terminus, referred to as the 
fusion peptide (Fig. 2), which is hydrophobic and conserved in its location across virus 
families.111,112 The fusion peptides of paramyxoviruses, as well as other viruses including 
HIV-1 and influenza, are thought to intercalate into target membranes and initiate the 
fusion process.113 Although hydrophobic in nature, the absolute conservation of many of 
the residues within the fusion peptide of paramyxoviruses suggests an as yet unidentified 
additional function independent of actual membrane insertion.1

The paramyxovirus F glycoproteins, like those of retroviruses, contains 2 
-helical domains referred to as heptad repeats that are involved in the formation of a 

trimer-of-hairpins structure or 6-helix bundle (6-HB) during or immediately following 
fusion of virus and cell membranes.111,114-117 For paramyxoviruses, one heptad is located 
adjacent to the fusion peptide in F1 and is referred to as the N-terminal heptad or heptad 
repeat A (HRA). The second heptad is proximal to the transmembrane domain and is 
referred to as the C-terminal heptad or heptad repeat B (HRB) (Fig. 2). As first noted 
with the gp41 subunit of HIV-1 envelope glycoprotein,118,119 peptides corresponding 
to either of these domains from several paramyxovirus F glycoproteins can inhibit the 
activity of the fusion glycoprotein when present during the fusion process.63,64,120-126 
It has been generally accepted that significant conformational change occurs during 
activation of paramyxovirus F fusogenic activity. Differential antibody binding reactivity 
of precursor and proteolytically processed forms of PIV5 F127, in conjunction with the 
structure of the ‘postfusion’ 6-HB of PIV5 F111, strongly supported the conformational 
change model.102 The postfusion structure of the hPIV3 F core is likely conserved across 
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other paramyxoviruses and has been observed in the F core structures of RSV,128 MeV,129 
mumps virus130 and the henipaviruses.131 A cartoon illustrating how the heptad repeats 
mediate 6-HB formation and membrane fusion is shown in Figure 4.

More recently, structural studies on the F glycoprotein of NDV reveal a trimer structure 
that differs from the classic influenza HA structure, principally in the manner in which 
HRA is oriented. In the NDV F trimer, the HRA segment is located with its C terminus 
directed towards the head of the molecule; this is the opposite orientation to the observed 
central coiled coil formed by HRA in the influenza HA trimer.98,132 Understanding the 
cascade of conformational changes leading up to 6-HB formation102,121,127 was hindered by 
the spontaneous re-arrangement of secreted F glycoproteins to a conformation resembling 
a postfusion configuration,98,99,132 recently reviewed in reference 133. However, the first 
prefusion, metastable structure of a paramyxovirus F glycoprotein has recently been 
solved by appending a trimerization motif from GCN4 onto the C terminus of secreted 
PIV5 F, an addition thought to mimic the transmembrane domain of the glycoprotein.100 
The structures of uncleaved and cleaved metastable prefusion PIV5 F glycoprotein and 
postfusion hPIV3 F conformations are shown in Figure 5. The differences in overall 
conformations between the pre- and postfusion F glycoproteins merit explanation here. 

The first metastable prefusion conformation of a PIV5 F was determined using 
an uncleaved version of the glycoprotein and was shown to contain a globular head 
connected to a trimeric coiled-coil stalk formed by HRB.100 The globular head contains 
three previously identified domains per subunit, referred to as DI, DII and DIII,100,132 and 
in DIII two sets of 6 helices form rings that cover the top of the globular head, while the 
HRB three-helix bundle seals the bottom. Perhaps the most intriguing aspect of the structure 
is that DIII undergoes major refolding between the pre- and postfusion conformations 
of F. In the prefusion conformation HRA is actually divided into four helices, five turn 
segments and two –stands and is folded around the core of DIII. Such a conformation 
suggests that HRA is trapped within DIII as monomeric subunits. Further, in the prefusion 
conformation, the fusion peptide is wedged between the DII and DIII domains of adjacent 
F subunits in the trimer. Upon triggering, a total of 11 distinct segments in the prefusion 
HRA DIII domain refold to generate a single extended -helical conformation necessary 
for translocation of the fusion peptide towards the target membrane and pre-hairpin 
formation. In solution, the prefusion, metastable PIV5 F molecule does not form the 6-HB 
structure; rather the three fold axis of the HRB three-helix bundle is aligned along the 
three-fold axis of the globular head with only a slight tilt. The junction of the base of the 
globular head and the HRB region appear to form an interactive network between trimer 
subunits. Previously identified residues near HRB that were hypothesized to play a role 
in conformational switching134 are now known to reside within this region. The presence 
of the additional trimeric coiled-coil domain from GCN4135 in the crystallized metastable 
PIV5 F is hypothesized to stabilize the trimeric coiled-coil stalk formed by HRB. The 
transmembrane domain and cytoplasmic tail are hypothesized to perform a similar role 
in native metastable F and help explain why in their absence secreted, anchorless hPIV3 
and NDV F glycoproteins converted to the postfusion F conformation when crystallized.26 

Very recently, the crystal structure of the cleaved prefusion form of a truncated version 
of the PIV5 F has been reported.136 As before; the truncated soluble form of the PIV5 
F glycoprotein was appended with a trimeric coiled-coil domain (GCNt) that was able 
to stabilize the ectodomain of the F glycoprotein in its prefusion conformation. Unlike 
previous studies, the purified metastable F glycoprotein was cleaved in vitro with trypsin, 
re-purified and analyzed by electron microscopy, revealing its characteristic prefusion 
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form. Interestingly, when heated briefly in vitro, the cleaved metastable F converted to a 
postfusion conformation.136 It was notable that other than the newly exposed N-terminus 
of the trypsin cleaved F0 precursor, the conformational differences near the cleavage 
site exhibited no net burying or exposure of hydrophobicity or charge changes136, and 
the conformational changes between the uncleaved to cleaved prefusion forms of the 
PIV5 F were not as dramatic as the prior observations between similar versions of the 
influenza HA glycoprotein.

Similar soluble forms of the NiV and HeV F glycoproteins have also been recently 
reported along with the ability to cleave purified prefusion soluble F and generate postfusion 
forms137, and a NiV prefusion soluble F crystal structure has been determined (K. Xu, C. 
Broder and D. Nikolov, unpublished findings). The structure of the cleaved prefusion PIV5 
F glycoprotein, together with the previously reported structures of uncleaved prefusion 
PIV 5 F-GCNt and the postfusion structures of hPIV3 F, NDV F and RSV F, have now 
provided a detailed high-resolution view of the various static forms of paramyxovirus 
F glycoproteins (Fig. 5).

Upon appropriate triggering of native F, it is now hypothesized that opening or 
“melting” of the HRB three-helix bundle stalk triggers the conformational changes in 
the HRA DIII domain and gives rise to the pre-hairpin fusion intermediate.100 Indeed, a 
multi-step process would be consistent with the early inhibition of fusion by HRA-derived 
peptides but not HRB-derived peptides.121,138 Accordingly, the model depicting heptad 
repeat dependent membrane merger (Fig. 4) requires slight adjustment. Specifically, the 
pre-hairpin conformation of F needs to be altered to portray HRB as three unassociated 
segments instead of a three-helix bundle. Overall, both prefusion conformations of the 
cleaved and uncleaved PIV5 F and the postfusion conformation of hPIV3 F suggest 
how small refolding intermediates can be coupled to the activation of F and ultimately 
membrane fusion.139

It has also long been recognized that truncated or cytoplasmic tail deleted versions 
of fusion envelope glycoproteins; particularly the human and simian immunodeficiency 
viruses (HIV-1, HIV-2 and SIV), could often possess an enhanced ability to mediate 
cell-cell fusion (Aguilar et al140 and references therein). This feature was also recorded 
in paramyxovirus SV5 strains where individual isolates possess an F glycoprotein with 
either a short (20-residue) or long (42-residue) cytoplasmic tail. It was noted earlier that an 
SV5 strain (W3A) possessing an F glycoprotein with a short tail could mediate syncytium 
formation in the absence of its HN glycoprotein partner, essentially a hyperfusogenic 
feature, whereas other strains with the longer tail required HN coexpression for fusion.141 
Further experiments revealed that when the W3A F glycoprotein (short tail) is expressed 
as the longer tail (42 residues) either by mutation to remove a translational stop codon or 
by extension using additional sequences, the hyperfusogenic activity of the F glycoprotein 
is reduced. Additionally, the longer cytoplasmic tail of F modulated the F ectodomain 
conformation as detected by specific mAb binding, suggesting that the cytoplasmic tail 
could influence the conformation and function of the protein’s ectodomain.142 Likewise, 
the cytoplasmic tail of the NiV F glycoprotein has been shown to contain an amino acid 
motif (KKR) that when mutated can affect the conformation and subsequent fusion activity 
of the F glycoprotein ectodomain,140 a feature termed as an inside-out signaling event.

In addition, the potential role(s) of the TMD of a paramyxovirus F glycoprotein in its 
structure and functional features has also been under investigation. The TMD appears to 
influence protein folding, prefusion structure stability and the membrane fusion activity 
of a variety of viral fusion proteins (Smith et al143 and references therein). However, 
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details on the TMD role have remained poorly understood among the paramyxoviruses. 
Recent experiments have shown that TMD-TMD interactions within the F glycoprotein 
trimer of HeV affect protein stability and its fusogenicity, and elements within the C 
terminus of the HeV F TMD appear to play an important role in the F trimer’s TMD-TMD 
interactions and its membrane fusion activity.143

For most paramyxoviruses, the fusion triggering event initiated by the F glycoprotein’s 
attachment glycoprotein partner appears to serve as an effective replacement of the 
acidification event required by influenza virus HA. However, the conformational changes 
in the transition from pre- to postfusion PIV5 F are quite different from those observed for 
the pre- and postfusion influenza virus HA;144 nevertheless, certain trends do appear. In 
both viruses, the HRA is prevented from assembling, the fusion peptide is initially buried 
at the subunit interface, HRA projects the fusion peptide away from the viral membrane 
and transmembrane domain and finally the transition of HRB to its final state cannot 
occur due to the absence of an HRA coiled-coil and other structural barriers. 

Altogether, understanding the conformational changes that occur in metastable F in 
its transition to a “fusogenic” and 6-HB structure has now greatly aided our understanding 
of how the energy required to mediate membrane fusion is captured. However, for 
paramyxoviruses, the precise trigger that initiates the metastable to “fusogenic” F transition 
continues to be investigated. 

ATTACHMENT AND FUSION GLYCOPROTEINS WORK TOGETHER  
TO FACILITATE ENTRY

With few exceptions, the fusion activities of most paramyxovirus F glycoproteins are 
dependent on the activity and availability of their specific partner attachment glycoprotein 
(reviewed in22), and the co-expression of the attachment and fusion glycoproteins is 
required for virus infectivity for most members of the subfamily Paramyxovirinae. For 
the most part, the attachment glycoprotein-F interaction is also virus type-specific, and 
fusion mediated by co-expression of the F and attachment glycoproteins of different 
paramyxoviruses (heterotypic mixing) is rarely seen.145 Although some examples have 
been noted, the potency of the fusion process from heterotypic mixing is considerably 
reduced in comparison to that mediated by the F and attachment glycoproteins from 
the same virus (homotypic mixing).47,146 HeV and NiV are closely related henipaviruses 
and uniquely, heterotypic combinations of the F and G glycoproteins are as potent in 
mediating fusion as homotypic combinations.63 Although heterotypic function of the 
envelope glycoproteins of the morbilliviruses MeV and CDV are not as efficient as 
the homotypic equivalents, like HeV and NiV, heterotypic activity is bidirectional, 
and fusion occurs with either heterotypic combination. These bidirectional examples 
are unlike the heterotypic results observed with the respiroviruses SeV and hPIV1. 
Here SeV F combined with hPIV1 HN functions efficiently, whereas in the reverse 
combination, SeV HN is unable to complement hPIV1 F.147 Given the percent amino 
acid similarities of F and HN from hPIV1 and SeV, which are greater than those for 
MeV and CDV, this would not have been expected and may represent not only the need 
for type-specific interactions but also the possibility that there may be genus-specific 
factors involved in the interaction between F and attachment glycoproteins. Although 
the mechanism underlying this process remains obscure, the domains of the attachment 
glycoprotein necessary to promote fusion have been mapped using functional assays 
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and indicate that regions in the globular head and stalk domain are critical.148-152 It has 
now become increasingly clear that following receptor engagement, the attachment 
glycoprotein somehow signals and/or induces the required conformational changes 
in F leading to virion/cell fusion.100,138,153 However, the precise molecular details of 
how the fusion and attachment glycoproteins function in concert in mediating fusion 
continue to be gradually elucidated. 

Presently there are two widely appreciated models of paramyxovirus 
glycoprotein-mediated membrane fusion which describe the interactions between the 
oligomers of an F and of an attachment glycoprotein as they relate to the role of the 
receptor. Model 1 suggests receptor binding to the attachment glycoprotein induces 
a subsequent association and triggering of F-mediated fusion. In model 2, however, 
receptor binds to an attachment glycoprotein that is already in complex with its partner 
F glycoprotein and induces the dissociation of F and the attachment glycoprotein, 
initiating F-mediated membrane fusion. These models were first diagrammed by 
McGinnes et al154 based on the available data at that time, which focused primarily on 
HN and F glycoproteins. A comprehensive review of the literature on the paramyxovirus 
fusion process by Iorio et al22 has summarized the findings on the interactions between 
a varied array of paramyxovirus attachment and fusion glycoprotein species and the 
role of their particular entry receptors. Model 1 is also referred to as the association 
model and model 2 as the dissociation model.22,104 

The first model proposes that the F glycoprotein and the attachment glycoprotein are 
not necessarily physically associated in the membrane and that following receptor binding 
to the attachment glycoprotein there is some alteration in the receptor-bound complex that 
facilitates the association of the attachment glycoprotein with its partner F glycoprotein 
in a manner often referred to as activation of its ‘fusion-promotion’ activity. This specific 
association triggers or induces the fusion activity of F, which through its subsequent 
conformational change drives the membrane fusion process.153,155 This association model, 
also recently termed the ‘provocateur’ model,156 was recently supported by key data 
indicating that the prefusion conformation of F (PIV5) was maintained in the absence of 
HN co-expression. This model is also supported by extensive functional and structural 
studies on the HN and F glycoproteins from hPIV3, NDV and PIV527,94,151,152,156-160 in 
which the overall theme indicates a positive correlation between HN and F interaction 
and fusion promotion or triggering activity.

In model 2, F and its partner attachment glycoprotein are pre-associated in some 
oligomeric complex, and a conformational alteration in the latter following receptor 
engagement induces some conformational change which facilitates its dissociation or 
release of F, thereby allowing F to undergo its conformational alterations driving the 
membrane merger process. Although this model was originally put forth as an alternative 
possibility based on studies of the HN and F glycoproteins, it was later supported by 
extensive studies with the MeV-H and -F glycoproteins161-164 and also with the G and F 
glycoproteins of the henipaviruses.69,140,165,166 Here, the overall theme suggests a negative 
correlation between the attachment and fusion glycoprotein interaction and the membrane 
fusion activity of the viral species; that is, alterations in H that enhance H-F association 
adversely affect fusion and those that weaken the H-F interaction yield an enhanced 
fusion feature. The model 2, or dissociation model, has more recently been referred to as 
the clamp model, whereby the pre-association of complexes suggests that the attachment 
glycoprotein maintains the prefusion metastable conformation of its partner F glycoprotein 
until encountering receptor.156
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The pre-association of attachment and fusion glycoproteins before receptor binding 
versus the post-receptor bound inducement of their association has also been addressed 
by other experiments. For example, as an alternative means to address these models, 
it has been demonstrated with several attachment glycoproteins and F glycoprotein 
partners, including those from MeV, NDV and hPIV2, that they interact early during 
biosynthesis in the endoplasmic reticulum (ER).161,167-169 However, in other viruses (PIV5 
(SV5) and hPIV3) a F and HN interaction prior to fusion was not strong.94 Additionally, 
the henipavirus G and F glycoproteins have a more complex biosynthesis and maturation 
pathway in comparison to other paramyxoviruses, and the G glycoprotein takes longer 
to traffic through the ER and Golgi. This longer trafficking time of G together with the 
complex pattern of F maturation suggests that G-F interaction does not occur until both 
glycoproteins are expressed on the cell membrane.167,170 

Nevertheless, either model recognizes an interaction between the attachment and fusion 
glycoproteins that is regulated by receptor binding (recently reviewed refs. 171,172), and 
the triggering mechanisms between and HN-F pair and H/G-F pair may essentially be the 
same but with each differing in their general propensity to associate in their pre-receptor 
bound states. Indeed, recent experiments with NiV employed the addition of N-linked 
glycosylation modification sites as probes to examine the specific interactions between 
the G attachment and F glycoproteins.173 These studies with NiV revealed contrasting 
findings from two earlier studies with NDV and MeV that demonstrated the NDV HN, 
with N-glycan additions in the stalk, was defective in both its fusion promotion and F 
interacting capacity152 and that N-glycan additions in an implicated F-interactive site of 
the MeV H blocked H-F complex formation.174 Rather, the NiV G and its F interaction 
was not affected by most N-glycan additions and does not appear to be solely mediated 
by the stalk domain of G.173 Thus, although the preponderance of data to date have 
implicated the attachment glycoprotein stalk in the interacting and triggering process 
with F, these data reveal that there is another level of G-F interaction, which suggests a 
natural propensity for a specific association between the two glycoproteins. However, 
this association is not required for maintaining F in a prefusion conformation (clamp) 
or a trigger for F fusogenic triggering. In either case it also seems likely that upon F 
glycoprotein triggering, the initiation of its conformational changes leading to 6-HB 
formation and the driving of the membrane merger process, F would need to be free of 
any association with its large oligomeric partner (HN, H or G). 

The recently characterized soluble forms of trimeric henipavirus F glycoprotein 
discussed earlier137 have also been valuable in assessing the themes within the paramyxovirus 
fusion models. For example, a murine mAb (5B3), which is specific for the prefusion 
form of henipavirus F glycoprotein, is capable of binding F on the surface of expressing 
cells and also from cellular lysates containing F glycoprotein in the absence of the 
co-expression of its partner G glycoprotein, indicating that the clamp model as defined 
is not accurate.137 It appears that although receptor-induced G glycoprotein triggering of 
the F-mediated fusion process likely takes place, the requirement of G association with its 
partner F glycoprotein in order to maintain F in its prefusion and metastable state is not 
necessary. Rather, this data is more in line with the provocateur model of fusion discussed 
earlier, where the prefusion conformation of F (PIV5) is maintained in the absence of the 
coexpression of HN.156 Further, the independent trafficking and maturation patterns of 
HeV and NiV F reviewed above are also in an agreement with such a scenario. 

In addition, two MeV F specific mAbs (186A and 19GD) specific for either the 
prefusion/pretriggered versus fusion-triggered conformation of F, respectively, were 
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recently used as probes to address the MeV F triggering process, and here as well the 
prefusion MeV F glycoprotein could be recognized strongly by the 186A mAb in absence 
of H co-expression, revealing that MeV F does not require a physical association with H 
to maintain its prefusion conformation.175 Similarly, a second study further explored the 
morbillivirus F glycoprotein triggering process with similar mAb binding techniques—
identifying antibodies to both MeV and CDV F that were specific for either their prefusion, 
triggered or postfusion conformations.176 In these studies it was demonstrated that prefusion 
F-specific mAbs could bind to F in absence of H co-expression, that conversion of F 
from a prefusion to a triggered conformation by higher temperature revealed loss of 
binding by those mAbs and that antibodies specific for postfusion forms of F acquired 
enhanced binding upon heating. Essentially identical antibody binding profiles were 
observed under physiologic conditions of H triggered F activation.176 Together these 
studies support the conclusion recently suggested by Ader et al176 that the attachment 
glycoprotein, such as H, serves to lower the F triggering energy barrier rather than to 
maintain the prefusion conformation of F through a binding mechanism, a function 
more in line with a provocateur type of model. There is now evidence with at least four 
different species of F glycoproteins (PIV5, NiV, MeV and CDV), which together span 
the varied attachment glycoprotein types (HN, H or G), that demonstrate the prefusion 
metastable F conformation can be maintained in the absence of any ‘clamp’ or physical 
association with its attachment glycoprotein partner. 

In summary, these findings suggest that neither a clamp model nor a provocateur 
model as presently defined can fully account for all the experimental observations to 
date on the mechanism of fusion. In fact, a recent report by Porotto et al177 describes a 
variation of the hPIV3 fusion mechanism that incorporates features of both the clamp and 
provocateur models. Here it is suggested that hPIV3 HN must continually engage receptor 
to activate F as interruption of hPIV3 HN and receptor blocks F-mediated membrane 
fusion. Although no direct HN-F interactions were assessed in this study, an approach 
to examine hPIV3 fusion using bimolecular fluorescence complementation to follow 
the dynamics of HN and F in live cells was conducted.178 The authors demonstrate that 
HN and F associate prior to receptor engagement, that HN drives the formation of HN 
and F interacting clusters at the site of membrane fusion and that the interaction of the 
HN-F pairs of oligomers modulate the fusion process. In sum, it appears that measurable 
pre-association of paramyxovirus attachment and fusion glycoproteins, prior to fusion 
triggering by receptor, is dependent on the particular protein pair of viral species proteins 
and possibly due to a requirement for maintenance of the prefusion F conformation 
(clamp model). Nevertheless, the fusion process for most paramyxoviruses is dependent 
on a receptor mediated binding event by the attachment glycoprotein and this will be 
discussed in the next section.

RECEPTOR INDUCED CONFORMATIONAL CHANGES IN ATTACHMENT 
GLYCOPROTEINS

The influence of receptor binding on the fusion-triggering process has been a major 
focus of research and is a factor that can potentially differentiate the most recently 
proposed models of the mechanism of paramyxovirus membrane fusion. The large amount 
of recent structural information, particularly in the many comparisons that have been 
made between the receptor bound and unbound structures of H and G, has revealed that 
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major conformational changes in the attachment glycoprotein heads are not observed 
upon receptor binding.31,60-62,73 Rather, much attention has more recently focused on the 
role of receptor-induced conformational changes that occur in the higher-order oligomeric 
structures of the attachment glycoprotein tetramer.

Data derived from NDV HN structural studies suggested that receptor binding leads 
to conformational changes in HN and a model was suggested in which receptor (sialic 
acid) engagement would facilitate dimer formation or even tetramer formation in a ligand 
dependent manner24 and HN oligomerization would be the trigger for F activation. This 
model of receptor induced conformational change in HN for triggering F fusion was first 
proposed by Sergel et al179 and then diagramed by Lamb153 which was essentially the first 
‘association’ or ‘provocateur’ model discussed earlier. The receptor-induced conformational 
changes in HN were first detailed at the molecular level using mutagenesis analysis.180,181 These 
studies revealed differences in the structure of receptor-bound HN and non-receptor-bound 
HN, although importantly, the structure of HN in complex with its receptor was not then 
solved. Subsequently, a second sialic acid binding site was identified at the dimer interface 
of NDV HN,38 and it was hypothesized to play a role in facilitating membrane fusion. The 
specific steps of paramyxovirus fusion that were proposed in this revised model38 are as 
follows: HN and F may exist in a complex on the cell surface and this complex holds both 
glycoproteins in the “off states”. Upon binding to sialic acid, conformational changes 
occur in HN that converts the glycoprotein to its “on state,” which leads to cleavage and 
release of the sialic acid from the sialic acid-containing receptor. The release of sialic-acid 
induces further conformational changes in HN at the dimer interface. These changes were 
hypothesized to alter the dimeric or tetrameric properties of HN that lead to changes in the 
stalk domain and in so doing trigger the fusion glycoprotein. Concurrently, the second sialic 
acid binding site is formed by the conformational change induced by the release of sialic acid 
from site 1. The existence of a second sialic acid receptor binding site for several different 
HN glycoproteins has also been functionally identified.182-184 Recently, using glycan array 
assays, it was demonstrated that the HN of hPIV1 has a second site for receptor binding 
masked by an N-linked glycan and that sialic acid receptor binding to the first site triggers 
the exposure of the second site.185 The significance of the second sialic acid binding site has 
been hypothesized to bind cell-surface sialic acid residues and maintain a close proximity of 
the virion to the cell surface to aid in efficient targeting of the fusion peptide for membrane 
fusion mediated by the F glycoprotein.186 This model was recently tested using a series 
of HN dimer interface mutants, and it was demonstrated that binding of receptor to site 1 
triggered HN interaction with F and that site 2 appeared to maintain binding with the target 
cell membrane during the fusion process.187 A summary of this model is shown in Figure 
6. However, it has also been suggested that receptor binding to the NDV HN site 2 plays 
an active role in transmitting the fusion activation signal to the stalk region of HN.188 This 
function could also be demonstrated with chimeric proteins composed of the globular head 
of NDV HN and the stalk region of hPIV3 or NiV where receptor binding to site 2 led to 
the activation of heterotypic F glycoproteins.188 

A variation of the NDV fusion model described above was later suggested based 
on the solved structures of PIV5 and hPIV3 HN alone or in complex with receptor.25,26 
Several differences exist between the solved HN structures; however, a key distinction 
leading to the proposal of this modified model is that for both PIV5 and hPIV3 there are 
no major conformational changes in HN upon receptor binding. Additionally, neither 
PIV5 nor hPIV3 HN contain a second sialic acid binding site. Furthermore, dimers and 
tetramers (PIV5) were evident in the solved structures in the absence of receptor, thus a 
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ligand induced oligomerization of HN was not at play. NDV, hPIV3 and PIV5 HN all 
form similar dimer and likely tetrameric conformations. The dimer interactions are formed 
over a large surface, and it has been hypothesized they most likely are of high affinity, 

Figure 6. Multiple conformational changes in NDV HN trigger F from metastable to fusogenic. Fusion 
model as described in Zaitsev et al38 depicting the receptor-triggered mechanism of NDV fusion. 
Receptor binding induces conformational changes that convert HN to its “on state”. Subsequent cleavage 
and release of sialic acid leads to conformational changes at the HN dimer interface that not only are 
critical for triggering F but also generate a second sialic acid binding site. Binding cellular receptors 
via the newly formed second sialic acid site is hypothesized to keep the virion in close proximity to 
the target cell membrane. For simplicity F is shown as a trimer with limited conformational changes 
and membrane merger has been excluded.
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if not disulfide bond linked, requiring significant amounts of energy to destabilize the 
interaction.26 The tetramers, that is the dimer of dimers, by comparison appeared to be 
less conserved and one of weaker association. A revised model proposed that the HN 
dimer/tetramer is present in the absence of receptor and that receptor binding destabilizes 
the tetramer and it may partially dissociate. This tetrameric conformational change was 
suggested to lead to changes in the stalk domain of HN, the proposed site of F interaction, 
thus providing the necessary trigger for activating F to its fusogenic state.26 

When the crystal structure of NDV HN alone and in complex with sialic acid 
(beta-anomer) or a neuraminidase inhibitor was reported, comparisons of the structures 
also suggested that the catalytic site was activated by a conformational switch in the head, 
providing roles for both sialic acid binding and hydrolysis activity.24 It was postulated that 
significant conformational change in the HN dimer essential for fusion could occur as 
HN transitions from an initial structure possessing minimal inter-monomeric contacts to a 
structure containing an extensive dimer interface. This proposed mechanism of oligomeric 
conformational change and its role in the fusion triggering process was later tested by 
mutational insertions of inter-monomeric disulfide bonds in the globular head domain 
of NDV HN. The insertion of disulfide bonds prevented the formation of the minimal 
interface configuration of HN, however, rather than inhibiting its fusion promotion activity 
the mutated HN possessed enhanced receptor-binding and fusion promotion activity.189 
This study, using novel disulfide bond engineering to stabilize the HN dimers, showed 
that neither the minimal interface form of HN nor the proposed conformational changes 
were required for fusion. In contrast, using the extensive available structural information 
on H and HN, Navaratnarajah et al190 modeled and tested the role of conformational 
changes within the MeV H dimer. Here, the notion of a requirement for a conformational 
rearrangement of the head domains relative to each other within an individual dimer was 
also examined by the mutational insertion of strategically placed disulfide bonds. In this 
instance their placement prevented a required movement of the heads and subsequent F 
triggering and fusion, and the authors suggested a model in which H and HN transmit 
the fusion triggering signal in alternative ways, perhaps due to the different locations of 
the receptor binding site. 

As discussed earlier, a tetrameric configuration of the native paramyxovirus 
attachment glycoprotein has been widely described, and there has recently been a 
considerable amount of new data on their structure and the role of the tetramer along 
with the receptor induced conformational changes as they relate to the F triggering fusion 
process. For a paramyxovirus using a protein receptor, the triggering of MeV F by H 
is the most extensively explored and understood system. As discussed above, MeV F 
and H associate intracellularly prior to any role of receptor,161 and through the use of a 
bimolecular complementation assay it has been shown that receptor binding to H, as well 
as the elements in H required for F interaction174,191 versus F triggering,163 are distinct, 
whereby mutants of H in these various domains when expressed together can effectively 
restore MeV F/H fusion40 (reviewed in ref. 192) 

Structural conformational changes in a central region of either the MeV or CDV H stalk 
domain were identified by Ader et al193 as critical in the transfer of the fusion triggering 
signal. Here, engineered disulfide bonds were introduced within the stalk domain central 
region spanning residues 91-115, which also contains the F-interacting domain mentioned 
above.174,191 Several of these inserted disulfide bridges could block H fusion promotion 
activity and upon their reduction fusion activity was restored. Altogether, with modeling, 
the data suggested that the H stalk is a tetramer of subunits which undergo structural 
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rearrangement following receptor binding, promoting an interaction of a specific stalk 
element of H with the associated F trimer, triggering its fusogenic activity.

Brindley et al175 later addressed the MeV fusion process by targeting the MeV H 
stalk through the manipulation of the existing head proximal disulfide bonds in the 
context of the H tetramer model together with bimolecular complementation and the use 
of both soluble and membrane associated MeV receptors. These studies found that the 
H tetramer structure is maintained in that dimers of dimers do not dissociate but that the 
central stalk region does require flexibility. Furthermore, receptor binding to only one 
dimer within the context of the tetramer was sufficient to trigger fusion. The triggering of 
conformational changes in the context of the H tetramer could be accomplished by soluble 
receptor (SLAM) and also initiate the F triggering and refolding process as detected by 
pre- and postfusion F specific mAbs described earlier, but cell-cell fusion pore formation 
required the triggering of H by membrane-anchored receptor.175 

In another examination of the MeV F/H triggering process using the disulfide bridging 
approach, Navaratnarajah et al194 analyzed the H stalk using a comprehensive cysteine 
residue substitution mutagenesis process. These studies revealed three stalk regions of 
varying importance in which two of the three stalk segments possessed a tendency for the 
formation of tetrameric configurations. Some disulfide linked H stalk mutants that were 
fusion-triggering defective could be chemically reduced with a concomitant restoration 
of its fusion-promotion activity, whereas another segment of the stalk when covalently 
linked into H tetramers had no effect on the protein’s fusion-promoting activity. A third 
stalk domain, globular head-proximal, could not be readily disulfide linked and stabilized. 
In total, this study identified an F-triggering (interacting) domain of the H stalk as residues 
~75-127, similar to the CDV stalk residues (91-115). In a companion report, the MeV F 
glycoprotein was analyzed by modeling to predict surface exposed residues in regions 
that could be predicted to interact with other glycoproteins, namely H. A large panel of 
some 50 possible residues were noted and by conducting an iterative mutagenesis and 
functional analysis, a set of specific mutants were identified that inhibited fusion with 
four mutants lining a cavity flanked by two monomers of the F trimer model. It was 
suggested that the stalk region of the H tetramers could be lodged within the sides of their 
companion F trimers at the site of the modeled cavity with two helices of an H tetramer 
contacting one side groove of an F trimer, suggesting that one H tetramer could possibly 
transmit the F-trigging signal to at least two opposing F trimers.195

Finally, a recent intriguing study reported on the application of a headless PIV5 HN 
glycoprotein in triggering PIV5 F-mediated fusion.196 Here, this study also demonstrated 
that essentially the entire stalk (PIV5 HN residues 1-117) was required, and it was 
proposed to fold into its 4-helix bundle or otherwise receptor-bound conformation that 
could associate with and trigger its F glycoprotein partner. The study also revealed that 
the F glycoprotein of PIV5 also maintained its metastable prefusion conformation in 
absence of HN co-expression. Further, and importantly, the 4 helix headless protein 
structure also displayed and maintained its viral species specificity for triggering 
F-mediated membrane fusion and could not trigger other F glycoproteins. The globular 
heads were found clearly dispensable, and the roles of the heads appear to define cell 
tropism and also perhaps to mask and/or maintain the stalk domains in a pre-receptor 
bound and non-F triggering form. In hindsight, it seems surprising that this approach 
was never before tested, and examining this possibility with other paramyxoviruses, 
particularly the morbilliviruses or henipaviruses, may yield interesting results. 
Remarkably, in the case of HeV, mutations in the heads that model to the head-stalk 



118 VIRAL ENTRY INTO HOST CELLS

interface in a heads-down structure have been identified and shown to block fusion 
promotion activity but allow competent receptor binding.69 Perhaps such mutants 
prevent the receptor-induced movement of the heads that would allow access to the 
henipavirus G stalk domain required for F triggering.43

Transfer of the F-mediated fusion triggering signal appeared to involve an opening and 
repositioning of the dimeric interface of the H head domains,190 which is then followed by 
conformational changes of a central domain of the H stalk.193 It was suggested that receptor 
binding and pulling de-stabilizes this H-dimer interface,190 which would subsequently elicit 
the conformational change in the central stalk segment of H191,193 required for the fusion 
triggering signal. Indeed, such a receptor-pulling process might certainly be envisioned 
during the cell-cell or virus-cell contact step at the beginning of the process. 

FUSION MODELS

In consideration of the large amount of structural and functional data on the 
paramyxovirus fusion process, with particular attention to the recent reports over just 
the past few years from leaders in the field, the current modeled scenarios of the receptor 
binding and fusion triggering steps are shown in a refinement of the originally proposed 
models 1 and 2 (association and dissociation models) (Fig. 7), and an attempt has been 
made to include elements of both the non-pre-associated and pre-associated states of a 
fusion and attachment glycoprotein and the heads-up and heads-down features of the 
attachment glycoproteins in relation to the fusion triggering process. Initial expression 
of the tetrameric attachment (HN/H/G) glycoprotein, with each dimer pair distinguished 
by color, depicts the fusion glycoprotein as not being pre-associated with the attachment 
glycoprotein, which is in a heads-down configuration (Fig. 7A). This model has most 
recently been refined and proposed based on the extensive data on the function of F and 
HN glycoproteins.196 Here, this model recognizes that a metastable prefusion F can exist 
without a required association of its attachment glycoprotein partner, the importance 
of the F-triggering role of the stalk domain and its membrane distal elements, the 
receptor-mediated movement of the head domains upwards and the provocateur association 
and activation of F. This model does not necessarily preclude other paramyxovirus 
species, such as the henipaviruses that possess an F and G glycoprotein pair, because until 
receptor binding triggers tetrameric conformational changes in G, an F/G oligomeric pair 
of glycoproteins may simply have an ability to associate in membranes without inducing 
additional conformational changes. Likewise, the MeV F/H pair could also potentially fit 
a similar model recognizing that H does not have to maintain F in a prefusion state and 
that contact between F and H could occur with either a heads-up or heads-down position 
as discussed by Navaratnarajah et al194 Alternatively, in Figure 7B, a tetrameric heads-up 
attachment glycoprotein oligomer is pre-associated with its F glycoprotein partner, a 
scenario recently refined and modeled with the MeV F and H glycoprotein pairs.175,193 
Here, receptor binding triggers a conformational change in the tetramer, the central 
features of which are the movement to the heads-down configuration in conjunction 
with a twist of the stalk region, which all together facilitates a targeted association of 
elements within the attachment glycoprotein’s stalk to its partner F glycoprotein resulting 
in the disassociation and fusogenic conformational changes in F. However, it is not yet 
clear whether the heads-up versus heads-down attachment glycoprotein configuration is 
mechanistically linked to the fusion triggering process.
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Figure 7. Models of paramyxovirus membrane fusion involving heads-up and heads-down conformations. 
Initial expression of the tetrameric attachment (HN/H/G) glycoprotein (dimers colored red and blue) 
and the fusion (F) glycoprotein (green) is depicted in the (A) heads-down, non-F-associated or (B) 
heads-up, F-associated conformations. In both models, HN/H/G binds receptor (maroon) and undergoes 
receptor-induced conformational changes, switching from heads-up to heads-down or vice versa. The 
change in the position of the globular heads allows for (A) association (provocateur model) or (B) 
dissociation (clamp model) with F, leading to the fusion activation of F and the beginning of membrane 
fusion by the insertion of the fusion peptide (yellow) into the target cell membrane.
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CONCLUSION AND REMAINING QUESTIONS

Paramyxoviruses have evolved a more complex mechanism of attachment and 
membrane fusion that facilitates delivery of the genome into the host cell, one that for 
most members requires two independent glycoproteins. The overall structural similarity 
of the attachment glycoproteins of viruses within the subfamily Paramyxovirinae, 
coupled to the highly conserved functional domains of the fusion glycoproteins in all 
paramyxoviruses reveal their common ancestry, while their differences in receptor 
engagement and the events that promote fusion most likely reflect individual adaptations, 
perhaps as a result of varying hosts and varying tissues within a host. Years of research 
by many have uncovered important facets of paramyxovirus entry and led to changing 
hypotheses and the proposal of alternative models of the paramyxovirus entry process. 
The two current and most favored models that have emerged combine old and new 
data with the solved structures of the attachment glycoproteins with and without their 
receptors. Nevertheless, the most recent revised models discussed here that have been 
derived from extensive data from viruses possessing an HN, H or G, are all in fair 
agreement and allow for subtle differences that have been experimentally explored. 
They can also fairly accommodate the differences in whether a sialic acid versus a 
proteinaceous receptor is employed as well as the locations of the receptor binding site 
in the attachment glycoprotein. Additionally, the recent structures of both uncleaved 
and cleaved metastable F glycoprotein forms have provided insights into the significant 
conformational changes that provide the necessary energy for a paramyxovirus fusion 
glycoprotein to mediate membrane merger. Although many questions relating to 
entry have been answered, additional information is still missing, such as the pre- 
and postfusion F structures from the same viral species. Equally intriguing would be 
to determine structures of a tetrameric attachment glycoprotein in complex with a 
receptor(s), particularly a receptor known to trigger fusion promotion activity with one 
that does not. Also, changes in the biochemical interaction of the fusion and attachment 
glycoproteins as fusion proceeds have yet to be adequately profiled. Finally, and 
perhaps difficult to achieve, the structural solution of any F trimer in complex with a 
stalk containing attachment glycoprotein or perhaps the stalk domain itself would be 
a significant advance. 
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Abstract: The retrovirus family contains several important human and animal pathogens, 
including the human immunodeficiency virus (HIV), the causative agent of acquired 
immunodeficiency syndrome (AIDS). Studies with retroviruses were instrumental to 
our present understanding of the cellular entry of enveloped viruses in general. For 
instance, studies with alpharetroviruses defined receptor engagement, as opposed 
to low pH, as a trigger for the envelope protein-driven membrane fusion. The 
insights into the retroviral entry process allowed the generation of a new class of 
antivirals, entry inhibitors, and these therapeutics are at present used for treatment 
of HIV/AIDS. In this chapter, we will summarize key concepts established for 
entry of avian sarcoma and leukosis virus (ASLV), a widely used model system 
for retroviral entry. We will then review how foamy virus and HIV, primate- and 
human retroviruses, enter target cells, and how the interaction of the viral and 
cellular factors involved in the cellular entry of these viruses impacts viral tropism, 
pathogenesis and approaches to therapy and vaccine development.

INTRODUCTION

The retrovirus family contains important animal and human pathogens, with human 
immunodeficiency virus (HIV), the causative agent of acquired immunodeficiency 
syndrome (AIDS), being the most prominent example. Infection by HIV was responsible 
for 2 million deaths in 2008 and can, at present, neither be cured nor prevented by a 
vaccine.1 The failure of several vaccine candidates is due to an incomplete understanding 
of the structure and function of the viral envelope protein (Env), which mediates entry 
into target cells.2 Addressing the question of how HIV and other retroviruses recognize 
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and enter host cells can therefore not only provide key insights into the viral cell tropism 
and pathogenesis, but will be essential for the design of effective vaccines.

The hallmark of retrovirus infection is the retrograde flow of the viral genetic 
information: The diploid, viral genomic RNA is reverse transcribed into DNA by a viral 
enzyme, the reverse transcriptase (RT), and subsequently integrated into the host cell 
genome.3,4 Integration is essential for gene expression, and the integrated viral DNA, 
termed provirus, is inherited like a cellular gene. This strategy facilitates establishment 
of persistent infection, another characteristic of retroviruses. The family Retroviridae is 
large, and members are found in invertebrates and vertebrates.3,4 Seven retrovirus genera 
have been defined: alpha-, beta-, gamma-, delta-, epsilon-retroviruses and, lenti-viruses 
in the orthoretrovirinae subfamily and spumaviruses in the spumaretrovirinae subfamily. 
The genera alpha-, beta- and gamma-retroviruses comprise simple retroviruses which 
only encode for the gag (group specific antigen), pro (protease), pol (polymerase) and 
env (envelope) genes. The remaining genera comprise complex retroviruses, which apart 
from gag, pro, pol and env also encode regulatory genes, like tat and rev found in HIV 
and SIV.3,4 The Gag proteins make up the viral shell which is located beneath the viral 
membrane. They are synthesized as polyproteins and are subsequently cleaved into the 
mature components by the viral Pro proteins. The pol genes encode the remaining viral 
enzymatic functions, RT and integrase. Finally, the env gene contains the information 
for the only viral surface protein, the envelope protein (Env, also termed glycoprotein 
(GP)), which facilitates entry into host cells.

Important concepts underlying viral entry have been established by work with 
alpharetroviruses, as discussed below. Alpharetroviruses have received particular attention 
for their ability to induce tumors in avian hosts, and many milestone discoveries like 
that of RT, integrase and cellular oncogenes are, at least in part, the result of work with 
these viruses.3,4 However, retroviral infection and pathogenesis was initially perceived to 
be confined to non-human hosts and a direct relevance of retroviruses to human health 
was not obvious, with the notable exception of retroelements and defective retroviruses 
constituting a substantial portion of the human genome.5 This has changed dramatically 
with the discovery of human T-cell leukemia virus6 (HTLV, a deltaretrovirus) and HIV 
(a lentivirus),7 the causative agent of AIDS. The AIDS pandemic has spurred efforts to 
elucidate the molecular processes underlying retroviral replication and pathogenesis 
and to establish means for intervention. In the course of these studies key insights into 
the viral entry process, including structural information on the viral glycoprotein, have 
been obtained, as described below. In the present chapter, we will introduce common 
themes in retrovirus entry, which were mainly established by work with alpharetroviruses. 
Subsequently, we will discuss infectious entry of prototype foamy virus (previously 
known as human foamy virus; FV, a spumavirus), an in several aspects unusual retrovirus. 
Finally, we will describe the viral and cellular players involved in entry of HIV.

CELLULAR ENTRY OF AVIAN SARCOMA AND LEUKOSIS VIRUS 
(ALPHARETROVIRUSES)

The Avian Sarcoma and Leukosis Virus Env is a Class I Fusion Protein

The avian sarcoma and leukosis virus (ASLV), an alpharetrovirus which mainly 
infects chicken, has been intensively used as a model for analysis of viral entry into target 
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cells. As for other orthoretroviruses including HIV, SIV and HTLV, the ASLV env gene 
encodes a type I transmembrane protein, which is imported as a precursor into the secretory 
pathway of the host cell.8-10 During passage through the endoplasmatic reticulum and 
Golgi apparatus, Env is heavily N-glycosylated and cleaved by a cellular endoprotease,11-13 
again a recurring theme among retroviral and other viral glycoproteins. Cleavage (and 
appropriate glycosylation) is essential for function11,14 and results in the generation of a 
surface unit (SU) and a transmembrane unit (TM), which remain covalently associated 
due to a disulfide bond.8 Trimers of SU and TM heterodimers are finally transported to 
the cell surface where they are incorporated into nascent progeny particles.8

The SU of ASLV Env contains the receptor binding site while the TM harbours 
the functional elements required for fusion with host cells, a fusion peptide, two heptad 
repeats (HR) and a transmembrane region (TM). This type of functional organization, in 
conjunction with the need for Env cleavage, is characteristic for class I fusion proteins 
(found e.g., in retro-, filo-, orthomyxo-, paramyxoviruses), and is opposed to that of class 

rhabdoviruses).15,16 In fact, a similar structural organization of the TM of ASLV and 
Ebola virus, a filovirus, has been noted over a decade ago,17 and a similar mechanism of 
membrane fusion has been suggested.

Receptor Interactions of ASLV Env

The SU of ASLV contains variable regions which, similar as for HIV, might protect 
against antibody-mediated neutralization and are involved in receptor engagement.18 Based 
on receptor specificity and interference as well as recognition by neutralizing antibodies 
ASLVs are divided into ten subgroups (A-J), and entry of group A, B, D and E viruses has 
been studied in detail.18,19 Genetic analyses revealed alleles associated with susceptibility 
to infection by subgroup A viruses (tva), subgroup C viruses (tvc) and subgroup B, D and 
E viruses (tvb, subdivided into two susceptibility alleles, tvbS1 for subgroups B, D and 
E and tvbS3 for subgroups B and D). The identity of the proteins encoded by the tva, tvb 
and tvc loci has been identified. Due to alternative splicing, two proteins with an identical 
ectodomain are produced from the tva locus, and both facilitate entry by ASLV-A.20,21 
One is inserted into the membrane due to the presence of a transmembrane domain, while 
the other is associated with the membrane because of a glycosylphosphatidylinositol 
(GPI) anchor. TVA is related to low-density lipoprotein (LDL) receptors and a region 
with homology to the ligand recognition site in LDL receptors, termed LDL-A, has been 
shown to be sufficient for receptor function.22 LDL-A interacts with ASLV-A Env and a 
peptide derived from this sequence blocks ASLV-A infection.23 The proteins encoded by 
tvbS1 and tvbS3 are members of the tumor necrosis factor receptor family, and contain three 
extracellular cysteine rich domains and an intracellular death domain.24,25 The presence 
of the latter might account for the cytopathic effect associated with infection by ASLV, 
which use this receptor.18 Notably, TVBS1 26 and TVBS3 27 differ only in a single amino 
acid residue, which has been shown to be important for the interaction with ASLV-E,26 and 
a 15 amino acid comprising linear sequence in TVBS1 26 might be sufficient for binding 
to ASLV-B Env.28 Finally, TVC has been identified to belong to the immunoglobulin 
protein family and is related to butyrophilins.29,30 Collectively, these studies established 
that highly specific interactions of the viral Env proteins with cellular receptors are 
required for ASLV entry into target cells and that receptor specificity constitutes a major 
determinant of viral cell tropism. In addition, these results showed that the ASLV Env 

II (found in e.g., α‑ and flaviviruses) and class III fusion proteins (found in herpes‑ and 
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exhibits a functional organization conserved between the envelope proteins of different 
viruses, which has important implications for the entry process, as discussed below.

The Fusion Activity of the Avian Sarcoma and Leukosis Virus Envelope Protein 
is Triggered by Receptor Engagement and Low pH

The successful Env-driven fusion of viral and cellular membranes requires that Env 
receives a trigger, which allows the protein to overcome the energy barrier associated with 
initiating the membrane fusion reaction. The trigger is usually provided in two forms, 
either receptor binding or low pH.15 Thus, it is well established that exposure of influenza 
virus hemagglutinin (HA) to low pH results in irreversible conformational changes of HA, 
which facilitate the insertion of the fusion peptide into the target cell membrane and the 
subsequent membrane merger.15 Consequently, lysosomotropic agents which interfere 
with endosomal acidification inhibit influenza entry and exposure of virions to low pH 
in the absence of target cells abrogates viral infectivity. Alternatively, the energy barrier 
can be overcome by Env binding to receptor,15 and this is thought to be the case for most 
retroviruses, including HIV. For ALSV, however, this concept was challenged by work 
of Mothes and colleagues, who showed that infectious entry of ASLV-A and ASLV-B 
depends on both receptor binding and low pH.31 Specifically, this work demonstrated that 
lysosomotropic agents and inhibitors of endocytosis block ASLV-A and –B entry and that 
acid treatment of virions bound to soluble receptor profoundly reduced viral infectivity 
while a low pH pulse in the absence of receptor or incubation with receptor alone had no 
pronounced effect (Fig. 1). In addition, cell to cell fusion was shown to occur only upon 
treatment of cultures with low pH, and structural rearrangement of TM was also dependent 
on an acidic stimulus.19,31 Although some of these results are not undisputed,32-35 they indicate 
that different, sequential triggers can control the membrane fusion activity of retroviral 
glycoproteins, as also suggested for a betaretrovirus oncogenic in sheep,36 and this strategy 
might be particularly suitable to prevent premature initiation of the fusion reaction.

CELLULAR ENTRY OF FOAMY VIRUS (SPUMAVIRUSES)

Foamy viruses (FVs) occupy a special position among retroviruses, exemplified by the 
recent reorganization of the retrovirus family in two separate subfamilies, orthoretrovirinae 
and spumaretrovirinae, with the spumaviruses or FVs as the only genus of the subfamily 
spumaretrovirinae.37 This is the result of the identification and characterization of several 
unique features of the FV replication strategy in the past decade that, interestingly, bear in 
many aspects strong homology to those of pararetroviruses such as hepatitis B virus (HBV).

The FV Glycoprotein

One of the key structural proteins involved in retroviral entry, the viral glycoprotein 
(Env), in case of FVs also displays several unique features.38 At first glance the principal 
structural organization of the prototype FV (PFV) envelope precursor protein gp130Env, 
composed of an N-terminal signal or leader peptide (LP), a central surface (SU) and 
a C-terminal transmembrane (TM) domain, resembles that of other orthoretroviral 
glycoproteins. However, recent reports have demonstrated that it undergoes a highly unusual 
biosynthesis, maturation, posttranslational modification and intracellular localization.38
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First, gp130Env is translated and inserted into the endoplasmic reticulum as a full-length 
precursor protein and initially adopts a type III membrane topology with both N- and 
C-terminus located in the cytoplasm.39-41 Unlike other retroviral glycoproteins, it is normally 
not cleaved by the cellular signal peptidase complex at its N-terminus.42 Instead the 988 
aa PFV glycoprotein is processed after aa 126 and 571 only late during its transport to 
the cell surface by furin or furin-like proteases in the trans-Golgi network.42,43 Precursor 
processing yields three mature subunits, an N-terminal LP-subunit (gp18LP) with a type 
II membrane topology, a C-terminal TM-subunit (gp48TM) adopting a type I membrane 
topology and a central SU-subunit (gp80SU) associating on the luminal side with the LP and 
SU subunits.40 SU/TM but not LP/SU cleavage was shown to be required for infectivity of 
FV particles.27,42,44 Unique for retroviruses all three glycoprotein subunits, including gp18LP, 
are integral parts of the secreted foamy viral particle.40,41 Image reconstruction analysis from 
electron micrographs of negatively stained virions revealed the characteristic, prominent 
Env spike structures on FV particles, indicating that the FV Env glycoprotein, similar to 
other viral glycoproteins, forms trimeric complexes containing three copies of each of the 
three individual subunits.45 The unusual particle-association of the FV LP subunit reflects 
the special function of the Env protein in FV particle morphogenesis. FVs unlike other 
retroviruses require coexpression of the glycoprotein for particle release.46,47 An interaction 
of the N-terminal cytoplasmic domain (CyD) of gp18LP, involving a conserved WXXW 
motif, with the FV capsid is essential for membrane association and budding to occur.40,41

Second, in contrast to orthoretroviruses both the FV Gag and Env protein contain 
structural information essential for particle release. Therefore, not unsurprisingly, FVs 
similar to HBV, secrete in addition to viral particles also subviral particles (SVP), 
capsidless particulate structures containing only the glycoprotein.48,49 However, in 
contrast to HBV, FVs naturally release only very low amounts of SVP. Recently, 
analysis of foamy viral glycoprotein posttranslational modifications revealed attachment 
of ubiquitin to different lysine residues located in the CyD of the LP subunit.49 This 
modification was demonstrated to be involved in regulating the balance of viral vs. 
subviral particle release.49,50 Inhibition of glycoprotein ubiquitylation lead to a dramatic 
increase in SVP release, surprisingly, not at the expense of viral particle release and 
infectivity. The greater details of this regulatory mechanism of FV particle release 
are currently unknown. In addition, like the HIV-1 Env, the PFV Env is heavily 
glycosylated during its intracellular transport to the cell surface. Fourteen out of 15 
potential N-glycosylation sites are used of which three were demonstrated to be essential 
individually for such functions as intracellular transport of the glycoprotein, support 
of particle release and infectivity.51 Other potential posttranslational modifications of 
the viral glycoprotein such as phosphorylation, O-glycosylation or fatty acid addition 
have so far not been examined.

Third, at the C-terminus of the short PFV TM CyD a di-lysine ER retrieval 
signal has been identified and characterized that is responsible for the predominant 
ER localization of PFV Env when expressed by itself.52,53 This ER retrieval signal is 
conserved in primate and feline but not bovine and equine FVs.53,54 Inactivation of the 
ER retrieval signal by mutagenesis leads to a different intracellular distribution of the 
PFV glycoprotein although enhanced cell surface expression and fusogenic activity of 
such mutants are discussed controversially.44,52 The ER retrieval signal is thought to 
be responsible, at least in part, for budding of primate and feline FVs into intracellular 
compartments assumed to be the ER, although the nature of these compartment has 
been questioned recently.55
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Cellular Receptor and Viral Entry

One hallmark of FVs is their extremely broad host range. To date only very few 
cell types or species have been identified that are refractory to FV Env-mediated entry. 
Susceptible species include, in addition to many mammalian species, reptiles, amphibians 
and birds.56 In a recent report, two cell lines, a human erythroid precursor- and a zebrafish- 
cell line, resistant to FV Env-mediated FV- and HIV-vector transduction were identified.57 
This recently remedied lack of a non-permissive cell line for FVs was one of the reasons 
why their cellular receptor molecules have so far eluded identification (Fig. 1). However, 
the receptor seems to be ubiquitously expressed and evolutionary conserved. In addition, 
superinfection resistance data suggest that different FV species use the same cellular 
receptor for entry.56,58

The receptor-binding-domain (RBD) of the PFV glycoprotein was mapped using 
recombinant immunoadhesins bearing various extracellular domains of the PFV Env 
proteins and a mouse IgG2a Fc region.59 The particle associated LP and TM subunit 
were shown to be dispensable for specific binding to target cells. Similar to the HIV-1 
Env a discontinuous RBD located in the central and C-terminal regions of the PFV SU 
subunit was characterized. Interestingly, the 8th potential N-glycosylation site, that was 
previously identified to be the only N-glycosylation site in SU to be important by itself 
for PFV Env function,51 was shown to be either directly involved in receptor binding or 
RBD formation.59

FV entry into target cells after receptor recognition is thought to be mediated by 
endocytosis although this has not been formally demonstrated. However, the fusion activity 
of the glycoproteins from different FV species was shown to be strongly pH controlled for 
most FV species examined, highly indicative for an endocytic uptake of FV particles.60 
Electron microscopy and immunofluorescence data suggested that FV capsids travel in a 
microtubule-dependent fashion to the microtubule-organizing-center (MTOC) after their 
release into the cytoplasm by fusion of cellular and viral lipid membranes.61,62 Whereas 
intact incoming FV capsids were detectable around the MTOC no capsid structures 
were found near the nuclear membrane or the nuclear pores as reported for Hepatitis B 
virus or herpes viruses. FV capsid appears to be extremely stable. In G0 arrested human 
fibroblasts intact capsids can be detected at the MTOC for weeks after the initial infection 
event and still proceed to a productive infection upon reentry of the target cell into the 
cell cycle.63 This unusual intracellular stability of FV Gag might be associated with a 
special feature of the FV Gag protein, its extremely low lysine residue content.64,65 Except 
for the feline FV (FFV) capsid proteins of all other FV species examined so for contain 
few or no lysine residues.64

Another recent study was unable to reproduce the detection of incoming intact 
capsids at the MTOC by electron microscopy even when using very high multiplicities 
of infection (MOI).55 In contrast the authors report the assembly of newly generated FV 
capsids at the MTOC upon transfection of proviral expression clones. A sequence motif 
bearing homology to the cytoplasmic targeting-retention signal (CTRS) of Mason-Pfizer 
monkey virus is suggested to be responsible for targeting of FV capsid assembly to the 
MTOC.55,66 Both studies55,61 demonstrated the MTOC localization of PFV Gag to be 
disrupted by nocodazole treatment, a microtubule-network (MT) depolymerizing agent. 
Taken together these studies clearly indicate that FV intracellular trafficking involves the 
MT network, however, additional studies are required to clarify whether intact capsids 
accumulate at the MTOC both after viral entry and during viral egress.
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Several structural and functional features of the FV Gag protein are also unusual for a 
retroviral capsid protein.67 One of these is the apparently inefficient proteolytic precursor 
processing not leading to the generation of defined matrix, capsid and nucleocapsid domains 
as observed for orthoretroviruses. Instead in PFV particles only a single processing event 
leading to the removal of a C-terminal 3 kD peptide of the p71Gag precursor protein can be 
detected.68,69 Both the p71Gag precursor and its p68Gag processing product are found in purified 
PFV particles at ratios from 1:1 to 1:4 depending on the source of virus examined.70 The fate 
of the p3Gag cleavage product is not known. It is undetectable in infected cells or purified 
viral particles.69,71 The p68Gag protein by itself is sufficient for PFV capsid morphogenesis and 
in combination with PFV Env for particle release, although such particles show a 100-fold 
reduced infectivity.69,71 However, secondary cleavage sites of the viral protease in PFV Gag 
have been characterized in vitro.72 Furthermore, early analysis suggested an important role 
of these secondary Gag cleavage sites for PFV replication since their mutagenesis led to the 
generation of non-infectious viral particles without affecting particle egress.72 A functional 
role of further PFV Gag protein processing by the viral but also cellular proteases upon 
entry into target cells for infectivity is supported by the recent characterization of PFV 
capsids lacking protease activity or bearing mutations at secondary Gag processing sites. 
These mutant PFV capsids accumulate at the MTOC upon infection of target cells similar 
to wild type particles but apparently subsequently do not disassemble properly, resulting 
in the failure of viral genome release and transport into the nucleus.73

CELLULAR ENTRY OF HUMAN IMMUNODEFICIENCY VIRUS 
(RETROVIRUS)

HIV, the Causative Agent of AIDS, Originated from Simian  
Immunodeficiency Viruses

The human and simian immunodeficiency viruses (HIV, SIV) belong to the lentiviruses, 
a retrovirus subfamily whose members cause disease after long incubation periods. 
Human immunodeficiency virus type 1 (HIV-1) evolved upon transmission of SIV from 
chimpanzees (SIVcpz) to humans in the 1930s in Southern Cameroon and is the cause 
of the AIDS pandemic.74,75 Zoonotic transmission of SIV from chimpanzees or gorillas 
to humans occurred at least four times and the transmitted viruses form the ancestors of 
group M (Major, Main), N (Non-M, Non-O, New), P and O (Outlier) HIV-1, with group 
M viruses being responsible for the AIDS pandemic.74-78 HIV-2 originated from SIV 
from sooty mangabeys, which crossed the species barrier multiple times, leading to the 
establishment of the HIV-2 groups A through H.79-81 Transmission occurred in Western 
Africa, where HIV-2 is epidemic today.

The continuous destruction of CD4 positive T cells is the hallmark of HIV/AIDS.82 
Depletion of CD4 T cells is due to direct and indirect mechanisms, namely destruction of 
virus infected CD4+ T cells, virus-induced apoptosis of uninfected, bystander cells and 
cell death due to persistent T-cell activation.83 While T cells are continuously replenished 
over years in HIV infected patients, the restorative capacity of the host and thus the number 
of CD4 T cells ultimately declines.82 As a consequence of the compromised CD4 T-cell 
help infected individuals become susceptible to a variety of ultimately lethal opportunistic 
infections, which define the clinical presentation of AIDS. In the absence of therapy, 
AIDS develops about 10 y after infection with HIV-1.82 HIV-2 also targets CD4+ T cells, 
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but disease progression is slower and AIDS symptoms may take up to 25 y to develop 
or might not develop at all.79 The reason for the differential pathogenicity of the two 
HIV types is likely multifactorial, and pioneer work suggests that differential immune 
activation, controlled by the viral accessory protein Nef, might play an important role.84

Reverse transcription of the viral RNA genome into DNA and processing of viral 
Gag and Gag-Pol polyproteins by the viral protease can be efficiently blocked by small 
molecule inhibitors. Cocktails of Reverse Transcriptase (RT) , integrase (IN) and protease 
(PR) inhibitors, termed highly active antiretroviral therapy (HAART), dramatically reduce 
viral load in patients and allow at least partial immune reconstitution.85 However, these 
compounds fail to eradicate the virus in infected individuals and their application is 
plagued by unwanted side effects as well as the emergence and spread of drug resistant 
viral variants.85,86 Moreover, mainly HIV positive individuals in industrialized countries 
benefit from the availability of HAART. In contrast, patients in resource poor settings, 
who constitute the vast majority of the HIV/AIDS cases world-wide, frequently do not 
have adequate access to effective therapy, due to unresolved issues concerning drug 
distribution. Therefore, new strategies to prevent and treat HIV infection are necessary, 
and targeting viral entry might be a promising approach, as discussed below.

Synthesis of the HIV Env Protein in the Secretory Pathway of the Host Cell: 
Adequate Glycosylation and Proteolytic Cleavage are Essential for Env Function

The HIV envelope protein (Env) is incorporated into the viral membrane and 
mediates viral entry into target cells. Env is a type I transmembrane protein, harbouring 
an N-terminal signal sequence and a C-terminal membrane anchor. The signal sequence 
earmarks Env for import into the endoplasmatic reticulum (ER), where calnexin 
and calreticulin facilitate Env folding,87 a relatively lengthy process, which involves 
extensive formation and isomerisation of disulfide bonds.88 Notably, the Env signal 
sequence, which is removed posttranslationally, controls the rate of Env folding.89,90 
Concomitantly with folding, Env is extensively modified with N-linked high-mannose 
glycans,91 and appropriate glycosylation is essential for function.92 O-glycosylation of 
Env was also demonstrated,93 but target sites and biological relevance are less clear. 
Adequately folded and glycosylated Env, which forms trimers in the ER membrane,94,95 
is transported into the Golgi apparatus, where the high-mannose glycans are processed. 
Since the posttranslational glycan modification of Env is the product of the host cell 
glycosylation machinery, most of the glycans are recognized as “self” by the immune 
system of the infected host. However, the extremely dense packaging and/or recessed 
location of glycans often prevents their complete processing, and about 40% of the 
glycans present on mature HIV Env are of the high-mannose type.91 As a consequence, 
some of the glycan epitopes are recognized as “foreign” by the immune system and, in 
rare cases, elicit the generation of broadly neutralizing antibodies, like 2G12.91,96,97 The 
Golgi apparatus, specifically the trans Golgi network, is also the site of Env processing 
by the cellular proprotein convertases furin and PC6.98,99 Cleavage of Env results in the 
generation of the surface unit (SU, gp120) and the transmembrane unit (TM, gp41) and is 
essential for Env function.100 Gp120 and gp41 remain non-covalently associated, mainly 
due to interactions of N- and C-terminal sequences in gp120 with a disulfide bonded loop 
in gp41 (below). Trimers of gp120/gp41 heterodimers, which have been characterized 
on the structural level,101-103 are inserted into the cellular membrane, the site of release of 
progeny virions.104,105 Incorporation of Env trimers into budding viral particles is promoted 
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by interactions of the cytoplasmic tail of gp41 and Gag, which are bridged by the cellular 
factor TIP47.106,107 While several cellular factors are excluded from the HIV envelope, 
certain membrane proteins seem to be specifically incorporated108,109 and their presence 
can impact attachment and neutralization sensitivity, as discussed below.

Neutralization Resistance is Inherent to the Structural Organization of HIV Env

The two major functions of Env, receptor engagement and membrane fusion, are 
performed by different Env subunits. Gp120 mediates binding to the CD4 receptor and 
a chemokine coreceptor while gp41 drives fusion of the viral envelope with the plasma 
membrane of target cells. Attachment and fusion proceeds through a series of regulated 
conformational changes in Env, which involve the formation of discrete intermediates.110,111 
The structure of several of these intermediates has been determined on the atomic level. 
Sequence analysis revealed that gp120 contains 5 constant regions (C1–5) interspersed by 
5 variable, disulfide-bonded loops (V1–5), which are organized into an inner and an outer 
domain in the tertiary structure.112,113 The outer domain is heavily glycosylated and mainly 
variable sequences are displayed at its surface.112,113 The inner domain is more conserved 
and, in the absence of CD4, composed of several distinct substructures which can move 
independently. When no CD4 is present, the binding sites for CD4 and coreceptor are not 
fully formed.114 Yet, gp120 might drift toward the CD4 bound conformation under these 
conditions. Attachment to CD4 might then stabilize these conformations and might finally 
arrest gp120 in the ligand bound state. In the ligand bound conformation, CD4 binds to a 
recessed area in gp120, which is composed of the interface of the inner domain, the outer 
domain and a bridging sheet.113 The bridging sheet connects inner and outer domain and 
constitutes a highly conserved binding site for a chemokine coreceptor.114 Engagement 
of a coreceptor finally activates the fusion machinery in gp41, and fusion of the viral and 
the cellular membrane allows the viral capsid to enter the host cell lumen as described 
below. The functional and structural data discussed above highlight why the induction 
of a broadly neutralizing antibody response against HIV is a formidable challenge: The 
binding sites for receptor and coreceptor (neutralizing face) are recessed and/or not fully 
formed in the unliganded protein.115 Env sequences displayed at the cell surface are highly 
variable, while conserved sequences are mainly hidden in the interior of the molecule.115 
Glycans protect surface exposed areas from antibody recognition (silent face of gp120). 
Finally, several epitopes in gp120, which is readily shed from the virus surface, are 
not accessible in the context of trimers (non-neutralizing face of gp120). It is thus not 
surprising that vaccine trials with unmodified gp120 yielded disappointing results.116

Binding of HIV Env to Lectins on Immune Cells Can Modulate Viral Infectivity

The first step in the entry process is attachment of virus particles to target cells. 
Attachment can be driven by interactions of Env with CD4, which are highly specific, or 
by relatively unspecific Env binding to other cellular factors, including heparan sulfate 
proteoglycans,117 amyloid fibrils and cellular lectins (see below). Moreover, cellular factors 
incorporated into the viral membrane can also promote HIV attachment by binding to their 
receptors on target cells, with ICAM-3 (on the virus surface) mediated HIV-1 binding to 
LFA-1 on T cells being a prominent example.108,118 Binding to attachment factors other than 
CD4 is ultimately dispensable for infectious entry of HIV, but can profoundly augment 
infection efficiency, at least under certain conditions.117 Particularly noteworthy is the 
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massive augmentation of HIV infectivity by binding to amyloid fibrils derived from a 
fragment of prostatic acidic phosphatase, termed SEVI (semen-derived enhancer of virus 
infection), which are present at high concentrations in human semen.119 The association 
of HIV with these fibrils most likely concentrates viruses on the cell surface and boosts 
infectivity of particles several logs in vitro, suggesting that SEVI fibrils might promote 
infection of mucosal tissues by sexually transmitted HIV.119,120 HIV infectivity for T cells 
can also be profoundly enhanced by interactions with dendritic cells.121 Enhancement 
might result from binding of HIV to specific attachment factors on dendritic cells, like 
the DC-SIGN protein,122,123 but T-cell activation by dendritic cells could also be involved. 
DC-SIGN is a calcium-dependent lectin which recognizes mannose-rich glycans on HIV 
Env.124-129 Binding of HIV to DC-SIGN on cell lines profoundly augments infection of 
adjacent target cells (trans-infection) and it has been suggested that this process requires 
uptake of virions into DC-SIGN expressing cells, escape of HIV from degradation in 
lysosomes, conservation of viral infectivity in intracellular compartments130 and finally 
transmission of virus to T cells within highly conductive microenvironments, termed 
infectious synapses.131 Such a scenario would be compatible with the concept that 
submucosal dendritic cells might capture and transport HIV into lymphoid tissue, where 
virus loaded dendritic cells could catalyze infection of T cells and thereby contribute to 
establishment of the primary infection.126 However, most of these postulates have been 
challenged and evidence has been presented that virus bound to DC-SIGN on dendritic 
cells might mainly be degraded and presented via the MHC system.122,132-136 Trans-infection 
can occur, but only within hours after virus attachment and the relevance of this process 
for HIV spread in patients is uncertain.135,136 Nevertheless, DC-SIGN expression and HIV 
transmission was also described for B-cells137,138 and platelets139,140 and attachment to these 
cells/cell fragments but not to dendritic cells might modulate HIV dissemination. The 
observation that polymorphisms in the DC-SIGN promoter modulate the risk of acquiring 
HIV via the parenteral but not the sexual route is consistent with this concept,141 since 
it suggests that DC-SIGN positive cells impact HIV spread once the virus has entered 
the blood stream. Recent evidence suggests that binding of HIV to DC-SIGN triggers 
signaling which compromises the immune function of dendritic cells but promotes 
their ability to transmit virus to T cells.142-144 Finally, it is noteworthy that HIV can bind 
to several other cellular lectins, including Langerin,145 Mannose Receptor (MR)146-148 
and Mannose Binding Lectin (MBL),149 with diverse consequences for infectivity and 
neutralization sensitivity.

Determinants of HIV Env Binding to the CD4 Receptor

The CD4 molecule, a member of the immunoglobulin (Ig) superfamily, is the primary 
receptor for HIV-1, HIV-2 and SIV and its engagement is indispensable for infectious 
entry (Fig. 1),150,151 with the exception of some HIV-2 and SIV isolates, as discussed below. 
CD4 is expressed on T cells, monocytes, macrophages and dendritic cells, all of which 
are HIV and SIV target cells. The extracellular domain of CD4 contains four Ig-domains 
and the most membrane distal one is recognized by gp120.152,153 The CD4 binding site 
in gp120 is not fully formed in the absence of receptor. Under these conditions, CD4 
binds to a region in the outer domain of gp120, which is partially hidden within a cavity 

21.112,113 CD4 engagement triggers a massive conformational rearrangement of gp120, 
including an outward rotation and displacement of gp120 monomers,101,154 which results 

formed by α helices in the inner domain, the CD4 binding loop and β sheets 20 and 
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in the formation of a coreceptor binding site.114 In addition, CD4 engagement induces 
conformational changes in gp41, potentially including the exposure and movement of 
a N-terminal fusion peptide toward the target cell membrane.101 Analysis of gp120 in 
the CD4 and coreceptor bound state (a monoclonal antibody was used as a surrogate for 
coreceptor binding) revealed that under these conditions CD4 binds to a recessed area 
formed by the interface of inner domain, outer domain and bridging sheet. While the 
CD4/gp120 interface covers substantial surfaces on CD4 and gp120, the topologies of the 
interacting regions do not match precisely and large cavities are concealed in the interface. 
Atomic contacts are formed between amino acids within position 25 to 64 in CD4 and 
six segments of gp120, with CD4 residues Phe 43 (which inserts into a pocket in gp120) 
and Arg 59 and the highly conserved gp120 residues Asp 368, Glu 370 and Trp 427 
being of particular importance.112,113 Notably, several HIV-2 and SIV variants have been 
identified which can infect target cells in the absence of CD4,155-158 and HIV-1 variants 
with similar abilities have been selected in cell culture.159-162 These viruses might harbour 
partially triggered Env proteins, which can directly interact with a coreceptor. In theory, 
such viruses might exhibit a broadened tropism, and a link between CD4-independent 
infection and SIV neurotropism has been suggested.155 However, CD4 independence 
comes at the cost of increased neutralization sensitivity,163,164 making it unlikely that CD4 
independent viruses become prevalent in HIV-1 infected patients.

Coreceptor Binding is a Major Determinant of HIV Tropism

Binding to CD4 triggers the formation/exposure of a highly conserved coreceptor 
binding site, which interacts with a chemokine coreceptor,114 usually CCR5 and CXCR4 
(Fig. 1), both of which are members of the G-protein coupled, seven transmembrane 
receptor superfamily.165 The coreceptor binding site is mainly located in the bridging 
sheet and comprises the V1/V2 stem and sequences in the C4 region.114 The V3 region, 
which protrudes from gp120 upon CD4 binding, is the major determinant of coreceptor 
choice, and also interacts directly with the coreceptor.166 Mutagenic analysis revealed that 
the N-terminus (especially sulfated tyrosines in CCR5167,168) and the second extracellular 
loop of CCR5 and CXCR4 are of particular importance for coreceptor function. This is 
in agreement with a model suggesting that the V3 loop, the structure of which seems 
to resemble that of chemokines,169 might contact the second extracellular loop while 
the coreceptor binding site might bind to N-terminus.166,170 Viruses transmitted between 
individuals almost exclusively engage CCR5 for infectious entry,171 and the preference for 
CCR5 is independent of the route of HIV acquisition.172-174 The reason for the preference for 
CCR5-tropic viruses is at present unclear, but might involve several independent barriers 
against transmission of CXCR4-using viruses.175 Homozygous carriers of a ccr5 defect 
allele are highly resistant against mucosal transmission while heterozygous individuals 
show delayed diseases progression,176-180 indicating that CCR5 is of paramount importance 
to HIV-1 spread. This conclusion is further highlighted by the recent finding that viral 
spread was fully suppressed in an HIV patient at 20 mo after transplantation of stem cells 
obtained from an individual homozygous for defective ccr5.181,182 Homozygosity for the ccr5 
defect allele, which is frequent among Caucasians (approximately 1%), is not associated 
with obvious immune defects or other symptoms, making CCR5 an attractive drug target. 
Nevertheless, studies in a mouse model indicate that CCR5 might contribute to the control 
of Cryptococcus neoformans, an AIDS-related pathogen.183 While CCR5-tropic (R5-tropic) 
viruses are transmitted between individuals and prevail in the asymptomatic phase of HIV 
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infection, viral variants which use CXCR4 for infectious entry can arise at later stages 
of the infection and emergence of CXCR4-tropic variants is associated with accelerated 
disease progression.171 It is unclear, however, if emergence of X4-tropic viruses is cause or 
consequence of progression toward AIDS.184 The observation that many patients develop 
AIDS in the absence of X4-tropic viruses, argues for the latter. On the other hand, X4-tropic 
viruses are more adept in depleting T cells in vitro compared with R5-tropic viruses,185,186 
because of their expanded range of target cells: High levels of CXCR4 are expressed on 
naïve T cells, whereas robust CCR5 expression was detected on memory T cells.187,188 In any 
event, CXCR4 is a valid target for antiviral intervention. However, strategies to block CXCR4 
usage will be challenging, since CXCR4 and SDF1 (the only CXCR4 ligand) knockout 
mice are not viable.189,190 Indeed, clinical evaluation of a small molecule CXCR4 inhibitor 
for HIV therapy was halted, in part due to unwanted side effects.191 After the discovery of 
CCR5 and CXCR4 as HIV coreceptors a variety of structurally related molecules, so called 
alternative coreceptors, was found to support HIV entry.165,192-194 Generally, these receptors 
allow entry upon overexpression in cell lines and are frequently used by HIV-2 and SIV 
with the same efficiency as CCR5,195,196 while highly efficient engagement of alternative 
coreceptors is only observed for some HIV-1 isolates.197 While several reports indicate 
that certain alternative coreceptors might sustain spread of some HIV-1 isolates in primary 
target cells,198 there is currently no evidence that usage of these receptors contributes to viral 
spread in patients.199-202 This might change once potent inhibitors of CCR5 and CXCR4 
become available for HIV/AIDS therapy, since adaptation to efficient usage of alternative 
coreceptors might be one way for HIV to acquire resistance.

The gp41 Subunit Drives Fusion between the Viral and the Target  
Cell Membrane

Complexation of CD4 and coreceptor by gp120 induces conformational changes 
in gp41, which bring about fusion of the viral membrane with a host cell membrane, 
potentially the limiting membrane of endosomes.203 However, it is incompletely understood 
how the activation signal is transmitted from gp120 to gp41. The domain organization 
of gp41 is conserved between class I fusion proteins.110,204 From N- to C-terminus the 
following functional elements have been defined: A hydrophobic fusion peptide, which 
is liberated from the Env precursor gp160 by furin cleavage, two heptad repeats (HR), 
termed HR1 and HR2, which are connected by a disulphide-bonded loop, followed by a 
membrane proximal region, a transmembrane domain and a large cytoplasmic tail.110,204 
The rearrangement of these elements in the course of gp41 driven membrane fusion has 
been studied by employing gp41 specific antibodies or gp41 derived peptides.110,204 The 
antibodies 2F5205 and 4E10206 are directed against the membrane proximal region while 
peptides derived from the C-terminal HR (HR2) bind to the N-terminal HR (HR1),207 
and both reagents block viral entry. In addition, a naturally occurring peptide which 
binds the HIV-1 fusion peptide and thereby inhibits HIV infection has been identified 
in human hemofiltrate208 and an optimized version of this peptide was recently shown 
to potently reduce viral spread in HIV-1 patients.209 Assessment of the reactivity and 
inhibitory activity of these reagents at different times after Env engagement combined 
with structural analyses allowed the establishment of the following model for viral entry: 
Binding of Env to CD4 is sufficient to induce structural rearrangements in gp41, which 
expose the HRs and the fusion peptide.210-212 In contrast, the epitopes of 2F5 and 4E10 
are only accessible in the unliganded Env and disappear during membrane fusion. Upon 
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engagement of the coreceptor further conformational changes in gp41 are induced, which 
result in the insertion of the fusion peptide into the target cell membrane, the formation 
of a fusion pore and ultimately in the merger of the viral and the host cell membrane. 
Availability of CD4 and coreceptor, adequate temperature and most likely dissociation 
of gp120 from gp41 are prerequisites for these processes.204 A key event in membrane 
fusion is the transition of gp41 into an energetically stable six-helix bundle structure.213-215 
This gp41 conformation is the result of a back-folding reaction, in which the three HR2 
elements are packed, in an antiparallel fashion, onto a central coiled-coil formed by the 
HR1 elements. As a consequence, the fusion peptide and the transmembrane region of 
gp41, and therefore the viral and host cell membranes, are pulled into close contact, 
allowing membrane fusion to proceed.204 Notably, the final folded six-helix bundle 
structure is observed only after the opening of a fusion pore.216 It has thus been suggested 
that “pre-bundle” conformations are sufficient for pore formation while transition of gp41 
into a six-helix bundle seems to be required for stabilization and/or expansion of pores.204

CONCLUSION

The Env proteins of retroviruses are class I fusion proteins; the SU engages the 
receptor while the TM drives fusion of the viral envelope with a cellular membrane. 
The Env proteins of ASLV and HIV have evolved intricate controls of their fusogenic 
activity. For ASLV, receptor binding primes the Env-protein for a subsequent stimulus, 
acidic pH, which then triggers the membrane fusion reaction. In contrast, sequential 
engagement of a primary receptor, CD4, and a coreceptor, CCR5 and CXCR4, is required 
for activation of HIV gp41-driven membrane fusion. HIV variants which use CCR5 are 
transmitted between individuals and absence of functional CCR5 largely protects against 
sexual acquisition of HIV. In contrast, CXCR4-tropic viruses evolve at later stages of 
the infection and are associated with a poor clinical prognosis. However, neither the 
preference for CCR5 usage during establishment of the primary infection nor the reasons 
for the emergence of CXCR4-tropic viruses in about 40% of the infected individuals are 
fully understood. Unravelling these questions will provide important insights into HIV 
transmission and pathogenesis and might help to establish novel strategies for intervention. 
After the elucidation of the structure of a core HIV Env in complex with CD4 and a 
chemokine receptor mimicking antibody, novel insights into the Env structure were 
obtained with trimeric proteins and upon analysis of a V3 loop containing Env. These 
studies help to understand the sequential rearrangements of Env pivotal to infectious 
entry and their inhibition by entry inhibitors. Finally, inhibitors targeting gp41 helped 
to define the intermediates in the membrane fusion reaction, and might ultimately allow 
the identification of new targets. This speculation is supported by the observation that 

and thereby prevents viral entry, underlining that structures in Env, which so far have 
not been considered “druggable,” can be successfully targeted.
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Abstract: Enveloped viruses rely on fusion proteins in their envelope to fuse the viral membrane 
to the host-cell membrane. This key step in viral entry delivers the viral genome 
into the cytoplasm for replication. Although class II fusion proteins are genetically 
and structurally unrelated to class I fusion proteins, they use the same physical 
principles and topology as other fusion proteins to drive membrane fusion. Exposure 
of a fusion loop first allows it to insert into the host-cell membrane. Conserved 
hydrophobic residues in the fusion loop act as an anchor, which penetrates only 
partway into the outer bilayer leaflet of the host-cell membrane. Subsequent folding 
back of the fusion protein on itself directs the C-terminal viral transmembrane anchor 
towards the fusion loop. This fold-back forces the host-cell membrane (held by the 
fusion loop) and the viral membrane (held by the C-terminal transmembrane anchor) 
against each other, resulting in membrane fusion. In class II fusion proteins, the 
fold-back is triggered by the reduced pH of an endosome, and is accompanied by 
the assembly of fusion protein monomers into trimers. The fold-back occurs by 
domain rearrangement rather than by an extensive refolding of secondary structure, 
but this domain rearrangement and the assembly of monomers into trimers together 
bury a large surface area. The energy that is thus released exerts a bending force 
on the apposed viral and cellular membranes, causing them to bend towards each 
other and, eventually, to fuse.

INTRODUCTION

Enveloped viruses acquire a lipid bilayer membrane when they bud across the plasma 
membrane or the membrane of the endoplasmic reticulum (ER) during assembly of the 
virion.1,2 During infection, the viral membrane must be fused to the host-cell membrane 
to deliver the viral genome into the cytoplasm for replication (Fig. 1). The fusion of the 
viral and host-cell membranes is therefore the central molecular event during the entry of 
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enveloped viruses into cells. Adjacent membranes do not fuse spontaneously; membrane 
fusion requires considerable energy (on the order of 100 kJ mol-1 or 40 kT).3,4 Envelope 
proteins anchored in the viral membrane provide this energy in the form of a conformational 
rearrangement that bends the apposed membranes towards each other, inducing them to 
fuse.5-7 Most ‘fusion proteins’ (or their cleavage products) also effect cellular attachment 
of the virus prior to the membrane fusion event by binding to a receptor on the cell surface, 
except the paramyxo- and alphaviruses, in which a second envelope protein binds the receptor.

Fusion proteins of enveloped viruses fall into two structural classes. The influenza virus 
haemagglutinin (HA) is the prototype of class I fusion proteins,8 which encompass those of 
other orthomyxo- and paramyxoviruses such as measles virus, retroviruses such as human 
immunodeficiency virus (HIV), filoviruses such as Ebola virus, and coronaviruses such 
as SARS (see Chapters 4-6). Class II fusion proteins are a structurally and evolutionarily 
distinct class of proteins found in Flaviviridae, such as dengue, yellow fever, and West 
Nile viruses, and on alphaviruses, such as Semliki Forest and Sindbis viruses. Hepatitis 
C has a similar genomic organization to the flaviviruses, and therefore most likely relies 
on a Class II fusion protein as well. Crystal structures of several class I and class II fusion 
proteins before9-15 and after5,16-29 their fusogenic conformational rearrangements have 
provided us with a detailed molecular understanding of the fusion mechanism (Table 1). 
The structures show that, despite the absence of similarities in the protein folds of the two 
classes, fusion proteins from both classes use the same physical principles and general 
topology to drive membrane fusion. First the fusion protein inserts a hydrophobic fusion 
anchor partway into the outer bilayer leaflet of the host-cell membrane. The fusion anchor 
is either an N-terminal peptide,30 as in influenza and HIV,31 or an internal loop, as in SARS 
coronavirus,32 avian sarcoma leucosis virus33 and all class II enveloped viruses.34 Second, 
the fusion protein folds back on itself, directing the (C-terminal) viral transmembrane 
anchor towards the fusion anchor. This fold-back forces the host-cell membrane (held 
by the fusion anchor) and the viral membrane (held by the C-terminal transmembrane 

Figure 1. Cell entry of class II enveloped viruses. Virus particles bind target cells through a surface 
receptor, which is linked to the clathrin-dependent endocytic pathway. Internalized vesicles fuse with 
endosomal compartments. The acidic pH of these compartments causes conformational rearrangements 
in the viral envelope proteins that catalyze the fusion of the viral and host-cell membranes. Upon 
membrane fusion, the viral genome enters the cytoplasm.
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anchor) against each other, resulting in fusion of the two membranes. In this chapter, I 
describe our current picture of how class II fusion proteins drive viral membrane fusion, 
based on the structural and biochemical data available to date.

OVERALL ARCHITECTURE

Three-dimensional structures of eight class II fusion proteins in their native, or 
prefusion states,10,12-14,35,93-95,97 that is, the conformation that they adopt on the surface 
of a mature virus particle, have been determined at near atomic resolution. Figure 2 
shows the three-domain structures of E13 and E1,12 the fusion proteins of dengue virus 
(a representative flavivirus) and of Semliki Forest Virus (an alphavirus), respectively. 
The two proteins share a common molecular architecture, despite a lack of significant 
sequence similarity. Domain I, an eight-stranded -barrel, organizes the structure. Two 
long insertions between pairs of consecutive -strands in domain I form the elongated 
domain II, which bears the fusion anchor, a fusion loop in class II proteins, at its tip (Figs. 
2, 4). Domain II contains twelve -strands and two -helices. Domain III is an IgC-like 
module, with ten -strands. Domain III contains most of the antigenic sites on E, as well 
as most of the structural determinants of virulence and tropism.10 This observation, and the 
widespread occurrence of immunoglobulin modules in cell-adhesion proteins, suggest that 
domain III participates in attachment to a cellular receptor.10 Indeed, positively charged 
patches on the surface of domain III in dengue virus have been suggested to promote 
attachment by binding heparan sulfate on the cell surface.36 Both E1 and E have one or 
more glycosylation sites. These glycans can aid viral attachment to the cell surface, in 

Table 1. Class II fusion protein crystal structures and corresponding electron 
cryomicroscopy structures

Virus
Fusion 
Protein

Fusion  
State

Quaternary Structure 
in Solution References

Tick-borne encephalitis E Prefusion Dimer 10
Semliki Forest virus E1 Prefusion Monomer 12, 46, 50
Dengue virus type 2 E Prefusion Dimer 13, 35, 45, 48
Dengue virus type 2 E Postfusion Trimer 29
Semliki Forest virus E1 Postfusion Trimer 55
Dengue virus type 3 E Prefusion Dimer 14
Tick-borne encephalitis E Postfusion Trimer 56
West Nile virus E Prefusion Monomer 93
Dengue virus type 1 E Postfusion Trimer 94
Chikungunya virus E1 Prefusion Monomer 95
Sindbis virus E1 Intermediate Trimer 96
Dengue virus type 4 E Prefusion Dimer 97
Japanese encephalitis 
virus

E Prefusion Monomer 98
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the case of dengue virus by binding to the lectin DC-SIGN.37,38 As expected from their 

differ only in the length and structure of surface-exposed loops, some of which have been 
implicated in receptor binding.10,39,40 Despite these hints on the basis of cellular attachment, 
however, a cellular receptor that specifically recognizes an envelope protein on a class 
II enveloped virus has yet to be conclusively identified, although candidate receptors for 
dengue virus type 141 and West Nile virus42 were recently suggested.

It is important to note that all the crystal structures of fusion proteins determined so 
far, from both classes and regardless of their conformational state, lack the C-terminal 
viral membrane anchor. This anchor consists of one or two transmembrane helices, 
and has been intentionally omitted in constructs targeted for crystallization to facilitate 
expression and handling, and to promote crystallization. The crystallized species are 
therefore referred to as soluble fragments of the ectodomains of the full-length fusion 
protein. Furthermore, all available crystal structures of class II fusion proteins lack 
the ‘stem’ region,43 a 30-55 amino acid linker between Domain III and the C-terminal 
transmembrane anchor (Figs. 2A-B, 3). As I will discuss below, the stem region plays a 
key role in the final stages of membrane fusion. Its function is analogous to that of the 
‘outer helix’ in class I fusion proteins.8

MATURATION AND PRIMING

Both class I and class II fusion proteins rely on a proteolytic cleavage event to 
become primed to respond to the environmental conditions appropriate for fusion. These 
conditions are usually the acidic pH of an endosome (Fig. 1), but for some class I enveloped 
viruses, such as HIV, coreceptor binding is required instead. In contrast to class I fusion 
proteins, however, class II fusion proteins rely on a priming proteolytic cleavage that 
does not cleave the fusion protein itself. Instead, class II proteins associate with a second, 
‘protector’ protein, called M (for membrane protein) in flaviviruses or E2 in alphaviruses. 
The protector protein is cleaved by furin when immature virus particles assembled in the 
ER reach the trans-Golgi network.44 The cleavage produces mature virus particles, which 
are then released from the host cell by exocytosis. The cleavage of the protector protein 
releases a conformational constraint on the fusion protein, which allows it to adopt its 
mature conformation (described above) in a large rearrangement on the viral surface. In 
the mature conformation, the fusion protein is primed to respond to acidic pH and induce 
membrane fusion with a further conformational rearrangement (described below).

Structures from electron cryomicroscopy of both immature45,46 and mature47-50 flavivirus 
and alphavirus particles, provide a detailed picture of the rearrangement that accompanies 
maturation in these viruses. Alphaviruses retain the T = 4 icosahedral packing of their 
envelope proteins, but domains that form spikes on the immature virion swing in towards 
the threefold symmetry axis, during maturation.46,50 The rearrangement is more dramatic 
in flaviviruses, in which the fusion protein E breaks the T = 3 icosahedral symmetry of 
the immature virion45 to adopt an unusual icosahedral herringbone pattern in the mature 
virion.47,51 In both alphaviruses and flaviviruses, the fusion proteins form dimers in the 
mature virion albeit in different configurations.10,12 The key feature of the maturation 
process in both genera, however, is that cleavage of the protector protein allows the 
fusion loop to reposition itself so that it is poised to insert into the host-cell membrane 
in response to acidification of the solute in the endosome. Mature virus particles are 

sequence identities (≥ 37%), flaviviral E proteins have very similar overall structures, and 
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therefore infectious,44,52 unlike immature virions,53,54 which are insensitive to pH. The 
fusion loop is shielded from the viral surface in mature virions by E-E dimer contacts in 
flaviviruses, or by protein E2 in alphaviruses (Figs. 3A,B, 5A).

THE FUSOGENIC CONFORMATIONAL REARRANGEMENT

The three-dimensional structures of four class II fusion proteins in their postfusion 
states29,55,56,94 reveal striking differences from the prefusion forms (Fig. 3), and suggest a 

Figure 3. Pre- and postfusion structures of class II fusion proteins, and proposed intermediates. A) 
A dimer of DEN E,13 and B) two SFV E112 molecules in the prefusion conformation as found on the 
viral surface, viewed perpendicular to the viral membrane. The fusion loop is buried, either in the 
dimer interface (A), or under E2 (B). The outer (proximal) bilayer leaflets of the cellular and viral 
membranes are shown to scale as solid rectangles. The thin outer layer within each leaflet represents 
the polar headgroup layer, and the thicker inner layer represents the hydrocarbon layer. The stem-anchor 
segments are absent from the crystal structure, but are represented here schematically as rods in the 
viral membrane. C,D) Upon acidification of the solute in the endosome, the domain II rotates 15-30° 
about a hinge in the domain II-domain I interface. This exposes the fusion loop, which then inserts 
into the host cell membrane. The postfusion, trimeric structures of DEN E29 (E) and SFV E1 (F).55 
After insertion of their fusion loops into the target membrane, the fusion proteins form trimers and 
fold back on themselves, bringing the fusion loops close to the C-terminal transmembrane anchors.



156 VIRAL ENTRY INTO HOST CELLS

molecular mechanism for membrane fusion (see below and Fig. 5). Like class I fusion proteins, 
flaviviral E proteins and alphaviral E1 proteins are both homotrimers in their postfusion 
conformations. Class II proteins form trimers from monomers on the viral surface, while 
class I proteins are trimeric in their prefusion state.8 However, a comparison of the pre- and 
postfusion states of influenza HA-the only example in its class where both structures are 
known for the same protein-shows that, as in class II fusion proteins, nearly all of the trimer 
contacts in the postfusion state are formed during the fusogenic conformational rearrangement.

Unlike influenza HA, which undergoes extensive refolding during membrane fusion, 
the three domains of class II fusion proteins retain most of their folded structures (Fig. 3). 
Instead, the domains undergo major rearrangements in their relative orientations, through 
flexion of the interdomain linkers. Domain III undergoes the most significant displacement 
in the fusion transition. It rotates by about 70°, and its center of mass shifts by 30-40 
Å towards domain II. This folding-over brings the C-terminus of domain III about 40 
Å closer to the fusion loop, at tip of domain II (Fig. 3). Domain II rotates 15-30° with 
respect to domain I about a hinge region13 in which mutations affect the pH threshold of 
fusion in various flaviviruses.57-62 These conformational rearrangements position the end 
of domain III-and the beginning of the stem region that links domain III to the C-terminal 
viral transmembrane anchor-towards the fusion loop (Fig. 3E-F).29,55 A deep channel 
extends from the C-terminus of the crystallized fragment along the intersubunit contact 
between domains II to the fusion loops, in both the dengue and Semliki Forest virus 
postfusion trimer structures. In the full-length fusion proteins, it is thought that the stem 
binds in this channel in an extended, but mainly -helical conformation.29,48 This proposed 
stem conformation places the viral transmembrane anchor in the immediate vicinity of 
the fusion loop, just as in the postfusion conformation of class I viral fusion proteins.

The fusion transition in class II viral proteins is irreversible. The refoldings just described 
may impart irreversibility by contributing a high barrier to initiation of trimerization 
and an even higher barrier to dissociation of postfusion trimers once they have formed. 
Moreover, many new polar and nonpolar contacts are formed during the fusion transition, 
in several different areas along the threefold axis of the trimer. The total surface buried is 
13,000-15,000 Å2,29,55 nearly four times more than is buried in the prefusion dimer. The 
stem, which is missing from currently available crystal structures, most likely forms 
additional contacts with the core trimer structure. The stem does indeed promote trimer 
assembly even in the absence of liposomes.43

THE FUSION LOOP

The process of viral membrane fusion in both class I and class II enveloped viruses 
begins with the exposure of a fusion anchor, and its subsequent insertion into the host-cell 
membrane. Fusion anchors from both viral classes vary in length but are in general rich 
in glycines and hydrophobic residues, particularly aromatic residues such as Trp or Phe. 
Sequence conservation is poor between fusion proteins of both classes. The fusion anchor 
in class I fusion proteins-the ‘fusion peptide’-is a region of approximately 20 residues at 
or near the N-terminus of the envelope protein. The crystal structure of the parainfluenza 
virus 5 fusion (F) protein in its prefusion form reveals the fusion peptide wedged between 
two subunits of the protein, in a partly extended, partly -sheet and partly -helical 
conformation.15 Structural studies on influenza HA in its postfusion conformation using 
NMR and other spectroscopic techniques show that the fusion peptide is mostly -helical 
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in character and that its structure changes only subtly as it inserts partway into the outer 
leaflet of the host-cell lipid bilayer.63,64 None of the currently available postfusion class 
I protein crystal structures contain information on the fusion peptide.

The recently determined crystal structures of class II fusion proteins in pre10,12-14 and 
postfusion29,55,56 conformations offer the first direct views of fusion anchors-in this case, 
the fusion loops-as they insert into a target membrane (Fig. 4). Like the class I fusion 

Figure 4. Close-up of the aromatic anchor formed by the fusion loop in: A) dengue virus E, and 
B,C) SFV E1. In flaviviruses (A), three clustered fusion loops form a nonpolar, bowl-shaped apex, 
with three residues (Trp, Phe and Leu) protruding at the tip of domain II. These three residues insert 
into the hydrocarbon layer of the target cell membrane. The fusion loop has a rigid structure. In 
alphaviruses, the fusion loop is flexible and can adopt very different conformations. Two conformations 
of the fusion loop from different subunits of the SFV E1 postfusion crystal structure are shown in B 
and C. The alphaviral fusion loops do not appear to cluster around the threefold axis of the trimer.
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peptide, the class II fusion loop penetrates only partway into the hydrocarbon layer of 
the target membrane. Exposed carbonyls and charged residues prevent the fusion loop 
from penetrating further than 6 Å.29,56 In flaviviruses, the fusion loop adopts a tightly 
folded conformation, which is stabilized by a disulfide bond (Fig. 4A). The structure of 
the fusion loop is essentially identical in the pre- and postfusion conformations of the 
protein, suggesting that membrane insertion has no effect on the structure of the fusion 
loop. During the fusion transition, three hydrophobic residues in the fusion loop (Trp, 
Leu, and Phe) become exposed on the molecular surface. Three fusion loops end up in 
close proximity at the tip of the trimer in the postfusion conformation, where they form 
a crater-like surface with a hydrophobic rim (Fig. 3E). Electron cryomicroscopy29 and 
mutagenesis studies34 confirm that these hydrophobic, mostly aromatic residues on the 
crater rim insert into the host-cell membrane, acting as an ‘aromatic anchor’ for the 
fusion protein. The concave shape of the crater is thought to be important in generating 
distortions or perturbations in the host-cell membrane,29 which are required for fusion.65

In alphaviruses, the fusion loop is also rich in aromatic and other hydrophobic residues. 
Unlike flaviviral fusion loops, however, alphaviviral fusion loops do not form trimer 
contacts (Fig. 3F). Indeed, in the postfusion structure of the Semliki Forest virus E1 trimer, 
the fusion loops have high temperature factors and exhibit a high degree of flexibility 
despite the presence of two disulfide bonds. Thus, the structures of the fusion loops are 
poorly defined, but each fusion loop seems to adopt a very different conformation (Fig. 
4B,C).55 The fusion loops in the postfusion Semliki Forest virus E1 structure form quite 
polar surfaces, with many mainchain carbonyls and some polar or charged sidechains 
exposed on the surface. This suggests that, in contrast to flaviviral fusion loops, alphaviral 
fusion loops either change their conformation upon membrane insertion to shield polar 
groups from the membrane, or the fusion loops only interact with the polar headgroups 
of the lipids, and do not penetrate into the hydrocarbon layer.

Semliki Forest virus E1 trimers form irregular clusters, or ‘rosettes’ of about 40-60 
trimers through contacts between fusion loops in adjacent trimers.55 This is reminiscent 
of influenza virus HA, which aggregates into rosettes through interactions between the 
fusion peptide, at low pH and after proteolytic activation.66 This fusion loop/peptide 
clustering may provide a mechanism for the direct coupling of several E1/HA trimers to 
work in concert around a single fusion site (see below).

MECHANISM OF MEMBRANE FUSION

Combined with previous knowledge, the structures of the fusion proteins from class 
II viruses in their postfusion states29,55,56 have led to a much better understanding of how 
conformational changes in the proteins drive membrane fusion. The structures confirm 
two major principles of membrane fusion machineries: (1) the fusion protein must insert 
an anchor into each of the two membranes to be fused, and (2) the protein folds back 
on itself in a thermodynamically favorable conformational rearrangement that drives 
membrane fusion by forcing the two anchors into close proximity.

In the current model, viral membrane fusion proceeds as follows (Fig. 5). First, 
receptor binding by an envelope protein, which in flaviviruses is also the fusion protein, 
leads to clathrin-mediated endocytosis of the virus (Figs. 1, 5A). When the virus reaches 
endosomal compartments the low pH of the lumen (pH 6) causes an initial conformational 
rearrangement that leads to the exposure of the previously buried fusion loop48,50 at the 
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tip of domain II. In flaviviruses, domains I and II flex relative to each other by 30°.29 
This hinge motion causes domain II, and therefore the fusion loop, to swing away from 
the viral surface and towards the host-cell membrane (Fig. 5B). Indeed, mutations at the 
domain I-domain II interface in various flaviviruses alter the pH threshold of fusion.13,57-62 
As domain II swings away from the viral surface, constraints imposed by the tight packing 
of E on the viral surface are released, allowing E to diffuse freely in the plane of the viral 
membrane. The stem may also be able to extend away from the membrane at this stage. 
In alphaviruses, constraints are released in response to low pH by the dissociation of the 
protector (and receptor-binding) protein E2. This exposes the fusion loop and allows 
domain II of E1 to swing towards the nearest threefold symmetry axis in the virus particle 
in a 15° hinge motion relative to domain I, leading to the formation of trimer contacts 
with adjacent E1 molecules.46

The second key step in the fusion process is insertion of the exposed fusion loop into 
the host-cell membrane (Fig. 5C). Alphaviral E1 has already formed some trimer contacts 
at this stage, but flaviviral E proteins probably insert their fusion loops as monomers. 
Membrane insertion probably catalyzes trimerization of the fusion loops,67 by lateral 
rearrangement of E monomers. This trimeric prefusion intermediate (Fig. 5C) bridges 
host-cell and viral membranes, anchored by its fusion loops in the former and by the 

Figure 5. Proposed fusion mechanism for fusion mediated by class II fusion proteins. A) The virus 
binds to a receptor on the cell surface. In flaviviruses, the fusion protein E binds the receptor, 
while in alphaviruses, the ‘protector’ protein E2 binds the receptor. Following attachment, the virus 
is internalized to an endosome. B) Acidic pH in the endosome causes domain II to hinge outward 
from the virion surface, exposing the fusion loop, and allowing E monomers to rearrange laterally 
in the plane of the membrane. C) The fusion loop inserts into the hydrocarbon layer of the host-cell 
membrane, promoting trimer formation. D) Formation of trimer contacts spreads from the fusion 
loop at the tip of the trimer, to the base of the trimer. The protein folds back on itself, directing the 
fusion loop towards the C-terminal transmembrane anchor. Energy release by this refolding bends the 
apposed membranes. E) Creation of additional trimer contacts between the stem-anchor and domain 
II leads first to hemifusion and then (F) to formation of a lipidic fusion pore.



160 VIRAL ENTRY INTO HOST CELLS

viral transmembrane anchors in the latter. This proposed intermediate is analogous to the 
‘prehairpin’ intermediate postulated for class I viral fusion mechanisms.68

Upon insertion of the fusion loops into the host-cell membrane, formation of trimer 
contacts spreads from the fusion loops at the trimer tip to domain I at the trimer base. Domain 
II shifts and rotates, folding the stem and C-terminal anchor back towards the fusion loop 
(Fig. 5D), and burying additional protein surfaces. Free energy released by this refolding 
drives the two membranes to bend towards each other,5-7 as the C-terminal anchor is forced 
closer to the fusion loop, forming apposing nipples in the membranes (Fig. 5D).3 Fusion-loop 
insertion may induce positive bilayer curvature, which would stabilize the lateral surfaces 
of the nipples. The concave shape of the crater-like surface formed by the fusion loops at 
the trimer tip may also have a destabilizing effect on the membrane, as has been postulated 
for fusion peptides in class I fusion proteins.65 Based on the energy required to deform 
lipid bilayers, it seems likely that a ring of trimers refolding in concert is needed to provide 
sufficient energy to form nipples in the membranes.3,4 It is unclear exactly how many trimers 
are needed to drive membrane fusion in class II viruses, nor how their conformational changes 
are coupled. In the case of influenza, fusion requires the concerted action of at least three HA 
trimers,69 and is more likely driven by rings of 6-8 trimers.70 The clustering of fusion loops 
may provide a mechanism for the direct coupling of several E1 trimers to work in concert 
around a single fusion site in alphaviruses, but such clustering has not been observed in 
flaviviruses. It is possible that coupling occurs via the membrane: only when several trimers 
fold back in concert can they overcome the resistance of the membrane to deformation and 
reach their final, most stable postfusion conformation (Figs. 5D-F).

As the fusion transition proceeds, the stem zippers up onto the core of the trimer, 
along a channel that spans domain II, at the intersubunit contact regions (Figs. 3, 5D-F). 
The zippering up of the stem onto the domain II forces the fusion loop and the viral 
transmembrane anchor closer and closer, until the proximal leaflets of the two membranes 
fuse to form a ‘hemifusion stalk’ (Fig. 5E). Hemifusion is thought to be an essential 
intermediate of membrane fusion.3,4,71 (Fig. 5E) illustrates the need for shallow penetration 
of the viral fusion anchor into the host-cell membrane: assuming several trimers do in 
fact act in concert around a single fusion site, fusion anchors from different trimers would 
collide if they inserted beyond the outer (proximal) lipid bilayer leaflet. This constraint 
on the length of the fusion anchor holds true for both class I fusion peptides and class 
II fusion loops.

Hemifusion stalks can ‘flicker’ open into narrow fusion pores.71 In order to prevent 
the transient fusion pores from closing, the stem must complete its zippering up onto the 
core of the trimer, and the C-terminal transmembrane anchor must migrate into the pore 
(Fig. 5F). Indeed, the transition from hemifusion stalk to full fusion pore appears to require 
that the viral transmembrane anchor span the membrane completely, in all biological 
membrane fusion systems. Thus, the replacement of the C-terminal transmembrane 
anchor of influenza HA with a glycosylphophatidylinositol (GPI) lipid anchor,72-74 or 
with a half-length protein -helical anchor,75 stalls the fusion reaction at the stage of 
hemifusion. Other viral fusion proteins and cellular SNARE fusion proteins also require 
at least one transmembrane anchor.76-83 Upon completion of fusion, the trimer has reached 
the conformation seen in the postfusion crystal structures.29,55,56 The stems (not present 
in the structures) are docked along the surface of domains II, and the fusion loops and 
transmembrane anchors lie next to each other in the fused membrane (Fig. 5F).

Some class II fusion proteins, including those of alphaviruses, can only fuse membranes 
containing cholesterol and sphingolipids.84 The structural basis for this requirement is still 
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not well understood. Several mutations in different regions of the Semliki Forest virus fusion 
protein E1 lower its dependence on cholesterol and/or sphingolipids for membrane fusion.85,86 
It is unclear, however, whether the lower dependence on cholesterol of these mutants is due 
to an apparent destabilization of the E1 homotrimer,87 or to the different physical properties 
of membranes lacking cholesterol and sphingolipids. In flaviviruses, cholesterol facilitates 
fusion, but neither cholesterol nor sphingolipids are essential for fusion.88

STRATEGIES FOR FUSION INHIBITION

Many class II viruses, especially the flaviviruses, represent important human 
pathogens such as dengue, hepatitis C, yellow fever, West Nile, Japanese encephalitis 
and tick-borne encephalitis viruses.89 For most of these viruses, there are no specific 
treatments for infection, their control by vaccination has proved elusive,89 and the 
number of infections is on the rise. Recently determined three-dimensional structures 
of class II fusion proteins suggest new strategies for inhibiting viral entry by blocking 
membrane fusion. One such strategy stems for the discovery in dengue virus E of a 
long, tapering channel lined with hydrophobic side chains.13 In the crystal structure, 
the channel is occupied by a molecule of the detergent n-octyl- -D-glucoside. In the 
absence of detergent, a -hairpin covering the channel swings towards the protein, 
and closes up the channel.13 The location of this ‘ligand-binding pocket’ at the domain 
I-domain II interface coincides with that of mutations affecting the pH threshold of 
fusion in various flaviviruses.57-62 Most of these mutations involve side chains lining 
the ligand-binding pocket. The postfusion structure of dengue virus E shows that this 
region acts as a hinge between domains I and II during the fusogenic conformational 
rearrangement (see above).29 The opening up of a ligand-binding pocket just at the locus 
of a hinge suggests that compounds tightly inserted at this position might hinder the 
conformational changes required for membrane fusion (Fig. 6A). The mechanism of action 
of such compounds might resemble that of some of the well-studied antipicornaviral 
compounds, which block a concerted structural transition in the icosahedral assembly.90 
Alternatively, small molecules that pry open the -hairpin on binding in the pocket may 
inhibit infection by facilitating the low-pH conformational change, causing premature 
triggering. Knowledge of the structure of the binding pocket with a bound ligand will 
guide efforts to design derivative ligands with higher affinities for use as inhibitors of 
flaviviral membrane fusion.

The postfusion structures of dengue29 and Semliki Forest55 viruses suggest a second 
possible strategy for fusion inhibition, related to an approach successful in developing 
an HIV antiviral compound.91 Peptides corresponding to the stem region of the gp41 
fusion protein inhibit HIV entry by binding to the trimeric, N-terminal ‘inner core’ of the 
protein and interfering with the folding back against it of the stem and C-terminal viral 
transmembrane anchor. The way in which the stem is likely to fold back in class II viral 
fusion proteins (Figs. 3, 5D-F) suggests that an analogous strategy may be successful 
with class II viruses. Peptides derived from stem sequences could block completion of the 
fusogenic conformational change, by competing with the stem for interaction with surfaces 
on domain II, at the trimer interface (Fig. 6B). Stem-like peptides or peptidomimetic 
compounds could thus inhibit viral membrane fusion in class II enveloped viruses by 
preventing the final folding back of the fusion protein that is required to drive the viral 
and host-cell membranes together to fuse.
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CONCLUSION

All viral membrane fusion proteins use the same physical principles and topology 
to drive membrane fusion. Class II fusion proteins are structurally and evolutionarily 
distinct class of proteins found in Flaviviridae, such as dengue, yellow fever, and West 
Nile viruses, and on alphaviruses, such as Semliki Forest and Sindbis viruses. Unlike 
class I fusion proteins such as influenza HA, which undergoes extensive refolding 
during membrane fusion, the three domains of class II fusion proteins retain most of 
their folded structures. Instead, the domains undergo major rearrangements in their 
relative orientations, through flexion of the interdomain linkers. Class II fusion proteins 
rely on a hydrophobic fusion loop to anchor themselves in the target cellular membrane. 
Like the class I fusion peptide, the class II fusion loop penetrates only partway into the 
hydrocarbon layer of the target membrane. Class II fusion proteins drive membrane fusion 
in a foldback rearrangement of a trimeric protein assembly. Crystal structures of class 
II envelope proteins have suggested two specific strategies for fusion inhibition, with 
hydrophobic small molecules and “stem”-like peptides or peptidomimetics, respectively. 

Figure 6. Fusion inhibition strategies. A) The discovery of a ligand-binding pocket at the interface 
between domains I and II in dengue virus E,13 just at the locus of a hinge motion required for fusion, 
suggests that compounds inserted in the pocket might hinder the hinge motion and hence inhibit the 
fusion transition. This approach would block the first step in the fusion mechanism (Fig. 5A-B). B) 
Peptides corresponding to the stem region of the fusion protein may inhibit viral entry by binding 
to the trimeric core of the protein in its postfusion conformation,29,55 and interfering with the folding 
back against it of the fusion protein’s own stem. An analogous strategy has been successful with HIV 
gp41.91,92 This approach would block the last step in the fusion mechanism (Fig. 5E-F).
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NOTE ADDED AFTER PROOFS

This chapter was originally written in 2006 and was updated in 2012 to add recent 
relevant advances.
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Abstract:  Entry is the first step in the infectious life cycle of a virus. In the case of rhabdoviruses,  
entry is facilitated exclusively by the envelope glycoprotein G and its interactions with  
the host cell. For vesicular stomatitis virus (VSV), attachment to the cell surface was 
thought to be facilitated by interactions with the lipid phosphatidylserine, however 
recent work suggests that it is in fact initiated by recognition of proteinaeous 
receptors. Clathrin-mediated endocytosis delivers the virions into endosomes 
where they have been proposed to traffic to multi-vesicular bodies. There, the viral 
envelope fuses with internal vesicles in a process mediated by glycoprotein G in a 
pH- and phosphatidylserine-dependent manner. A clear mechanistic understanding 
of glycoprotein G mediated fusion has yet to be obtained, however current data 
suggests that it is likely facilitated by events distinct from Class I or Class II 
fusion proteins of other viruses. Rhabdoviruses are also notable in that their fusion 
protein exists in a reversible pH-dependent equilibrium, which prevents irreversible 
preactivation during assembly, and may prove to be relevant in the mediation of 
cell-to-cell fusion - an alternate form of viral spread.

INTRODUCTION

The Rhabdovirus family comprises hundreds of viruses with a wide variety of hosts, 
comprising vertebrates, invertebrates and plants, which give rise to various diseases.1 
Virions are 100-430 nm long and 45-100 nm in diameter, with those infecting vertebrates 
possessing a bullet-shaped morphology. The virus consists of an envelope containing a 
single glycoprotein (G), a matrix protein (M) and a helical nucleocapsid of nonsegmented, 
negative-sense RNA and nucleocapsid (N) protein, together with the polymerase (L) 
and phosphoprotein (P). Here, we focus on the entry mechanism of two mammalian 
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Rhabdoviruses, vesicular stomatitis virus (VSV) the type species of the Vesiculovirus genus 
within the Rhabdoviridae, and Rabies virus (RABV) the type species of the Lyssavirus 
genus, as well describing some features of viral hematopoietic necrosis virus (VHSV) a 
member of the Novirhabdovirus genus that infects aquatic hosts. The entry pathway of 
VSV is summarized in Figure 1.

Figure 1. Route of Rhabdovirus entry into host cells. Following receptor binding, Rhabdoviruses are 
first internalized by clathrin-dependent endocytosis. Virions are trafficked in a microtubule-mediated 
manner through early endosomes, where low pH-dependent fusion is proposed to occur with internal 
vesicles of newly forming multi-vesicular endosomes. Back-fusion of these internal vesicles with the 
limiting late endosomal membrane then allows release of the virus core into the cytoplasm for replication.
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VIRAL ATTACHMENT

Attachment to the cell surface represents the first step in entry of any virus, and for 
Rhabdoviruses this process is carried out by the envelope glycoprotein G. In recent years 
is has become apparent that the process of Rhabdovirus attachment is far more complex 
than initially reported. For some members of the Rhabdovirus family (e.g., RABV and 
VHSV) proteinaceous receptors have been identified,2,3 while for others (e.g., the prototype 
VSV) the host cell receptor remains elusive.

Glycoprotein G

The Rhabdovirus glycoprotein G allows both viral attachment4,5 and fusion.6-8 
Glycoprotein G is a type I transmembrane protein which varies in length between different 
Rhabdoviruses (VSV Indiana—511aa; RABV- 524aa; VHSV—507aa) and forms 
approximately 400 homotrimeric units on the surface of the viral envelope.9 Each unit 
consists of noncovalently associated polypeptides which exist in a dynamic equilibrium 
between monomeric and trimeric states.10-17 Among characterized isolates, glycoprotein 
G has been shown to contain between two and six potential N-linked glycosylation sites 
and twelve to sixteen conserved cysteine residues, which likely form internal disulfide 
bonds of structural significance.9 No X-ray crystal structure for glycoprotein G has yet 
been reported, however electron microscopy shows that mature trimers project roughly 
8nm from the surface of the viral envelope and consist of a globular head supported by 
a stalk region.12

Host Cell Receptors

The cellular receptors utilized by Rhabdoviruses have proven difficult to positively 
identify, in part due to the wide spectrum of cell tropism demonstrated by these viruses 
in vitro. Initial work with the prototype VSV confirmed the presence of at least one 
specific saturable binding site on the surface of Vero cells, suggesting the presence of 
a specific receptor.18 Inhibition of infection was observed when VSV particles were 
preincubated with Vero cell membrane extracts, presumably by saturating receptor 
binding domains.18-21 Inhibition was relieved upon preincubation of Vero cell membrane 
extracts with phospholipase C, but not by preincubation with neuraminidase, trypsin or 
heat,22 leading to the assumption that the receptor was not proteinaceous, but in fact a 
phospholipid. Subsequently phosphatidylserine (PS) was shown to specifically inhibit 
VSV infection;22 hydrophobic domains capable of binding PS, termed p2 peptides, were 
found in all Rhabdovirus isolates;23,24 and a second 19 amino acid domain in VSV capable 
of binding tightly to PS was also identified.25 Although these data strongly suggested 
that PS was the host cell receptor for VSV—and perhaps a general entry factor for all 
Rhabdoviruses—the sum of evidence was strictly indirect. Also complicating this model 
was the fact that in vivo most or all PS specifically localizes to the inner leaflet of the 
plasma membrane26,27—seemingly inaccessible and incapable of facilitating attachment.

In order to verify whether PS was in fact the host cell receptor for VSV, cell surface 
exposed PS was quantified by flow cytometry for a wide range of cell types permissive to 
VSV infection, and binding was shown to be independent of the amount of PS present.28 
In addition, saturating exposed PS with annexin V prior to incubation with VSV particles 
did not affect viral binding.28 Although this demonstrates that PS is not the host cell 
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attachment factor for VSV, interactions between glycoprotein G and PS are strong and 
will be discussed later as they seem to play a downstream role in viral fusion29—a fact 
that likely affected initial characterization.

Although the VSV receptor remains undetermined, proteinaceous receptors for other 
Rhabdoviruses such as RABV and VHSV have been identified.2,3 The current model of 
RABV entry proposes that virions are concentrated at neuromuscular junctions by binding 
to nicotinic acetylcholine receptor (nAChR).30-34 This increases the chance of the virion 
binding to the neural cell adhesion molecule (NCAM) at the presynaptic membrane—
which likely acts to facilitate internalization.34,35 In the case of VHSV, antibodies directed 
towards fibronectin protected fish cells from infection, and fibronectin was shown to 
bind VHSV virions, strongly suggesting a role for this protein in viral entry.2 Although 
a truly definitive understanding of host cell receptors has not yet been demonstrated for 
any Rhabdovirus, it is clear that proteinaceous receptors are utilized, that receptors vary 
between strains, and that attachment and internalization may involve a sequential series 
of events.

Endocytosis

As virus fusion is a pH-dependent process, Rhabdoviruses must be internalized into 
acidic endosomes for productive infection. Early studies of VSV entry relied heavily on 
morphological studies by electron microscopy. In some of these studies, the majority 
of incoming viruses were shown to be present in pits and vesicles with electron-dense 
coats, implying a dominant role for clathrin-mediated endocytosis; however noncoated 
vesicles were also observed.36,37 In contrast, other investigators, also using electron 
microscopy, showed a preponderance of viruses in large noncoated vesicles, which were 
possibly macropinosomes.38 More recently, the use of a dominant negative inhibitor 
of clathrin-mediated endocytosis (Eps15 95/295), combined with pharmacological 
approaches and knock-down of clathrin heavy chain using RNAi technology, has clearly 
shown that clathrin-mediated endocytosis is the predominant route of entry.39 Additional 
information on the route of entry has come from studies where VSV has been used as 
model virus, or as a control virus in pseudotyping experiments. Such work has shown 
a role for COP-mediated endocytic trafficking, and endosomal Rab proteins,40,41 and 
high-throughput RNAi screens have shown that VSV endocytosis is highly regulated by 
specific kinase families.42 Additionally, VSV is used extensively as a model for studying 
trafficking in polarized cells, and such studies have found that the virus utilizes a specific 
route of endocytosis through the basolateral surface of polarized epithelial cells.43,44

MEMBRANE FUSION

Glycoprotein G carries out membrane fusion in a low pH-dependent manner,45-49 
and involves dramatic structural reorganization,50,51 although a precise mechanistic 
understanding of this process remains unclear. The optimal pH of fusion for VSV and 
RABV occurs within a narrow range around 6.0,6,50,52 but fusion activity may still be 
observed outside this range. One of the more interesting characteristics of the glycoprotein 
G low-pH induced conformational changes is that it is fully reversible,53 in contrast to 
well characterized class I proteins of other viruses.54
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Localization of Fusion

Based on the pH trigger for fusion, as well as existing data on endocytic trafficking, 
it was initially believed that VSV fuses from early endosomes.49 However, recent work 
using live-cell imaging of individual viruses, combined with biochemical studies of virus 
penetration, has led to the novel concept that the release of the virus into the cytosol is 
actually a two-step event.55 Virus-cell fusion occurs early in the endocytic pathway, based 
of the effects of nocodazole in dequenching assays of virus-cell fusion. Spatially however, 
this fusion event occurs with the internal vesicles present within sorting endosomes (which 
are proposed to be in excess to the limiting membrane facing the cytosol). Subsequent 
endosome trafficking is then followed by “back-fusion” of the VSV-containing internal 
vesicles with the limiting endosomal membrane. VSV infection is dependent on the 
molecular components involved in multivesicular endosome biogenesis,56 however 
inhibiting the formation of the internal vesicles of these so-called multivesicular bodies 
(MVB) with the PI3-kinase inhibitor wortmannin actually led to a reproducible increase in 
virus entry; presumably in this case direct fusion with the limiting membrane occurred. It 
is presently unclear what the role of the two-step fusion process actually is. One suggestion 
is that this allows exposure of the virus core to cellular chaperones present within the 
internal MVB vesicles, which may have a role in virus uncoating and genome release.57

Glycoprotein G Fusion Domain

Class I viral fusion proteins show extensive -helical structure and undergo dramatic 
conformational changes which result in the exposure of a hydrophobic fusion peptide 
that facilitates membrane fusion between two lipid bilayers.54,58 Although glycoprotein G 
appears to form a conventional “spike” which is perpendicular to the viral envelope and 
thus shows certain features of a class I fusion protein, other features are notably absent 
including proteolytic cleavage and the presence of coiled coils.59 Likewise, it shows only 
limited features of class II fusion protein, which typically lie flat to the vial envelope and 
are comprised predominantly of -sheet.60 Initial attempts to understand glycoprotein G 
mediated membrane fusion utilized hydrophobic photolabeling and demonstrated that 
VSV and RABV G was able to interact with the host cell membrane in response to low 
pH, and that residues 59-221 of VSV G and 103-179 of RV G were in close proximity 
to the membrane during this process.61 Analysis of VSV G demonstrated that mutation 
of another highly conserved region, between residues 118-139, abolished fusion activity 
or modified the pH of fusion activation.59,62,63 Other studies have also demonstrated that 
altering region 395 to 418 for VSV,64 and 392 to 396 in RABV,65 have an influence on 
glycoprotein G-mediated fusion. In addition, double mutants within region 118-139 and 
region 395-418 of VSV show an additive inhibition of fusion activity.66 Overall, the 
generation of a definitive model for Rhabdovirus fusion has produced conflicting data 
that highlight distinct and separate regions of glycoprotein G as being important for 
facilitating this process. It seems likely that when a clear model has been established, 
current theories will be found to overlap, with multiple regions working in concert to 
facilitate fusion. Although the region between amino acids 118 and 139 is generally 
thought to represent a candidate internal fusion peptide,58 data supporting this is limited 
and the possibility exists that existing data concerning this domain may be explained by 
modulation of fusion activity due to structural requirements elsewhere in the protein.
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Recent studies have in fact identified region 145-164 of VSV G, termed the p2-like 
peptide, as being a pivotal domain in facilitating glycoprotein G mediated membrane 
fusion.29,67 Although initially described as heptad-repeat sequences,23,24 these differ from 
the heptad repeats found in class I fusion proteins of other viruses because they are 
not predicted to form coiled coils. As described earlier, the p2 peptide was originally 
identified in VHSV as a PS binding region;23 p2-like peptides were subsequently found 
in all Rhabdovirus isolates.24,68 In addition to binding PS, the p2 peptide has also been 
shown to mediate membrane fusion in a low pH- and PS-dependent manner with kinetics 
identical to that of Rhabdovirus particles,67 and to insert into the membrane during fusion.68 
Also supporting this model is the finding that the low pH conformational changes of 
VSV G and membrane fusion have been shown to directly correlate to the PS content of 
the target membrane.69 Further studies revealed that the p2-like domain of VSV was in 
fact capable of binding PS at acidic and neutral pH, the latter being an event specifically 
facilitated by electrostatic interactions between PS and two histidine residues within this 
region.29 These histidines, which are conserved in the p2-peptides of all Rhabdoviruses, 
are proposed to become protonated when they are brought into extremely close proximity 
with the membrane surface, an event likely requiring a separate receptor interaction.29 
Substitution or modification of these histidines abolishes fusion activity67 suggesting that 
the neutral pH interaction is required, and potentially represents the initial interaction 
between VSV G and the target membrane during fusion.

In addition to representing the putative fusion domain, the p2 domain of Rhabdoviruses 
may also be involved in the translocation of PS across the membrane. As previously 
mentioned, any model involving PS interactions is intrinsically flawed without an 
explanation of how PS, which specifically localizes to the inner leaflet of the lipid 
bilayer, is made available to bind glycoprotein G. Recent studies focused on VHSV G 
(where the p2 domain was first identified) have shown that protein fragments containing 
the p2 domain and its flanking region (termed p9) are capable of inducing fusion and 
translocating PS from the inner to the outer membrane leaflet.70 This activity required a 
low pH reorganization of the fragment into a predominantly -sheet structure and was 
reversible upon pH neutralization.70 Region p9 alone does not bind to phospholipids 
within the membrane and therefore may represent the region responsible for facilitating 
close contact with the membrane through protein-receptor interactions. Homologous 
mechanisms likely exist within VSV and RABV, although this remains to be shown.

Further confounding these models is the finding that the membrane proximal domain 
(amino acids 421 to 461), along with the transmembrane domain itself, have also been 
shown to be essential for glycoprotein G-mediated membrane fusion.71-75 In fact, synthetic 
peptides representing the transmembrane domain of VSV glycoprotein G are also capable 
of facilitating membrane fusion in a Ca2+-dependent manner.73

pH-Dependent Reversibility

Low-pH induced reorganization of the prototypical class I fusion protein influenza 
HA results in a more favorable energy state, an event which is coupled to the energetically 
unfavorable event of membrane fusion.76 Within the constraints of this model it would 
be expected that a fusion protein could not return to its original energy state after 
reorganization has occurred—a hypothesis that has been experimentally verified.76 
As discussed, Rhabdovirus glycoprotein G also mediates membrane fusion through a 
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dramatic pH-dependent structural reorganization, however the mechanism appears to be 
quite distinct from that of HA and other class I viral fusion proteins.

The glycoprotein G of Rhabdoviruses is proposed to exist in three forms: the native 
state (N), which is observed above pH 7.0 and that which is displayed on the viral envelope 
after budding; the activated state (A), which is optimal near pH 6.0, involves dramatic 
conformation reorganization and is capable of facilitating membrane fusion. Below the 
optimal pH of fusion is the inactivated state (I), which appears structurally similar to the 
activated state but in which no fusion activity is detectable.53 Whereas the prototypical 
class I fusion protein HA remains permanently inactive after the undergoing similar 
low-pH induced structural reorganizations,76 the conformational states of glycoprotein 
G are fully reversible and occur in a pH-dependent manner.53

Considering that there is believed to be only one viral fusion event required for entry, 
the evolution of a reversible fusion protein must be required for a separate event. It is 
possible that glycoprotein G undergoes reversible folding in order to prevent irreversible 
preactivation as it travels through the acidic environment of the Golgi, a process which 
is facilitated by the activation prerequisite of proteolytic cleavage in other class I fusion 
proteins such as influenza HA.76 Although not normally considered to be a syncytial virus, 
cell-cell fusion can be facilitated by VSV at apparently neutral pH in certain polarized 
cells, which may more closely represent in vivo conditions.77 Interestingly a number of 
other low-pH dependent viruses, including coronaviruses and flaviviruses,78-80 also do not 
follow the influenza model of low pH inactivation, suggesting a possible common strategy 
for fusion activation. For Rhabdoviruses, cell-cell fusion may turn out to be a relevant 
form of viral spread and an important strategy for evading the host immune response.

CONCLUSION

Rhabdovirus entry is a complex process—far more so than initially described -and 
warrants further study, especially considering the increasing effort to use Rhabdovirus 
and glycoprotein G pseudotyped vectors for use in human gene therapy.81 Proteinaceous 
receptors await identification, which will allow an understanding of their relationship 
to the viral entry process, especially regarding the role of multivesicular bodies and late 
endosomes. The process of glycoprotein G-mediated fusion itself remains controversial and 
fundamentally unclear. Ultimately, the acquisition of a definitive model for Rhabdovirus 
fusion and virus entry will be dependent on the solving of an X-ray crystal structure for 
glycoprotein G.

NOTE ADDED IN PROOF

Since the completion of this chapter, the crystal structure of the VSV (Indiana) G 
protein has been solved.82 An ectodomain was produced by limited proteolysis of virions 
at pH 6.25 using thermolysin, yielding Gth (residues 1-410 of VSV G), which was then 
crystallized at pH 7. The structure was solved at 2.4Å resolution, and showed a novel 
structure for a viral fusion protein. The overall structure of Gth is an inverted cone and is 
apparently in a post-fusion form, consisting of four domains that have features of both 
class I and class II viral fusion proteins. Domains I and III are predominantly b-sheet, 
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with domain III having a pleckstrin homology (PH) domain implicated in lipid binding 
and signaling events. Domain II is termed the trimerization domain and comprises a 
six-helix bundle reminiscent of the core of the post-fusion form of a class I fusion protein. 
Domain IV (the so-called fusion domain) has an extended b-sheet structure that has 
extensive similarity to class II fusion proteins, with four hydrophobic residues on the tip 
of the domain forming a bipartite “fusion patch” comprising residues W72, Y73, Y116 and 
A117. The p2 domain previously implicated in PS binding and fusion, lies within domain 
IV—although the contribution of histidine residues, previously proposed to be central 
to fusion activation, is currently unclear. Also, Gth is missing the membrane-proximal 
region previously reported to be essential for fusion. To account for the reversibility of 
the conformational changes, it is proposed that a large number of acidic amino acids are 
brought together in the six-helix bundle, with their deprotonation at higher pH inducing 
strong repulsive forces that destabilize the core trimer and allow reversion to a pre-fusion 
state. Despite the relative lack of sequence similarity of the G protein, the basic overall 
topology of the G protein is likely to be conserved across the Rhabdoviridae. The VSV 
G protein clearly represents a novel structural class of viral membrane fusion protein, 
and perhaps the most remarkable feature is the finding that it shares the same overall 
domain structure as glycoprotein B of herpes simplex virus (HSV), indicating that these 
very different viruses may have common evolutionary origins.
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Abstract:  The entry of herpesviruses into their target cells is complex at many levels. 
Virus entry proceeds by a succession of interactions between viral envelope 
glycoproteins and molecules on the cell membrane. The process is divided into 
distinct steps: attachment to the cell surface, interaction with a specific entry 
receptor, internalization of the particle (optional and cell specific), and membrane 
fusion. Several viral envelope glycoproteins are involved in one or several of 
these steps. The most conserved entry glycoproteins in the herpesvirus family 
(gB, gH/gL) are involved in membrane fusion. Around this functional core, 
herpesviruses have a variety of receptor binding glycoproteins, which interact 
with cell surface proteins often from different families. This interaction activates 
and controls the actual fusion machinery. Interactions with cellular receptors 
and between viral glycoproteins have to be tightly coordinated and regulated to 
guarantee successful entry. Although additional entry receptors for herpesviruses 
continue to be identified, the molecular interactions between viral glycoproteins 
remain mostly enigmatic. This chapter will review our current understanding of 
the molecular interactions that occur during herpesvirus entry from attachment 
to fusion. Particular emphasis will be placed on structure-based representation 
of receptor binding as a trigger of fusion during herpes simplex virus entry.
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INTRODUCTION

Herpesviruses (HV) constitute a large family of pathogens infecting hosts as different 
as humans and other mammals, birds, reptiles, amphibians, fish and even oysters.1 This 
diversity of hosts indicates that these viruses have developed successful and efficient 
ways to enter different kind of cells. Despite this remarkable range of targets, some 
features of the entry machinery are conserved amongst all herpesviruses. Yet, there are 
many “variations on a theme” around this common mechanism. As in Sir Edward Elgar’s 
“Enigma Variations”, the mystery of HV entry resides in the original but hidden theme. 
In this chapter, we will illustrate common aspects of the entry machinery and describe 
the best-characterized variations developed by these complex viruses. We will focus 
primarily on molecular aspects of the cell entry mechanisms of human HV (Fig. 1).

Three subfamilies of herpesviruses ( -HV, -HV and -HV) are distinguished by 
genomic organization, sequence homologies and replicative cycles.1 Tropism towards 
a given cell type or tissue (i.e., neurons for -HV, lymphocytes for -HV) is partially 
determined by the ability of the virus to achieve entry into defined targets. So far, humans 
are the primary hosts for three -HV: HSV-1 and 2 (herpes simplex virus type 1 and 
2) and VZV (varicella-zoster virus); three -HV: CMV (cytomegalovirus), HHV-6 and 
HHV-7 (human herpesvirus 6 and 7); and two -HV: EBV (Epstein-Barr virus) and 
HHV-8 (Kaposi sarcoma herpesvirus).

The large number of variations precludes us from reviewing the whole prodigious 
body of work contributed by many laboratories over the last decades and many relevant 
publications are not directly cited here. Previous reviews provide general background 
on HV biology1,2 and entry3-7 and we apologize to colleagues whose original references 
have not been cited.

STEPS OF HERPESVIRUS ENTRY

All herpesvirus particles consist of an icosahedral capsid which contains the linear 
DNA genome and is surrounded by layers of tegument proteins.8 The particle is enveloped 
by a lipid bilayer acquired from the host cell during egress. The envelope contains a dozen 
or more viral glycoproteins, several of which play a role in entry (Fig. 1). Ultimately, 
the virus is considered to have entered a cell when its capsid is released in the cytoplasm 
after the viral envelope has fused with a cell membrane. The process is divided into 
distinct steps: attachment to the cell surface, interaction with a specific entry receptor, 
internalization of the particle, and membrane fusion. In some cells, fusion requires prior 
internalization, while in others it does not. This complex process necessitates several 
viral envelope glycoproteins with distinct roles in one or several of these steps.

The attachment glycoproteins vary amongst HV, as do their cell surface ligands. 
In most cases the attachment protein binds to ubiquitous glycosaminoglycans such as 
heparan sulfate. These glycoproteins are not essential for entry but this initial interaction 
tethers the particle to the cell surface, thereby favoring an encounter with a less available 
entry receptor.

Attachment to the cell surface is not sufficient and virus entry requires an interaction 
with a specific entry receptor. As with most viruses, usage of a definite entry receptor fulfills 
two important roles: first, it specifies the types of target cells the virus can infect and second, 
it ensures that the fusion machinery is activated only when virions are in close proximity to 
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the cell membrane. Several receptor-binding glycoproteins have been identified in various 
HV and these often bind to receptors from different families of cell surface proteins.

Although the three glycoproteins thought to mediate fusion (gB and gH/gL) are 
conserved, their regulation remains an enigma. Only indirect clues have thus far emerged 
to unveil the central theme of HV fusion. Some suggest that gH is the fusion protein 
based on the presence of putative heptad repeats and hydrophobic segments.9-11 Others 
indicate that fusion is mostly mediated by gB, because some gB mutants have enhanced 
fusogenic activities.12-17 However, these proteins do not share sequence similarities with 
other known viral fusion proteins.

Figure 1. Viral entry glycoproteins interact with cell surface molecules. Attachment interactions are 
indicated with open arrows and interaction with entry receptors are indicated as filled arrows. The thin 
horizontal lines below the virions represent the cellular membrane and its thickened portions indicate 
involvement of lipid rafts. All of the indicated interactions do not necessarily take place on the same 
cells or at the same time for entry to occur.
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ENTRY GLYCOPROTEINS: SPECIFICITIES  
OF HERPESVIRUSES SUBFAMILIES

Alpha-Herpesviruses

These neurotropic viruses primarily infect epithelial and neuronal cells of their hosts 
and establish latency in neurons.2 In cell culture, HSV enters most cell lines of vertebrate 
origin. Initial attachment is mediated primarily by glycoprotein C (gC) binding to heparan 
sulfate and chondroitin sulfate proteoglycans (HSPG and CSPG).18,19 In the absence of 
gC, which is not an essential glycoprotein, gB provides this function.20,21 Purified forms 
of both glycoproteins bind to HSPG on cells and to soluble heparin with relatively high 
affinity.22-24 Deletion or modification of heparin binding domains of either gB or gC has 
no significant effect on entry.25

In contrast to -HV and -HV, most -HV envelopes contain glycoprotein D (gD). 
This glycoprotein is essential for entry26 and is the primary receptor binding protein for 
HSV-1 and HSV-2. Since gD does not share any structural characteristics with known 
viral fusion proteins,27 its interaction with a cellular receptor is thought to activate the 
fusion process. HSV and various animal -HV use members of the nectin family as 
receptors for gD.6,28 Human nectin-1 is used by HSV-1, HSV-2, porcine pseudorabies 
virus (PRV) and bovine herpesvirus 1 (BHV-1).29,30 Nectin-2 is used by PRV and some 
mutant forms of HSV-1 and 231,32 while human nectin-like-5/CD155, the poliovirus 
receptor, is used by PRV and BHV-1.29 Nectins are conserved proteins and it is likely 
that some of them are receptors for other animal -HV in their respective hosts.33-35 
In the case of HSV, two other unrelated receptors are able to mediate virus entry by 
binding to gD. First, HVEM (herpesvirus entry mediator), a member of the tumor 
necrosis factor (TNF) receptor family is used by wild type (wt) HSV.36 Second, a form 
of heparan sulfate (HS) that is specifically modified by 3-O-sulfotransferases (3-O-STs) 
binds HSV-1 gD and allows virus entry.37 Most HSV-1 and HSV-2 laboratory strains 
use both nectin-1 and HVEM and all the tested isolates use both receptors despite 
variations in serotype and origins of the virus (i.e., oral and genital lesions, encephalitis, 
disseminated infection of neonates).38 This suggests that HVEM and nectin-1 are both 
involved in HSV infection in humans. One should note that these unrelated molecules 
bind HSV gD independently and do not act as coreceptors during entry. It is therefore 
fascinating that gD binds to structurally different receptors and yet activates a conserved 
fusion machinery (see below for more details).

VZV diverges from other -HV because it lacks a gD gene.3 Thus gD is not 
necessarily a factor in the neurotropism of -HV. In the case of VZV, gE plays an 
essential role in virus-cell fusion39 and may be the receptor binding protein of this 
virus. In contrast, HSV gE is not required for virus entry, although it greatly enhances 
virus spread.40-42 In this case, gE, mostly found associated with gI, targets newly made 
HSV particles to specific regions of the cell (e.g., axons, junctions).43-45 Interestingly, 
gD and gE genes are thought to have evolved by duplication and divergence46 and the 
glycoproteins share several features. For instance, HSV gE and gD play redundant roles 
in virion envelopment.47 Furthermore VZV gE and HSV gE, like HSV gD, accumulate 
at junctions between epithelial cells48-51 suggesting an interaction of gE with a receptor 
involved in cell adhesion.42,52 Coincidentally, VZV particles are highly cell-associated 
and spread involves direct contact of uninfected cells with infected cells rather than 
with free virus.
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The core fusion machinery of -HV is composed of gB and gH/gL. For HSV, gD, 
gB and gH/gL are necessary and sufficient to promote cell-cell fusion in the presence 
of an entry receptor.14,53-55 The gB ectodomain is a homotrimer56 while gH and gL form 
a noncovalently linked heterodimer.57 Although gL lacks a transmembrane region it is 
required for proper folding, processing and transport of the membrane anchored gH.57-59 
Its presence in the virion envelope is always in association with gH. Several mutations 
causing syncytial phenotypes map to the gB cytoplasmic tail. This hyperactive membrane 
fusion activity gives rise to large multinucleated cells at the site of infection in vivo and 
in cell culture.14,15 Moreover, recent data suggest that HSV gB binds to the surface of cells 
that lack HS,60 and gH/gL binds directly to integrin V 3,61 but the role and/or identity 
of cell receptors for components of the HSV fusion machinery remain speculative.

Beta-Herpesviruses

The prototypical human -HV genome (HCMV) has genes for a large number of 
glycoproteins, but not for gD. The major envelope constituent, gB, mediates attachment 
by interacting with HSPG and it is also essential for fusion.62 Interestingly, CMV 
gB is cleaved,63 and has the surface unit (SU)-transmembrane unit (TM) topology of 
receptor-binding/fusion proteins found on other types of viruses (e.g., retroviruses, 
orthomyxoviruses).64,65 CMV gB binds to EGFR (epidermal growth factor receptor) or 
to various integrins, via a disintegrin-like domain, to promote entry.66,67 Additionally 
gH interacts with integrin V 3.68 Altogether these interactions lead to formation 
of a complex including EGFR and integrins in lipid rafts.68 Furthermore, CMV gB 
interacts with toll-like receptor 2 (TLR2) which might indirectly influence entry.7 To 
complicate matters further, gH/gL coexpression in the absence of gB is sufficient to 
cause fusion of several cell types while gB alone can induce syncytia formation in U373 
glioblastoma cells.69,70 Adding to the “variations”, CMV gH and gL are associated with 
a heavily glycosylated viral glycoprotein, gO.71 There are no known cellular ligands 
for CMV gO. In HHV-6, gO and gQ (expressed as gQ1 and gQ2,)72 associate with gH/
gL in a mutually exclusive way,73,74 and only gH/gL/gQ interacts with cellular CD46, a 
candidate receptor for HHV-6.75-77 The third component of the -HV gH/gL complex has 
no defined role in fusion, but might be important in determining cell tropism. The last 
human -HV, HHV-7, likely attaches to the cell surface through the interaction of gB 
with HS.78 Finally, CD4 appears to play a role in T-cell infection by HHV-7, although 
its involvement as a receptor during attachment or fusion is unclear.79

Gamma-Herpesviruses

The attachment of EBV to the cell surface is mediated by glycoprotein gp350/220, 
which binds the complement receptor 2 (CR2, CD21) in lieu of HSPG.4,80 Additionally, 
the EBV BMRF2 protein binds integrins ( 5 1) during infection of polarized cells.81 
As a receptor binding protein, EBV gp42 interacts with MHC class II to mediate entry 
into B cells.82,83 The structure of gp42 is unlike that of any known ligand for MHC-II84 
and gp42 uses its flexible N-terminus to interact with gH/gL.85 Binding of MHC-II to 
gp42, in association with gH/gL, is necessary for EBV entry into B lymphocytes, but 
not epithelial cells.86 The corresponding requirements for entry of EBV into epithelial 
cells are not known but gH might be directly involved, possibly by binding CR2/
CD21.87,88 This gp42-based system provides an elegant mechanism for regulation of 
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EBV’s tropism; virions produced in B cells contain little gp42 (because it is tied up 
with MHC II) and do not require gp42 to infect epithelia, whereas virions released 
from epithelial cells carry more gp42 to efficiently target B cells.89,90

HHV-8 attachment is probably mediated by gB and K8.1 (a positional homolog 
of EBV gp350/220) both of which can bind HSPG.91,92 Both gB and the gH/gL 
complex are necessary and sufficient for membrane fusion of this virus.93 HHV-8 gB 
also interacts with integrins 3 194,95 although, like in the case of EBV, it is not clear 
whether the interactions with integrins play an active role in fusion or an accessory 
role in attachment.

An elegant study by Kaleeba and Berger identified the cysteine transporter xCT as 
an entry receptor for HHV-8. Expression of xCT in nonpermissive cells allows HHV-8 
entry and cell fusion. The level of expression of xCT correlates with cell susceptibility 
to HHV-8.96

ENTRY PATHWAYS: FUSION AT THE PLASMA MEMBRANE  
AND ENDOCYTOSIS

Herpesviruses follow different entry routes according to the cell type they infect. 
For instance, CMV enters fibroblasts by direct fusion with the plasma membrane but 
is endocytosed in endothelial and retinal epithelial cells.97,98 In contrast, EBV enters 
epithelial cells by direct fusion but is endocytosed in normal B lymphocytes,99,100 and 
HHV-8 is endocytosed in fibroblasts.101 Although HSV can fuse directly with the plasma 
membrane, we now know it is endocytosed in most cells types.102-104

The case of HSV is exemplary. For a long time its entry was thought to be 
independent of a low pH environment.105 This idea was reinforced by electron 
micrographs of a related porcine -HV, PRV, which clearly revealed direct fusion of 
the virus envelope with the plasma membrane of pig cells.106 Nicola et al104 revisited 
the effect of pH on HSV entry and found that endosomal acidification is, in fact, 
required for entry into several cell lines that had not previously been examined in 
this context. They found that epithelial cells and keratinocytes are more likely to 
require endosomal acidification than cells of neuronal lineage.102 HSV entry via a low 
pH independent endocytosis pathway is indeed as widespread as low pH dependent 
endocytosis.102,103 In contrast entry into African green monkey Vero cells, widely used 
in laboratories studying HSV, occurs by fusion at the cell surface,104 and thus far, this 
seems to be the only identified cell line where this mechanism is used by HSV. The 
three pathways of HSV entry require the same glycoproteins (gB, gH/gL, gD) as well 
as a gD receptor.102,103 Given that the same viral fusion machinery appears to be used, 
it is unclear why, in some cells, entry occurs only in a low pH-environment. Mouse 
melanoma B78H1 cells lack functional gD receptors and virus is not endocytosed. 
However, when these cells are engineered to express HVEM or nectin-1, entry occurs 
via a pH independent endosomal route and internalization is blocked by neutralizing 
anti-gD antibodies.103 In contrast receptor-negative Chinese hamster ovary (CHO) 
cells internalize HSV in the absence of a gD receptor but this endocytic event leads 
to virus degradation since proper fusion cannot occur.104 The reason why the virus 
enters different cells by different pathways remains to be elucidated at the molecular 
and cellular levels.



184 VIRAL ENTRY INTO HOST CELLS

TRIGGERING THE FUSION MACHINERY: HSV gD BINDING  
TO RECEPTORS

HSV-1 gD is a type I membrane anchored protein with an ectodomain of 316 residues 
that is organized around a core immunoglobulin (Ig) fold (aa 55-185).27 Structurally, the 
core is related to cellular V-type Ig folds (i.e., CD58), but its atypical disulfide pattern 
precluded sequence-based prediction of the Ig fold.27,107 We speculate that the virus 
appropriated this cellular structure as a backbone for the glycoprotein since most receptor 
binding activities and conformational changes involve the N-and C-terminal extensions 
that wrap around the Ig core.27,108

Four functional regions were defined by linker insertion mutagenesis of gD prior 
to solution of its structure.109 These discrete regions (FR1: amino acids 27-43; FR2: 
126-131; FR3: 225-246 and FR4: 277-300) fold together to form a structural domain 
where most of the action occurs.27 FR1 within the N-terminal extension encompasses 
a segment critical to HVEM and nectin-1 binding.27,110 The N-terminus rests on a long 
helix ( 3), corresponding to FR3, which in turn is supported by FR2, the only functional 
region identified within the Ig fold. FR4 at the C-terminus of the ectodomain folds back 
around the Ig-core and interacts with FR1 at the N-terminus and with the 3 helix (i.e., 
FR3) in a manner that is crucial for triggering fusion108 (see below).

The Various gD Receptors

HSV gD binds at least three different receptors: HVEM, nectin-1 and 3-OS-HS.29,36,37 
Any one of these receptors can be used for entry, as well as for virus spread from cell to 
cell and for cell-cell fusion in a virus-free assay.111-113 Remarkably, despite their obvious 
structural differences, the three receptors all bind to gD with similar affinity.37,114-116 In 
the remaining section, we will give an overview of the specificity of each receptor and 
describe a model for receptor-mediated activation of gD based on recent structural data.

HVEM

This member of the TNF receptor family was the first to be identified as a receptor 
for wt HSV-1.36 The structural details of the HVEM/gD interaction, solved by X-ray 
crystallography,27 show that HVEM contacts gD via residues within its first and second 
cysteine-rich domains (CRD1, CRD2).117,118 The prominent tyrosine 23 in CRD1 plays 
an essential role by forming multiple hydrogen bonds with 3 amino acids of gD. On the 
other side of the interface, the amino acids on gD that contact HVEM are all located 
on the two arms of an N-terminal hairpin (aa 1-32)119 (Fig. 2C). A thorough analysis 
of the 14 contact residues on gD showed that three regions were critical. The first 
comprises a central pocket into which the side chain of HVEM Tyr23 protrudes. The 
second is a linear -strand (aa 27 to 29) that creates a -sheet with a -strand from 
HVEM CRD1 (aa 35 to 37). Interestingly, the structure of HVEM bound to one of its 
natural ligands, BTLA (B- and T-cell attenuator) shows a similar interface.120 Despite 
having unrelated amino acid sequences and overall structures, BTLA and gD both 
form an intermolecular -sheet with HVEM. Another HVEM ligand, named LIGHT,121 
binds to the opposite side of HVEM and has opposite regulatory effects to BTLA on 
lymphocyte activation.122
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Nectin-1

This cell adhesion molecule belongs to the family of nectins characterized by three 
Ig-folds in their extracellular domain.123 Dimeric nectin-1 trans-interacts with its ligand 
on an adjacent cell to mediate cell aggregation and to organize intercellular junctions.124 
The ligands for nectin-1 are: nectin-1 itself (homophilic) or nectin-3 or -4 (heterophilic).124 
The binding site for gD is located on the most distal Ig-like domain (V-domain) of 
nectin-1.125,126 Epitope mapping and mutagenesis approaches indicate that the contact 
surface for gD consists of residues on the predicted -strands C’, C’’ and D as well as on 
the connecting loops.127,128 When the V-domain alone is expressed as a soluble protein, it 
binds to gD with the same affinity as the full ectodomain.126 However, this domain needs 
to be correctly presented and folded for the receptor to be functional on cells129,130 and 
shows reduced activity as an entry receptor when presented alone.125

On the gD side, the binding domain for nectin-1 appears to be topologically distinct 
from the binding domain for HVEM.110 The N-terminal HVEM binding loop (aa 7-32) 
can be deleted from gD without significantly affecting nectin-1 usage.131 Residues 
important for nectin-1 binding are located on and downstream of the 3 helix and on a 
region closer to the N-terminus (Fig. 2). The most critical residue identified so far is the 
exposed Tyr38.110 A point mutation of this residue (Y38A) significantly reduces binding 
to nectin-1 and a double mutation forming an N-terminal disulfide bridge (Y38C-A3C) 
completely ablates it. Because the gD Ig core is wrapped by N- and C-terminal extensions 
that are involved in binding to nectin-1, it seems unlikely that gD mimics the Ig-to-Ig 
binding of a natural nectin-1 ligand. Nevertheless, the binding site for gD does overlap 
a functional site involved in cell adhesion since soluble gD blocks nectin-1 mediated 
cell aggregation.132,133 Soluble gD also disrupts cell aggregates, suggesting that the viral 
glycoprotein competes with the homophilic ligand of nectin-1.132 This is crucial since 
the nectin-1 ligand that is normally engaged at cell junctions must be displaced to allow 
for virus binding to this receptor.134

3-OS Modified Heparan Sulfate

In addition to protein receptors, gD binds to HS molecules decorated with specific 
sulfate groups by 3-O-sulfotransferases.37 The sequential activity of these sulfotransferases 
generates highly specific sulfate patterns on the carbohydrate backbone of HS. Patterns 
generated by 3-O-ST isoforms 2 to 6 can be recognized by HSV-1 gD.37,135-138 Two 
negatively charged pockets on gD could be receptacles for specific sulfate moieties of 
HS,27 but the mode of action and usage of 3-OS-HS for HSV entry in cells and spread in 
the host is not yet understood.113,139

Receptor-Mediated Activation of Viral Entry

The initial structural determination of gD bound to HVEM27 followed by that of 
the full ectodomain of unliganded gD108 have been critical for our understanding of the 
receptor-mediated activation of gD during entry (Fig. 2). The wealth of information 
gathered from previous antibody mapping studies and scores of gD mutants was nicely 
explained when laid on the structural data. The first structure of gD showed that three of 
the four functional regions combine to form the HVEM binding site.27 However, functional 
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Figure 2. Structures of the gD ectodomain. Three independent structures of the gD ectodomain are 
presented to illustrate the conformations adopted by gD before and after it binds HVEM. A) gD306t307cys. 
Full ectodomain in prereceptor binding state.108 The C-terminus folds back around the Ig core and 
runs close to the N-terminal strand. B) gD285t. Unbound form of the ectodomain truncated at position 
285.27 The C-terminus is absent and the N-terminus is extended. In this intermediate conformation, 
the putative nectin-1 binding site is exposed and the N-terminus can fold back to create the HVEM 
binding hairpin. C) gD285t bound to HVEMt. Same form of gD as in panel B when bound to HVEM.27 
The N-terminus of gD forms a hairpin that contacts the receptor. HVEM has been omitted to better 
illustrate the binding site. D) Model of gD activation upon binding to HVEM and nectin-1. Numbered 
arrows indicate the temporal order of conformational changes that occur upon receptor binding. Arrows 
1 and 2 represent conformational changes detailed in panels A-C. Conformational changes affecting the 
pro-fusion domain (PFD) are hypothetical.
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region 4 (FR4), located close to the C-terminus of the ectodomain, was not resolved in 
this structure. Although FR4 is not directly involved in gD binding to either HVEM 
or nectin-1, it significantly affects the interactions. Insertions and substitutions in this 
region lead to forms of gD that are not functional in entry or cell-cell fusion.109,140-142 In 
fact, these mutations or even a complete deletion of FR4 result in a 50-100 fold increase 
in affinity between gD and either nectin-1 or HVEM.126,141,143 This increased affinity is 
due to a faster rate of complex formation, not to an increased stability of the complex. In 
addition, certain mutations in either the N and C-terminus of gD prevent binding of the 
monoclonal antibody AP7 suggesting that the C-and N-termini of gD are close to each 
other.109,144 This led to the speculation that the C-terminus was somehow “in the way” 
of the receptor binding sites.

Recent structural data not only confirmed this prediction but also explained the role 
of FR4 in gD function.108 The structure of the C-terminus of the gD ectodomain was 
solved by engineering a cysteine at the C-terminus of the ectodomain (gD306t307cys).108 
The resulting disulfide-linked dimer stabilized the entire C-terminus, which is otherwise 
too flexible to allow crystallization of the complete ectodomain.27 gD306t307cys has an 
extensive dimer interface that largely involves the C-terminal region. Because gD can 
be crosslinked as a dimer on the virion envelope145 we speculated that dimerization may 
play a role in folding of the C-terminal residues in the native virion protein. However, 
because the gD306t307cys dimer was created with a disulfide bond, one cannot be certain 
that the position of the protomers relative to each other in this dimer represents exactly the 
dimeric form of gD in virions. It is hypothesized that the extra disulfide bond mimics the 
role of the missing transmembrane region and cytoplasmic tail, and in turn stabilizes the 
C-terminus. In support of this hypothesis, functional and immunological data show that 
gD306t307cys has characteristics similar to native gD on the viral envelope. Importantly, the 
C-terminus of gD306t307cys was trapped in its prereceptor-binding “native” conformation.

In unliganded gD, the N-terminus is extended and flexible but folds into a hairpin 
to bind HVEM27 (Fig. 2B,C). A comparison of structures shows that the last 18 residues 
of unbound gD306t307cys occupy the same space as the 16 N-terminal amino acids of gD 
bound to HVEM108(Fig. 2A,C). Thus, the formation of the N-terminal HVEM-binding 
hairpin requires the displacement of the gD C-terminus. The atomic details of the gD/
nectin-1 interaction are currently unknown, but mutagenesis studies point to specific gD 
residues that are likely involved.110,131,142,146,147 Three of these residues (Tyr38, Arg222 
and Phe223) are masked by the C-terminus in gD306t307cys while others (e.g., His39, 
Gly218, Asp215, Leu220, Pro221) are buried in the dimer interface.108 This arrangement 
suggests that binding of nectin-1 also necessitates displacement of the C-terminus; 
furthermore this event would result in loosening of the native dimer. To confirm that 
the C-terminus must be displaced upon receptor binding, a double cysteine mutant was 
engineered to lock the C-terminus in the position observed in gD306t307cys by introducing 
an intramolecular disulfide bond (Cys37-Cys302). Formation of the correct disulfide 
bonds was confirmed by X-ray crystallography. In addition, this form of gD bound the 
AP7 antibody, confirming that the C-terminus was correctly folded near the N-terminus. 
Despite adopting the correct conformation, the mutant with a locked C-terminus failed 
to bind HVEM or nectin-1. Moreover it was essentially not functional in HSV entry.108 
Altogether, these observations explain how two unrelated receptors bind to different sites 
on gD and yet generate a similar conformational change to trigger membrane fusion.

Although the C-terminus must be flexible enough to allow for receptor binding, 
flexibility alone is not sufficient for function. A prominent feature of this region is the 
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anchor-like insertion of Pro291 and Trp294 (PxxW motif) into a pocket on the gD surface 
(Fig. 3). Mutational analysis confirmed the critical role of Trp294 suggested by its structural 
positioning108 (Fig. 3) and its location in the middle of the previously defined FR4.109 A 
mutation of Trp294 to alanine destabilizes the structure of the C-terminus thus exposing 
the nectin-1 binding site and favoring formation of the HVEM-binding loop. This mutant 
(W294A) has a higher affinity for both receptors similar to that observed for forms of gD 
lacking residues downstream of 285.108 Importantly, a gD-null virus complemented with 
this mutated gD is significantly impaired in entry suggesting that an excessively flexible 
C-terminus is harmful for gD function. This suggests that displacement of the C-terminus 
must occur concomitantly with receptor binding to activate the fusion machinery. In the 
context of virus entry this mechanism would prevent premature activation of the fusion 
machinery by allowing the requisite conformational changes only when the virion is in 
close contact with the target cell.

Figure 3. Conservation of the PxxW triggering motif in mammalian and marsupial -HV gD. A) 
Residues W294 and Pro291 insert in a pocket on the gD surface to anchor the C-terminus of the 
ectodomain (sticks) in its native configuration. B) Alignment of membrane proximal regions of -HV 
gD. The virus strains and hosts are indicated and the conserved PxxW site is highlighted in the 
sequence. The N-glycosylation consensus sites, which are found mostly in gD without PxxW motifs, are 
underlined. The beginning of the transmembrane sequence is boxed (left). Residue numbers correspond 
to the HSV-1 gD open reading frame.
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A similar activation system is likely to be shared by many -HV that encode a 
gD protein with the same anchoring sequence PxxW near the transmembrane region 
(Fig. 3). However the means by which the activation signal is transmitted to gB and/or 
gH/gL is not yet clear. The structure/function data suggest two possibilities. The first is 
that the conformational change in the C-terminus leads to presentation of a gD domain 
that is then able to interact with the fusion protein(s). Two recent studies148,149 identified 
a linear proline rich domain (aa 260-285), upstream of the C-terminal anchor, which 
is important for gD function after receptor binding. In all X-ray structures of gD this 
segment is partially unresolved, suggesting it is highly flexible.27,108 It is hypothesized that 
this region, named the pro-fusion domain (PFD) contacts other essential glycoproteins, 
possibly after refolding to a more ordered structure.148 Because it is flexible, one can also 
envisage that the PFD acts as a hinge to present another part of gD to activate the fusion 
protein.149 Indeed analogous proline rich regions connect functional domains of unrelated 
viral envelope proteins.65,150 The second possibility (not necessarily exclusive of the 
first) for activating the fusion machinery is that opening of the C-terminus modifies the 
fusion machinery to allow stabilization of a fusion intermediate. This hypothesis relies on 
additional cues for full activation, which might explain why, in some cells, endocytosis 
and acidic pH are required for fusion.151 Both models imply that this conformational 
change in gD only takes place when the virus is apposed to the cell surface. Premature 
conformational changes would be deleterious and this idea is supported by the nonfunctional 
phenotype of gDW294A with its highly flexible C-terminus. Thus, HSV gD is not merely 
a receptor-binding protein but is a finely tuned device that controls the activation of the 
viral fusion machinery.

CONCLUSION AND FUTURE CHALLENGES

The identification of cellular receptors and the determination of the structure of 
glycoproteins bound to receptors marked critical achievements in understanding how 
HV entry is initiated. Recent structural advances have augmented the structural model 
developed here. Solving the structure of HSV gD bound to nectin-1152 and EBV gp42 
bound to HLA153 reinforced the concept of receptor-mediated activation of fusion through 
conformational changes. Furthermore, the determination of the structures of gB154,155 
and gHgL156-158 significantly improved our understanding of fusion and its regulation. 
It is clear that the conserved gB is the effector of fusion for HV.159 In contrast, gHgL 
show no structural homology with known fusion proteins and is considered a regulator 
of gB activity.160 These structures provide highly informative, albeit static, views of 
the HV entry glycoproteins which will help further functional studies to elucidate 
their coordinated mechanism of action. One of the future challenges is to identify 
how the viral glycoproteins interact with each other, and in which order, to regulate 
and promote fusion. 

Many challenges also reside on the host side. Receptors, and possibly co-receptors, 
for many HV have yet to be identified. There is increasing evidence that both gB and 
gH/gL interact with cell surface molecules that facilitate the entry process in a way that 
is often unclear. As additional essential and accessory receptors are being identified, it is 
important to determine their mechanistic role but also the part they play in determining 
in vivo tropism and spread. Though many details of the theme underlying entry of 
herpesviruses have been uncovered, many variations still remain enigmatic.
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