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Preface

This volume of the Springer Subcellular Biochemistry Series, entitled Virus Protein 
and Nucleoprotein Complexes, follows on from the previous volumes dealing with 
soluble Macromolecular Protein Complexes (Volume 83) and Membrane Protein 
Complexes (Volume 87). Unlike Volume 68 of the series Structure and Physics of 
Viruses, emphasis in the present volume is upon the components of viruses rather 
than their intact structure. As in the previous volumes on Complexes, a diverse col-
lection of interesting chapter topics is included, within which there is both structural 
and functional emphasis. All topics are under current investigation by active scien-
tists. The 17 chapters included in the book cover many but not all of the relevant 
virus-related topics; as is inevitable with multi-author books some chapters have 
been lost during the preparation period, thus leaving open the possibility of a future 
related volume.

The book commences with a broad overview that places emphasis on virus 
assembly, followed by the capsid proteins of spherical viruses, helical virus nucleo-
capsids and viral envelope fusion. Then this book includes 16 more specific chap-
ters dealing with the following: the ribonucleoprotein complex of negative-sense 
single-stranded RNA viruses; the viral RNA-dependent RNA polymerases; the filo-
virus filament proteins; influenza virus RNP; the nucleoproteins of single- stranded 
RNA viruses; Zika virus envelope protein and antibody complexes; the retrovirus 
capsid core; nucleoprotein intermediates in HIV-1 DNA integration; the oligomer-
ization of retrovirus integrases; the human respiratory syncytial virus M2–1 protein; 
the filamentous bacteriophage proteins and their assembly; protein- RNA interac-
tions in the single-stranded RNA bacteriophages; the bacteriophage head-to-tail 
interface; protein-protein interactions involving viroporins; protein complexes and 
virus-like particle technology; and finally the role of flaviviral proteins in the induc-
tion of innate immunity.

The diversity of information given in these chapters provides an in-depth insight 
into the present-day molecular virology, from a structural and functional perspec-
tive. The data from high-resolution cryo-electron microscopy and X-ray crystallog-
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raphy can be seen to provide a powerful contribution to structural virology. Whilst 
some important chapter topics were lost due to authors backing out, it is thought that 
the content of the book remains strong and it is hoped it will be of interest to many. 
Indeed, the theme of macromolecular complexes, introduced in Volume 83 of the 
series, is greatly extended within the present volume.

Mainz, Germany J. Robin Harris
Glasgow, UK David Bhella 
December, 2017

Preface
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Chapter 1
Virus Proteins and Nucleoproteins:  
An Overview

David Bhella

 Introduction

Viruses are by far the most abundant of life forms on the planet Earth. Studies of 
viral diversity in the marine environment have led to estimates that there are around 
1031 virus particles (virions) in the biosphere (Paez-Espino et  al. 2016). Recent 
metagenomic studies of the viromes of diverse ecological niches indicate similarly 
staggering levels of genetic diversity (Breitbart and Rohwer 2005).

To set out to write an authoritative text on the proteins of all viruses, a subject 
matter so inconceivably vast might therefore be viewed as foolhardy to say the least. 
Detailed knowledge of the structure and function of viral proteins is however com-
paratively modest. Our understanding of viral replication strategies is largely 
derived from detailed studies of a small number of viruses: those that infect humans, 
economically important animal and plant species as well as bacteriophages, the 
study of which has been historically more tractable. These have informed our under-
standing of many critical viral functions nonetheless, as well as providing surprising 
insights into viral evolution.

Viral replication strategies are intimately linked with the biology of the host. 
They are characterised by a finely balanced interplay between viral and host factors, 
regulating both viral expression and host responses to infection. All viruses, regard-
less of how their genomes are encoded, must achieve certain fundamental functions 
to perpetuate themselves. This chapter will therefore describe proteins that enable 
some of these functions, the structural components of viruses. Subsequent chapters 
will focus on specific aspects of virus biology in greater detail, to reveal how viruses 
have evolved exquisite mechanisms to ensure their continued survival and success.

D. Bhella (*) 
MRC-University of Glasgow Centre for Virus Research, Scotland, UK
e-mail: David.Bhella@glasgow.ac.uk

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-8456-0_1&domain=pdf
mailto:David.Bhella@glasgow.ac.uk
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 Capsid Proteins: More than Just a Pretty Coat

The viral infectious cycle can be divided into two phases, intra- and extracellular. 
Within the cell, viruses are genetic elements, sometimes naked, sometimes enclosed 
in a protein coat. Replicative functions such as genome replication, transcription 
and translation, and regulation of host functions and virion morphogenesis can 
occur in distinct regions of the cell; thus, the virus is completely integrated with 
the host. In the extracellular environment, the virus exists as a more tangible entity, 
the virion. Often described as being analogous to a plant seed or bacterial spore, the 
virion is a metabolically inert means of transmitting the genetic element to a new 
host. To achieve this, viruses have evolved robust structures that protect their 
genomes from the hazards posed by the extracellular environment – protein coats 
termed ‘capsids’. The capsid together with the packaged viral genome makes up 
the nucleocapsid. Many viruses enclose their nucleocapsid within a host-derived 
membrane that is studded with glycoproteins to mediate attachment and entry to the 
host cell.

It is tempting to think of viral capsid proteins as primarily protective in their 
function; however this would be a gross oversimplification. These proteins are 
dynamic molecules, adapted to fulfil a variety of critical functions including mediat-
ing self-assembly; intracellular trafficking; egress; evasion of host intrinsic, innate 
and adaptive immunity; attachment; and entry and genome release. Viral capsid 
proteins must maintain a multitude of specific interactions with host factors, often 
in the face of sustained attack by host immunity. They must be capable of assem-
bling at the correct time and place to specifically enclose nascent viral genomes. 
Once assembled the capsids must resist environmental insult, delivering their pre-
cious cargo to precisely the right cellular compartment of a new host, where the 
capsid must then either release the genome or admit the necessary factors to permit 
initiation of gene expression. Owing to the constraints of genetic economy, these 
functions are accomplished by a limited number of gene products that come together 
to form a highly symmetrical assembly.

Viruses may be broadly classified as assembling either spherical or filamentous 
capsids: spherical capsids having the point-group symmetry of the icosahedron, a 
twenty-sided platonic solid, and filamentous capsids having helical symmetry. 
Variations on these themes are abundant, such as prolate phage heads or fullerene- 
like cone-shaped retroviral capsids; however the underlying principles of capsid 
assembly are well conserved across viral species.

 Spherical Virus Structure

The symmetrical nature of spherical viruses was postulated by Crick and Watson in 
1956 (Crick and Watson 1956), based on limited experimental data from both trans-
mission electron microscopy and X-ray diffraction studies (Caspar 1956a). These 
revealed both the spherical shape of virions under investigation and the presence of 

D. Bhella
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cubic symmetry. To produce a closed shell of sufficient capacity to enclose a viral 
genome and from a limited number of gene products requires a capsid to assemble 
with the symmetry of one of the platonic solids (tetrahedron, cube, octahedron, 
dodecahedron or icosahedron). The presence of fivefold, threefold and twofold 
rotational symmetry in X-ray diffraction analyses of virus particles pointed to the 
likelihood that spherical viruses assemble with the symmetry of dodecahedra/icosa-
hedra. Crick and Watson proposed spherical virus particles as being ‘polyhedral 
or perhaps with bumps on, like a rather symmetrical mulberry’, having fivefold, 
threefold and twofold rotational symmetry and comprising 60 asymmetric units.

The theory of icosahedral symmetry in the assembly of spherical viruses was 
refined by Caspar and Klug (Caspar and Klug 1962), to account for the growing 
number of viruses that were found to enclose very large genomes in spherical cap-
sids comprising many more than 60 capsid proteins. Larger capsids are assembled 
by incorporating multiples of 60 capsid proteins. To achieve this, larger asymmetric 
units comprising multiple protomers are generated by the incorporation of local 
sixfold symmetry in a process known as triangulation. The spatial relationship of 
every capsid protein to every other one is consequently no longer strictly defined by 
icosahedral symmetry. Rather they are said to be ‘quasi-equivalent’ having subtle 
variations in their local bonding environments. Icosahedral capsids are described as 
having a triangulation number (T). Larger icosadeltahedra are assembled from 
T×60 capsid proteins  – meaning that the asymmetric unit comprises T quasi- 
equivalent protomers. Allowed T-numbers are given by T = Pf2, where P = h2 + hk + k2 
(for all pairs of integers h and k, having no common factor) and f is any integer. 
Figure 1.1 shows the first four icosahedral assemblies in the T-number series; a 
T = 4 capsid, for example, has four quasi-equivalent positions, denoted A, B, C and D 
(Fig. 1.1c). The formation of ‘morphological units’ or capsomeres is brought about 
by clustering of capsid proteins into either hexamers/pentamers, trimers or dimers.

 Small RNA Containing Spherical Viruses

The earliest spherical virus structures to be solved at atomic resolution by X-ray 
crystallography were plant viruses such as tomato bushy stunt virus (TBSV) 
(Harrison et al. 1978). TBSV is a positive-sense RNA-containing virus that assem-
bles T = 3 icosahedral capsids, i.e. comprising 180 copies of the major capsid pro-
tein arranged in 3 quasi-equivalent bonding environments, designated A, B and C 
(Fig. 1.2a, b). The capsid protein has a molecular mass of 40 kDa and comes together 
to form dimeric capsomeres, giving rise to pronounced spikes on the capsid surface. 
AB dimers are arranged about the fivefold icosahedral symmetry axes, while CC 
spikes are at the twofold symmetry axes. The protein is divided into three domains, 
the N-terminal RNA-binding domain, the S (shell) domain that makes up the con-
tiguous capsid floor and the P (protruding) domain that gives rise to the spikes 
(Fig. 1.2c). The TBSV capsid protein S-domain adopts a fold known as the β-jelly 
roll, a wedge-shaped eight-stranded antiparallel beta barrel (Fig. 1.2d).

1 Virus Proteins and Nucleoproteins: An Overview
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The β-jelly roll has been identified in a wide variety of viral capsid proteins, 
including the first animal virus capsids to be solved – the picornaviruses poliovirus 
and human rhinovirus 14 (HRV14) (Rossmann et  al. 1985; Hogle et  al. 1985). 
Picornaviruses diverge from the strict rules of quasi-equivalence by encoding four 
capsid proteins, three of which occupy the A, B and C positions of the T = 3 capsid. 

Fig. 1.1 Triangulation of icosadeltahedra
Spherical capsids assemble from 60 asymmetric units, arranged with icosahedral symmetry. To 
enable the creation of larger capsid shells, each asymmetric unit may comprise more than one 
capsid protein, arranged with quasi-equivalent packing. The permitted numbers of subunits in each 
asymmetric unit are given by the T-number series. Here icosadeltahedra are represented with 
T-numbers of 1 (a), 3 (b), 4 (c) and 7 (d). Each trapezium represents a single capsid protein coloured 
according to its quasi-equivalent position. Figure reproduced from (Bakker and Bhella 2013)

Fig.  1.2 (continued) coloured in rainbow representation (blue, N-terminus; red, C-terminus), 
while the other is coloured grey. This representation highlights the β-jelly roll topology of the 
S-domain. The S-domain β-jelly roll topology is also shown diagrammatically in Figure (d). A 
nomenclature has been adopted for this fold in which the major β-strands are labelled A–I, such 
that the two β-sheets are defined as comprising strands BIDG and CHEF. Many other T = 3 RNA 
containing viruses use the β-jelly roll fold in their S-domains, such as feline calicivirus (e–f). 
Figures produced with PDB 2TBV (Harrison et al. 1978) and PDB 3M8L (Ossiboff et al. 2010)

D. Bhella
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Fig. 1.2 The structure of tomato bushy stunt virus and feline calicivirus
TBSV assembles a T = 3 capsid (a) shows a solvent excluding surface representation of the capsid, 
overlaid with a ‘soccer-ball’ representation of the T = 3 symmetry that indicates the position of 
fivefold and local sixfold symmetry axes. In figure (b) one asymmetric unit is shown as a ribbon 
diagram, with quasi-equivalent positions coloured as A, purple; B, pink; and C, magenta. (c) A 
ribbon diagram of the TBSV CC dimer is viewed parallel to the capsid surface, one monomer is 

1 Virus Proteins and Nucleoproteins: An Overview
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Nonetheless the fold of each of the major capsid proteins bears a striking  resemblance 
to that of TBSV.  T  =  3 positive-sense RNA-containing viruses that employ the 
β-jelly roll topology include the above-mentioned Tombusviridae and Picornavirales 
as well as Nodaviridae, which infect predominantly fish and insects, and Caliciviridae 
which include human norovirus the cause of winter-vomiting disease (Fig. 1.2e, f).

Many capsid proteins of small RNA-containing viruses can be induced to assem-
ble into virus-like particles following recombinant expression or in vitro disassem-
bly. It is thought that capsid assembly follows a local rule-based pathway, e.g. in the 
case of TBSV assembly, dimers adding to a growing capsid shell would adopt the 
appropriate conformation (AB or CC) at the point of association (Berger et  al. 
1994). Assembly of such VLPS is however characterised by the presence of many 
defective particles. There is growing evidence that genomic RNA plays a critical 
role in directing assembly of these small virions through specific interactions 
between packaging sequences throughout the genome and the capsid proteins 
(Shakeel et al. 2017).

It is interesting to note that viruses that infect hosts having adaptive immunity 
have evolved more complex capsid proteins, characterised by the presence of hyper- 
variable regions and ornate surface loops (compare Figs. 1.2c, e). This is most likely 
a consequence of sustained immune attack driving high mutation rates, particularly 
in regions immediately surrounding receptor-binding sites. An important function 
of capsid proteins in non-enveloped viruses is mediating attachment and entry; con-
served receptor-binding sites are therefore highly vulnerable to neutralisation by 
virus-specific antibodies.

 Structural Insights into the Evolution of Large DNA- 
Containing Viruses (Adenovirus-PRD1 Lineage)

Use of the β-jelly roll fold to assemble spherical virus capsids is not limited to the 
small RNA-containing viruses. The major capsid protein of the large DNA-
containing virus, adenovirus, also has been found to incorporate this topology (Rux 
et al. 2003). These large (~90 nm diameter) virions assemble from multiple struc-
tural proteins as T = 25 icosahedral capsids (Fig. 1.3a, b). The major capsid protein, 
hexon, is found at local sixfold symmetry positions, where it forms trimeric capso-
meres (Fig. 1.3c–e). Assembling with sixfold quasi-symmetry is accomplished by a 
domain duplication at the base of the capsomere. Two β-jelly roll motifs are found 
in a vertical orientation, i.e. the barrel axis is oriented normal to the shell of the 
virion, as opposed to the parallel orientation of the barrel in the structure of TBSV 
(compare Fig. 1.3f with Fig. 1.2c).

Inferring evolutionary relationships between groups of viruses is challenging, 
owing to the rapid mutation rates observed in viral genomes. It has been suggested 
however that in the complete absence of sequence similarity, fold conservation in 
viral proteins may be used to discern common heritage for divergent viral taxa. This 
emerged from the discovery of common capsid architectures in viruses that infect 

D. Bhella
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Fig. 1.3 The structure of adenovirus major capsid protein – hexon
Adenovirus, a large DNA-containing virus assembles a T = 25 icosahedral capsid comprising sev-
eral structural proteins. The building blocks of the virion are the major capsid protein – hexon and 
penton – which forms the pentameric vertices of the capsid (a). A soccer-ball representation of the 
T = 25 symmetry (b) shows that at each local sixfold symmetry axis, there is a hexon capsomere. 
However, despite its name and location, this capsomere is a trimer. Threefold symmetry is most 
evident when the hexon structure is viewed from capsid exterior (top view – c). At the base of the 
capsomere, the structure appears sixfold symmetric (bottom view – d), owing to the presence of 
two β-jelly roll motifs shown in a side view of the hexon trimer and coloured orange (e–f).
Figure produced with (a–b) EMD-8471 (Yu et al. 2017b) and (c–f) PDB 1P30 (Rux et al. 2003)

1 Virus Proteins and Nucleoproteins: An Overview
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hosts from different domains of life  – prokaryotes, archaea and eukaryotes. 
Investigation of the capsid structure of bacteriophage PRD1 identified the same 
double β-jelly roll motif previously described for adenovirus, leading to the sugges-
tion that they shared a common ancestor (Benson et al. 1999). The double β-jelly 
roll topology has since been found to be a feature of a wide range of viruses that 
infect divergent groups of hosts. Interestingly, the virophage sputnik was recently 
added to the growing list of viruses in the adenovirus-PRD1 lineage (Zhang et al. 
2012). Although most viruses of this group had been found to have double-stranded 
DNA genomes, the lineage’s most recent addition is a single-stranded DNA- 
containing virus FLiP (Flavobacterium infecting, lipid-containing phage), suggest-
ing an evolutionary link between these two viral groups (Laanto et al. 2017).

 H97 Lineage

A second group of DNA-containing viruses has been proposed to represent a dis-
tinct viral lineage based on observed conservation of structure and function. The 
order Caudovirales are tailed bacteriophages and may be the most ubiquitous group 
of viruses on the planet. They assemble large spherical or prolate capsids from pen-
tameric/hexameric capsomeres that are packed according to the principles of icosa-
hedral symmetry. The known structures of major capsid proteins of viruses in this 
order are described as HK97-like, owing to the presence of a conserved protein fold 
(Helgstrand et al. 2003) (Fig. 1.4). Interestingly this fold has recently been identi-
fied in the floor of the capsid in the herpesvirus human cytomegalovirus (Yu et al. 
2017a), lending weight to previous suggestions that Herpesvirales and Caudovirales 
share a common ancestor (Baker et al. 2005). In addition to the common capsid 
protein topology, the viral replication strategies of these two groups of viruses share 
some surprising similarities.

Both orders of viruses package large double-stranded DNA genomes into preas-
sembled procapsids – the immature precursor to the capsid. Genome packaging is at 
a very high-density in these viruses and requires a robust capsid to prevent prema-
ture release (Bhella et al. 2000). This is accomplished by an assembly pathway in 
which the pentameric and hexameric capsomeres assemble in a manner that has 
been likened to chain-mail armour and are sometimes covalently linked. Procapsid 
assembly is nucleated by formation of a portal, a molecular motor that pumps the 
viral genome into the assembled procapsid and occupies a unique fivefold vertex of 
the icosahedral assembly. Condensation of capsid proteins is often directed by a 
scaffold to ensure shells of the appropriate dimensions are formed; this may be a 
separate gene product or part of the major capsid protein. The scaffold proteins are 
subsequently proteolytically cleaved and removed from the capsid interior during 
capsid maturation. Upon completion of procapsid assembly, the viral genome is 
translocated through the portal structure, an ATP-dependent process that triggers 
capsid maturation. In the tailed bacteriophages, the portal is part of a larger  connector 
structure at the interface between the genome-containing head and the tail assembly, 

D. Bhella
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which mediates attachment to the host cell (Chaban et  al. 2015). This feature is 
described in more detail in Chap. 14. A tail-like structure has also been described 
for the herpesviruses, suggesting that an as-yet unknown set of structural proteins 
assemble around the portal (ul6). These are postulated to ensure that the viral 
genome is retained within the capsid and mediate attachment to nucleopore com-
plexes in a newly infected cell, leading to genome release into the nucleus (Schmid 
et al. 2012).

Fig. 1.4 The structure and maturation of the HK97 phage capsid
The bacteriophage HK97 assembles a T = 7 icosahedral capsid. Phage heads may be produced by 
recombinant expression of the major capsid proteins gp5 and the protease gp4. This system has 
allowed the efficient structural characterisation of the capsid assembly pathway. The mature phage 
head is assembled from pentamer/hexamer morphological units, making a capsid that is approxi-
mately 65 nm in diameter, shown in a radial colour scheme (a). The asymmetric unit comprises 
seven copies of gp5 (b). Assembly of the mature capsid involves a complex processing pathway. 
This starts with the formation of the ~55 nm diameter procapsid (c) and culminates in the forma-
tion of covalent linkages between capsid proteins giving rise to a chain-mail structure. Individual 
links in the armour are coloured to highlight this feature (d). Figure produced with (a, b and d) 
PDB 1OHG and (c) PDB 3QPR (Helgstrand et al. 2003; Huang et al. 2011)

1 Virus Proteins and Nucleoproteins: An Overview
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 Protein RNA Interactions in Helical Nucleocapsids

The earliest viral structures to be analysed by X-ray diffraction methods included 
the helical coat protein of tobacco mosaic virus (Franklin 1955; Caspar 1956b; 
Namba and Stubbs 1986).

Helical viral nucleocapsids include assemblies, like TMV, that completely 
enclose the viral genome, protecting it in the extracellular environment. Helical 
nucleocapsids are also found in enveloped viruses such as the Mononegavirales. 
These helical assemblies do not necessarily protect the viral genome but serve as a 
scaffold to present the genome to the viral RNA-dependent RNA polymerase both 
for transcription and replication. In both cases the capsid proteins and viral RNA are 
intimately associated and follow complementary helical symmetry.

 Tobacco Mosaic Virus

Tobacco mosaic virus (TMV) like TBSV is a positive-sense RNA-containing plant 
virus that was extensively analysed in the early days of structural virology (Franklin 
1955; Caspar 1956b; Namba and Stubbs 1986). Moreover, the virus’s highly ordered 
helical structure has led to it having been widely used as a calibration standard and 
test specimen for cryo-electron microscopy (Sachse et al. 2007; Clare and Orlova 
2010; Fromm et al. 2015). The right-handed helical virion is ~300 nm in length and 
18 nm in diameter. It is assembled from an estimated 2130 capsid proteins. The 
helix comprises 16.33 subunits per turn and has a pitch of 23 angstroms (the dis-
tance from one turn to the next). The TMV capsid protein is approximately 18 kDa, 
comprising 158 amino acids arranged with predominantly α-helical secondary 
structure in a four-helix bundle motif (Fig. 1.5). The α-helices that comprise the 
four-helix bundle are named according to their orientations relative to the virion 
helix axis. They are described as radially oriented or slewed, e.g. left radial (LR), 
left slewed (LS), right radial (RR) and right slewed (RS). The RNA is safely 
ensconced between successive turns of the helix such that it is completely enclosed 
and interacts with capsid proteins both above and below. Each capsid protein binds 

Fig. 1.5 (continued) A ribbon diagram shows the structure of the TMV capsid protein with three 
bases of RNA shown in ball and stick representation. The four major helices are labelled (a). Top 
(b), tilted (c) and side (d) views of the helical virion with four capsid proteins shown as ribbon 
diagrams. Rendering the capsid proteins as transparent surfaces reveals the path of the genomic 
RNA through the helical assembly in top (e) and tilted (f) views. Three copies of the capsid protein 
are shown as ribbons to show how the RNA is sandwiched between successive helical turns; a 
single subunit (blue) is shown in the first turn, while two subunits (pink and purple) are shown in 
the second. (g) A wall-eyed stereo pair showing a radial view of the RNA looking from the virion’s 
helix axis. This shows how pairs of bases stack between the LR α-helices of successive protomers 
(purple and pink), while the phosphate groups lay against the upper-most subunit (blue). Figure 
produced with PDB 4UDV (Fromm et al. 2015)
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Fig. 1.5 – RNA binding in TMV
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to three RNA nucleotides, and the RNA appears draped over the LR α-helix of the 
lower- most protomer. The central base lays flat against the LR α-helix, while those 
bases on either side stack against their neighbours in a cleft between the LR α-helices 
of successive subunits (Fig. 1.5f). Arginine residues, located in the loop that con-
nects the LR and RR α-helices of the upper-most capsid protein, neutralise the nega-
tive charge of the phosphate groups. Such an arrangement of protein and RNA 
ensures that the genome is well protected in the harsh extracellular environment. 
Many viruses encapsidate their genomes in a helical assembly that is not protective, 
however, but serves as a scaffold that regulates both RNA synthesis and virion 
morphogenesis.

 Respiratory Syncytial Virus Nucleocapsid Assembly 
and Function

The non-segmented negative-sense RNA-containing Mononegavirales comprise 
the families Bornaviridae, Filoviridae, Paramyxoviridae, Pneumoviridae and 
Rhabdoviridae. These include many notable human and animal pathogens such  
as ebola virus, measles virus, rabies virus and respiratory syncytial virus. 
Mononegavirales are enveloped viruses that with the exception of the Bornaviridae 
replicate in the cytoplasm via a positive-sense anti-genome intermediate. Here the 
structure and function of Mononegavirales nucleocapsids are discussed using respi-
ratory syncytial virus (RSV) as an example, a more detailed account is given in 
Chap. 2.

The RSV genome is encapsidated by the nucleocapsid protein (N) to form a left- 
handed helical ribonucleoprotein assembly (RNP or nucleocapsid NC – Fig. 1.6a) 
that serves as the template for the viral RNA dependent RNA-polymerase (RdRp – 
see Chap. 3). Naked viral genomic RNA is not efficiently transcribed or replicated 
in the absence of N. The RdRp comprises two viral proteins, the ‘large’ protein (L), 
which contains the enzymatic activities necessary for RNA synthesis, and a multi-
functional phosphoprotein (P). The interaction between the NC and RdRp is medi-
ated by the C-terminal domain of P, one of two distinct functions for this largely 
disordered viral gene product.

Fig. 1.6  (continued) The RSV NC forms a left-handed helix in which the RNA wraps around the 
external face of the assembly (a) in a cleft formed between the N-terminal domain (b – blue) and 
the C-terminal domain (orange). The structure is stabilised by domain insertions of both the 
N-terminal arm (purple) and C-terminal arm (red) into neighbouring protomers.Each N subunit 
binds to seven nucleotides. Three nucleotides have their bases facing towards the protein, while 
four face outwards (wall-eyed stereo view – c). A comparison of the N-RNA structure for RSV 
with the NoP structure of the closely related HMPV reveals how the N-terminal region of P (yellow) 
binds to N, preventing non-specific RNA encapsidation (d–e viewed perpendicular to the RNA 
binding cleft, f–g viewed parallel). The C-terminal arm of N is seen to pack tightly into the RNA-
binding cleft. Figure produced with PDB 2WJ8 (Tawar et al. 2009) and 5FVD (Renner et al. 2016)
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Fig. 1.6 – RSV NC structure
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The second function of P is to serve as a chaperone of free N. Nucleocapsids are 
formed concomitantly with genome (and anti-genome) synthesis by the addition of 
N monomers to the nascent RNA strand. Unbound N (termed No) binds the 
N-terminal domain of P, forming the NoP complex and preventing non-specific 
encapsidation of cellular RNA. It is thought, therefore, that P mediates the specific 
addition of No to nascent viral RNA through a second distinct interaction with the 
RdRp.

The RSV N protein comprises two globular domains – the N-terminal domain 
(NTD) and C-terminal domain (CTD) (Fig. 1.6b). Oligomerisation involves inser-
tion of N and C terminal extensions (or ‘arms’) into the adjacent protomers, the 
N-arm comprising residues 1–28 and the C-arm 360–375. The viral genomic RNA 
wraps around the outside of the NC, embedded in the cleft formed between the NTD 
and CTD. Seven nucleotides bind to each N subunit with bases 2–4 facing into the 
cleft and bases 1 and 5–7 facing outwards from the NC (Fig. 1.6c) (Tawar et al. 
2009).

Interestingly the crystal structure of No bound to the N-binding domain of P (P1–

28), for the closely related human metapneumovirus, reveals the mechanism by 
which P restricts non-specific RNA encapsidation. P1–28 binds to the C-terminal 
domain of N, the negatively charged C-terminal arm is seen to fold downwards into 
the positively charged RNA-binding cleft (Fig.  1.6d–f). The NoP structure also 
shows the RNA-binding cleft to be more open, with a 10° rotation between the NTD 
and CTD. This suggests a mechanism for NC assembly in which the nascent RNA 
binds into the cleft, displacing the C-terminal arm and causing a rearrangement of 
the hinge region between the NTD and CTD.  The N protein clamps around the 
RNA, while the freed C-terminal arm displaces P and is then able to bind the next 
incoming N (Renner et al. 2016).

 Virus Attachment and Entry: Viral Envelope Fusion Proteins

The host cell plasma membrane represents a significant barrier to infection by an 
invading virus. A widely used strategy to overcome this barrier is for a virus to pos-
sess its own membrane. Enveloped viruses acquire membranes from their host, usu-
ally when virions bud into cellular compartments or directly from the plasma 
membrane. Viral entry is then accomplished by fusing the viral membrane with host 
membranes, a process mediated by viral-encoded fusion proteins that stud the viral 
envelope.

Three structural classes of viral fusion proteins have been identified that are able 
to accomplish this task. Class one is exemplified by the haemagglutinin (HA) pro-
tein of influenza A virus (IAV), class two by the E protein of dengue virus (Chap. 7) 
and class three by rabies virus G protein. The mechanisms of fusion in these 
three classes are however remarkably similar. The process of fusion involves the 
insertion of a hydrophobic domain, the fusion peptide, into the host membrane. 
Conformational rearrangements then bring the viral envelope and host membrane 
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together, leading to the formation of a fusion pore through which the virion contents 
may enter the cytoplasm.

Fusion proteins exist in a metastable ‘pre-fusion’ conformation in the mature 
virion prior to engaging the host. Under these conditions, the fusion-peptide is not 
exposed. Triggering of the protein is brought about by detection of the appropriate 
host-environment, such as engaging with a receptor molecule, and leads to the 
fusion protein adopting its fusogenic form – exposing the fusion peptide.

Perhaps the best characterised fusion protein is IAV HA (Fig. 1.7a) (Weis et al. 
1990). This protein acts as mediator of both attachment and entry, binding to sialic 
acid moieties on the host cell surface leading to uptake of the virion by clathrin-
mediated endocytosis. HA exists as trimers that coat the outer surface of the virion. 
Although it is expressed as a single open reading frame (HA0), this immature form 
is post-translationally cleaved; a priming step that yields two products in the ectodo-
main  – HA1 and HA2. These two domains are covalently linked by disulphide 
bonds. HA1 mediates receptor binding, while the HA2 encodes the fusion activity, 
having the fusion peptide at its N-terminus and the transmembrane domain, that 

Fig. 1.7 – Influenza virus haemagglutinin
The IAV HA molecule assembles into trimers that stud the viral envelope (a). The protein is post- 
translationally cleaved into HA1 (blue) and HA2 (multicoloured). HA1 binds to sialic acid moi-
eties on the host cell (green), triggering endocytosis. HA2 includes the fusion peptide (yellow) and 
undergoes extensive structural rearrangements at low pH to bring the viral envelope and host 
plasma membrane together and initiate fusion (b). Regions of HA2 are coloured magenta and pink 
in Figures a and b to highlight the changes in secondary structure that occur, leading to the forma-
tion of an extended coiled coil structure. Figure produced with PDB 1HMG (Weis et al. 1990) and 
1HTM (Bullough et al. 1994)
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anchors the protein in the viral envelope, at the C-terminus. Fusion of viral and host 
membranes occurs upon acidification of the endosome, which triggers the transition 
of mature HA to a fusogenic state. The fusion peptide inserts into the endosomal 
membrane. The envelope proximal and distal domains of the HA2 trimer are now 
both embedded in membrane. The two ends are then brought together as the HA 
molecule undergoes a conformational rearrangement, forming a hairpin structure 
that brings the two membranes together (Fig. 1.7b) (Bullough et al. 1994).

 Summary

Viral proteins have evolved to efficiently perform critical functions in the viral rep-
lication cycle. Viruses assemble robust containers that protect the viral genome 
from damage in the extracellular environment. These capsids must then deliver their 
contents efficiently to the target cell, binding specifically to host receptors that iden-
tify those cells to which the virus is well adapted. Capsid proteins must then mediate 
entry, traversing the considerable barrier of the host plasma membrane. Once inside, 
viral proteins work to overcome host defences, preventing intrinsic and innate 
immune responses from shutting the cell down or signalling to neighbouring cells 
that a virus is present. The viral genome is delivered safely to its site of replication 
and the processes of gene expression and viral replication get underway. The fol-
lowing chapters in this book will unveil the remarkable mechanisms by which 
viruses ensure their continued survival and success.
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Chapter 2
A Structural View of Negative-Sense RNA 
Virus Nucleocapsid Protein and Its Functions 
Beyond

Zhiyong Lou

 Classification of Negative-Sense Single-Stranded RNA Viruses

The genome of negative-sense single-stranded RNA virus (NSRV) consists of one 
or several antisense RNA segment(s). According to the latest international virus 
taxonomy, NSRV are mainly divided into Mononegavirales order, Bunyavirales 
order, and Arenaviridae and Orthomyxoviridae families those are not assigned to an 
order, depending on the number of their genome segments (Davison 2017) 
(Table 2.1).

The order Mononegavirales is characterized by a single long non-segmented 
RNA genome and consists of four families: Rhabdoviridae family [e.g., rabies virus 
(RV) and vesicular stomatitis virus (VSV)]; Paramyxoviridae, with two subfami-
lies, Paramyxovirinae [e.g., measles virus (MeV) and Sendai virus (SeV)] and 
Pneumovirinae (e.g., respiratory syncytial virus, RSV); Bornaviridae (e.g., Borna 
disease virus, BDV); and Filoviridae [e.g., Marburg virus (MARV) and Ebola virus 
(EBOV)]. These viruses are also named as non-segmented NSRV (nsNSRV).

The order Bunyavirales is a newly classed viral order in the year of 2017 (Davison 
2017). It is originated from the individual Bunyaviridae family, which consists five 
genera, including Hantavirus (e.g., Hantaan virus, HNTV), Nairovirus (e.g., 
Crimean-Congo hemorrhagic fever virus, CCHFV), Orthobunyavirus (e.g., 
Bunyamwera virus, BUNV), Phlebovirus (e.g., Rift Valley fever virus, RVFV), and 
Tospovirus (e.g., tomato spotted wilt virus, TSWV). All Bunyaviridae members 
have typical tripartite genomes (L, M, and S segments) (Plyusnin et al. 2010). In the 
latest taxonomy, Bunyavirales order is subdivided into nine families, including 
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Feraviridae, Fimoviridae, Hantaviridae, Jonviridae, Nairoviridae, Peribunyaviridae, 
Phasmaviridae, Phenuiviridae, and Tospoviridae (Davison 2017).

The genomes of Arenaviridae (e.g., Lassa fever virus, LAFV) and 
Orthomyxoviridae (e.g., influenza virus) have two (Qi et  al. 2011) and six to 
eight -ssRNA segments (Moeller et al. 2013). Moreover, three viral genera with –
ssRNA genome are not assigned into a viral family. Deltavirus genus contains a 
circular negative-sense single-stranded RNA genome, and most of the genome has 
complementary strands; Emaravirus genus contains a four-segmented linear nega-
tive-sense single-stranded RNA genome; and Tenuivirus genus has four or five 
genome segments (Rizzetto 2009; Mielke-Ehret and Muhlbach 2012; Kormelink 
et  al. 2011). All of them, together with bunyaviruses, are named as segmented 
NSRV (sNSRV).

 The Ribonucleoprotein Complex of NSRA Viruses

The negative-sense RNA genome of NSRV is sensitive to environment and must be 
immediately transcribed into mRNA by the viral RNA-dependent RNA polymerase 
(RdRp) upon entry into host cells. To protect genomic RNA and ensure the progress 
of the entire virus life cycle, the genomic RNA is encapsidated by a virally encoded 
nucleocapsid protein (NP) and is further formed a stable ribonucleoprotein (RNP) 
complex together with RdRp (and/or with some accessory viral proteins) (Fig. 2.1). 
This RNP, instead of the naked RNA, is the only active template for virus replication 
and transcription (Kranzusch and Whelan 2012). Under this strategy, the genomic 
RNA is buried in the RNA-binding groove of viral NP, being protected against 
exogenous nucleases or the innate immune system in the host cell (Zhou et al. 2013).

Structural knowledge of viral RNPs was initiated by studying nsNSRVs (includ-
ing BDV, RV, VSV, and RSV) since the year of 2003 and has been greatly enhanced 
by recent investigations of sNSRVs, including arenaviruses, bunyaviruses, and 
influenza virus. These achievements not only reveal how NP, genomic RNA, and 
RdRp form a highly ordered RNP but also indicate unexpected enzymatic functions 

Fig. 2.1 A schematic diagram of NSRV RNP. Viral RdRp and NP are shown as orange ring and 
blue spheres. The genomic RNA is presented as a black line. Other accessory proteins participating 
in RNP formation are also indicated

2 A Structural View of Negative-Sense RNA Virus Nucleocapsid Protein and Its…
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of viral NPs. In particular, advances in the visualization of native or authentic RNP 
through electron microscopy (EM), combined with the structures of RNP compo-
nents at atomic resolution, led to the understanding of the dynamic processes of 
RNP formation.

 Structure of NPs Encoded by nsNSRVs

The structural study of nsNSRV-encoded NPs was initiated from BDV-encoded NP 
(Rudolph et al. 2003) followed by the NP-RNA complexes from VSV (Green et al. 
2006), rabies virus (Albertini et al. 2006), and RSV (Tawar et al. 2009) (Fig. 2.1a). 
Up to date, except for the members in family Mymonaviridae, Nyamiviridae, and 
Sunviridae, the molecular details of other representative nsNSRV-encoded NPs 
have been clearly elucidated.

The framework of virus NP was first established with the structural study of 
BDV NP in the year of 2003 (Rudolph et al. 2003). In this work, the crystal structure 
of BDV NP revealed a canonical folding of virus NP family consisting N- and 
C-lobes to clamp a highly positive-charged groove for RNA binding flanked by N- 
and C-terminal extensions for inter protomer interactions (Fig.  2.2a). In such a 
canonical virus NP structural family, N- and C-lobes are mainly formed by a set of 
α-helices. N- and C-extensions are constituted by loop and/or α-helix. Although no 
RNA was found in the RNA-binding groove (Fig. 2.2b), highly positive-charged 
residues, e.g., Arg/Lys/His, from N- and C-lobes clamp a deep groove, suggesting 
an RNA-binding site that is approved by other viral NP-RNA complex structures.

Fig. 2.2 Molecular assignment of a classical virus NP family. (a) A cartoon diagram of the 
folding of virus NP family. (b) Crystal structures of several representative nsNSRV-encoded NPs, 
including NP of BDV, VSV, RV, RSV, MARV (in complex with VP35 peptide), and MeV, are 
aligned and presented in the same orientation. N-lobe, C-lobe, N-extension, and C-extension are 
colored as light-blue, green, purple, and red, respectively. The RNA-binding grooves are indicated 
by red arrows
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In the following years, the NP-RNA complexes from VSV, rabies virus, and RSV 
are reconstructed in expression cells, and their structures were determined (Albertini 
et al. 2006; Green et al. 2006; Tawar et al. 2009). All of these NP-RNA complexes 
form heterogeneous ring-shaped structures with 9 to 15 NP protomers per ring along 
with the bound RNA in the structure (Albertini et al. 2006; Green et al. 2006; Tawar 
et al. 2009) (Fig. 2.3). These three viral NPs show similarities in their molecular fold-
ing and are identical with the canonical virus NP folding defined by BDV NP. But 
significant difference appears in the position of bound RNA (Figs. 2.2b and 2.3). The 
RNA-binding grooves of VSV, rabies virus, and RSV NPs are located at the interface 
of N- and C-lobes, but the lateral NP contacts in VSV and rabies virus NP-RNA 
complex are positioned such that the curvature is opposite to that of RSV. This condi-
tion results in an inside-out nucleocapsid ring, with the RNA inside and the NP 
molecule-oriented outside-in in RSV NP-RNA complex (Tawar et al. 2009).

Filovirus is a key group of nsNSRV and contains numbers of pathogens to cause 
severe disease in humans and primates with high morbidity and mortality. Ebola 
virus (EBOV) and Marburg virus (MARV) are representative members of Filoviridae 
family. Although the structural studies on nsNSRV NP have been performed for a 
long time, the structural details of EBOV and MARV NP do not have breakthrough 
until very recently (Fig.  2.2b). The structure of the core domain of EBOV NP 
(NPcore) was first solved in complex with the fragment of VP35 (Leung et al. 2015; 
Kirchdoerfer et al. 2015). Filovirus NPcore presents a canonical folding of virus NP 
family, though the C-lobe is much smaller with other reported viral NPs (Fig. 2.2b). 
A peptide derived from VP35 that binds the C-lobe of NPcore with high affinity, thus 
inhibiting NP oligomerization and releasing RNA from NP-RNA complexes in vitro 
(Leung et  al. 2015). The individual structure of EBOV NPcore was subsequently 
solved and shows that the hydrophobic groove in the C-lobe for the interaction with 
VP35 is occupied by an α-helix of EBOV NPcore itself, suggesting the mobility of 
EBOV NP element in the progress of RNP formation (Dong et al. 2015) (Fig. 2.4). 
The same observation was further validated in Lloviu virus (LLOV) and MARV, 
revealing a conserved mechanism of RNP formation within Filoviridae family.

Fig. 2.3 Ring-shaped NP-RNA complexes of nsNSRVs. Crystal structures of NP-RNA com-
plexes from VSV, RV, and RSV (Albertini et al. 2006; Green et al. 2006; Tawar et al. 2009) are 
shown in the same orientation. The bound RNAs were shown as red lines
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 Structure of NPs Encoded by Bunyavirus

Bunyavirus constitutes the largest RNA virus, as well as sNSRV, and family and is 
composed of over 350 members that cause severe infectious diseases throughout 
human, animal, and plants. Bunyaviruses are originally classed as Bunyaviridae 
family with Hantavirus, Nairovirus, Orthobunyavirus, Phlebovirus, and Tospovirus 
genus. Now, they are reorganized as Bunyavirales order with Feraviridae, 
Fimoviridae, Hantaviridae, Jonviridae, Nairoviridae, Peribunyaviridae, 
Phasmaviridae, Phenuiviridae, and Tospoviridae family (Davison 2017).

All bunyaviruses have trisegmented RNA genome to encode RdRp (L segment), 
the glycoproteins Gc and Gn (M segment), and NP (S segment). Unlike NPs of 
nsNSRVs, bunyavirus-encoded NPs have large differences, either in the primary 
sequence and structures or in their biological functions (Fig.  2.5). For example, 
CCHFV NP has the largest molecular weight of 52 kDa, and HNTV NP is 40 kDa, 
while the NPs from the other families are ranged from 26 kDa to 31 kDa (Li et al. 
2013). Because of the diversity of bunyaviral NPs, they are interesting targets to 
study the structure-function relationship of viral NP.

Fig. 2.4 Structural mobility of filovirus NP. The molecules of EBOV NPcore alone and in com-
plex with VP35 peptide are shown in the left and right parts of the upper panel. The N-lobe and 
C-lobe were colored as blue and red, respectively. Helices with distinct conformational shifts are 
shown as cylinders. VP35 peptide is shown as yellow cylinders. A model of NP conformation 
change is proposed in the bottom panel. This figure is cited from ref (Dong et  al. 2015) with 
permission
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 Structure of Phlebovirus NP

Phlebovirus genus is classed in a new Phenuiviridae family of Bunyavirales order. 
The structural studies on phlebovirus-encoded NP initiate the research of virus NP 
among bunyaviruses. RVFV is a prototypic member of Phlebovirus genus and is the 
causative agent of Rift Valley fever. The structure of RVFV NP was first solved in 
monomeric form and presents an unusual compact structure that lacks a positively 
charged crevice to encapsidate RNA and N- or C-terminal extension for oligomer-
ization (Raymond et al. 2010) (Fig. 2.5a). Later on, an hexameric structure of RVFV 
NP was reported (Ferron et al. 2011). Although the core regions of two structures 
are almost identical to have conserved N- and C-lobes as other viral NPs, significant 
structural variation was observed at the N-terminal extension (Fig.  2.5b). In the 
monomeric structure, N-extension interacts with the body region at the RNA-
binding groove, thus preventing potential interacting with exogenous RNA 
(Raymond et al. 2010). But N-extension in the hexameric structure moves out and 
interacts with an adjacent protomer at the opposite side of RNA-binding groove to 
form a ring-shaped oligomer (Fig.  2.5c). In this oligomeric structure, the RNA- 
binding groove is therefore exposed to solvent. The distinct positions of the 
N-extension reflect the structural flexibility of phlebovirus NP during its RNP for-
mation. Meanwhile, two studies have reported the crystal structure of NP from 

Fig. 2.5 Structures of bunyavirus-encoded NPs. Crystal structures of several representative 
nsNSRV-encoded NPs, including NP of BUNV, RVFV, TSWV, SNV (core domain), and CCHFV, 
are aligned and presented in the same orientation. N-lobe, C-lobe, N-extension, C-extension are 
colored as light-blue, green, purple, and red, respectively. The bound RNA in BUNV NP-RNA 
complex is shown as orange cartoons. The RNA-binding groove in each structure is indicated by 
red arrow
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severe fever with thrombocytopenia syndrome virus (SFTSV) NP, which is another 
member of Phlebovirus genus that causes newly emerging infectious diseases in 
China and verified a conserved mechanism of NP multimerization within 
Phlebovirus genus (Jiao et al. 2013; Zhou et al. 2013). Subsequently, the NP-RNA 
complex structures of RVFV and Toscana viruses were determined and revealed a 
unique sequester mechanism for RNA encapsidation compared with nsNSRVs 
(Raymond et  al. 2012). Moreover, though the recombinant NP-RNA complex 
showed different oligomeric state, the monomeric form is most likely to match the 
width of the native viral RNP. Notably, the structures of phlebovirus NPs do not 
have C-extension as other nsNSRV NPs and the interprotomer contacts are mainly 
employed by N-extension and core domain. This is a key difference exist in nsN-
SRV and sNSRV NPs.

 Structure of Nairovirus NP

Nairovirus-encoded NP has the largest molecular weight among Bunyavirales order. 
The structure of CCHFV NP was first solved in a monomeric form, which presents 
an unusual folding compared with other reported canonical viral NPs and reveals an 
unexpected nuclease activity (Guo et  al. 2012) (Fig.  2.6a). A positively charged 
groove clamped by the head and stalk domains has been suggested to be responsible 
for RNA binding (Guo et  al. 2012). Subsequently, the structure of NP from 
Baghdad-12 strain revealed a significant transposition of the stalk domain through a 
rotation of 180° and a translation of 40 Å, suggesting the structural flexibility to 
switch between alternative NP conformations during RNA binding or oligomeriza-
tion (Carter et al. 2012) (Fig. 2.6b). In a subsequent work, the oligomeric CCHFV 
NP-RNA complexes were separated from expression cells and were reconstructed 
by cryo-EM (Wang et al. 2016) (Fig. 2.6c). This cryo-EM structure demonstrated 
that CCHFV NP-RNA presents a ring-shaped architecture in a head-to-stalk fash-
ion. This structure also suggested a modified gating mechanism for viral genome 
encapsidation, in which both head and stalk domains participate in RNA binding. 
Again, as that has been observed in phlebovirus RNP, the monomer-sized NP-RNA 
complex should be the building block of the native CCHFV RNP (Wang et al. 2016) 
(Fig. 2.7).

 Structure of Orthobunyavirus NP

Orthobunyavirus genus is the prototypic genus of bunyavirus, and it is re-classed in 
Peribunyaviridae family (Davison 2017). Orthobunyavirus encodes the smallest NP 
among the entire Bunyavirales order. Several groups analyzed NP or NP-RNA com-
plex structures from BUNV (Li et al. 2013), Leanyer virus (LEAV) (Niu et al. 2013), 
La Crosse orthobunyavirus (LACV) (Reguera et al. 2013), and Schmallenberg virus 
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(SBV) (Dong et al. 2013) and reveal that orthobunyavirus NP presents a canonical 
virus NP folding, which contains N- and C-lobes to form RNA-binding groove and 
N- and C-terminal extensions for interprotomer interaction (Fig. 2.5a).

The structures of BUNV, LACV, and LEAV NP-RNA complexes revealed that 
both N- and C-terminal extensions contribute to NP oligomerization through a 
head-to-head mode (Li et al. 2013; Niu et al. 2013; Reguera et al. 2013). The struc-
ture of SBV NP was solved in a tetrameric form which is obtained from native 
conditions and a hexameric form in denaturation/refolding condition (Dong et al. 
2013). In particular, the C-terminus of SBV NP is free in the native tetramer but is 
not involved in interprotomer interactions (Fig. 2.8a) (Dong et al. 2013). Moreover, 
the N-terminal extension in the tetrameric structure folds backward to reach the 
 RNA- binding groove that is clamped by the N- and C-lobe while extending out in 
the hexameric form. This structural variation is similar to that has been observed in 
RVFV NP-RNA oligomer (Dong et al. 2013).

The high-order organization of orthobunyavirus NP-RNA has variations. In the 
study of BUNV NP, EM visualization supports that the monomer-sized NP-RNA 
complex is likely to be the building block of native RNP (Li et al. 2013) (Fig 2.8b, 
c). But a following work showed the helical architecture made of the tetrameric 

Fig. 2.6 Structure of phlebovirus NP. (a) Crystal structures of the monomeric RVFV NP. The 
N-arm, N-lobe, and C-lobe are colored red, blue, and green, respectively. (b) Comparison of RVFV 
NP structure in the monomeric and hexameric ring. The N- and C-lobes of one protomer are col-
ored blue and green, whereas an adjacent protomer in the hexameric ring is shown as white car-
toons. The N-arms of the NP monomer and one protomer in the hexameric form are colored red 
and gold, respectively. (c) Structure of the hexameric ring of RVFV NP (Raymond et al. 2012)
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NP-RNA building block of BUNV RNP (Ariza et al. 2013). Interestingly, the struc-
ture of LACV NP was additionally determined in a P41 space group and suggested 
a filamentous structure along the crystallographic 41 axis.

 Structure of Tospovirus NP

Tospoviridae genus constitutes the sole group of plant-infecting viruses in 
Bunyavirales order. TSWV is the prototypic member of Tospovirus genus and is one 
of the most devastating plant pathogens that cause severe diseases in numerous 

Fig. 2.7 Structure of CCHFV NP and NP oligomer. (a) The crystal structure of full-length 
CCHFV NP from strain YL04057 is shown as a cartoon diagram. The head and stalk domains are 
colored green and blue, respectively. (b) Comparison of the four different CCHFV NP structures. 
The head domains are colored white, whereas the stalk domains of CCHFV strain YL04057, strain 
Baghdad-12, strain IbAr10200 (monomeric form), and strain IbAr10200 (oligomeric form) NP are 
colored red, green, blue, and yellow, respectively. (c) The cryo-EM reconstruction of the pentam-
eric CCHFV NP-RNA complex. (d) A modified gating mechanism for RNA encapsidation of 
CCHFV NP. Polypeptides of LASV NP and CCHFV NP are colored as blue and pale green and are 
aligned together. Structure elements in CCHFV NP, which are corresponding to the RNA-gating 
element in LASV NP, are colored as purple. The additional channel for RNA binding of CCHFV 
NP is colored as gold
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agronomic and ornamental crops (Kormelink et al. 2011). According to the distinct 
hosts of tospovirus, our group studied the structure of tospovirus NP and anticipated 
to see new structural features of NP encoded by a plant-infecting nsNSRV.  We 
solved the structure of the full-length TSWV NP and found three protomers in one 
asymmetric unit (ASU) forming a ring-shaped oligomer in a head-to-head interac-
tion mode with a continuous RNA-binding groove in the inner side (under review) 
(Fig. 2.9). The body of TSWV NP possesses an N-lobe and a C-lobe to clamp an 
RNA-binding groove, and it is flanked by extended elements in both the N- and 
C-terminal parts for homotypic interactions (Fig. 2.9a). The RNA-binding groove 
comprises a set of positively charged residues and main chain nitrogen atoms from 
both N- and C-lobes. Moreover, the N- and C-extensions contacts with adjacent two 
NP protomers for oligomerization, as defined by nsNSRV NP (Fig.  2.9b). Most 
interestingly, the C-terminus of protomer A forms an additional robust contact with 
a protomer in another adjacent ASU at the interface of the N- and C-lobes on the 

Fig. 2.8 Structure of orthobunyavirus NPs and its oligomerization for RNP formation. (a) 
Structural comparison of the reported structures of the orthobunyavirus NPs. The structures of 
SBV NP in tetrameric form (PDB code: 4IDU); SBV NP in hexameric form (PDB code: 4IDX); 
BUNV NP (PDB code: 4IJS), LEAV NP (PDB code: 4J1G), and LACV NP in monomeric form 
(PDB code: 4BGP); and chain A and chain B of LACV NP in tetrameric form (PDB code: 4BHH) 
are colored blue, yellow, red, green, magenta, cyan, and orange, respectively. (b) EM image of the 
negatively stained recombinant BUNV NP-RNA complex (left) and docking of the crystal struc-
ture of tetrameric complex into the EM density map (right). (c) Negatively stained EM image of 
the native BUNV RNP extracted from virions
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reverse side of the RNA-binding groove. This structural feature proposes a distinct 
mechanism for a homotypic NP interaction that forms high-ordered RNP in tospo-
virus (Fig. 2.9c). Whether this additional interprotomer contact is related with the 
unique function of a plant-infecting virus warrants further investigation.

 Structure of NP Encoded by Arenavirus

LAFV is a prototypic member of the Arenaviridae family, which causes severe 
hemorrhagic fever in humans with high fatalities, and it is featured by two seg-
mented RNA genome (Buchmeier MJ 2007; Martinez-Sobrido et  al. 2007). The 

Fig. 2.9 Structure of TSWV NP. (a) Structure of TSWV NP monomer is shown a cartoon diagram 
with a rainbow coloring from the N- (blue) to the C-terminus (red). (b) Overall structure of the tri-
meric TSWV NP oligomer. Three protomers are shown in the cartoon diagram and are colored as 
red, green, and blue. (c) A model for TSWV RNP formation with a distinct homotypic interaction. 
The body part, N-extension, C-extension, and C-terminus of TSWV NP are shown as different 
diagrammatic schemes. The N-N interaction, C-C interaction, and the additional interaction at the 
C-terminus are shown as solid colors in the high-ordered model, but other sets are shown with 
transparency for clear presentation. Nucleic acids encapsidated by NPs are indicated by a red line
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structure of LAFV NP greatly extended the knowledge of virus NP family. Qi et al. 
first reported the structure of full-length LAFV NP, revealing two distinct N- (NTD) 
and C-terminal (CTD) domains, in contrast to other reported viral NPs (Qi et al. 
2011) (Fig. 2.10a). A highly positively charged groove located at the interface of the 
NTD and CTD was predicted to be the genomic RNA-binding site based on the 
trimeric structure of LAFV NP, which is consistent with a small-angle X-ray scat-
tering analysis(Brunotte et al. 2011). In a parallel study, the structure of LAFV NP 
N-terminal domain in complex with a single-stranded RNA was solved, revealing 
that RNA binds in a deep positively charged crevice located in N-terminal domain 
(Hastie et  al. 2011b) (Fig. 2.10c). The C-terminal domain may not take a major 
responsibility for RNA encapsidation, but it moves slightly away from its position 
in the RNA-free trimer, allowing helices α5 and α6 to open away from the RNA- 
binding crevice in a gating mechanism (Hastie et al. 2011b).

 Structure of NP Encoded by Orthomyxovirus

Influenza virus is the most well-studied member of Orthomyxoviridae family as an 
sNSRV. The first crystal structure of influenza A virus NP in a RNA-free form was 
solved by two independent groups (Ng et al. 2008; Ye et al. 2006). Influenza A virus 
NP presents a canonical folding of virus NP family, containing N- and C-lobes to 
clamp a deep positively charged RNA-binding groove, and tail portions to mediate 
oligomerization by interacting with the neighboring molecule (Ng et al. 2008; Ye 
et al. 2006; Chenavas et al. 2013) (Fig. 2.11). However, the high-ordered structures 

Fig. 2.10 Structural information of LAFV NP. (a) Crystal structure of full-length LAFV NP is 
shown as colored cartoon diagram. The N-terminal cap-binding domain and C-terminal exonucle-
ase domain are colored as light-blue and green, respectively. The bound dTTP, which is considered 
to be a cap analog, is presented as a colored stick. (b) The crystal structure of the N-terminal 
domain of LAFV NP in complex with RNA. The polypeptide of the N-terminal domain of LAFV 
NP is covered with potential surface, while the bound RNA molecule is shown as colored sticks
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of the influenza virus NP are distinct. The first structure of influenza A virus NP was 
solved in a homotrimeric form (Ng et  al. 2008; Ye et  al. 2006), but a following 
research showed that influenza B virus NP forms a homotetrameric oligomer in 
crystal structure, though both NPs have high sequence and structural similarities 
(Fig. 2.11a, b). The oligomerization of influenza virus NP was further investigated 
and defined the residue R416 playing an essential role in influenza NP multimeriza-
tion (Chenavas et al. 2013). In a R416A-induced monomeric structure, the folding 
of residues 386 to 401, the trimer exchange domain (residues 402 to 428), and resi-
dues 429 to 498 present a significant shift compared to that in the oligomer.

With the breakthrough of cryo-EM technics, progress of the study on an 
authentic or native influenza virus RNP has been made in recent years. A ring-
shaped influenza virus RNP with PA-PB1-PB2 RdRp complex, nine NP mole-
cules, and a short RNA was initially reconstructed in expression cells and studied 
by cryo-EM (Area et al. 2004; Coloma et al. 2009). Two recent works visualized 
the authentic influenza virus RNPs, which were extracted from native virions or 
reconstructed in expression cells at ~20 Å resolution (Arranz et al. 2013; Moeller 
et al. 2013) (Fig. 2.11c, d). The RNP model presented in these works indicated 

Fig. 2.11 Structure of influenza virus NP. Crystal structures of NP complex from influenza 
A virus (a) and influenza B virus (b) are shown in the same orientation in the upper panels. 
The N-lobe and C-lobe for each NP protomer are colored as blue and green, respectively. The  
homo trimer and homotetramer of influenza A virus and influenza B virus NP are covered with 
potential surface in the bottom panels. (c) Cryo-EM reconstruction of a native RNP by Arranz et al. 
(Arranz et al. 2013). The viral polymerase complex is located at the bottom end of the RNP and is 
shown in green and orange. The two opposite running NP-RNA strands are colored blue and pink, 
respectively. NP and RNA are fitted in the EM map in the lower panel. (d) Cryo-EM reconstruction 
of an authentic RNP by Moeller et al. (Moeller et al. 2013), The viral polymerase is highlighted in 
red, whereas the NP-RNA is colored dark green. The structure of NP protomer is fitted into the EM 
map in the lower panel. (f) and (g) are modified with permission (Arranz et al. 2013; Moeller et al. 
2013), respectively

Z. Lou



33

that the RNP adopts a double-helical structure with two antiparallel strands lead-
ing to and away from the polymerase, which is located at one end of the RNP. The 
double-helical stem region has a rise of 32.6 Å between two neighboring NPs with 
4.9 NP molecules per turn (Moeller et al. 2013). However, Arranz et al. presented 
a left-handed helix, while Moeller et al. reported a right-handed helix. As a result, 
Arranz et al. proposed that the body domain of NP mainly facilitates the interpro-
tomer interaction, whereas Moeller et al. indicated that the head domain of NP is 
likely to stabilize the RNP. Further study with recent developed high-resolution 
cryo-EM techniques would be useful to elucidate the clear mechanism of influ-
enza virus RNP formation.

 Unexpected Biological Function of Viral NPs

It is well known that virus NP functions as a structural protein in RNP formation 
and the entire virus life cycle. In this context, virus NP only encapsidates RNA and 
oligomerizes to form high-ordered RNP, but does not have other biological func-
tion. However, a few recent studies extended our knowledge.

The structure of LAFV NP firstly revealed that a virus NP has an enzymatic 
activity beyond a structure protein (Qi et al. 2011). The C-terminal domain of LAFV 
NP bears a molecular folding of 3′-5′ exonuclease/exoribonuclease superfamily and 
was further demonstrated to have a metal-dependent exoribonuclease activity which 
is responsible for suppressing host immune responses (Hastie et al. 2011a; Qi et al. 
2011; Jiang et  al. 2013; Hastie et  al. 2012). Although the enzymatic activity of 
LAFV NP is located in a separate domain, this is a first to find a biological function 
of viral NP.

Later on, an enzymatic activity of virus NP was reported in CCHFV NP. Guo 
et al. reported that CCHFV NP has intrinsic metal-dependent endonuclease activity 
on both single- and double-stranded DNA (Guo et al. 2012). Very interestingly, the 
core domain of CCHFV NP has very high structural similarity to the LAFV NP 
N-terminal domain, though they have no primary sequence homologs (Guo et al. 
2012), indicating LAFV NP N-terminal domain may have a similar function. 
Furthermore, to our most interest, NP encoded by Sin Nombre virus (SNV), a mem-
ber of Hantaviridae family in Bunyavirales order, was recently reported to have an 
endonuclease activity like CCHFV NP (Moncke-Buchner et al. 2016). However, the 
structure of SNV NP displays a conserved folding of virus NP family (Guo et al. 
2015; Olal and Daumke 2016) but does not like CCHFV NP or LAFV NP. The key 
residues that play an essential role in SNV endonuclease activity are located in 
RNA-binding groove and organize a similar architecture with conserved endonucle-
ase catalytic center (Moncke-Buchner et al. 2016). Actually, we also checked other 
NP encoded by hantaviruses and found the same activity (unpublished data). 
Because SNV NP has a canonical folding of virus NP family, it is interesting to 
verify whether other virus NP has a same endonuclease activity and further investi-
gate its function in virus life cycle.
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 Antiviral Development Targeted at Virus NP and RNP 
Formation

NP is the most conserved viral protein throughout different genotypes of one virus 
species and the mechanism for RNP formation is also known to have the strict 
homology. Moreover, the correct RNP form and function is a key step for the repli-
cation, transcription, and assembly of NSRV.  The antivirals targeting NP or the 
formation of virus RNP is thus conceivable to be an ideal goal for the development 
of small-molecule therapies against viral resistance to currently available drugs 
(Lou et al. 2014). However, this strategy does not have success until recently great 
progress has been made on influenza virus.

A small-molecule compound, nucleozin, was reported to trigger influenza virus 
NP aggregation, inhibit the nuclear accumulation of NP, and thus inhibit the replica-
tion of influenza virus at a nanomolar median effective concentration (EC50) (Kao 
et al. 2010). Meanwhile, Gerritz et al. also presented influenza replication inhibitors 
to induce the formation of unnatural higher-order NP oligomer and inhibition influ-
enza virus replication with an EC50 up to 60 nM (Gerritz et al. 2011). This is the first 
success to demonstrate that virus NP is a druggable target and develop antivirals 
targeting at NP. Notably, the structure of NP in complex with a representative com-
pound of these inhibitors revealed that two inhibitors in an antiparallel orientation 
lock two adjacent NP protomers, which are consistent with the observation of cell 
biology (Gerritz et al. 2011). Additional progress has also been reported with the 
study of SFTSV NP. The structure of SFTSV NP in complex with suramin, an anti-
viral inhibitor, revealed that the blocker that binds at the RNA- binding cavity can 
attenuate SFTSV replication and indicated a new therapeutic antiviral approach to 
impact RNP formation (Wang et al. 2012).

 Conclusion and Perspective

With the effort in the past decade, the understanding of molecular details of virus 
NP and the dynamic processes of RNP formation achieve great progresses. Although 
the structural and functional studies summarized here suggest an overall picture of 
NP and RNP in NSRV, many important questions warrant further investigations. 
First, the real architectures of native RNP that is packaged in virions or functions in 
host cells remain unclear. In particular, the atomic structure of a real virus RNP is 
also missing. It is necessary to further investigate the structure of a real RNP to 
elucidate the conformational shifts of NP and other components during the dynamic 
process of RNP formation. Second, the structure of CCHFV NP suggests a close 
relationship of CCHFV with arenavirus but is distant with other bunyaviruses. It 
may need further consideration to include this structural information in viral tax-
onomy. Finally, the success of antiviral development targeted at virus NP is very 
rare. Because virus NP is one of most conserved protein among different genotypes 
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of one virus, it is possible to combine structural findings in the development of anti-
viral therapeutics that target RNP formation and function. We anticipate that future 
developments and discussions will continue to explore the structural aspects of viral 
RNPs and the antiviral reagents that impact RNP formation that could have clinical 
applications in the future.
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Chapter 3
Viral RNA-Dependent RNA Polymerases: 
A Structural Overview

Diego Ferrero, Cristina Ferrer-Orta, and Núria Verdaguer

 Introduction

RNA virus infections are the main cause of epidemic diseases in humans and ani-
mals. The humanitarian disaster caused by the Ebola virus in 2014 or the last Zika 
virus outbreak in 2015 is only one of the examples in a long series of unexpected or 
recurring RNA virus outbreaks. One way to limit the impact of RNA viruses is to 
prevent their replication, and an exhaustive knowledge of the replication mecha-
nisms used by these pathogens is therefore essential. Viruses with RNA genomes 
are divided into four groups: single positive-strand ((+)ssRNA), single negative- 
strand ((−)ssRNA), double-strand RNA (dsRNA) viruses, and retroviruses. These 
viruses use specific strategies to replicate and transcribe their genetic material, but 
with the exception of retroviruses, all of them have a common element: the RNA- 
dependent RNA polymerase (RdRP).

Currently, the high-resolution structures of RdRPs and RdRP-RNA catalytic 
complexes have been determined for a large number of RNA virus groups, includ-
ing the Picornaviridae, Caliciviridae, Flaviviridae, and Permutatetraviridae fami-
lies of (+)ssRNA viruses; the Cystoviridae, Reoviridae, Picobirnaviridae, and 
Birnaviridae families of dsRNA viruses; and the Orthomyxoviridae and 
Bunyaviridae (segmented) and Rhabdoviridae (non-segmented) (−) ssRNA virus 
families (Table 3.1). These studies contributed enormously to our comprehension 
about the mechanisms of action of these enzymes. RdRPs belong to the superfamily 
of template- directed nucleic acid polymerases (TdPPs), including DNA-dependent 
DNA polymerases, DNA-dependent RNA polymerases, and reverse transcriptases. 
All these enzymes share similar architecture and a conserved two-metal ion mecha-
nism of phosphodiester bond formation (Brautigam and Steitz 1998). The shape of 
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Table 3.1 High-resolution structures of RdRPs and RdRP catalytic complexes solved by X-ray 
crytallography available in the PDB to date

+RNA Picornaviridae
PV 3Dpol partial structure Hansen et al. 

1997
1RDR

PV 3Dpol Thompson and 
Peersen 2004

1RA6, 1RA7, 1RAJ, 1TQL

FMDV 3Dpol isolated and 
a template-primer 
complex

Ferrer-Orta et al. 
2004

1U09, 1 WNE

HRV1B, HRV14, and 
HRV16 3Dpol

Love et al. 2004 1XR5, 1XR6, 1XR7

HRV16 3Dpol Appleby et al. 
2005

1TP7

Initiation complex of 
FMDV

Ferrer-Orta et al. 
2006b

2D7S, 2F8E

Elongation complexes of 
FMDV

Ferrer-Orta et al. 
2007

2E9R, 2E9T, 2EC0, 2E9Z

PV 3Dpol with NTPs Thompson et al. 
2007

2ILY, 2ILZ, 2IM0, 2IM1, 2IM2, 2IM3

PV 3CD protein Marcotte et al. 
2007

2IJD, 2IJF

CVB3 3Dpol Campagnola et al. 
2008

3DDK

CVB3 3Dpol with VPg Gruez et al. 2008 3CDU, 3CDW
EV-71 3Dpol with NTP and 
analog

Wu et al. 2010 3N6L, 3N6M, 3N6N

Elongation complexes of 
PV, HRV, and CVB3

Gong et al. 2013 4K4S, 4K4T, 4K4U, 4K4V, 4K4W, 
4K4Y, 4K4X, 4K4Z, 4K50

EV-71 3Dpol with VPg Chen et al. 2013 4IKA
EMCV 3Dpol Vives-Adrian 

et al. 2014
4NYZ, 4NZ0

Elongation complex of 
EV-71

Shu and Gong 
2016

5F8G, 5F8H, 5F8I, 5F8J, 5F8L, 
5F8M, 5F8N

EV-68 3Dpol Wang et al. 2017 5XE0
Caliciviridae
RHDV RdRP Ng et al. 2002 1KHV, 1KHW
NV RdRP Ng et al. 2004 1SH0, 1SH2, 1SH3
NV elongation complex Zamyatkin et al. 

2008
3BSO, 3BSN

Flaviviridae
HCV NS5B Lesburg et al. 

1999
1C2P

Bressanelli et al. 
1999

1CSJ

Ago et al. 1999 1QUV
HCV NS5B with NTPs Bressanelli et al. 

2002
1GX6, 1GX5

(continued)

D. Ferrero et al.



41

Table 3.1 (continued)

BVDV NS5 Choi et al. 2004 1S48, 1S49, 1S4F
WNV NS5 RdRP domain Malet et al. 2007 2HCN, 2HCS, 2HFZ
DenV NS5 RdRP domain 
with NTPs

Yap et al. 2007 2J7U, 2JUW

HCV NS5B with primer- 
template RNA

Mosley et al. 2012 4E76, 4E78, 4E7A

JEV NS5 full length Lu and Gong 
2013

4K6M

JEV RdRP with and 
without NTPs

Surana et al. 2014 4MTP, 4HDG, 4HDH

HCV initiation complex Appleby et al. 
2015

4WT9, 4WTA, 4WTC, 4WTD, 
4WTE, 4WTF, 4WTG, 4WTI, 4WTJ, 
4WTK, 4WTL, 4WTM

DenV NS5 full length 
with cap O-RNA and SAH

Zhao et al. 2015a 5DTO
Zhao et al. 2015b 4V0Q, 4V0R

DenV NS5 full length 
dimer with SAH

Klema et al. 2016 5CCV

ZIKV NS5 RdRP domain Godoy et al. 2017 5U04
ZIKV NS5 full length Upadhyay et al. 

2017
5TFR

Permutatetraviridae
TaV RdRP with and 
without NTPs

Ferrero et al. 2015 5CX6, 5CYR, 4XHA, 4XHI

ds 
RNA

Reoviridae

λ3 Initiation complex and 
RdRP with cap analog

Tao et al. 2002 1MWH, 1MUK, 1N1H, 1N35, 1N38

Rotavirus SA11 VP1 with 
and without RNA and 
NTPs

Lu et al. 2008 2R7O, 2R7Q, 2R7R, 2R7S, 2R7T, 
2R7U, 2R7V, 2R7W, 2R7X

CPV capsid and 
polymerase complex

Li et al. 2017 5H0R, 5H0S

Birnaviridae
IBDV VP1-VP3 
C-terminus peptide 
complex

Garriga et al. 
2007

2PUS, 2R70, 2QJ1, 2R72

IBDV VP1 Pan et al. 2007 2PGG
IPNV VP1 Graham et al. 

2011
2YI8, 2YI9, 2YIA, 2YIB

IPNV VP1-VP3 peptide 
complex

Bahar et al. 2013 3ZED

Picobirnaviridae
hPBV RdRP Collier et al. 2016 5I61, 5I62

(continued)
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these molecules, which imaginatively looks like a cupped right hand with “fingers,” 
“palm,” and “thumb” subdomains, provides the correct geometrical arrangement of 
substrate molecules and metal ions at the active site for catalysis (Fig. 3.1). In addi-
tion, RdRPs show unique extensive interactions between the fingers and thumb sub-
domains, which completely encircle the active site of the enzyme and contribute to 
the formation of a well-defined channel, where the template binds.

The RdRPs from picornavirus and calicivirus are the smallest polymerases 
known, and their highly conserved architecture is found at the core of other larger 
viral RdRPs of known structure (Fig. 3.1). In the larger RdRPs, the fingers, palm, 
and thumb subdomains are surrounded by elaborate additional elements derived 
from long N- and/or C-terminal extensions, which in most cases have other enzy-
matic activities, required for replication and/or transcription of the viral RNA 
(Fig. 3.1). This chapter summarizes the structural and biochemical studies of differ-
ent viral RdRPs reported during the past years (Table 3.1). A particular emphasis 
will be placed on the structure-function relationships for different RdRPs that cover 
representatives of major virus families, displaying different replication mecha-
nisms. The functional roles of polymerase self-interaction and interactions of these 
enzymes with other viral and/or host proteins will be also discussed.

 Replication and Transcription Strategies

The genomic RNA of (+)ssRNA viruses acts as mRNA that is directly translated by 
the cellular ribosomes to produce the viral proteins during the very first steps of 
infection. Then the RdRP copies the (+)ssRNA strand into a complementary (−)
ssRNA strand forming a dsRNA replication intermediate. The (−)ssRNA chain 

Table 3.1 (continued)

Cystoviridae

ɸ6 Initiation complex Butcher et al. 
2001

1HHS, 1HHT, 1HI0, 1HI1, 1HI8

Salgado et al. 
2004

1UVL, 1UVN, 1UVI, 1UVJ, 1UVK, 
1UVM

ɸ12 P2 protein Ren et al. 2013 4GZK, 4IEG

-RNA Bunyaviridae
LACV L protein with and 
without viral RNA

Gerlach et al. 
2015

5AMR, 5AMQ

Orthomyxoviridae
Influenza A and influenza 
B virus RdRP

Reich et al. 2014 4WSA, 4WRT

Influenza C virus RdRP Hengrung et al. 
2015

5D98, 5D9A

Rhabdoviridae
VSV L protein Liang et al. 2015 5A22
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Fig. 3.1 Gallery of viral RdRPs structures. Cartoon representation of right handed arrange-
ments of viral polymerases belonging to different families, highlighting fingers (red), palm (yel-
low), and thumb (green) subdomains. N-terminal and C-terminal extensions are shown, when 
present, in slate blue and gray, respectively. (+)ssRNA RdRPs are shown in panels A–E. (A) 
FMDV (pdb, 2E9R), (b) HNV (pdb, 5TSN), (c) TaV (pdb, 4XHI), (d) HCV (pdb, 5PZL), and (e) 
front and lateral views of full-length NS5 from DENV3 (pdb, 4V0Q), with the N-terminal MTase 
domain shown in slate blue. The RdRPs of distinct dsRNA virus families are shown in panels F–I. 
(f) Human picobirnavirus (hPBV; pdb, 5I61), (G) IBDV (pdb, 2PUS), (H) φ6 (pdb, 4B02), (I) front 
view of the RdRP core domain of the (−) ssRNA virus VSV (pdb, 5A22). Right panels show the 
front and back views of the full-length L protein with the accompanying extensions at the N- and 
C-terminus. The latter containing the capping, connector, MTase, and C-terminal domains

3 Viral RNA-Dependent RNA Polymerases. A Structural Overview
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serves then as a template to produce a large excess of (+)RNA which acts as genomic 
RNA (Ball 2007). Among the various (+)ssRNA virus families, a different set of 
strategies has been selected for the genome replication and transcription. The com-
mon objective is that the genome itself should be stable and recognized by the cel-
lular machinery as mRNA.  These strategies include (i) the incorporation of a 
m7Gppp cap-1 structure on the 5′-end of the genomic RNAs (e.g., flaviviruses but 
not hepaciviruses and pestiviruses). RNA capping in flaviviruses occurs in a series 
of reactions involving the multifunctional NS5 protein which comprises a N-terminal 
S-adenosyl-L-methionine (SAM)-dependent methyltransferase (MTase) domain 
and a RdRP domain at the C-terminus (Fig. 3.1e). The MTase moiety of NS5 is 
responsible for the formation of a cap-1 structure through N7 and 2’O-methylation 
events (Davidson 2009). (ii) The incorporation of internal ribosome entry sites (IRES) 
at the 5′ untranslated region of the genomic RNA, as occurred in picornavirus, cali-
civirus, and most probably in permutatetravirus (Jackson et al. 1990; Zeddam et al. 
2010). RNA protection in these viruses is achieved through a covalently attached 
protein at the 5′-end of the genome that in the case of permutotetraviruses is the 
same replicase molecule which acts as VPg. (iii) These viruses also incorporate 
poly-A tail loops (picornavirus and calicivirus) or untranslated RNA sequences  
(flavivirus, permutotetravirus) at the 3′-end of their genomes.

A common feature of dsRNA viruses is that they retain several copies of their 
RdRP within the icosahedral particle throughout the infectious cycle (McDonald 
et  al. 2009; Estes and Kapikian 2007; Schiff et  al. 2007). The vast majority of 
dsRNA viruses, including the Reoviridae, Totiviridae, and Cystoviridae families, 
contain a second pseudo-T = 1 core shell that anchors the RdRP and associated 
enzymes, serving as a platform for RNA synthesis. This core also protects the 
dsRNA genome by preventing the activation of the RNA-induced antiviral host 
response. Among this group, the polymerases of the Reoviridae family are better 
characterized. During viral transcription, the RdRPs of reoviruses use the minus- 
strand of dsRNA as template for the synthesis of multiple copies of plus-strand 
RNA. Following their packaging into the core particle, the RdRPs initiate a single 
round of (−)ssRNA synthesis on each (+)ssRNA, creating progeny virions that con-
tain a complete set of dsRNA genome segments (reviewed in McDonald et  al. 
2009). Of the dsRNA virus group that do not possess T = 1 cores, the most studied 
examples belong to the Birnaviridae family. In these viruses, the bisegmented 
dsRNA genome, covalently attached to the VP1 polymerase (acting as VPg), is 
bound to the protein VP3, which acts as a nucleocapsid protein, mimicking that 
which occurs in many (−)ssRNA viruses. Two or more copies of the bipartite 
genome are encapsidated along with isolated copies of the VP1 RdRP into a single-
shelled T = 13 capsid (Luque et al. 2009a; b). The VPg-linked genome of birnavi-
ruses also appears to be reminiscent of the Picornaviridae and Caliciviridae families 
of (+)ssRNA viruses.

(−)ssRNA viruses can be broadly categorized as segmented and non-segmented. 
Orthomyxoviruses such as influenza A contain six to eight RNA genomic segments, 
bunyaviruses such as hantavirus contain three, and arenaviruses such as Lassa virus 
contain two segmented RNAs. Non-segmented viruses (Mononegavirales) comprise 
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some of the most lethal human and animal pathogens, including Ebola virus and 
rabies virus from the Filoviridae and Rhabdoviridae families, respectively. Our cur-
rent structural understanding of RNA synthesis in NSVs comes principally from the 
recently solved structures of the trimeric polymerase complex from influenza 
viruses A, B, and C polymerases (Pflug et al. 2014; Reich et al. 2014; Hengrung 
et  al. 2015), the monomeric L protein from La Crosse orthobunyavirus (LACV) 
(Gerlach et al. 2015), and the L protein from the rhabdovirus, a vesicular stomatitis 
virus (VSV) which is a representative from the Mononegavirales group (Liang et al. 
2015). All these structures, which appeared after many years of intense research in 
laboratories worldwide, revealed that the architecture of the RdRP core remains 
essentially invariant and closely resembles the corresponding enzymatic regions of 
dsRNA virus polymerases (Fig.  3.1). Moreover, a nucleocapsid (N) protein coat 
covers the genomic RNA, and the viral polymerases use this N-RNA complex as 
template, rather than uncoated RNA (Liang et al. 2015; Das and Arnold 2015; te 
Velthuis and Fodor 2016). During RNA synthesis, a few subunits of N dissociate 
from the template RNA for access to the catalytic site of RdRP and then reassociate 
as the process continues (Albertini et al. 2006; Green et al. 2006). Besides replicat-
ing the viral genome, polymerases of (−)ssRNA viruses also transcribe the positive- 
sense viral mRNAs using the same N-RNA template. To initiate translation from 
viral mRNAs, addition of a type-1 cap at the 5′-end and the polyadenylation of a 
3′-terminal tail are mandatory. Non-segmented and segmented (−)ssRNA viruses 
differ significantly in how this is achieved. All segmented (−)ssRNA viruses employ 
a “cap-snatching” mechanism, involving host mRNA binding and cleavage to create 
a short-capped primer (Reich et al. 2014; Plotch et al. 1981). By contrast, the L 
proteins of nonsegmented viruses use the enzymatic activity of their GDP polyribo-
nucleotidyl transferase (PRNTase) domain to catalyze an unusual sequence of cap-
ping reactions (Li et al. 2008; Ogino and Banerjee 2007). The structure and function 
of (−)ssRNA virus RdRPs and, in particular, that of influenza virus are extensively 
reviewed in Chap. 5.

 RNA-Dependent RNA Polymerase Core

The closed “right-hand” design of RdRPs encircles seven structural motifs (A to G; 
Fig.  3.2a), containing highly conserved amino acids that are essential for poly-
merase function (Bruenn 2003); Ferrer-Orta et al. 2006a). Fingers, palm, and thumb 
subdomains of RdRPs collaborate with each other, supporting the binding of RNA 
and NTPs. In fact, the structures of ternary RdRP-RNA-NTP catalytic complexes 
revealed the presence of three well-defined channels in the polymerase structures of 
all (+)ssRNA and also in a number of dsRNA viruses (Ferrer-Orta et al. 2006a). 
These channels serve as the entry paths for template (template channel) and for 
nucleoside triphosphates (NTP channel) and as the exit path for the dsRNA product 
(dsRNA channel) (Fig. 3.2b, c). The N-and C-terminal extensions that surround the 
RdRP cores of reovirus RdRPs, as well as that of (−)ssRNA viruses (Fig. 3.1i, j), 
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create globular, cage-like structures in which the buried active sites are connected to 
the exterior through four well-defined channels (Fig.  3.2d) (Tao et  al. 2002; 
McDonald et  al. 2009; Reguera et  al. 2016; see also Sect. “Additional Domains 
Linked to Polymerase Proteins”).

The NTP and template entry channels meet at the catalytic site located in palm 
subdomain (Figs.  3.2b–d). The palm architecture, composed of a three-stranded 
antiparallel β-sheet core, flanked by three α helices, is the most highly conserved 
feature not only in RdRPs but also among all known TdPPs (Gorbalenya et al. 2002; 
O’Reilly and Kao 1998). It contains four structural motifs, arranged in sequential 
order A-B-C-D-E from amino to carboxyl terminus (Fig. 3.3a). Motif A is located 

Fig. 3.2 Conserved structural elements in the RNA virus polymerase. Overall structure of a 
viral RdRP. (a) Ribbon representation of a typical RdRP PV 3Dpol (pdb: 3OL6). The seven con-
served motifs are indicated in different colors: motif a, red; motif b, dark green; motif c, yellow; 
motif d, cyan; motif e, wheat; motif f, blue; and motif g, magenta. (b–d) Lateral views of surface 
representations of three representative enzymes (gray semitransparent). The surfaces have been cut 
to expose the channels that are the entry and exit sites of the different substrates and reaction prod-
ucts. The structural elements that support motifs A to G are also shown as ribbons, colored as in 
panel A, (b) PV elongation complex (pdb, 3OLB), (c) the bacteriophage φ6 initiation complex 
(pdb,1HI0), and (d) reovirus λ3 RdRP-RNA complex (pdb,1 N35)
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at the end of a β-strand in the central core and has the consensus sequence DX4-5D, 
while motif C is at the top of a β-hairpin, containing the triplet sequence XDD 
(Figs. 3.3c and 3.4a). In TdPPs other than RdRPs, only the amino terminal aspartic 
acid residues in motifs A (DA) and C (DC) are conserved. These acidic residues bind 
divalent ions and are crucial for catalysis (Ferrer-Orta and Verdaguer 2009; te 
Velthuis 2014). In RdRPs, the second aspartate of motif A is involved in the selec-
tion of NTPs over 2′ deoxyribonucleotide triphosphates (2’d-NTPs) by hydrogen 
bonding to the 2′ and 3′ hydroxyl groups of the incoming nucleotide (Gohara et al. 
2004; Fig.  3.4b). Motif B forms an α-helix that packs against one strand of the 
β-sheet core. A conserved hydrophilic residue, asparagine in (+)ssRNA or serine in 
dsRNA viruses, also participates in NTP selection forming a critical hydrogen bond 
with the 2’-OH of the incoming NTP (Fig. 3.4b). Motif D is comprised by an α-helix 
and a short loop that bends back around to form the fourth strand of the β-sheet core 
(Fig. 3.4a, b). The signature of this motif is a basic residue (lysine or histidine) that 
appears to be protonated during the polymerization reaction and is involved in the 
regulation of the catalytic efficiency and fidelity (Castro et  al. 2009; Yang et  al. 
2012; Verdaguer and Ferrer-Orta 2012). Motif E forms a tight loop which lies at the 
junction between the palm and thumb subdomains. The turn of this loop projects 
into the active site cavity, contributing to the positioning of the 3′ end of the RNA 
primer strand for attack on the α-phosphate of the NTP during phosphoryl transfer 
(Figs.  3.2a–d). The structure of HIV RT catalytic complex showed that residues 
immediately following the E motif acted as a pivot point for the thumb subdomain 
movement upon template-primer binding (Huang et al. 1998). However, the closed 

Fig. 3.3 Architecture palm subdomains. Cartoon of secondary structure elements forming the 
palm subdomain of viral RdRPs highlighting the motifs a–d, colored as in Fig. 3.2. (a) The canoni-
cal palm of the (+)ssRNA virus PV RdRP. The Mg+2 ions interacting with the catalytic active site 
residues are shown in green. (b) The noncanonical architecture of the palm subdomains in the 
Thosea asigna virus (TaV) (left panel) and in IBDV (right panel) RdRPs
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right hand of RdRPs prevents such large conformational changes. In fact, the 
sequential structures of different enterovirus catalytic complexes (Gong and Peersen 
2010; Gong et al. 2013; Shu and Gong 2016) showed that a subtle movement of the 
strand containing the catalytic motif A relative to the strands harboring motif C is 
essential to catalysis and dependent upon correct NTP binding (Fig. 3.4a; see also 
Sect. “Replication Elongation and Regulation” for details).

Exceptions to the canonical A-B-C-D organization have been reported in mem-
bers of the Birnaviridae and Permutotetraviridae families of dsRNA and (+)ssRNA 
viruses, respectively. In these enzymes, motif C is located upstream of motif A 
forming a noncanonical C-A-B-D arrangement with a unique connectivity of the 
major structural elements of the active site (Gorbalenya et al. 2002; Zeddam et al. 
2010). However, the crystal structures of permuted RdRPs from two members of the 
Birnaviridae family, infectious bursal disease virus (IBDV) and infectious pancre-
atic necrosis virus (IPNV), and that of the permutotetravirus Thosea asigna virus 
(TaV) revealed that in spite of their permuted connectivity, the overall architecture 
of their catalytic sites is identical to those of canonical RdRPs (Garriga et al. 2007; 
Pan et al. 2007; Graham et al. 2011; Ferrero et al. 2015) (Figs. 3.3a, b).

Fig. 3.4 The replication elongation process. Sequential structures illustrating the movement of 
the different residues within the palm domain in a RdRP-RNA-NTP open ternary complex (left), a 
RdRP-RNA-NTP closed ternary complex (middle), and RdRP-RNA-PPi closed ternary complex 
(right). The different structures correspond to the 3Dpol-RNA-CTP open complex from PV (pdb, 
3OLB), the RdRP-RNA-CTP complex from Norwalk virus (pdb, 3BSO), and 3D–RNA-CTP 
closed complex from poliovirus (pdb, 3OL7). (b) The active site interactions in the closed (left) 
and open (right) elongation complexes
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The fingers subdomain, located at the RdRP N-terminus, contains two conserved 
motifs: motif G, with a consensus sequence T/SX1–2GP (X symbolize any residue), 
is located in a loop outlining the template channel entry, and motif F, defined as 
R-X1–2-I/L. The conserved R, together with other partially conserved basic residues 
form the roof of the NTP channel (Figs. 3.2b–d).

The architecture of the thumb domain, located at the C-terminus of the RdRP 
core, is poorly conserved (Fig.  3.1). Picornavirus and calicivirus RdRPs have 
small thumbs, allowing the formation of a large central cleft in the front side of the 
molecule, which facilitates the accommodation of the newly synthesized dsRNA 
during the elongation process (Figs. 3.1a, b and 3.2b). This cavity can also accom-
modate the protein primer during the initiation of RNA replication (Fig.  3.5a) 

Fig. 3.5 Replication initiation complex. (a) Comparison of identified VPg binding sites in picor-
navirus 3Dpol. The structure of the FMDV 3Dpol in complex with an uridylylated VPg (pdb: 2F8E) 
has been used as the 3Dpol model, represented as a gray cartoon. The bound VPgs from FMDV, 
CVB3 (pdb, 3CDW), and EV71 (pdb, 4IKA), are shown as sticks and semitransparent surfaces in 
slate blue, dark green, and orange, respectively. (b) Details of the interactions seen in the active 
site of the FMDV 3Dpol during uridylylation (pdb: 2F8E). The N-terminal residues of VPg and the 
UMP molecule covalently linked to the VPg Y3 side chain are shown in atom type sticks, the diva-
lent cations as white spheres, and the 3Dpol side chains involved in the uridylylation reaction rep-
resented in sticks and explicitly labeled. The structural conserved motifs a, b, c, and f are colored 
as in Fig. 3.2. (c) Top-down view of bacteriophage ϕ6 RdRP initiation complex (pdb: 1HI0) with 
a template RNA shown in pale cyan and the two GTPs initiating nucleotides depicted in atom type 
sticks. The seven motifs a to e are also shown, colored as in Fig. 3.2. (d) Close-up of the active site 
residues involved in interactions in the de novo initiation complex. Residues are represented in 
sticks and colored as in panel c
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(Ferrer-Orta et al. 2006b). In contrast, the RdRPs of flaviviruses and permutotetra-
viruses, as well as, those of all dsRNA and (−)ssRNA virus families known have 
significantly larger thumb subdomains (Figs. 3.1c–j). These large thumbs also con-
tain elements that protrude into the template channel that serve as the priming plat-
forms that stabilize the de novo initiating complexes (Butcher et al. 2001; Tao et al. 
2002; Appleby et al. 2015) (see also Sect. “Initiation of RNA Synthesis”).

 Initiation of RNA Synthesis

Correct initiation of RNA synthesis is crucial to maintain the integrity of the viral 
genome. Although diverse RNA viruses use several replication scenarios, there are 
only two principally different mechanisms by which RNA polymerases can initiate 
RNA synthesis: primer dependent initiation or de novo initiation (van Dijk et al. 
2004; Kao et  al. 2001). RNA viruses can use either one or sometimes both 
mechanisms.

 Primer-Dependent Initiation

The picornavirus 3Dpol is a good representative of RdRPs using a primer-dependent 
replication initiation mechanism. In this mechanism, an oligonucleotide or a viral 
encoded protein is the provider of the 3′-hydroxyl group for the addition of the next 
nucleotide. Picornavirus VPg (or 3B) is a short polypeptide ~20 amino acids long, 
covalently attached to the 5′-end of the viral genome that not only protects the RNA 
genome from degradation but also serves as a primer for the synthesis of both nega-
tive and positive RNA strands (Paul et al. 1998, 2003; Pathak et al. 2008). Hence, 
picornavirus RNA synthesis is initiated by the successive attachment of two UMP 
molecules to the hydroxyl group of a strictly conserved tyrosine residue of VPg. 
Then, the VPg-pUpU molecule primes the synthesis of the complementary strand 
(reviewed in Paul and Wimmer 2015). The uridylylation reaction is also catalyzed 
by 3Dpol, employing the carboxylic groups present at the active site (DA and DC) and 
using as a template an AA-containing RNA from the 3′-poly(A) tail or from the cis-
acting replication element (Cre) located in different regions of the viral genome. 
However, in caliciviruses it has been described that the nucleotidylylation of VPg 
can also occur in absence of templates (Goodfellow 2011).

VPg binding and uridylylation in picornaviruses have been extensively charac-
terized by biochemical and structural studies in different members of the family 
(PV, HRV16, FMDV, CVB3, and EV71). These studies indicated the presence of 
three different VPg binding sites on 3Dpol (Lyle et al. 2002; Appleby et al. 2005; 
Ferrer- Orta et  al. 2006a; Gruez et  al. 2008; Chen et  al. 2013; Ferrer-Orta et  al. 
2006b; Fig. 3.5a). Remarkably, while most picornaviruses express only a single VPg 
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protein, FMDV possesses three similar copies of VPg (VPg1, VPg2, and VPg3), and 
all of them were found linked to the viral genome (Forss and Schaller 1982; King 
et al. 1980).

The structures of two complexes between FMDV 3Dpol and VPg1, showing both 
the uridylylated and a non-uridylylated forms of VPg, revealed that the primer pro-
tein accessed the active site through the large RNA binding cleft, occupying the 
binding site of the template-primer RNAs in the elongation complexes. Conserved 
residues in the fingers, palm, and thumb domains of the polymerase contacted the 
VPg peptide, contributing to the stabilization of the complex in its binding cavity. 
Mutational analyses of the 3Dpol and VPg interacting residues together with func-
tional studies of these mutants showed drastic effects in uridylylation (Ferrer-Orta 
et al. 2006b). The structures show that the VPg N-terminal portion is located close 
to the NTP channel, approaching the hydroxyl group of the Y3 side chain to the 
3Dpol catalytic residues DA and DC (Fig.  3.5b); then the uridylylation reaction 
appears to follow a similar mechanism to that described for the nucleotidyl transfer 
during RNA elongation (Steitz 1998). This “front-loading” model for VPg binding, 
compatible with a mechanism of VPg uridylylation in cis, was supported by the 
crystal structures of HRV16 and of the PV 3CD precursor (Appleby et al. 2005; 
Marcotte et al. 2007).

A second VPg binding site was found in the structure of CVB3, where the 
C-terminal half of VPg was located at the base of the thumb subdomain of 3Dpol in 
an orientation that did not allow uridylylation in cis (Fig. 3.5a). Based on these data, 
authors proposed that VPg bound at this site could be uridylylated in trans by 
another 3Dpol molecule or alternatively it could play a structural role, stabilizing the 
uridylylation complex (Gruez et al. 2008).

The third VPg binding site was shown at the bottom of the palm domain of the 
EV71 3Dpol where the VPg residues displayed an extended V-shape conformation, 
extending from the front side of the catalytic center to the back side of the enzyme 
(Chen et al. 2013; Fig. 3.5a). In this complex, Y3 is buried at the base of the palm of 
3Dpol, and a conformational rearrangement would be necessary in order to expose 
this residue for uridylylation by other polymerase molecule.

Taking into account the important sequence homology between the picornaviral 
VPg sequences and the high similarities existing in the 3Dpol structures, it seems 
reasonable to assume that all picornaviral VPgs would bind to the same place of 
3Dpol, for uridylylation. However, the structural data show wide variability of inter-
actions between VPg and 3Dpol. Looking at the structures, it is tempting to speculate 
that the three different VPg binding sites observed might reflect distinct binding 
positions of VPg to both 3Dpol and its precursor 3CD at different stages of the virus 
replication initiation process. Further efforts directed toward the structural charac-
terization of higher-order complexes, involving the polymerase 3Dpol and different 
proteins or protein precursors, VPg, 3AB, 3Cpro, 3CD, together with RNA templates, 
would be necessary to facilitate the understanding of the molecular events underly-
ing the initiation of RNA synthesis in this group of viruses.
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 De Novo Initiation

In the de novo synthesis, one initiation nucleotide provides the 3′-hydroxyl, serving 
as a primer for the addition of the next nucleotide to form the first phosphodiester 
bond of the product strand. Structural comparisons showed that RdRPs of viruses 
using de novo initiation (e.g., flaviviruses, reoviruses, and all known (−)ssRNA 
virus families) share distinctive characteristic ensuring competent replication initia-
tion that includes larger thumb subdomains containing structural elements that fill 
most of the active site cavity (Figs. 3.1d–i and 3.2c, d), providing a platform for the 
initiating nucleotides, and also serving as a barrier that prevents chain elongation 
(Fig. 3.5b) (Butcher et al. 2001; reviewed in Lescar and Canard 2009; Ferrer-Orta 
et al. 2006a). Therefore a large conformational change, moving the initiation plat-
form away from the active site, would be required to allow the transition from the 
initiation to the elongation states of RNA synthesis (Butcher et al. 2001; Mosley 
et al. 2012; Appleby et al. 2015).

 Replication Elongation and Regulation

RNA elongation is based on sequential nucleotidyl transfer reactions, involving the 
nucleophilic attack of the NTP α-phosphate by the 3’-OH of the primer strand. The 
process leads to phosphodiester bond formation and release of the pyrophosphate 
side product. According to the two-metal-ion mechanism of catalysis (Steitz 1998), 
metal B binds the triphosphate moiety of the NTP, whereas metal A would reduce 
the 3’-OH primer pKa allowing its deprotonation. The acceptor for this proton has 
been shown to be a water molecule (Nakamura et al. 2012).

The plethora of replication elongation complex structures currently available has 
provided great insights into the conformational rearrangements associated with the 
different steps occurring during the elongation process of RNA synthesis (Fig. 3.4). 
The most complete pictures have been provided by the sequential structures of cata-
lytic complexes determined for different members of the Picornaviridae and 
Caliciviridae families of (+)ssRNA viruses (Ferrer-Orta et  al. 2004, 2007; Gong 
and Peersen 2010; Gong et al. 2013; Shu and Gong 2016; Ng et al. 2004; Zamyatkin 
et al. 2008; revised in Peersen 2017 and Deval et al. 2017). Based on these data, it 
has been proposed that full catalytic cycle that takes place repeatedly during proces-
sive elongation can be divided into six major states: S1, template/primer binding; 
S2, NTP binding; S3, active site closure; S4, catalysis; S5 opening of the active site; 
and S6 translocation and pyrophosphate release (Gong and Peersen 2010). Some of 
these steps were trapped in crystal structures and are summarized in Fig. 3.4a.

Initially the RdRP binds the RNA template-primer, with the T + 1 templating 
base locked in a position above the active site completely stacked on the upstream 
duplex. In this state, the polymerase remains essentially in the same conformations 
than in the unbound form. This conformation is characterized by an open active site 
conformation that is described by a partial formation of the central three-stranded 
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β-sheet of the palm subdomain, containing motifs A and C. The initial binding of 
incoming NTP occurs also in this polymerase conformation. This NTP enters via 
the NTP channel located at the back side of the enzyme (Figs. 3.2 and 3.4a). This 
channel contains a number of basic residues, organized to interact with the nucleo-
tide triphosphates. NTP selection takes place via specific interactions established 
between the ribose 2′ and 3′ hydroxyl groups of the incoming NTP and three con-
served residues of motifs B (S and N) and a second conserved D, located at the 
N-terminus of motif A (Fig.  3.4b). These interactions would stabilize the subtle 
restructuring of the palm domain, resulting in the formation of a functional closed 
active site. An incorrect nucleotide can bind, but its ribose hydroxyls will not be 
correctly positioned for active site closure; in consequence, the incorporation effi-
ciency will be reduced. After catalysis, the active site opens again by reversing the 
movement of motif A in the palm, and this movement is followed by a distinct 
translocation step to complete the catalytic cycle and position the next templating 
base in the active site (Peersen 2017). Structural comparisons between (+)ssRNA, 
−ssRNA, and dsRNA RdRP palm domains show that dsRNA and (−)ssRNA palms 
are completely structured in the RdRP unbound form, suggesting that this palm-
based active site closure mechanism is exclusive of (+)ssRNA viruses.

Besides its function in the selection of incoming nucleotides, motif B and, in 
particular, the flexible loop located at the N-terminus of the α-helix (the B-loop; 
Fig. 3.6) also play a central role in template binding. This loop is able to adopt 

Fig. 3.6 Conformational flexibility of the B-loop. (a) Superposition of the diverse conforma-
tions found for the B-loop in different RdRP structures. The structural conserved motifs A, B, and 
C are represented as red, green, and yellow ribbons, respectively. The B-loop is shown in different 
colors from red (up conformation) to blue (down conformation). The RdRPs used in the superim-
position follow NV, Mg2+ bound form (pdb, 1SH3, chain A), (PV unbound form (pdb, 1RA6), 
FMDV, RNAcomplex (pdb, 1WNE), PV C290V (pdb, 4NLP) IBDV VP1  +  VP3Cterm. (pdb, 
2R70), NV Mg2+ bound form (pdb, 1SH3, chain B), PV C290F (pdb, 4NLQ) IBDV VP1 unbound 
form (pdb, 2PUS), and FMDV K18E (pdb, 4WYL). (b) Superimposition of the three alternative 
conformations described for the PV 3Dpol: in/up (dark green; pdb, 3OLB), in/down (green; pdb, 
4NLO), and out/down (light green; pdb, 4NLQ). The RNA template primer is represented as a 
semitransparent cartoon, and the incoming NTP molecule is shown as sticks
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different conformations when it binds to different templates and incoming nucleo-
tides, being one the most flexible elements of the active site of RdRPs in picornavi-
ruses, as well as in other viral families (reviewed in Garriga et al. 2013). Structural 
comparisons evidenced large movements of the B-loop, ranging from a conforma-
tion in which the loop is packed against the finger domain leaving the active site 
cavity fully accessible for template entry to a configuration where the loop pro-
trudes toward the catalytic cavity and clashes with the template RNA (Fig. 3.6a). 
The key residue of this flexible region is a strictly conserved glycine, which acts as 
a hinge for the movement. Furthermore, the pattern of interactions established 
between the B-loop and the RNA phosphodiester backbone of the upstream duplex, 
between the −1 and −2 nucleotides, suggested the involvement of the B-loop in 
translocation (Ferrer- Orta et al. 2007; Gong and Peersen 2010). In fact, an extensive 
structural and functional work recently performed in PV evidenced the direct 
involvement of the conserved B-loop sequence S-G-C in polymerase translocation 
(Sholders and Peersen 2014). These studies identified two different movements for 
the B-loop: in/out, when the loop is packed against the fingers (in) or when the loop 
is protruding into the active site (out and up/down (up when residue C is buried into 
a hydrophobic pocket or down when C is exposed to the solvent). On the basis of 
these movements, the B-loop can adopt three conformations: in/up, in/down, out/
down (Fig. 3.6b). Initially, an unbound structure shows an in/up conformation of the 
B-loop, allowing the rNTP entry. When the polymerase binds the incoming NTP, 
the B-loop changes to an in/down conformation; in this position the S residue flips 
down toward the active site establishing interactions with the conserved active site 
DA, contributing to the nucleotide selection. After nucleotide incorporation, a move-
ment of the B-loop to out/down would facilitate translocation among the RNA and 
prevent backtracking after translocation (Sholders and Peersen 2014)(Fig. 3.4a).

Finally, growing amounts of data indicate that the conformational changes in 
motif D play a crucial role in determining both efficiency and fidelity of nucleotide 
addition. Biochemical studies of nucleotidyl transfer reactions carried out by single 
subunit DNA polymerases, RTs or RdRPs, show that two protons (not just one as 
was expected; see above) are transferred during the reaction; this second proton 
derives from a basic residue of the polymerase and is transferred to the pyrophos-
phate leaving the group. Pyrophosphate protonation is not essential for the polym-
erization reaction but contributes from 50- to 2000-fold to the rate of nucleotide 
addition (Castro et al. 2009). Mutagenic and kinetic analyses of nucleotide incorpo-
ration in different polymerases indicate that the proton donor is a conserved K resi-
due within motif D of RdRPs and NMR; studies revealed that the reorganization of 
motif D in order to facilitate the second proton transfer is dependent to the correct 
formation of ternary RdRP-RNA-NTP complex (Castro et  al. 2009; Shen et  al. 
2012; Yang et  al. 2012). The protonation state of this conserved K is critical to 
achieve the closed conformation of the active site, and the ability of the motif D to 
adopt the catalytically competent conformation seems also affected by binding of 
an incorrect nucleotide. Altogether, these studies relate the efficiency and fidelity of 
nucleotide addition with the conformation of motif D.
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 Additional Domains Linked to Polymerase and Coordination 
of their Functions

Extra N- and C-terminal decorations, folded as independent domains, often sur-
round the RdRP cores (Fig. 3.1e, j). The polymerases of pestivirus and flavivirus, 
within the Flaviviridae family, are illustrative examples. The structure of bovine 
viral diarrhea virus (BVDV) showed an N-terminal domain (~130 residues) that is 
located over the thumb and interacts with the fingertip region through a β-hairpin 
motif either from the same polypeptide chain or from the neighboring protein (Choi 
et al. 2004, 2006) (Fig. 3.7). The function of this N-terminal domain is not known, 
but the deletion of the first 106 residues causes 90% loss of activity, indicating its 
involvement in the RdRP reaction (Lai et al. 1999). The observed domainswapping 
and its position near the template channel entry suggest a possible role in template 
translocation (Choi and Rossmann 2009). Flaviviruses encode the 5’-RNA methyl-
transferase (MTase) and the RdRP domains in a single polypeptide chain (Fig. 3.1e), 
indicating that RNA synthesis and 5′-capping would be coupled in flaviviral genome 
replication. Hence understanding whether the two domains cooperate to regulate the 
RNA replication activity is a fundamental question. Interactions between the two 
domains have been demonstrated for dengue virus (DENV) and west Nile virus 
(WNV) by mutational and in vitro experiments (Potisopon et al. 2014; Lim et al. 
2013). Stimulatory effects by the MTase domain on the overall steady-state RdRP 
activity have also been demonstrated for the DENV NS5 protein. This stimulation 
occurred both during initiation and elongation (Potisopon et  al. 2014; Lim et al. 
2013; revised in Selisko et  al. 2014). Small-angle X-ray scattering (SAXS) data 
showed that NS5 was mainly extended in solution (Bussetta and Choi 2012; Saw 
et al. 2015; Subramanian Manimekalai et al. 2016). However the crystal structures 
of full-length NS5, determined for three different flaviviruses, DENV, Japanese 
encephalitis virus (JEV), and and Zika virus (ZIKV), showed an overall compact 
conformation of the enzyme (Lu and Gong 2013; Zao et al. 2015b; Klema et al. 
2016; Upadhyay et al. 2017). Structural comparisons also showed that whereas in 
the three proteins, the RdRP domain uses almost the same backside surface to con-
tact the MTase, the DENV MTase appears rotated about 110° relative to the JEV or 
ZIKV arrangements, forming a slightly larger interdomain interface with the RdRP 
(Fig. 3.8). Interestingly, the MTase residues involved in interdomain interactions in 
JEV and ZIKV monomers (Lu and Gong 2013; Upadhyay et al. 2017) are present at 
the monomer-monomer interface in the DENV dimeric structure shown by Klema 
et al. 2016 (Fig. 3.7). One fascinating feature of this structure is the possibility of 
NS5 autoregulation through its dimeric assembly (see also Sect. “RdRP 
Self-Interactions”).

As mentioned in Sect. “The RdRP Core,” the structures of the RdRPs from two 
dsRNA viruses, members of the Reoviridae family, revealed that the polymerase has 
a closed cage-like structure consisting of a central RdRP core that is sandwiched in 
between large N-terminal and C-terminal domains (Fig.  3.1i). The N-terminal 
domains surround the fingers and thumb subdomains, effectively closing the enzymes. 
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The C-terminal domains have a bracelet-like shape, resembling the sliding clamps 
of DNA polymerases that encircle templates and contribute to the efficiency of 
nucleotide addition (Reviewed in Mac Donald et al. 2009). The catalytic center is 
connected to the exterior by four channels (Fig. 3.2d); the template and nucleotide 
entry channels are located at equivalent positions of other RdRPs, but the reovirus 
polymerases possess two other channels serving as RNA exit paths (Fig. 3.2d). 

Fig. 3.7 Structures of RdRP assemblies in different viral families. (a) Dimeric arrangement of 
RdRPs in two members of the Caliciviridae family: murine norovirus, MNV (pdb, 3QID) and 
human norovirus; HNV (pdb, 2B43) and in two representatives of the Permutotetraviridae TaV 
(pdb, 4XHI) and Birnaviridae: infectious pancreatic necrosis virus; and IPNV (pdb, 2YIB). (b) 
Dimers found in the RdRP structure of bovine viral diarrhea virus, BVDV (pdb, 1S4F); in the 
dengue virus, DV RdRP domain (pdb, 4C11); and in the full-length NS5 structure of DV (pdb, 
5CCV), members of the Flaviviridae family. (C) Oligomeric assemblies seen in representatives of 
virus families: the trimeric and hexameric RdRP structures of the calicivirus MNV (pdb: 3QID). 
The tetrameric structure of the influenza virus polymerase (Orthomixoviridae; pdb, 3J9B, EMD, 
6203). Tubular arrangement of the PV 3Dpol (EMD: 2270)
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Only one RNA exit tunnel is believed to operate during replication; this tunnel 
extends through the bracelet domain and represents the pathway for release of newly 
made dsRNA to the core interior. During transcription, both RNA exit tunnels of the 
polymerase are expected to function. One is used for the release of the minus-strand 
template RNA from the polymerase and is the same tunnel used for the release of 
the dsRNA product during replication (dsRNA/(−)RNA exit channel). The other is 
used for the release of newly synthesized (+)ssRNAs and represents a conduit that 
directs nascent transcripts out of the core (reviewed in Gridley and Patton 2014). 
Another unique feature of reovirus polymerases is the presence of a shallow cleft 
near the template entry channel that represents an RNA cap-binding site (Tao et al. 
2002; Lu et al. 2008). This site may help to recruit capped (+)ssRNA templates 
during replication and/or provide an anchoring point for the capped 5′-end of 
the (+)ssRNA of viral genome segments during multiple rounds of transcription 
(McDonald et al. 2009).

Additional domains linked to the RdRP are also found in the polymerases of (−)
ssRNA viruses, e.g., the bunyavirus polymerase (L protein) consists of a N-terminal 
endonuclease domain joined to a C-terminal RdRP domain (Gerlach et al. 2015). 
A more complex example is found in the VSV polymerase (Liang et  al. 2015).  

Fig. 3.8 Additional domains bound to RdRPs. The NS5 protein of flaviviruses has a distinctive 
organization with a capping-related MTase naturally fused to the RdRP through a flexible linker. 
Comparisons with the NS5 structures from JEV (pdb, 4K6M) and DENV3 (pdb, 4V0Q) show that 
in both cases the MTase domain is located above the fingers subdomain at the backside of the 
RdRP. However, structural superimpositions show that both the relative orientation and intermo-
lecular interactions between the MTase and RdRP domains in these two viruses differ significantly. 
(a) Superimposition of the RdRP domains and (b) superimposition of the MTase domains. 
Structural comparison with the ZIKV NS5 structure, recently solved (pdb: 5TFR), shows that 
ZIKV and JEV NS5 proteins are essentially identical (Upadhyay et al. 2017)
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The 3.8 Å cryo-EM structure of this enzyme shows that the central RdRP domain is 
surrounded by three globular domains, possessing complementary enzymatic activ-
ities that are required for viral mRNA 5’ cap synthesis: a 2’-O methyltransferase 
(MTase), a guanine- N7-MTase, and a polyribonucleotidyl transferase (PRNTase) 
(Liang et al. 2015). In contrast influenza virus encodes an RdRP in which its mul-
tiple activities are separated out into three individual polypeptides, called PA, PB1, 
and PB2 (Reich et al. 2014). Detailed descriptions of the structure and interactions 
of influenza virus polymerases as well as other polymerases of negative-stranded 
RNA viruses are given in Chap. 5.

 RdRP Self-Interactions

Protein oligomerization, characterized by reversible protein-protein associations 
mediated by electrostatic and hydrophobic interactions, hydrogen bonds, or by 
covalent stabilization by disulfide bonds, is a frequent property observed in proteins 
of all biological systems. A number of functional advantages (e.g., gain in stability 
or additional functions) underlay the selection of the oligomeric states of proteins 
during virus evolution. In the case of viral proteins, these advantages allow the con-
struction of capsids, as well as large replication machineries, with high diversity and 
complex architectures, employing minimum genome occupancy. Moreover, the 
diversity of complexes that can be built from a single viral protein allows adaptation 
to diverse sets of functions through its ability to generate distinct oligomeric states, 
as well as tuning and regulation of existing functions. The rapid evolution of viruses 
has allowed them to develop many tricks to adapt and evolve proteins in the face of 
rapidly changing selection pressures. RdRPs are not exempt from this behavior; 
they can form homo-oligomers via RdRP self-interactions or hetero-oligomers, 
including copies of different proteins. The general tendency is to form symmetrical 
arrangements of globular or filamentous helicoidal shapes (Fig. 3.7).

The presence of RdRP-RdRP interactions to form dimers and also higher-order 
oligomers and the role of these assemblies in modulation of the enzyme activity 
have been extensively reported for several families of human and animal (+)ssRNA 
viruses, including Picornaviridae: PV and FMDV (Hobson et al. 2001; Spagnolo 
et al. 2010; Bentham et al. 2012); Caliciviridae, Feline calicivirus (FCV) and human 
and murine noroviruses (HNV, MNV) (Kaiser et  al. 2006; Ng KK et  al. 2004; 
Högbom et  al. 2009); Flaviviridae, hepatitis C virus (HCV) (Wang et  al. 2002; 
Chinnaswamy et al. 2010; Clemente-Casares et al. 2011) and DENV (Klema et al. 
2016); and Permutotetraviridae, TaV (Ferrero et al. 2015). In addition, RdRP oligo-
merization was also found in replicases of (–)ssRNA viral families like 
Rhabdoviridae, VSV (Rahmeh et al. 2010); Orthomyxoviridae, influenza A virus 
(Chang et al. 2015); Paramyxoviridae, measles virus (MeV), Sendai virus (SV), and 
parainfluenza virus-3, (PIV-3) (Çevik et  al. 2004, 2007; Smallwood and Moyer 
2004); and in dsRNA viruses of the Birnaviridae family, infectious pancreatic 
necrosis virus (IPNV) (Bahar et  al. 2013). Most of these RdRP oligomers were 
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functionally and structurally studied in vitro. However, intracellular accumulations 
of oligomeric RdRPs were also observed in vivo or during viral infections in differ-
ent RNA viruses (e.g., PV (Hobson et al. 2001), SV (Smallwood et al. 2002), Rift 
Valley fever virus (Zamoto-Niikura et al. 2009), and HNV (Högbom et al. 2009)), 
indicating the relevance of these quaternary structures in viral replication.

RdRPs structures determined by X-ray crystallography and by the emergent 
high-resolution cryo-electron microscopy (cryo-EM) are providing fine details 
about the interactions established in the contact interfaces, revealing the mecha-
nisms and functions associated with this reversible process. According to the struc-
tural information available in the PDB and EMDB, RdRPs self-interaction is mostly 
represented by dimer formation, sometimes reaching the formation of higher-order 
oligomers. RdRP-RdRP interactions can be clustered in three main groups: (i) lat-
eral interactions, predominantly involving contacts between fingers and thumb sub-
domain; (ii) interactions mediated by N-terminal tails, using either small secondary 
structural elements or full independent domains; and (iii) the assembly of these 
structures to forming higher-order oligomers (Fig.  3.7). Contacts between these 
domains in oligomer formation may cause small conformational changes that are 
transferred to the active site as an allosteric regulation or could even modify the 
accessibility of the substrate channels.

The first example of functional RdRP oligomerization was described in the crys-
tal structure of PV 3Dpol (Hansen et al. 1997). The work described two extensive 
interfaces of interaction, driving the formation of higher-order filamentous struc-
tures that explained previous biochemical studies (Pata et  al. 1995). Interface I 
derives from extensive interactions between the thumb subdomain of one molecule 
and the back of the palm subdomain of the adjacent molecule, and interface II 
involves contacts of the N-terminal region of one molecule with the thumb and fin-
gers subdomains of the second molecule. Mutational experiments provided further 
evidences of the functional relevance of interfaces I and II in efficient RNA binding 
and formation of the catalytic sites, respectively (Hobson et al. 2001). Initial cryo-
 EM data also demonstrated that the purified PV 3Dpol was able to organize two- 
dimensional lattices and tubular arrangements formed by polymerase fibers (Lyle 
et al. 2002), and recently, the structure of these assemblies has been characterized at 
the pseudo-atomic level (Fig. 3.7c) (Tellez et al. 2011; Wang et al. 2013). The planar 
lattices, forming a ribbon-like structure, consist of linear arrays of dimeric RdRPs 
supported by strong interactions through the interface I as defined in the crystal 
structure of 3Dpol. These data suggested that poliovirus polymerase could change 
conformation upon forming oligomers and, in the tubular arrays, becoming these 
arrays compatible with the RdRP activity (Wang et al. 2013).

The presence of dimers as well as of high-order oligomeric states has also been 
described in members of the Caliciviridae family (Fig. 3.7a and c). The first struc-
ture reported from the HNV RdRP NS7 (Ng et al. 2004) suggested the possibility of 
dimer formation by extensive contact surfaces, involving a hydrophobic patch in the 
top of thumb subdomain. The hypothesis was later demonstrated by the functional 
and structural characterization of the NS7 homodimers (Högbom et  al. 2009). 
Further work performed in MNV reinforced the concept that RdRP-RdRP 
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 interactions in solution are dynamic and the protein is able to reach small  
populations of different oligomers, including dimers, trimers, and hexamers  
(Lee et al. 2011).

The Flaviviridae family provides many examples of RdRP oligomerization. 
Wang and colleagues showed by combining different techniques that the HCV poly-
merase NS5B acts as a functional oligomer (Wang et al. 2002). The crystal structure 
revealed two large interacting interfaces involving the thumb region of one mole-
cule and the finger region of its neighbor in the dimeric state, in accordance with the 
biochemical data. Reinforcing this idea, Chinnaswamy and colleagues established a 
link between NS5B oligomerization and de novo replication initiation (Chinnaswamy 
et al. 2010). These studies also showed that primer extension was not affected by 
dimer formation. Additionally, Clemente-Casares and colleagues addressed this 
issue in HCV genotypes (1 to 5) confirming the cooperative effect of dimer forma-
tion in de novo synthesis. These authors further identified a number of acidic resi-
dues within an α-helix from the fingers subdomain and a positive patch of residues 
from a α-helix of the thumb as the regions involved in dimerization. The electro-
static nature of this interaction explains why this assembly is dependent on ionic 
strength (Clemente-Casares et al. 2011).

Evidence of dimer formation, affecting RdRP activity, was also shown in the 
pestivirus BVDV. The crystal structure of BVDV RdRP shows a dimeric arrange-
ment mediated by interactions between the N-terminal domain (residues 78–133) of 
one molecule and the fingertip region and the thumb domain of the neighbor mole-
cule (Choi et al. 2004). This motif partially occludes the template channel entrance, 
explaining why some N-terminal truncations cause important changes in polymerase 
activity (Lai et al. 1999).

The full-length NS5 protein of DENV is able to form dimers in crystals (Zhao 
et al. 2015b; Klema et al. 2016) or even higher-order oligomers (Klema et al. 2016). 
The structure of DENV NS5 solved by Klema and colleagues showed eight inde-
pendent NS5 molecules in the crystal asymmetric unit, organized in four dimers. 
Two distinct types of interactions were observed: type I dimers, involving the 
periphery of the MTase domain (opposite to the active site cleft) in one NS5 mole-
cule that contacts the base of the palm subdomain of the second NS5 (Fig. 3.7 c, left 
panel), were consistently found in two different crystal forms of DENV NS5 (Klema 
et al. 2016; Zhao et al. 2015a, b). In contrast type II interactions appeared to be the 
consequence of crystal packing. Site-directed mutagenesis of residues involved in 
type I and type II interfaces demonstrated that only mutations altering type I dimers 
drastically reduced viral titters (Klema et al. 2016). In light of these data, the authors 
suggested that type I dimers would facilitate the coordination between MTase and 
RdRP activities without requiring the large conformational changes inherent in the 
monomer model. Moreover, it has been shown that the isolated RdRP domain of 
DENV is also able to form compact and stable dimers (Fig. 3.7b, central panel) that 
show enhanced de novo polymerization activity and thermostability (Lim et  al. 
2013).

Stable functional dimers were also observed in the RdRP structure of TaV, a 
member of Permutotetraviridae family, whose polymerase activity closely  resembles 
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that of flavivirus (Ferrero et al. 2015) but posseses a permuted (ABC→CAB) archi-
tecture of the palm domain equivalent to that of birnavirus RdRPs (Fig. 3.3). The 
TaV RdRP dimers are maintained by mutual interactions between the active site 
cleft and the flexible N-terminal tail of the two molecules involved in interactions 
(Fig. 3.7a right panel). This end protruding in the central cavity of its neighbor lies 
in the template channel suggesting a mechanism of regulation of RdRP activity. In 
fact, in agreement with the RdRP structure, the biochemical data revealed that the 
deletion of the N-terminal arm (21 residues) abolished the protein dimerization and 
resulted in a drastic increment in RNA synthesis. In a similar manner, the RdRP of 
the birnavirus IPNV employs its N-terminal arm to mediate self-interactions 
(Fig. 3.7a, right panel) (Graham et al. 2011).

Recent high-resolution cryo-EM studies evidenced the presence of oligomers of 
the heterotrimeric polymerase of influenza virus (Chang et al. 2015) (Fig. 3.7c, right 
panel). The reengineered version of the multimeric polymerase, composed of  
full-length PA, PB1, and the 130 N-terminal residues of PB2, exists as a dimer in 
solution. However, this stable state can be altered in the presence of vRNA or other 
ssRNAs to spontaneously form a tetrameric RdRP complex. Interestingly, this is a 
rare case where the oligomeric state of the polymerase depends on substrates such 
as RNA. Indeed, the tetrameric complex could be reverted upon addition of ssRNA3’ 
suggesting that oligomerization state of influenza RdRP is regulated by binding to a 
promoter region. Chang and colleagues also determined that an N-terminal region 
in PB2 (residues 86–130) was crucial for oligomerization. Mutagenesis of residues 
involved in interactions resulted in the loss of the polymerase activity in vitro and in 
vivo, supporting the critical role of polymerase oligomerization for influenza virus 
viability (Chang et al. 2015).

 RdRP Interactions with Viral and/or Host Proteins  
Regulating the Activity

RNA viruses usually associate their RdRPs with other viral proteins or host proteins 
that act as scaffold to form the replicative complexes in specific intracellular loca-
tions such as membranous compartments (reviewed in den Boon et al. 2010 and 
Harak and Lohmann 2015) or inside capsids (Estrozi et al. 2013; Zhang et al. 2015; 
Ilca et  al. 2015). This association could also complement the RdRP activity, for 
example, helicases, NTPases, or capping enzymes. In addition, the RdRP protein 
interactions involving either viral or host proteins would contribute to the fine-tuning 
of the polymerase activity, ensuring the proper levels of RNA production. Despite 
the high occurrence of these macromolecular interactions in the virus world, the 
structural information available for these complexes is still limited, probably due to 
the transient character of these interactions or to the nature of the RdRP partners 
that often are membrane proteins. However, the recent methodological advances in 
high- resolution cryo-EM, including the deployment of direct electron detectors 
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(Cheng 2015), have enabled investigators to significantly increase the number and 
resolution of the RdRP viral protein complexes determined.

Structures of RdRP viral protein complexes mainly come from dsRNA viruses. 
A common feature of many dsRNA viruses is that the polymerases are always cap-
sid associated performing their function of replicating and transcribing the viral 
genome within this structure. The confinement of RdRP into the viral capsid pre-
vents the activation of the host’s RNA-induced defenses. Structures of RdRP-capsid 
protein complexes have been determined for several members of the Reoviridae 
family, reovirus λ3 (Zhang et al. 2003), rotavirus (Estrozi et al. 2013), cytoplasmic 
polyhedrosis virus, (CPV) (Zhang et al. 2015; Liu and Cheng 2015), and for a rep-
resentative of the Cystoviridae family, the bacteriophage φ6 (Ilca et al. 2015).

The structures of the transcribing and non-transcribing particles of CPV have 
been been determined by cryo-EM methods (Liu and Cheng 2015). The single-
shelled CPV is one of the simplest dsRNA viruses that pack its segmented dsRNA 
genome and the transcriptional enzyme complex (TEC) within the capsid. TEC con-
sists of two extensively interacting subunits: an RdRP and an NTPase, VP4. Liu and 
colleagues showed that the CPV interior has organized dsRNA densities associated 
with the RdRP that are anchored to the inner surface of the capsid, in a position 
slightly off center to the fivefold axis (Fig. 3.9a, b). Other densities were observed 
in close contact with the RdRP, NTP, and template entry channels that were assigned 
to VP4. The de novo VP4 tracing showed that the structure of this protein is closely 
related to that of orthoreovirus μ2 protein. Important differences were observed in 
the interactions between the packed dsRNA with the RdRP bracelet domain in the 
non-transcribing and transcribing particles. In the non-transcriptional particles, the 
conformation of the RdRP bracelet domain blocked the template and the transcript 
exit channels that become open in the transcriptionally active particles. These 
changes are required for the switch to transcription mode. Additionally, Zhang and 
colleagues determined the cryo-EM structures of TEC and the dsRNA organization 
inside quiescent and actively transcribing particles at 5.1 and 4  Å, respectively 
(Zhang et al. 2015). The resolution achieved was sufficient to define that VP4 was 
an NTPase and the absence of interaction with dsRNA suggested the lack of heli-
case activity. Comparisons also showed significant conformational changes between 
the TEC complexes in the two particles, including the above mentioned conforma-
tional changes of the RdRP bracelet domain. In addition, the N-terminal α-helix of 
the capsid protein interacts with TEC in both particles, inserted in the interface 
between the NTPase domain of VP4 and the RdRP fingers, directly affecting the 
TEC conformation. As the capsid protein also interacts with the bracelet domain of 
the RdRP, the conformational changes observed appear directly related to transcrip-
tion regulation. (Zhang et al. 2015).

Rotavirus is a triple-layered icosahedral virus containing 11 segments of genomic 
dsRNA. The inner core is formed by the association of dimers of the structural pro-
tein VP2 in a T = 2 capsid. The cryo-EM structure of the entire rotavirus particle 
revealed that the RdRP (VP1) is anchored slightly offset to the fivefold axes formed 
by the VP2 core (Estrozi et al. 2013; Fig. 3.9c). Previous studies established that 
this VP1-VP2 interaction was essential for VP1 activity (Patton et  al. 1997; 
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Tortorici et al. 2003). This dependence can be explained because the VP2-contacting 
region of VP1 includes residues located near the retracted priming loop that sup-
ports the de novo initiation RNA synthesis. Therefore, the VP1-VP2 contacts would 
induce rearrangements promoting the conformational shift in the priming loop to an 
extended form allowing RNA synthesis initiation.

Bacteriophage φ6 is another multilayer virus with the inner capsid formed by the 
P1 protein. The location of the φ6 RdRP, P2, into the P1 shell of in vitro assembled 
particles by cryo-EM methods, allowed the accurate fitting of the monomeric P2 
bound to the icosahedral threefold axes, showing the exact orientation of P2 in the 
P1 core interior and P1-P2 interactions (Ilca et al. 2015; Fig. 3.9d).

Fig. 3.9 RdRP interactions with other viral proteins. (a) Cross section of the cryo-EM map of 
cytoplasmic polyhedrosis virus (CPV) (EMD-6321) around one of the icosahedral fivefold axes, 
showing the capsid shell protein (blue mesh and in solid blue capped surface) bound to the RdRP 
(red solid surface). (b) High-resolution structure of ternary complex between the CPV RdRP 
(pipes and plank representation), the structural protein protein VP4 (green), and capsid shell pro-
tein (only the helices, directly contacting the RdRP are shown as ribbons in blue) (pdb: 3jb6). (c) 
The rotavirus RdRP VP1 (pipes and plank) bound to rotavirus capsid protein VP2 (blue ribons). (d) 
P2, φ6 RdRP (pipes and plank representation) bound to capsid protein P1 from an in vitro assem-
bled complex (pdb: 5fj7). In all RdRP structures, N- and C-terminal domains and fingers, palm, 
and thumb subdomains were highlighted in light blue, gray, red, yellow, and green, respectively
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Finally, although viral RdRP-host protein interactions have been extensively 
studied at the biochemical level (Le Breton et al. 2011; Mairiang et al. 2013; Mas 
et al. 2016), the structural information on RdRP-host protein complexes is extremely 
limited. The X-ray structure of the 18 C-terminal residues of DENV NS5 solved in 
complex with the nuclear importin-alpha (Tay et al. 2016) is one of the very few 
examples, making evident the absence of structural information in this field.

 Conclusions and Perspectives

Currently, the atomic resolution structures of RdRPs and RdRP-RNA-NTP sub-
strate complexes have been solved for several members of (+)ssRNA, (−)ssRNA, 
and dsRNA virus families, contributing decisively to our knowledge about the 
mechanisms of action of these enzymes. Picornaviruses and caliciviruses constitute 
the best known examples in (+) ssRNA viruses, with the structures of RdRP cata-
lytic complexes available from major representatives of these families. These struc-
tures provided incredible insights into the interactions involved in template and 
primer binding, NTP selection and binding, catalysis, and chain translocation. Due 
to the high similarity between RdRPs, specially between viruses possessing (+)
ssRNA genomes, these general mechanisms can be extrapolated to other members 
of the group.

Concerning flaviviruses, the structure of the full-length NS5 protein is known for 
three representatives of the group, providing useful data about the dynamic inter-
play of methyltransferase and polymerase domains. However, information regard-
ing the interactions of these domains with RNA substrates or with their protein 
partners in the replication complex is still not available.

The spectacular advances in cryo-EM technology have only recently enabled the 
resolution of complicated structures of functional viral replicative complexes in 
dsRNA and (−)ssRNA viruses at atomic detail. The transcribing replication 
machines of various reoviruses and the high-resolution structure of the VSV L pro-
tein constitute some illustrative examples.

Future efforts will be directed toward the description of these multidomain and 
multiprotein assemblies in complex with their respective nucleic acid substrates and 
other viral regulatory proteins and host factors. This structural information will be 
essential to understand how these enzymes are able to bind their promoters and how 
the viral and host factors modulate the transcription and replication activities in 
these machineries. As viral polymerases are leading therapeutic targets for treating 
infections caused by RNA viruses, the new interactions determined would serve as 
promising targets for drug discovery.
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Chapter 4
Filovirus Filament Proteins

Daniel R. Beniac, Lindsey L. Lamboo, and Timothy F. Booth

 Introduction

The filovirus family are so-called owing to the filamentous or thread like morphol-
ogy of their virus particles, first observed in clinical specimens and in cell culture, 
by electron microscopy (Almeida et  al. 1971). Filoviruses are agents of severe 
haemorrhagic fevers, can be highly contagious, and have the potential to cause seri-
ous outbreaks with high mortality (Sanchez et al. 2007). Filoviruses are members of 
the Mononegavirales, meaning that their genome consists of a single species of 
negative-sense RNA molecule. The Mononegavirales (also known as non-segmented 
negative-sense viruses) includes paramyxoviruses (such as measles virus) and rhab-
doviruses (such as rabies virus). One feature shared by all of the Mononegavirales 
is that they have helical nucleocapsids, meaning that their RNA is wound into heli-
cal structures that include one or more virally encoded proteins. In filoviruses, as in 
other non-segmented negative-strand RNA viruses, the helical nucleocapsids also 
contain other viral proteins that achieve RNA transcription and replication. As well 
as the large polymerase protein (L), there are three other nucleocapsid-associated 
proteins in filoviruses that form the replicase complex. With five different proteins, the 
Filoviridae have the most complex helical nucleocapsid within the Mononegavirales. 
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As well as their structural functions, in forming and retaining helical viral nucleo-
protein structures, these nucleocapsid-associated proteins possess other properties 
that promote viral replication, such as modulation of the host cell defence mecha-
nisms that have been well documented elsewhere (e.g. Sanchez et  al. 2007) and 
which we will not describe in detail here. It is of importance in understanding these 
structures to realize that negative-strand RNA virus genomes are usually not free 
within the cell or outside it (Reguera et al. 2016). These viruses, and their helical 
nucleoproteins, function as dynamic macromolecular complexes, which must be 
able to enter the cell through membrane fusion as well as to gain egress, driven by 
membrane budding. Their genomic RNA remains tightly bound with the nucleopro-
tein complexes, including the polymerase, during all stages of the infection cycle, 
except for brief transient periods where the RNA must detach for access to the tem-
plate. In addition, the promoter and termination sequences require access to the 
polymerase complexes, and replication must be tied with the process of formation 
of progeny nucleocapsids. Thus, it is important to understand how these helical 
nucleocapsid structures are formed and how they function dynamically.

 Systems for Studying Filovirus Proteins and Nucleoproteins

Systems for studying these structures and their formation and function include 
 expression of different combinations of viral proteins in non-infectious, heterologous 
systems, to generate nucleocapsid-like and virus-like particles. In conjunction with 
the use of cryo-electron microscopy (cryo-EM), structural-functional relationships of 
large oligomeric viral structures, consisting of multiple proteins and nucleic acid, can 
be studied in a time-resolved manner. Such macromolecular structures may be refined 
by fitting higher resolution X-ray crystallography structures of the individual mole-
cules or submolecular domains. The development of cryo-electron microscopy was 
recently recognized by the award of the 2017 Nobel prize in chemistry to Dubochet, 
Frank and Henderson. Much of the data presented here was obtained using their 
broad approaches, as described by Adrian et al. (1984) and also employing 3D image 
processing (Frank et al. 1996) with cryo-EM and negative- stain electron microscopy. 
Although there are many types of filamentous viruses present in plants (both RNA 
and DNA viruses), animal viruses with a filamentous virion morphology are rela-
tively rare. Of these, the filoviruses are the only family where the entire virion can be 
said to be truly filamentous in morphology. By contrast, the paramyxoviruses have a 
helical filamentous nucleocapsid, but these are enveloped in roughly spherical enve-
lopes. When the envelopes of paramyxoviruses are broken open, these filamentous 
helical nucleocapsids can be released into the supernatant and are readily visible in 
negative-stain electron microscopy. In the rhabdoviruses, the nucleocapsid is also 
helical, but its shape is relatively short and stubby, with a pronounced pointed end, 
leading to a bullet-shaped virion. In rhabdoviruses, the envelope is closely associated 
with the envelope matrix protein, such that the helical structure of the nucleocapsid is 
retained in the envelope protein layer containing the matrix protein and spike. Strong 
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interactions between the matrix protein and the nucleocapsid appear to maintain this 
structure (Ge et al. 2010), such that lysis of rhabdovirus envelopes to release intact 
nucleocapsids appears to be not possible by biochemical means. The Filoviridae 
includes three genera: Ebolavirus, Marburgvirus and Cuevavirus. In most of this 
chapter, for simplicity, we will focus our discussion specifically on Ebola virus, since 
this species is the most studied structurally, noting that all viruses in this family share 
their basic molecular and morphological characteristics and have the same general 
genetic organization, coding and replication strategies.

 Filovirus Proteins

The filamentous morphology of the Ebola virus is driven primarily by two structural 
components, the viral membrane protein VP40 and the flexible filamentous nucleo-
capsid. The nucleocapsid (NC) is comprised of the 18.9 kb negative-sense RNA 
genome, the nucleocapsid protein (NP) and viral proteins L, VP35, VP30 and VP24 
(Booth et al. 2013). In addition, there is a single species of surface glycoprotein 
spike (GP) which functions in cell attachment and membrane fusion for entry of the 
virion into the cell. The spike is trimeric and highly glycosylated and is a class 1 
viral membrane fusion protein. The various structural features of Ebola virus are 
shown in Figs. 4.1 and 4.2.

Fig. 4.1 Ebola virus structure and morphogenesis. Diagram showing the range of morphology and 
polyploidy present in Ebola virions. The model of budding illustrates the various filamentous 
Ebola particle structures that have been observed by electron microscopy. The colour-coding 
shows nucleocapsid helices in orange, red and yellow: VP40 as green ovals, nucleocapsid protein 
as purple spheres, VP24-VP35 bridges as blue ovals, microtubules in brown, and GP spikes in  
yellow. Partially reproduced from (Beniac et al. 2012)
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Fig. 4.2 Ebola virus analysed by cryo-electron microscopy. (a, b) Unstained frozen hydrated 
images. The red square in (b) shows the size of the images used to generate the image average in 
(c). Individual GP spikes are identified by yellow arrows. (c) Average from several hundred images 
of linear regions of Ebola virus filaments. The averaging procedure reduces the noise in the images, 
and conserved structural elements are revealed. The following regions are shown: yellow arrow, 
GP spike layer; blue asterisk, lipid envelope; red arrow, VP40 layer; and purple bracket, nucleocap-
sid. 3D reconstructions of the GP spike (d) and nucleocapsid (e). In (d) the GP spike is coloured 
yellow, and the adjacent viral envelope is coloured blue. In (e) the central region of the nucleocap-
sid is coloured purple, and the “bridge” structure on the exterior of the nucleocapsid is coloured 
blue. A section of the helical nucleocapsid is shown, with the front face of the top region cut away 
to reveal the interior
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 Filovirus Morphology

Filoviruses have several different morphologies that are broadly related, including 
the common filamentous forms including single, linear, continuous and linked viri-
ons (Fig. 4.1). ln addition, there are also “comma” -shaped virions and sometimes 
torroidal particles (Fig. 4.3). Empty Ebola virions have also been observed, corre-
sponding to filamentous enveloped particles, but without a nucleocapsid (Beniac 
et al. 2012). Moreover, Ebola viruses have a modular linear morphology that can 
result in very long filaments containing multiple genome copies (Fig. 4.1). In linked 
virions, alternating nucleocapsid-containing and empty regions result in an 
 appearance reminiscent of a string of sausages, with each unit containing a single 
viral nucleocapsid. Length measurements of Ebola virus have revealed that 
 approximately half of the viruses have a single genome, and the rest are polyploid, 
with the longest virus measured containing up to 22 copies of the genome (Beniac 
et al. 2012). This degree of polyploidy in an animal virus is unique. Although 
there are other animal viruses that are polyploid, for example, the Birnaviridae and 
Paramyxoviridae, these usually contain up to four copies of their genome (Hosaka 

Fig. 4.3 Variable morphologies in Ebola virus particles. (a, b) Cryo-EM images. (c) Gold sputter- 
coated images of Ebola virus observed in a scanning electron microscope. Some of the character-
istic comma (C)-, linear (L)-, and torroidal (T)- shaped viruses have been identified
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et al. 1966; Luque et al. 2009), while in some paramyxoviruses, up to six copies of 
the viral genome have been shown to exist (Loney et al. 2009). An Ebola virus par-
ticle containing a single genome is on average 982 ± 79 nm long and 96 nm in 
diameter from each of the outer leaflets of the lipid bilayer of the viral envelope, 
with a prominent 41 nm diameter helical nucleocapsid running along the centre of 
the axis of the virus (Beniac et al. 2012). Adjacent to the nucleocapsid is a low-
density region, which is then followed by a region of high density next to the lipid 
envelope which is attributed to the membrane-associated matrix protein VP40 
(Bornholdt et  al. 2013; Beniac et  al. 2012). The other distinctive morphological 
features on the Ebola virus are the 13 nm glycoprotein spikes (GP spikes) on the 
surface of the virus (Beniac and Booth 2017). These GP spikes are responsible for 
attachment to the receptor on the host cell. The exterior of the virus is decorated 
with these trimeric GP spikes. Each monomer in the trimeric spike is composed of 
two disulphide-linked polypeptides GP1 and GP2. The receptor binding and mucin- 
like domains are within GP1. The GP spike is a class 1 fusion protein, has a receptor 
binding domain and a narrow stalk that attaches to the viral envelope and has three 
prominent lobes on the distal end of the spike, with each lobe being composed pri-
marily of the highly glycosylated mucin-like domains (Brindley et al. 2007; Kuhn 
et al. 2006; Manicassamy et al. 2005; Mpanju et al. 2006; Beniac and Booth 2017). 
Although different entry pathways might be possible in various cell and tissue types, 
one apparently universal entry pathway that has been characterized for Ebola virus 
is via the endosome, where cathepsin cleavage of the GP spike receptor/fusion mol-
ecule reveals the Niemann–Pick C1 (NPC-1) binding site. In this pathway the 
human NPC-1 cholesterol transporter appears to be the receptor that the GP spike 
recognizes for attachment (Cote et al. 2011; Gong et al. 2016; Carette et al. 2011). 
This is then followed by NPC-1 binding and subsequent membrane fusion (Hood 
et al. 2010; Schornberg et al. 2006; Chandran et al. 2005; Dube et al. 2009). Unlike 
some other enveloped viruses, the GP spike is the only protein on the surface of the 
virus and is responsible for both viral attachment and membrane fusion.

In this chapter, we will focus on the viral proteins that compose the nucleocap-
sid: the NP protein, VP35, VP30, and VP24 as well as the VP40 the matrix protein 
and the outer GP spike. We discuss how these proteins interact with each other to 
form the filamentous and flexible virion. Although these viruses are somewhat vari-
able in appearance, there is an underlying structural coordination that maintains a 
highly conserved 96 nm diameter distance between the outer leaflets of the lipid 
bilayer of the viral envelope which make up the cylindrical filament common to all 
regions of the virus that contain a nucleocapsid.

 Models for Filovirus Morphogenesis

One of the striking features of Ebola virus is the extreme length of some of the fila-
ments, which are present both in cell-cultured material and viruses derived from 
infected animals (Booth et al. 2013). However, some filovirus particles also exist in 
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approximately round “doughnut-like” torroidal forms (Fig. 4.3), where the nucleo-
capsid is bent into a rounded crescent shape, almost forming a circle as seen inter-
nally within the envelope by cryo-EM. In addition, there is also what appears to be 
a type of virion that is intermediate between the filamentous and the torroidal forms, 
where only one end of the nucleocapsid is bent into a “check mark” or “comma” 
shape (Fig.  4.3: (Almeida et  al. 1971; Geisbert and Jahrling 1995; Beniac et  al. 
2012)). In the case of the comma or torroidal viruses, the nucleocapsid is wound up 
around itself within the envelope of the spherical-shaped virus, demonstrating the 
flexibility of the nucleocapsid with a 360-degree bend. In addition to bent particles, 
there are also branched filaments which are frequently seen in cell culture superna-
tant but are rarely seen in centrifuged samples. Careful observation indicates that 
the branched regions of tubular envelope are usually empty inside, without an inter-
nal nucleocapsid. Thus, these are likely to be defective particles, and the presence of 
larger numbers of empty envelopes tubular structures could partially be an artefact 
of cell culture growth. Early studies of the Marburg virus identified the torroidal 
form to have diameters ranging from 300 to 400 nm (Almeida et al. 1971). To esti-
mate the flexibility of the nucleocapsid required to achieve this, one can calculate 
this based on a torroidal virus using the average value of 350 nm diameter. Using the 
96 nm filamentous Ebola virus as a guide to find the centre of the nucleocapsid from 
the edge of the lipid envelope of the virus would give one a distance of 48 nm from 
each side of the 350 nm torroidal virus. This is accounting for the space occupied by 
VP40 and the gap between VP40 and the 41 nm diameter nucleocapsid. If this value 
is subtracted from each side of the 350 nm torroid, one would have a nucleocapsid 
centred on a circle 254 nm in diameter. This diameter would have a circumference 
of 798 nm, and with a helical pitch of 6.96 for the Ebola nucleocapsid would give 
approximately 114 helical repeats in a 350 nm torroidal virus. Thus, each helical 
repeat needs to bend 3.14° to accommodate a complete 360° turn. This 3.14° bend 
can be easily accommodated by the structure of the Ebola virus nucleocapsid 
(Fig.  4.2e). Another interesting observation is that the estimated 798  nm 
circumference- length that the nucleocapsid would curve was calculated as just 
slightly shorter than the estimated 916 nm length of the Ebola virus nucleocapsid 
(Booth et al. 2015). Based on this observation, we can postulate that a 350 nm tor-
roidal virus would most likely accommodate a single nucleocapsid that winds up 
upon itself by about 360°. This observation could in part explain why most of the 
torroidal virus particles are in the 300–400 nm size range (Almeida et al. 1971).

In some of the comma-shaped viruses, the nucleocapsid has been observed wrap-
ping around either a vesicle or region of low density within the spherical globular 
end of the comma-shaped virus (Beniac et al. 2012). With all this observed struc-
tural variability, there is also an extremely conserved structural motif present in 
linear regions of the virus that contain a nucleocapsid (Figs. 4.2 and 4.4). Single 
particle image analysis procedures (Frank et al. 1996) applied to thousands of cryo-
EM images of straight linear regions have established that there is a conserved 
structure (Beniac et al. 2012). The results of this analysis have been modelled in 
Fig. 4.4. The image processing revealed several features, the first being the promi-
nent helical nucleocapsid that runs along the central axis of the cylindrical linear 
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virus. The nucleocapsid has a distinctive herringbone appearance with a diameter of 
41 nm and a pitch of 6.96 nm. In addition to the nucleocapsid, the diameter of the 
cylindrical virus is fairly constant at 96 nm between the outer leaflets of the lipid 
bilayer of the viral envelope. This thickness is so constant that the two leaflets can 
be clearly resolved in both of the lipid bilayers (Fig. 4.4). If there were any degree 
of variation in the diameter of the virus, these features in the bilayer would appear 
blurred by the image averaging procedure, and the lipid bilayer would only appear 
as a single-smeared band of density, not two distinct layers as has been observed. 
Similarly if the nucleocapsid was not held in a central position within the interior of 
the virus, it would also have appeared blurred and in the averaging process, similar 
to other filamentous structures that are flexible or curved and therefore difficult to 
analyse structurally (Radermacher et al. 1987). In Ebola, the nucleocapsid can be 
seen clearly running along the central axis of the virus. Both the lipid bilayer and 
nucleocapsid were clearly preserved in the image averaging procedure (Beniac et al. 
2012) indicating that the 3D structural organization of Ebola virus, especially in the 
nucleocapsid, seems to be well ordered in the majority of virus particles (Fig. 4.4). 

Fig. 4.4 3D Structural model of Ebola virus. Four images show fitting of the individual GP spike 
and nucleocapsid reconstructions. In addition, a 2D average from cryo-EM images of the Ebola 
virus is included for comparison. The following colour scheme is used: GP spike (yellow – recon-
struction and arrow), viral envelope (blue – model and asterisk), VP40 (red – model and arrow), 
nucleocapsid (purple bracket and purple/light blue reconstruction)
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In addition, the VP40 layer adjacent to the lipid bilayer was observed as a region of 
high density approximately 9  nm thick. This leaves a region of lower density 
between the VP40 layer and the nucleocapsid which is approximately 7–8 nm thick. 
Although both of these regions do not show clear averaged mass densities, the fact 
that the overall thickness and central positioning of the nucleocapsid are so highly 
conserved indicate that there must be some form of structural order in these regions. 
The VP40 layer has been postulated to be composed of hexamers of VP40 which 
would fit into this layer of high density (Bornholdt et al. 2013). In the low-desnisty 
gap between VP40 hexamers and the nucleocapsid, there must be contacts that 
maintain this fairly constant spacing of 7  nm, probably involving some form of 
quasi-equivalent contacts between the nucleocapsid and VP40 that keep the nucleo-
capsid centred but still allow bending of the viral particles (Booth et al. 2013). In the 
absence of the nucleocapsid, the diameter of the filament is variable and usually 
thinner in diameter than in regions containing a nucleocapsid (Figs. 4.5 and 4.6, 
4.7). There must be specific contacts between the nucleocapsid that also facilitate 
envelopment and egress of mature particles containing the nucleocapsid. When 
virus-like particles are generated with the GP and VP40 proteins expressed together, 
one can see the influence of the VP40 matrix protein on the filamentous structure, in 
the absence of the nucleocapsid. These VP40 or VP40-GP structures are variable in 
length and diameter (Fig. 4.6), can be globular, and often appear as branched struc-
tures. The use of cryo-EM and cryo-electron tomography (cryo-ET) methods 
(Adrian et al. 1984; Dubochet et al. 1988) has the advantage over conventional elec-
tron microscopy of keeping the structure fully hydrated in its native state (Figs. 4.6 
and 4.7), as compared to dehydrated filovirus specimens where the structure par-
tially collapses during the drying process (Fig. 4.5). Virus-like particles show two 
distinctive appearances when imaged by cryo-EM (Fig. 4.6). The virus-like particle 
can be fairly straight, linear and with a constant diameter (Fig. 4.6a), or the particle 
can be straight but with a variable diameter along its length as observed by cryo-ET 
(Fig. 4.6b–e). These images show that the virus-like particle can have a highly vari-
able diameter, in this case giving it an hourglass-like shape along its long axis, as 
compared to the virus particles, which have more regular, cylindrical shapes. The 
VP40 matrix protein can be seen adjacent to the inner leaf of the lipid bilayer in a 
linear pattern in these cryo-ET analyses. This distinctive single layer is similar to 
the blurred band of high-density adjacent to the inner side of the lipid bilayer in 
Ebola virus (Figs. 4.2 and 4.4) and the layer of proteins adjacent to the lipid bilayer 
seen in Ebola virus as observed by cryo-ET (Fig. 4.7). Tomography shows that the 
VP40 layer has a chequer board like lattice, when viewed end-on in Z-slices. The 
symmetry of the lattice may not be revealed by image averaging techniques, due to 
the flexibility of the membrane. There are also likely to be dislocations and imper-
fections in the layer of VP40 oligomers so that they have quasi-equivalent arrange-
ment along the interior of the lipid bilayer (Fig. 4.2). It has been proposed that this 
lattice-like pattern may represent the arrangement of hexamers of VP40 along the 
lipid bilayer, since the approximately 5 nm spacing aligns with the density of the 
VP40 hexamer solved by X-ray crystallography (Bornholdt et al. 2013; Beniac et al. 
2012). Exactly how VP40 interacts with the nucleocapsid is not yet known; however 
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it has been shown that both VP35 and the nucleocapsid protein can interact with 
VP40 (Johnson et al. 2006; Noda et al. 2007; Hoenen et al. 2005). In addition, VP40 
is required for the envelopment of nucleocapsids during the assembly of the Ebola 
virus (Noda et al. 2006a). This clearly establishes a structural-functional relation-
ship between the nucleocapsid and VP40. Expression of VP40, by itself, in the 
absence of the nucleocapsid, is capable of strongly driving the formation of budding 
of filamentous structures. However, virus-like particles are less well ordered and are 
smaller in diameter, as compared with Ebola virus particles.

Fig. 4.5 Ebola virus-like particles. (a, b) Negative stained images show the variability in these 
structures. (c) High-magnification image of virus-like particles generated by expressing the matrix 
protein VP40 and the GP spike (yellow arrows). The presence of the Ebola GP spike was con-
firmed by immuno-gold electron microscopy (d)
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 Polyploidy in Filoviruses

It was observed in many previous studies that Ebola virus particles had a wide varia-
tion in length. However, when large numbers of particles were measured carefully, 
excluding nonlinear virions, those consisting of empty lengths of envelope and any 
highly bent particles, it was found that the lengths of full nucleocapsid- containing 
virions fell into distinct size classes (Fig. 4.8: Beniac et al. 2012). The use of cryo-
EM avoided shrinking artefacts and allowed clear delineation between full and 
empty filaments, since the nucleocapsid is easily identified inside virus particles. 
These analyses demonstrated conclusively that the length of virions tended to be a 
multiple of about 980 nm, indicating that multiple copies of the genome were envel-
oped in single long particles. About half of the virions consisted of two or more 
nucleocapsids (Fig. 4.8). Full virus particles containing a nucleocapsid are wider 
(96 nm in diameter) than empty filamentous viral envelopes, which are between 48 
and 52 nm in diameter (Beniac et al. 2012). The linked viruses have clearly delin-
eated regions, with a nucleocapsid, and then an empty linker region, followed by 
another nucleocapsid (Fig. 4.8d). The nucleocapsid runs the full length of the virus 
along the central axis of the viral filament and extends to the end of the virus, as 
shown by cryo-ET (Fig. 4.7c, d). It was also shown that the nucleocapsid consists of 

Fig. 4.6 Cryo-electron microscopy and tomography of Ebola virus-like particles. (a) A cryo- 
electron micrograph of a filamentous Ebola virus-like particle with individual GP spikes identified 
(yellow arrows). (b–e) A series of Z-slices through a cryo-electron tomogram of Ebola virus-like 
particles. GP spikes are identified by yellow arrows, the VP40 matrix proteins are identified by red 
arrows, and red boxes show the location of the magnified inset images
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two concentric helices (Figs. 4.2 and 4.9). The inner helix is at a diameter of approx-
imately 22.3 nm, and the second is in the outer layer of the helix where the “bridge” 
structure is, at a diameter of approximately 37 nm. Since the genome is a single 
continuous length of RNA, only one of these two paths could facilitate the 18.9 kb 
RNA genome winding along the helix. If a model of RNA based on the winding of 
RNA in the respiratory syncytial virus (a paramyxovirus that also has a helical 
nucleocapsid) is used, one can estimate the putative length of an Ebola virus nucleo-
capsid containing one genome copy. If the Ebola genomic RNA is placed within the 
outer bridge, this would imply a nucleocapsid 561  nm long, assuming that the 
genome is continuously wound into the helix with no supercoiling. If the inner 

Fig. 4.7 Cryo-electron microscopy and tomography of Ebola virus particles. (a) A straight linear 
region of an Ebola virus. (b) Region where the nucleocapsid ends and the filament narrows to an 
empty tubular envelope. (c-d) Z-slices through cryo-electron tomograms of Ebola virus, showing 
a straight linear region (c) and the end of a viral filament (d). The GP spike (yellow arrow), viral 
envelope (blue asterisk), VP40 (red arrow), and nucleocapsid (purple bracket) are shown
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diameter is used as the model, the nucleocapsid containing one genome copy would 
be approximately 916 nm long. This latter nucleocapsid length agrees well with the 
observed 982 nm length of the virus. If one considers that the virus is 96 nm wide, 
with a 41 nm diameter nucleocapsid, this would require 27.5 nm of additional length 
on each end to accommodate the low density gap, the VP40 layer and lipid enve-
lope. If one adds this estimate for both ends (27.5 nm each) to the putative nucleo-
capsid length of 916 nm, one would have a total virus length of 971 nm which is 
very close to that observed, of 982 ± 79 nm, using cryo- EM (N = 1110) (Beniac 
et al. 2012; Booth et al. 2015). The closeness of the modelled nucleocapsid length, 
coupled with its similarity to the observed length of a single-genome copy Ebola 
virus, and the discreet length classes that are multiples of 982 nm provide strong 
evidence that the Ebola virus is polyploid. About 47% of the virions have multiple 
copies of the genome, with the longest measured virus having 22 estimated copies 
of the viral genome. Multiple genome-length virions, consistent with having more 
than one genome copy, have also been observed in infected human and animal spec-
imens (Beniac et al. 2012) suggesting that polypoidy is a genuine feature of filovi-
ruses, and not just an effect of cell culture growth.

Fig. 4.8 Ebola virus polyploidy was estimated based on the length of continuous viruses which 
have no apparent gaps between adjacent nucleocapsids in a linear filamentous virus particle. (a) 
Measurement of the length of continuous viruses reveals a series of discrete size classes that are 
direct multiples of the length corresponding to one copy of the genome (G1). (b-c) Gallery of 
selected images of continuous Ebola viruses. (d) An example of a linked virus. In linked viruses 
there is a discreet thinning of the diameter of the virus after a nucleocapsid followed by a thin 
empty tube which then enlarges at the point where the next nucleocapsid begins. The linked virus 
in this image has four copies of the viral genome. Reproduced from Beniac et al. (2012)
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 The Filovirus Nucleocapsid: A Double-Layered Helix

The Ebola virus nucleocapsid is comprised of six principal components: the 18.9 kb 
negative-sense RNA genome, the nucleocapsid protein (NP), the polymerase pro-
tein L and viral proteins VP35, VP30 and VP24. The polymerase protein L is part of 
the RNA-dependent RNA polymerase complex. This polymerase complex is com-
posed of VP35 and L, with L being the catalytic component of the complex (Ayub 
and Waheed 2016). The polymerase protein L is likely part of the nucleocapsid, but 
it exists in low copy numbers and therefore is unlikely to have a regular periodicity 
in step with the helical symmetry of the nucleocapsid. Thus it may not be easily 
revealed by image processing as a regular repeating component of the nucleocapsid 
(Booth et al. 2013). The NP protein, VP35 and VP30 have all been shown to bind 
RNA (Noda et al. 2010; Cardenas et al. 2006; John et al. 2007), whereas VP24 is 
involved in transcription and genome replication (Watanabe et al. 2007). It has been 
demonstrated that the nucleocapsid protein, VP35 and VP24 can generate 
nucleocapsid- like structures (Huang et al. 2002; Watanabe et al. 2006). In addition 
immunoprecipitation and immunofluorescence co-localization studies have demon-
strated individual interactions between the NP protein and VP35, between the 
nucleocapsid protein and VP24 and between VP35 and VP24 (Banadyga et  al. 
2017). The relative stoichiometry of Ebola virus proteins have been characterized 
by gel electrophoresis (Elliott et al. 1985; Sanchez et al. 2007; Beniac et al. 2012; 
Booth et al. 2015). These studies show that the NP protein and VP35, VP30 and 

Fig. 4.9 3D structure of the Ebola virus nucleocapsid shown as a surface-shaded surface represen-
tation with radial colouring: the interior is purple and the exterior is blue. (a, b) The nucleocapsid 
structure shown at two density thresholds, both with the top section cut away to reveal the interior 
of the interior. Horizontal and vertical connectivity within the nucleocapsid is indicated. (c) A 
repeat of four nucleocapsid proteins is shown at a high-density cut off to reveal the putative loca-
tion of the viral RNA that links the NP subunits. (d, e) The same repeat shown in (c) rendered at a 
lower density threshold to show the location of the VP24/VP35 bridge in relation to the NP protein 
and genomic RNA

D. R. Beniac et al.



87

VP24 are present in purified virions in equimolar ratios, with approximately 1400 
copies per single- genome virus. It has been calculated using the average spacing of 
GP in the envelope as determined by cryo-ET that the matrix protein VP40 has 
approximately six times more copies then these proteins. By contrast, the poly-
merase protein L has only about 50 copies per virion. The equimolar ratios of the 
nucleocapsid protein, VP35, VP30 and VP24 suggest they are all components of a 
repeating, equivalent structure with helical symmetry in the nucleocapsid.

Investigations of the likely location of the RNA genome in the nucleocapsid, and 
nucleocapsid length modelling, have thus established that the most probable path 
for the genomic RNA is within the inner connecting ring of the nucleocapsid, at a 
diameter of 22.3 nm in the helix (Figs. 4.2 and 4.9). The structure of the nucleocap-
sid solved by cryo-EM at 19 Å resolution also indicates the likely location of the 
nucleocapsid proteins VP35 and VP24. Transfection studies, coupled with ultra-thin 
section electron microscopy, showed that NP, VP24 and VP35 are the minimal 
requirements to form a 50 nm diameter tubular structure, similar to that formed in 
Ebola virus-infected cells. Furthermore, when cells were transfected with only the 
NP protein, smaller tubular structures only 20–25 nm in diameter were formed that 
were nuclease sensitive (Watanabe et al. 2006; Huang et al. 2002; Noda et al. 2010; 
Noda et al. 2006a, b). This observation fits with the structure as determined by cryo-
 EM and agrees with the modelling of the RNA in a helical ring centred at 22.3 nm. 
In this case the self-assembled NP protein complexed with cellular RNA formed a 
25 nm tube which corresponds to the inner part of the cryo-EM nucleocapsid struc-
ture (Fig. 4.9). The repeating mass on the inner helical layer of the nucleocapsid 
(which has a saw tooth-like pattern) has been identified as the location of the Ebola 
NP protein (Fig. 4.9c). This density is large enough to accommodate a partial struc-
ture of the nucleocapsid protein representing about 42% of the protein that was 
solved by X-ray crystallography (Dong et al. 2015). This protein has a somewhat 
elongated structure with a distinctive RNA binding groove between the N-lobe and 
C-lobe of this protein. In addition, the transfection expression data indicated that the 
production of VP24 and VP35 with NP causes the formation of a larger 50 nm diam-
eter tubular filaments. This supports the interpretation of the cryo-EM structure 
described by Beniac et al. (2012), assigning the mass in the “bridge” structure to 
VP24 and VP35. This bridge forms the outer layer of the helix and maintains the 
same pitch and number of helical repeats. The bridge itself is thought to be com-
posed of heterodimers of VP24 and VP35 that attach to radial protrusions of the NP 
protein units that are adjacent to each other in the helix (Figs. 4.2 and 4.9). The 
discovery of the bridge structure explains how the condensed structure of NP oligo-
merized with genomic RNA is able to be wind into a tight helix with a much shorter 
pitch than the coils formed with NP and cellular RNA alone (that produces oligo-
meric chains which are very loosely coiled). The addition of the outer layer imposes 
rigidity and a tighter helical pitch. This is clearly important for compaction of the 
genome so that it can be efficiently packaged into mature virions. The bridge 
undoubtedly also plays some role in the winding-up as well as unwinding or partial 
transient exposure of the genome template during replication. The details of how 
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these functions are achieved need to be explored in the future, possibly using time- 
resolved cryo-EM studies.

The inclusion of VP30 with NP, VP24 and VP35 transfections had no apparent 
effect on the nucleocapsid-like structures generated. This suggests that although 
VP30 is part of the nucleocapsid, and likely binds to NP, it is not essential for the 
formation of the bridge structure on the exterior of the nucleocapsid and probably 
does not form part of the outer layer of the helix (Booth et al. 2015). This interpreta-
tion is consistent with other previous studies showing that VP30 is part of the 
nucleocapsid, but is not required for the formation of the 50  nm diameter 
nucleocapsid- like structures (Huang et al. 2002; Sanchez et al. 2007; Groseth et al. 
2009). The co-location of all these proteins in the nucleocapsid is clearly important 
for their function during replication, something which has been often overlooked in 
earlier studies to explore the effects and interactions of these viral proteins with cel-
lular proteins when expressed singly in isolation.

The final important feature of the nucleocapsid structure, as seen by cryo-EM, is 
that there are no vertical connections between the bridges of adjacent layers of the 
helical repeat. The only vertical connectivity between successive turns of the helix 
are between the stacked coils of the N protein, which form the inner helical layer 
(Fig. 4.8a). In this structure the nucleocapsid can easily pivot about the coils of the 
N-protein filaments, while at the same time the VP35-VP24 bridge structure appears 
to stabilize the nucleocapsid structure when it bends (Figs. 4.2 and 4.9: Booth et al. 
2013). In many ways the Ebola virus nucleocapsid is similar to a hollow corrugated 
flexible pipe. This flexibility of the nucleocapsid is essential in order for the virus to 
be able to take on the curved linear, comma and torroidal shapes that have been 
observed (Fig. 4.3).

The nucleocapsid appears to be assembled in the cytoplasm of the cell, within 
apparent “virus factories”, as observed in thin sections of virus infected cells or in 
transfected cells expressing the N protein or the N protein in conjunction with sev-
eral other nucleoproteins (Watanabe et al. 2006). The VP40 protein plays an essen-
tial role in the transport of the nucleocapsids to the plasma membrane of the cell and 
in subsequent incorporation of the nucleocapsid into the virus (Noda et al. 2006a). 
A model for morphogenesis of Ebola virions has been developed, whereby nas-
cently formed progeny nucleocapsids, once assembled within the cell, are trans-
ported to the cell surface where budding and envelopment is driven through specific 
interactions between one or more of the nucleocapsid proteins and VP40 (Fig. 4.1). 
This model also explains how multiple copies of the genome, arranged as repeating 
helical nucleocapsid cylinders, connected end-to end, might be incorporated into 
linked or continuous virus particles, containing both single or multiple copies of the 
virus genome, during envelopment at the cell surface during the budding and matu-
ration process (Fig. 4.1).

D. R. Beniac et al.



89

 Comparisons Between Filoviruses and Other Non-segmented 
Negative-Strand Viruses

As mentioned previously, all of the Mononegavirales, including rhabdoviruses, 
paramyxoviruses and filoviruses, have helical nucleocapsids. Both Ebola virus and 
vesicular stomatitis virus (VSV: a rhabdovirus) have a cylindrical-shaped virion 
with a helical nucleocapsid that runs along the central axis (Ge et al. 2010; Beniac 
et al. 2012). Also, they both have one species of GP spike on the exterior of the lipid 
envelope, with the internal matrix proteins adjacent to the interior of the envelope. 
Like all rhabdoviruses, VSV is bullet shaped so that each virion has a distinctive 
pointed and blunt end. The length of the virus is fixed, and the cylindrical shape is 
fairly rigid. Ebola virus differs in that both ends appear similar and are hemispheri-
cal; the virus exists in multiple lengths (Fig. 4.8), its filaments are extremely flexible 
and it has several distinctive morphological forms (Figs. 4.1 and 4.3). In VSV there 
is an ordered symmetrical relationship between the nucleocapsid proteins and the 
neighbouring matrix protein (M). The M protein has a unique hub region which 
connects to both neighbouring M and nucleocapsid (N) proteins. Thus in rhabdovi-
ruses the M protein probably maintains the helical symmetry of the nucleocapsid. 
Ebola virus has a more complex, double-layered nucleocapsid, and while there are 
clearly specific contacts between the NC proteins and the matrix protein VP40, that 
promote virion morphogenesis and promote a stable filamentous structure with a 
uniform cylindrical diameter, the helical symmetry of the NC appears not to be 
repeated by VP40 in the envelope layer, implying a more complex structure possibly 
involving quasi-equivalent interactions. The double-layered helical nucleocapsid of 
filoviruses is unique, where VP24 and VP35 form a bridge structure in the outer 
layer of the nucleocapsid (Figs. 4.2 and 4.9). These additional components, plus the 
inherent flexibility of the Ebola virus compared to the rigid VSV, indicate at two 
related viruses have distinctively different methods of attachment between their 
matrix proteins and nucleocapsids. Thus rhabdoviruses have a short, stiff shape, 
with no polyploidy present, and an inflexible, rigid association between the nucleo-
capsid and M protein. Paramyxoviruses, like filoviruses, have an extremely flexible 
nucleocapsid, but instead of a filamentous envelope, these NCs are enveloped in 
large spherical enveloped virions, where polyploidy is possible and specific interac-
tions between the NC and matrix proteins appear to be highly variable allowing 
random coiling of the NCs within the envelope. In addition, in paramyxoviruses, the 
helical nucleocapsid demonstrates some structural flexibility and the ability to have 
variation in both the pitch and twist per helical turn of the nucleocapsid, at least in 
some species (Bhella et al. 2004). By contrast we observed only one type of helical 
organization in Ebola virus nucleocapsids. Filoviruses thus represent an intermedi-
ate morphology between rhabdoviruses and paramyxoviruses, being filamentous 
and flexible, with a nucleocapsid that has a conserved helical structure that is cen-
tred within the tubular envelope. In filoviruses the NC lies on the central axis of the 
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viral filament, adjacent to region of low density. This indicates relatively strong 
interactions with the matrix protein, but these contacts do not appear to impose any 
corresponding helical order on the matrix protein VP40 or the GP spike molecules 
in the envelope.

The nature of these contacts between the NC and envelope layers in filoviruses 
was investigated by cryo-EM and linear 2D image processing at radial depths along 
the length of virions (Figs.  4.4 and 4.10a). Images which encompassed half the 
diameter of the Ebola virus were used to generate class averages of the nucleocapsid 
and lipid bilayer of the viral envelope (Fig. 4.10a; left image: Beniac and Booth 
2017). Inclusion of the NC layers lead to blurring of the GP spikes and VP40 layer. 
This data clearly shows that both the nucleocapsid and the viral envelope are the 
dominant repetitive features in these images. In contrast, mass density attributed to 
VP40 and GP appears as a smear. This “smearing” of density due to the VP40 and 
GP layers could be attributed to insufficient contrast or a low degree of order insuf-
ficient to be revealed by image processing or their having a regular repeating pattern 
that does not match (or is out of phase) with the regular repeating pattern of the 
nucleocapsid (Fig. 4.10a). Image processing was carried out using a series of masks 
designed to test whether repeating patterns were present in the virion (Fig. 4.10b–d, 
left column). Each mask contained the region over the viral envelope, as well as 
either the VP40 matrix protein layer (b), the nucleocapsid (c) or GP spike (d). For 
each of these three tests, the masked images were aligned and processed by multi-
variate statistical analysis and hierarchical ascendant classification (Frank et  al. 
1996; Beniac and Booth 2017). Once the parameters were determined for each 
masked image, they were also applied to unmasked images (Fig.  4.10b–d). The 
results show the orientation of the VP40 layer, the nucleocapsid layer and GP layer 
within the virion (Fig. 4.10).

The results in Fig. 4.10 failed to reveal any apparent stoichiometric structural 
co-ordination between VP40 or the GP spike layers, nor any ordered interactions 
between either of these layers and the nucleocapsid of the Ebola virion. This indi-
cates that if there is any structural/stoichiometric relationship between the nucleo-
capsid or the GP spike and VP40, it was not sufficiently ordered to be revealed by 
linear analysis of the currently available data, or more likely, the NC and VP40 are 
arranged on different lattices where some mismatch in protein-protein interactions 
can be accommodated.

Fig.  4.10 (continued) structure (green arrows). However, in all the other cases, the adjacent 
regions of density did not show a periodic structure present (red X). In all cases a blur of density 
indicates that the protein is present but not sufficiently organized into a pattern that would put it in 
“phase” with the NC region included in the analysis. (e) Tomographic Z-section shows the location 
of these proteins when single particle analysis techniques are not used, for comparison. The colour-
coding is nucleocapsid, purple/blue; VP40, red; and GP spike, yellow. Regions that do not corre-
late are labelled with a red X and regions that correlate, with a green arrow. Parts of this figure were 
reproduced from (Beniac and Booth 2017)
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Fig. 4.10 Symmetrical analysis of Ebola virus particles and visualization of protein layers and the 
envelope. (a) Average of one side (half) of a section of a linear filamentous region of Ebola virus 
is shown on the left. On the right is a horizontally averaged image of the one on the left, to show 
how non-periodic densities can be blurred by averaging. (b–d) The effect of masking of specific 
regions of the virus on adjacent regions of the virus. The mask used is shown on the left, the 
masked image average that was used for single-particle analysis is presented in the centre column 
and on the right the corresponding unmasked image averages are shown. These images show the 
effect of including just the image regions corresponding to the lipid envelope plus VP 40 (b), the 
lipid envelope plus the nucleocapsid (c) and the lipid envelope plus the GP spike (d). When the 
nucleocapsid included (c), the adjacent regions of the nucleocapsid showed a repeating periodic 
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 Conclusions

Analysis of the variety of viral structures and morphologies present in bona fide 
Ebola virus (Figs. 4.1, 4.9 and 4.10), and comparisons with that of virus-like parti-
cles (Fig. 4.6), has generated a consensus model for Ebola virus. This includes the 
structure of the nucleocapsid and suggests a general scheme for morphogenesis and 
maturation of the virion (Fig. 4.1). The model reconciles and visualizes how protein- 
protein and protein-nucleic acid interactions, which have also been observed by 
biochemical means, take place to generate oligomeric structures during virion for-
mation. At the centre of the model is a highly organized nucleocapsid, which in 
Ebola virus has a pitch of 6.96 nm and 10.81 repeats per helical turn. The helix is 
double layered with the NP protein and RNA genome in the inner layer and has a 
distinctive bridge structure in the outer layer composed of VP24 and VP35. There 
are no vertical connections between bridges in successive vertical turns of the helix, 
which explains the observed flexibility of the NC and its ability to bend into tight 
curves, to form, for example, comma-shaped and torroidal forms of the virion. The 
VP40 protein is found in a layer which is adjacent to the inner leaf of the viral enve-
lope. This VP40 layer is arranged in a lattice with a spacing of approximately 5 nm, 
but its exact symmetry is unclear. The matrix layer of filoviruses clearly allows flex-
ibility of the envelope, and interactions between the NC and VP40 must also allow 
flexibility, unlike rhabdoviruses where a more rigid helical symmetry is maintained 
from the NC through the envelope to the GP spike layer. In addition, filoviruses 
have a low-density gap between the VP40 layer and the nucleocapsid, and the spac-
ing of this gap is conserved, which keeps the NC in a centred position along the long 
axis of the Ebola virus filament. It is likely that this low-density gap represents a 
region of flexible contacts between VP40 and the nucleocapsid which maintain this 
space and also allow flexibility for the entire filovirus virion. The overall structural 
organization of filoviruses allows the possibility for a high degree of polyploidy, 
meaning that virus particles can have many copies of the viral genome, and up to 20 
or more have been identified in a single virion. It is intriguing to speculate that, 
since this family includes a variety of agents that cause severe hemorrhagic fevers, 
polyploidy may partially account for the capability of filoviruses to replicate to very 
high titres and be easily transmitted between hosts. In addition, the filamentous 
morphology may facilitate invasion of tissues through penetration of endothelial 
membranes, and this may also play a role in widespread dissemination of filovirus 
infection in a wide variety of tissues and cells in the body. Future studies are needed 
to reveal how the functions of replication are achieved, presumably through struc-
tural changes in the nucleocapsid. The use of time-resolved cryo-EM analyses of in 
vitro-assembled subviral particles, as well as isolated structures generated during 
real infections, will provide valuable approaches.
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Chapter 5
Structure and Function of Influenza Virus 
Ribonucleoprotein

Chun-Yeung Lo, Yun-Sang Tang, and Pang-Chui Shaw

 Introduction

The influenza virus is a highly contagious pathogen that causes annual epidemics 
and sporadic pandemics, leading to substantial human morbidity and mortality and 
imposing heavy burden on our healthcare system. Although vaccines and antivirals 
have been developed to counteract influenza virus, its rapid mutation rate results in 
the efficient generation of resistant strains. Reassortment of virus strains within 
reservoir species produces novel influenza virus that posesses serious threat to 
humankind.

Influenza belongs to the Orthomyxoviridae family. It is a negative-sense single- 
stranded RNA virus ((−)ssRNA virus). Its genome is divided into eight segments. 
Each negative-sense RNA segment is encapsidated into a ribonucleoprotein (RNP) 
molecule, consisting of a trimeric RNA-dependent RNA polymerase complex 
(including PA, PB1 and PB2) and numerous NP proteins. RNP plays a central role 
in the life cycle of influenza virus. In the virion, genetic information is stored in the 
form of RNP. In infected cells, RNP is required for the transcription and replication 
of viral genome. In the generation of viral progenies, newly synthesized viral RNA 
has to be assembled into RNP before being packaged into a new viral particle.

In this chapter, we summarize current understanding on the structure of RNP 
complex, as well as the structure of each subunit. In addition, we also incorporate 
the latest findings on how the viral transcription and replication are carried out. 
Besides, other assistive and modulatory functions of each subunit are discussed.
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 Structure of RNP and Its Subunits

RNP is composed of an RNA-dependent RNA polymerase (RdRP) with three sub-
units – PA, PB1, and PB2, nucleoprotein (NP), and vRNA. RNP has a rod-shaped 
structure. Its head contains the RdRP complex. The vRNA segment extends from 
the head and is encapsidated by a number of NP molecules (Reviewed in Eisfeld 
et al. 2014).

Several low-resolution 3D structures of recombinant influenza RNP and RdRP 
were determined with electron microscopy and image processing (Martín-Benito 
et al. 2001; Area et al. 2004; Torreira et al. 2007; Coloma et al. 2009; Resa-Infante 
et al. 2010). Various crystal structures of RNP subunits started to emerge around 
in  2007 (Ye et  al. 2006; Ng et  al. 2008; He et  al. 2008; Obayashi et  al. 2008; 
Guilligay et al. 2008; Sugiyama et al. 2009; Yuan et al. 2009; Dias et al. 2009). The 
structure of native RNP was also determined by cryo-EM to around 20 Å in 2012 
(Moeller et al. 2012; Arranz et al. 2012).

In 2014, crystal structure of vRNA promoter-bound influenza RdRP complex 
was determined using bat-derived H17N10 influenza virus and influenza B virus 
(Pflug et al. 2014; Reich et al. 2014). Soon after, the structures of 5’ cRNA-bound 
flu B RdRP and apo form of flu C RdRP were also solved (Hengrung et al. 2015; 
Thierry et al. 2016). Recently, the structure of an initiation state-resembling form of 
flu B RdRP was determined (Reich et al. 2017).

 Structure of Influenza RNA-Dependent RNA Polymerase 
(RdRP) Complex

RdRP is a heterotrimeric complex with a U-shaped architecture (Fig. 5.1) (Pflug 
et al. 2014; Reich et al. 2014). PB1 is located at the center. Top region of the U 
contains two protruding arms formed by the PA-N endonuclease domain and the 
PB2 cap-binding domain. Both arms are in close proximity to the primer-entry/
product-exit channel. The PA-C terminal domain and the promoter binding site are 
located at the bottom region of the U. The linker connecting PA-N and PA-C lies on 
the surface of PB1, forming extensive interaction with it. A large catalytic cavity is 
identified within PB1. There are four channels connecting the PB1 catalytic cavity 
from the exterior: the (1) template entry channel, (2) product exit channel, (3) NTP 
entry channel, and (4) template exit channel.

PB1 forms the central scaffold of RdRP. It interacts with PA and PB2 through its 
N-terminal and C-terminal region, respectively, echoing previous mapping studies 
and co-crystal structure determination of RdRP subunits (González et  al. 1996; 
Ohtsu et  al. 2002; He et  al. 2008; Obayashi et  al. 2008; Sugiyama et  al. 2009). 
However, the inter-subunit interactions are much more extensive than previously 
thought.
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Various structures of RdRP reveal that the RdRP can undergo substantial 
conformational change (Resa-Infante et  al. 2011; Pflug et  al. 2014; Reich et  al. 
2014; Thierry et al. 2016). Two radically different configurations of PB2 could be 
observed (Thierry et al. 2016). The PA-N domain is also capable of in situ rotation 
(Reich et al. 2015; Hengrung et al. 2015; Thierry et al. 2016). This might be related 
to the activation of the cap-snatching mechanism or to the switch between replica-
tion and transcription mode of RdRP. In contrast, the structures of PB1, PA-C, and 
PA-linker remain relatively stable among various RdRP structures.

 Structure of PA Subunit

PA is 716 aa long, and limited tryptic digestion reveals that it consists of two 
domains: (1) N-terminal (PA-N) domain and (2) C-terminal (PA-C) domain (Guu 
et  al. 2008). PA-N contains the first 196 residues and is the smaller subunit 
(~25 kDa). The larger PA-C domain (~55 kDa) contains residues from 277 to 716. 
The two domains are connected by a long linker (residues 197–276).

Fig. 5.1 Structure of influenza RdRP heterotrimer (PDB: 4WSB). (a) Schematic diagram showing 
the architecture of RdRP heterotrimer. RdRP subunits assemble a U-shaped architecture. Major 
domains of each subunit are shown in oval. (b) Surface representation of RdRP showing a compact 
structure of RdRP heterotrimer. PA, PB1, and PB2 are colored in pink, pale blue, and pale green, 
respectively. Extensive inter-subunit interactions can be identified in the structure. The open cleft 
at the top of the U-shape is the location for cap-snatching. A capped RNA is captured by the PB2 
cap-binding domain and is directed to the PA-N endonuclease for cleavage at 10–13 nt down-
stream of the cap. As a result, a capped primer is generated for viral protein transcription
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 PA-N Domain

PA-N forms a novel global fold. The PA-N structure has an α/β architecture, where 
five mixed β-strands form a twisted plane surrounded by seven α-helices. Structural 
alignment with type II restriction endonucleases reveals that PA-N contains a 
PD-(D/E)XK motif, a structural motif characteristic of many nucleases (Dias et al. 
2009; Yuan et al. 2009).

A negatively charged cavity surrounded by helices α2–α5 houses one or two 
divalent cations (Fig. 5.2a). The structure by Yuan et al. includes one Mg2+, while 
the structure by Dias et al. includes two Mn2+. The divalent metal ions are coordi-
nated by the same residues (H41, D108, E119, and K134) in both structures. The 
Mg2+ ion is coordinated by five ligands: E80, D108, and three water molecules that 
are stabilized by H41, E119, and the carbonyl oxygens of L106 and P107. For the 
Mn2 + -bound structure, one ion is coordinated by E80, D108, and two water mole-
cules and the other ion by H41, D108, E119, and the carbonyl oxygen of I120. D108 
acts as a bridge for both Mn2+ ions (Fig. 5.2b).

Co-crystal structures of PA-N with various nucleoside monophosphates (NMP) 
were determined by Zhao et al. (Zhao et al. 2009). NMPs were shown to bind at the 
catalytic center of PA-N, in close proximity with the divalent cations. These com-
plexes represent the scenario nuclease cleavage reaction. E119, K134, K137, and 
Y130 form the phosphate-binding site (P site). H41 also contributes in stabilizing 
the phosphate moiety. Main chain atoms of A37, I38, C39, and the side chain of H41 
form the ribose-binding site (R-site). A20, L38, L42, and E80 form the nucleoside-
binding site (N site), which bind the nucleobase in a flexible manner (Fig. 5.2b).

Fig. 5.2 Structure of PA-N domain (PDB: 2W69). (a) Surface representation of PA-N showing its 
electrostatic potential. The catalytic site is indicated by a black arrow; it is strongly negatively 
charged. (b) Detailed structure showing the active site with a bound AMP. Crucial catalytic resi-
dues, H41, E80, D108, E119, and K134 are shown in white. H41, D108, E119, and K134 are 
involved in positioning the divalent ions. The positions of divalent ions Mg2+ or Mn2+ are marked 
in the structure. The AMP molecule reveals the nucleotide-binding site (N-site), ribose binding site 
(R-site), and the phosphate-binding site (P-site). Drawn using PDB: 3HW5
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The structure of residues 55–66 is highly variable. A truncated form of PA-N, 
where residues 52–64 were replaced by a single glycine, is able to fold correctly and 
can be crystallized. Besides, another study shows that the deletion of residues of 
51–72 can retain normal endonuclease activity and proper folding (DuBois et al. 
2012). The exact function of this loop is unclear.

 PA-C Domain

PA-C forms a novel fold and can be subdivided into two parts, the “brain” domain and 
the “mouth” domain (Fig. 5.3). The “brain” domain contains a deep semicircular 
basic groove, hypothesized to be a putative RNA-binding groove (Obayashi et al. 
2008; He et al. 2008). Highly conserved basic residues (K328, K539, R566, and 
K574) are found lining in the groove.

On the other hand, the “mouth” domain of PA-C interacts with PB1-N. The first 
15 residues of PB1-N bind obliquely to a hydrophobic cavity of PA-C, located 
between the jaws (Obayashi et al. 2008; He et al. 2008). Mutagenic study shows that 
the PB1 LLFL motif (residues 7–10) is crucial for the binding of PB1-N to PA-C 
(Perez and Donis 2001). The apo form of PA-C without PB1-N also shows a highly 
similar structure (Moen et al. 2014).

Fig. 5.3 Structure of PA-C (PDB: 2ZNL). Cartoon representation of PA-C showing the “brain” 
domain (colored in pink) and “mouth” domain (colored in dark red). The N-terminus of PB1 (col-
ored in purple) inserts between the jaws of the mouth domain. A putative RNA-binding groove 
resides at the brain domain
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 Full-Length PA

In the context of RdRP heterotrimer, the overall folds of PA-N and PA-C are highly 
similar to the structures determined from individual domain.

The previously uncharacterized flexible linker region (residues 197–276) was 
revealed to be lying across the PB1 surface and contributes to multiple inter-subunit 
interactions (Fig. 5.4).

New inter-subunit interactions were also identified. PA-N was shown to interact 
with both PB1 and PB2 through its helix α4. M92 and S93 form polar interactions 
with PB2, while E77 and T89 form polar interactions with PB1. On the other hand, 
the endonuclease flexible loop (residue 67–74) packs on PB1 helix α22, where K73 
interacts with PB1 E731.

In PA-C domain, a formerly disordered loop (PA arch) was characterized in the 
full structure of PA (Fig. 5.5). The PA arch consists of residues 366–397 (residues 
of influenza A bat strain; corresponding to residues 371–402 of other human/avian 
strains). This loop forms an arch that allows a PB1 β-hairpin (residues 353–370) to 
insert. The PA arch is in close proximity to the 5’-vRNA hook. Residues 366–370 
on the PA arch form a phosphate-binding loop, interacting with the backbone of 
5’-vRNA promoter A10–A11.

Fig. 5.4 Full length PA subunit in the context of RdRP (PDB: 4WSB). PA is shown in cartoon 
representation, while PB1 and PB2 are shown in surface diagram. PA-N (colored in pink) locates 
at the top of the U structure of RdRP, while PA-C (colored in dark red) locates at the bottom. The 
linker region (colored in bright red) lies on the surface of PB1. The previously uncharacterized PA 
arch (residue 366–397) locates at the bottom and wraps around a β-hairpin of PB1. The RdRP 
promoter binding site is located in close proximity to the PA arch
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On the other hand, a previously disorganized region consisting of residues 544–
553 (550-loop, corresponding to residues 549–558 of other human/avian strains) 
was shown to be a β-hairpin loop in the full-length PA structure. A recent co-crystal 
structure of bat influenza A full RdRP and serine-5-phosphorylated Pol II C-terminal 
domain (CTD) peptide shows that the 550-loop is in close proximity to the bound 
Pol II CTD peptide (Lukarska et al. 2017).

Furthermore, in various structures of full RdRP (flu A, flu B, and flu C), PA-N 
was shown to be capable of in situ rotation (Pflug et al. 2014; Reich et al. 2014; 
Hengrung et al. 2015; Thierry et al. 2016). However, the linker region remains at the 
same position. This suggested that the flexible loop region at the beginning of the 
linker region might play a role in the orientation of the PA-N domain. This might be 
related to the regulation between transcription and replication of the viral genome.

 Structure of PB1 Subunit

Structure of PB1 has remained elusive for a long time due to its structural instability 
when expressed alone (Swale et al. 2016). Two co-crystal structures, PA-PB1 and 
PB1-PB2, have been determined and reveal the structure of the 15 N-terminal and 
80 C-terminal residues of PB1 (Obayashi et al. 2008; He et al. 2008; Sugiyama et al. 
2009).

The PB1 N-terminal (1–15) forms a 310 helix that inserts into the PA-C hydro-
phobic groove. The 310 helix contains a LLFL hydrophobic motif which is crucial 
for the interaction. Mutation of the first 12 residues could significantly disrupt 
PA-PB1 interaction (Perez and Donis 2001; Wunderlich et al. 2011).

The PB1 C-terminal (678–757) forms three α-helices that interacts with another 
three α-helices from the N-terminal region of PB2. Both polypeptides were unable 
to form tertiary structure on its own. PB1-PB2 interacts mainly through polar 

Fig. 5.5 Structure of the 
PA arch. PA is shown in 
cartoon representation, 
while PB1 and PB2 are 
shown in surface diagram. 
The orange ribbon 
represents 5’ vRNA. The 
hooked structure of 5’ 
vRNA is held by both PB1 
and PA-C. The PA arch 
forms a loop that encloses 
a PB1 hairpin (residue 
353–370). On its own, the 
PA arch is disordered
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 interaction, where PB1 K698 and D725 form salt bridges with PB2 (Sugiyama et al. 
2009).

Full structure of PB1 was only determined in the context of the vRNA-bound full 
RdRP (Fig. 5.6) (Pflug et al. 2014; Reich et al. 2014). PB1 shows a typical right- 
handed RdRP fold, with the fingers, fingertips, palm, and thumb domains that are 
present in other RNA-dependent RNA polymerases (reviewed in te Velthuis 2014; 
Reguera et al. 2016).

A large cavity can be found within PB1, in conjunction with the PB2 N-terminal 
domain. This forms the active site and it is accessible through several channels. The 
NTP entry channel involves highly conserved PB1 basic residues located mainly in 
the palm domain and the fingertip region, in close proximity to PA-C. The template 
entry channel involves all three subunits and is located near the promoter binding 
region. The product exit site is at the opposite site template entry channel, where the 
PA endonuclease, PB2 lid domain, and PB2 cap-binding domain are present. The 

Fig. 5.6 Structure of PB1 subunit (PDB: 4WSB). The structure of PB1 shows a typical right- 
handed fold of RNA-dependent RNA polymerase, with both N-terminal and C-terminal exten-
sions. The right-handed fold of PB1 (marked by dotted lines) consists of the fingers, palm, and 
thumb domain (colored in green, orange, and red, respectively). The N-terminus of PB1 (colored 
in gold) forms a short helix that interacts with PA-C, and the C terminus of PB1 (colored in light 
green) forms several helices that interact with PB2-N. A long, flexible β-ribbon carrying a bipartite 
NLS (colored in cyan) protrudes from the finger domain. It can interact with RanBP5 and is in 
close proximity with the viral promoter. A loop termed fingertips (colored in purple) is near the 
NTP entry channel. It is likely to be involved in NTP channeling and binding. Furthermore, a prim-
ing loop (colored in blue) is located in the PB1 cavity. It is crucial for de novo replication of viral 
genome. Lastly, the β-ribbon that inserts into PA arch (colored in dark yellow) is located on the 
exterior of the fingers domain
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template exit channel is located near the PB2 lid domain, which was proposed to be 
involved in separating the template-product duplex. The four-tunnel structure 
resembles other viral RdRP (Reguera et al. 2016).

The active site contains residues D305 on motif A and D445/D446 on motif C 
that play a crucial role in coordinating divalent metal ions and promote catalysis. 
Mutation of these residues abolish polymerase activity of PB1 (Pflug et al. 2014; 
Biswas and Nayak 1994). A parallel β-loop protruding into the active site from the 
thumb domain forms a priming loop (residues 641–657). This loop resembles the 
HCV priming loop and is important for de novo RNA synthesis (Pflug et al. 2014; 
Appleby et al. 2015).

The full RdRP structure confirms the roles of PB1 N-terminus and C-terminus in 
the interaction with PA and PB2, respectively. However, other regions were also 
revealed to be involved in inter-subunit interactions: (1) the surface of the finger 
domain is wrapped by the PA-linker, (2) the C-terminal thumb domains interact 
with both PB2-N and PA-C, and (3) the palm-domain interacts with the C-terminal 
domain of PB2 (Pflug et al. 2014). In the cRNA promoter-bound full RdRP struc-
ture, other inter-subunit interactions involving PB1 are detected due to conforma-
tional change (Thierry et al. 2016).

A long, flexible β-ribbon (residues 177–212; bat strain residues) protrudes out 
from the finger domain of PB1 (Pflug et al. 2014). It contains the bipartite NLS that 
was previously proven to be involved in RanBP5 binding and nuclear import of the 
PA-PB1 heterodimer.

Another β-hairpin at the finger domain protrudes into an extended loop in PA 
called the PA arch (Pflug et  al. 2014). Both regions are involved in 5′ promoter 
anchoring. PB1 was also found to bind 3′ and 5′ viral promoter with the help of 
PB2/PA and PA, respectively.

 Structure of PB2 Subunit

PB2 subunit is 759 residues in size. The first one-third (residues 1–247) constitute a 
N-terminal domain, and the remaining two-third make up a C-terminal domain 
(PB2-C). Individual domain structures generally correlate well when aligned onto 
the holo complex. The structure displays a high degree of flexibility and adopts dif-
ferent conformations in order to sustain steps in replication and transcription 
(Fig. 5.7).

 PB2 N-Terminal Domain (1–247)

Structure of first 37 residues of PB2-N was obtained at first as a complex structure 
with PB1-C.  In fact, apo-PB2 binds like a clamp on the PB1 core. The first and 
major point of anchor is via PB2-N binding onto the C-terminus of PB1. The PB1- 
C- PB2-N structure by Sugiyama et  al. (Sugiyama et  al. 2009) largely correlated 
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with later published heterotrimeric flu A, flu B, and flu C polymerase structures 
(Pflug et al. 2014; Reich et al. 2014; Hengrung et al. 2015). Briefly, the first helix 
(residues 1–22) on PB2 distorts at around residue 15 and bends to about 90°. As a 
result, the first two-thirds of this helix leans against a “helix-duo” at the extreme 
C-terminus of PB1 (residues 712–753), and the remaining one-third lies to cover 
this three-helix ensemble. This motif is stabilized mainly via salt bridges. The rest 
of PB2 molecule then folds onto the PB1 core via various linkages spanning the 
whole molecule.

Residues between 40–110, composed of three helices, three strands, and loops, 
make up the N1 domain which mainly serves the structural role. This area makes 
extensive contact with PB1.

Residues beyond 110 to 247 make up a N2 linker domain, where a subdomain 
termed lid domain (residues 155–212) resides in. The lid domain exists as four 
intertwining helices and covers the PB1 core including the template and primer 
channels, which will otherwise become unprotected and more exposed to solvent. 
The lid domain is also close to the putative template exit channel.

Fig. 5.7 Structure of PB2 subunit (PDB: 4WSB). The PB2 subunit consists of ten regions and 
adopts extended conformations when bound on PB1. PB2-N can be divided into an extreme 
N-domain and a “lid” domain, while PB2-C comprises a middle domain, the cap-binding domain, 
“627-domain” and a nuclear localization signal (NLS) domain. Cap-binding domain and 
627-domain are linked up by a “cap-627 linke.” Note that the NLS (738–755) is not visible in this 
structure and is assumed to be flexible

C.-Y. Lo et al.



105

 PB2 Cap-Binding Domain (320–483)

The cap-binding domain comes after a small middle domain which has four inter-
twining helices spanning residues 251–316. This middle domain is neither in close 
contact with PB1 nor PA but is involved in a global domain reorientation. Hence it 
serves as a connection between the PB2-N and PB2-C.

The cap-binding domain consists of four helices folded against a beta sheet 
structure made up of five strands. Additional strands are found beyond the N- and 
C-termini of the beta sheet. The overall fold resembles a yacht made up of strands 
with the sailor (helices) on one side and m7GTP ligand at the base of the ensemble. 
m7GTP binding site is stabilized by a hydrophobic cluster of four phenylalanines. 
Structures of apo- and m7GTP-bound flu A cap-binding domains are generally simi-
lar (Guilligay et al. 2008; Liu et al. 2013). Binding of m7GTP is stabilized by partial 
aromatic stacking and salt bridges. Notably, H432 and K339/R355/N439 form salt 
bridges with α- and γ-phosphate groups, respectively. N439 is on a so-called 424- 
loop. The binding of m7-GTP is not rigid, and deviation in its orientation is allowed 
(Guilligay et al. 2008; Tsurumura et al. 2013).

Flu B cap-binding domain was found to bind not only methylated cap but also 
unmethylated ones or even GDP substrates. It appears that in flu B, certain degree 
of conformational variations can be tolerated, leading to differential side chain ori-
entations which allow interaction with a wide range of substrates (Wakai et al. 2011; 
Liu et al. 2015a; Xie et al. 2016).

 PB2 627-Domain (538–680) and NLS-Domain (690–759)

Although the holo-heterotrimeric polymerase complex structure is already available, 
various X-ray structures of these domains harboring mutations are still valuable 
sources for the investigation into host determinants. These structures include PDB: 
2VY7, 2VY8, 3KC6, 3KHW, 2GMO (solution structure of NLS-domain). Structures 
composing of both domains are also available (PDB: 2VY6, 3CW4) (Tarendeau 
et al. 2007; Tarendeau et al. 2008; Kuzuhara et al. 2009; Yamada et al. 2010).

The first two-thirds of 627-domain is composed of eight helices (six α-helices 
and two 310 helices), while the remaining one-third mainly consists of turns and 
strands. The domain is compactly folded so that the helices reside on one side of the 
molecule, while the strands occupy the other side, resembling a blanket sheet cover-
ing on the bundle of helices. The 627-domain and NLS-domain are linked by a 
flexible linker. This linker was found unstructured and buried in the interface 
between 627-domain and the NLS-domain.

The NLS-domain itself adopts a globular fold with three antiparallel β-strands in 
the middle hydrophobic core, surrounded by unstructured loops and three helices. 
In pdb structure 2GMO, the bipartite NLS (738–755) is held close to this globular 
fold by a putative salt bridge D701-R753. The bipartite NLS shows different sec-
ondary structures. When 627-NLS domains were expressed alone, the bipartite NLS 
is unstructured. The bipartite NLS nevertheless adopts a well-formed helix as shown 
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in apo flu C, or promoter bound flu A or flu B heterotrimeric complexes. This helical 
conformation may be implicated during replication and transcription, but its rele-
vance in the context of nuclear import is not evidenced, since it has been established 
that PB2 is imported to the nucleus by importin-alpha, upon binding to which the 
NLS adopts an extended conformation (Pumroy et al. 2015).

 Oligomerization of RdRP

RdRp has been shown to be capable of forming higher order oligomer. PB1 and PB2 
were proposed to be the interacting site for oligomerization (Jorba et  al. 2008). 
Consistent to this finding, a newer study showed that while the PA-PB1 heterodimer 
forms homogeneous monomeric and stable particle, the addition of truncated PB2 
(residues 1–250) would result in the formation of dimerized RdRP particles (Swale 
et al. 2016).

The RdRP oligomer could be disrupted by the addition of vRNA. When vRNA 
is present, the RdRP oligomer will be dissociated into a monomeric RdRP form 
(Resa-Infante et al. 2010; Swale et al. 2016). This finding is contested by another 
study, where RdRP with a truncated PB2 (PB2 1–130) is capable of forming tetra-
mer when vRNA or cRNA promoter is added to the dimerized RdRP. Furthermore, 
a further truncated PB2 (1–86) could not support either dimerization or tetrameriza-
tion. This suggested that residues 86–130 might be crucial for the oligomerization 
of RdRP (Chang et al. 2015).

The EM structure of RdRP oligomer reveals two interacting interface (Fig. 5.8). 
The first interface is stronger, involving PA-C and the PB1-C/PB2-N binding inter-
face, presumably covering PB2 residues 86–130. The second interface is more 
 flexible. The PB1 finger domain is predicted to be involved in this interaction 
(Chang et al. 2015).

Fig. 5.8 Dimer structure of RdRP revealed by electron microscopy (PDB: 3J9B). Cartoon repre-
sentation of RdRP dimer structure determined by electron microscopy. PA, PB1, and PB2 are 
colored in pink, pale blue, and pale green, respectively. The interacting interface is located at PA-C 
and PB2 N-terminal region
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 Structure of RNP RdRP Complex and NP

Early electron microscopy studies showed that RNP has a rod-shaped structure. The 
RNP strand exhibits a double-helical arrangement, with a terminal loop at one end, 
folding back on itself (Pons et al. 1969; Compans et al. 1972). The RdRP is located 
at the other end of the rod structure (Murti et al. 1988). In the absence of RdRP, 
vRNA can form complex with NP resembling the structure of native RNP (Yamanaka 
et al. 1990), while RNase-treated RNP retains its native conformation (Ruigrok and 
Baudin 1995). These suggest that the RNP conformation is primarily maintained by 
NP. A RNA chain wraps on the exterior of the NP helix. The 5′ and 3′ ends of the 
RNA forms a panhandle structure and are in contact with the polymerase. This 
architecture is consistent with the observation that influenza vRNA on the RNP is 
susceptible to RNase cleavage. Early studies estimated 15–20 nucleotides per NP 
molecules. Individual vRNPs are 10–15  nm in diameter and 30–120  nm long 
depending on the length of the gene segment (Noda et al. 2006).

Electron microscopy 3D reconstruction of mini-RNP (RNP with short vRNA- 
like genome) reveals a NP ring structure attached to the RdRP complex. RdRP 
interacts with two NP molecules at two sites (Martín-Benito et al. 2001; Coloma et al. 
2009). This is consistent with previous interaction study, where NP was found to 
interact with PB1 and PB2 (Biswas et al. 1998, Poole et al. 2004). Since vRNA 
extends from the RdRP and folds back onto itself, where the extremities of both 
ends are bound by RdRP, it is natural that two molecules of NP, one near the 5′ end 
and the other one near the 3′ end, interact with RdRP at two locations.

3D Cryo-EM structures by Arranz et al. and Moeller et al. revealed structural 
characteristics of the RNP: (1) NP coiled to a double helix forming major and minor 
grooves as in a DNA molecule. Intra-strand NP-NP contact is via tail-loop-mediated 
oligomerization, whereas inter-strand NP molecules also contact at minor groove 
via a separate interface. (2) Orientation of intra-strand NP leads to a continuous path 
of positive residues allowing RNA molecules to attach onto the exterior of the RNP. 
(3) N-terminus of NP containing a nuclear localization signal (NLS1) is exposed on 
the surface and is accessible to host factors (Arranz et al. 2012; Moeller et al. 2012). 
Moreover, the structures constructed by Arranz et al. and Moeller et al. also show 
that two NP molecules attach to the RdRP complex (Fig. 5.9), in agreement with 
previous finding.

Further to the cryo-EM structures, a NP-NP dimer structure was published which 
implicates additional binding interface plausibly accounting for inter-strand interac-
tions in RNP context. The dimeric NP interface lies on the “back” of the NP cres-
cent and spans through residues 149–167 and 482–498. (PDB: 4IRY, Ye et al. 2012).

The periodicity of vRNA on NP strand is 20–32 nucleotides on average. The 
terminal loop comprises 3 to 8 NP molecules (Arranz et al. 2012; Moeller et al. 
2012). In Moeller and coworkers’ reconstructed structures, an extra NP molecule 
can be found adjacent to the RdRP complex, in addition to the two NPs identified 
from previous studies (Fig. 5.9) (Moeller et al. 2012).
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 Structure of NP

Flu A, flu B, and flu C NP are 498, 560, and 565 amino acid residues in length, 
respectively. Flu B NP (BNP) contains an extra N-terminal domain of 72 residues 
which is not found in Flu A NP. The N-terminus of Flu C NP resembles its Flu A 
counterpart, but its C-terminus is about 51 residues longer. X-ray structures of ANP 
and BNP are available (PDB: 2IQH, 2Q06, 3TJ0, 4IRY, 3ZDP) (Ye et al. 2006; Ng 
et al. 2006; Ng et al. 2012; Ye et al. 2012; Chenavas et al. 2013a). The structure of 
NP is largely conserved among the Orthomyxoviridae family and is formed pre-
dominantly with helices, which fold to form a compact structure. The N-terminal 
region of BNP evolves to become more extended than the flu A counterpart and has 
been found to be implicated in a number of functions (Liu et al. 2015b).

The structure of NP has been extensively reviewed in Ng et al. 2009, Chenavas 
et al. 2013b and Yang et al. 2014. Briefly, the NP molecule comprises a head domain, 
a body domain, and a protruding tail loop (Fig. 5.10) (Ng et al. 2008; Ye et al. 2006; 
Ng et al. 2012; Ye et al. 2012; Chenavas et al. 2013a). Flu A H5N1 NP composes of 
a continuous fold of 19 helices and 7 beta-strands which are interconnected with 
flexible loop regions. Three regions are especially flexible, namely, the regions 1–20, 
75–90, and 390–438, the third of which starts from the end of a β-strand (residue 

Fig. 5.9 Low-resolution structure of native RNP revealed by cryo-EM. Cryo-EM structure recon-
structed to a resolution of 20 Å showing the polymerase end of native RNP. The RdRP heterotrimer 
is colored in pink. A large domain and a smaller arm domain can be identified. Moeller et al. has 
regarded the small domain to be the PA-C domain, due to the matching between their sizes and 
shapes. Comparison with mini-RNP EM structure reveals that the arm domain can undergo con-
formational change. However, in various high-resolution RdRP structures recently determined, the 
conformational change of RdRP is caused by substantial rearrangement of PB2 or in situ rotation 
of PA-N and PB2 cap-binding domain. PA-C domain remains at the same position in all deter-
mined crystal structures. Therefore, it is unsure whether the small arm domain, capable of confor-
mational change, represents the PA-C domain. Two NP molecules are shown to interact with the 
large domain of RdRP, inconsistent with previous studies. An additional mass is observed at the top 
of the large domain. Moeller et al. suggested that it represents an additional NP molecule
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390) followed by a long unstructured peptide to the tail loop (residues 402–428) and 
overlaps with a helix-loop-helix starting at residue 420. The overall arrangement of 
helices and strands renders the molecule a crescent shape, with head and body 
domains at two ends and a few linkers in the middle part serving like a hinge. As a 
result, unlike in PA and PB2 wherein distinct domains are linked up by linkers, 
domains in NP cannot be defined by a single continuous amino acid sequence 
(Fig. 5.10). In order to form homo-oligomers, tail-loop of a NP molecule is inserted 
into the binding groove of a neigherboring protomer.

The general features of BNP are similar to ANP. The two molecules shared back-
bone root-mean-square deviation of only 1.457  Å despite considerably different 
orientations of the tail loops.

The NP molecule demonstrates certain extent of flexibility. First the tail loop is 
flanked and followed by unstructured linker regions making it flexible. In fact, the 
tail loop of H1N1 NP deviates from the H5N1 tail loop for about 75°, while flu B 
tail loop deviates from H5N1 tail loop for about 60°. This renders tail-loop insertion 
at a range of angles possible and thus would also allow the formation of rigid (e.g., 
trimers or rings) and loose oligomers (e.g., higher-order helical oligomers). Second, the 
head domain and body domain should allow some degree of rocking. This could relate 
to possible conformational changes upon polymerase binding or during replication 
and transcription wherein the template RNA is slightly displaced from the NP.

Fig. 5.10 Structure of NP (PDB: 2Q06). The NP molecule consists of a head domain, a body 
domain, and a tail-loop structure which are crucial for NP-NP homo-oligomerization. Homo- 
oligomerization is achieved by insertion of the tail loop to the binding groove at the body domain 
of a neighboring protomer. Conformational flexibility is conferred by the tail-loop and the unstruc-
tured regions which form a hinge at the middle of the molecule. This conformational flexibility is 
important for maintaining vRNP structure especially at the terminal polymerase end and loop end 
of the vRNP
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 Functions of RNP

RNP plays a major role in influenza life cycle. vRNP encapsidates the segmented 
genome of influenza inside virion. It is also involved in the transcription and replica-
tion of the viral genome in infected cells. RNP is also capable of nuclear import and 
export. The overview of RNP functions in influenza life cycle are shown in Fig. 5.11. 
Its various roles will be described in details below.

Fig. 5.11 Roles of RNP in influenza life cycle. The segmented genomes of influenza virus are 
packaged into RNP molecules inside the virion. After virus attachment and endocytosis, the virion- 
derived RNPs are released into host cytoplasm. With the help of host transport machinery, these 
vRNPs are transported into nucleus for transcription and replication. Transcription of negative- 
sense vRNA produces capped mRNA with poly-A tails that is translated by host translational 
machinery. Newly synthesized RNP subunits are then transported back into nucleus for assembly. 
Current model strongly suggests that PA-PB1 enters nucleus as a heterodimer complex, while PB2 
and NP enter nucleus on their own. On the other hand, replication of negative-sense vRNA pro-
duces full length positive-sense replica of the viral genome. cRNA is stabilized by the newly pro-
duced RNP subunits, forming an intermediate complex called cRNP. Full length negative-sense 
vRNA is synthesized using cRNA as template. The cRNA-to-vRNA process has to be mediated by 
a trans-acting or trans-activating RdRP. The vRNA products are then encapsidated by RdRP and 
NP, resulting in progeny vRNP. Lastly, these vRNPs are exported from the nucleus, assembled in 
the cytoplasm and packaged into viral progenies
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 Transcription

Transcription of viral genome results in the production of viral proteins. RNP can 
steal cap from Pol II transcripts through its cap-snatching mechanism. This is fol-
lowed by transcription initiation, realignment, and elongation. Poly-A tail is added 
to the nascent transcript at the end before the mRNA is processed by host transla-
tional machinery. The overview of RNP transcription is shown in Fig. 5.12.

 Binding of Capped Cellular RNAs

The cap-binding activity resides on the PB2 cap-binding domain. This domain first 
captures a capped nascent RNA from Pol II and then directs it to the nearby PA-N 
endonuclease domain. It is unclear whether PA-N captures the capped RNA by 
chance or it is aided by cellular factors.

The “424-loop” on cap-binding domain was originally found to exert allosteric 
regulation on PB1 activity (Guilligay et al. 2008). Aligning 2VQZ (flu A m7GTP 
bound form) to the recent flu B mRNA primer bound structure (PDB: 5MSG,  

Fig. 5.12 Transcription of viral genome. Influenza RNP requires host Pol II-derived capped RNAs 
as primer for transcription. Initiating Pol II with phosphorylated serine at position 5 can recruit 
capping enzymes and add cap structure to its nascent transcript. Influenza RNP can bind specifi-
cally to the initiating form of Pol II, causing it to arrest at this stage, and employ cap-snatching 
mechanism to steal the cap structure from the nascent transcript. The PB2 cap-binding domain can 
capture the cap structure, while the PA-N endonuclease domain can cleave the RNA at 10–13 nt 
downstream of the cap, usually after a G or A base. Rotation of PB2 cap-binding domain facilitates 
the insertion of the cleaved primer into the catalytic cavity of PB1. The 3′ end of cleaved primers 
can interact with vRNA template at the penultimate or last nucleotide, triggering transcription 
initiation. After the addition of nucleotides until position 4, the nascent transcript can either 
undergo realignment or proceed on with elongation. Elongation continues until it stutters over a 
poly-U track near the 5′ terminus of vRNA

5 Structure and Function of Influenza Virus Ribonucleoprotein



112

Reich et al. 2017) reveals that this “424-loop” must be displaced outward if a primer 
is bound instead of m7GTP; otherwise the loop will clash with primer RNA. This 
loop again is in close proximity to the incoming primer RNA within 6 Å. Hence its 
role in directing correct priming is expected.

On the other hand, as nascent Pol II transcripts are targeted for cap-snatching 
(Gu et al. 2015; Koppstein et al. 2015), the interaction between RdRP and Pol II is 
also crucial for cap-binding. In vitro direct binding of RdRP to phosphoserine 5 Pol 
II CTD has been proven (Engelhardt et  al. 2005; Martínez-Alonso et  al. 2016). 
Moreover, a co-crystal structure of RdRP with CTD peptide was determined recently 
(Lukarska et al. 2017). This structure reveals that the phosphoserine 5 Pol II CTD 
binds directly to PA-C, where residues K289, R454, K635, and R638 are involved.

 Cap-Snatching by Endonuclease Cleavage

The influenza RNP requires a unique cap-snatching mechanism to enable successful 
transcription of viral proteins. 5′ capped oligonucleotides derived from host RNA 
are captured, cleaved, and used as primer for initiating transcript elongation. The 
cap-snatching endonuclease function was originally thought to be residing in PB1 
or PB2 subunit (Li et al. 2001). The determination of PA-N structure unquestionably 
established that the endonuclease function resides in PA (Yuan et  al. 2009; Dias 
et al. 2009).

PA-N contains a PD-(D/E)XK nuclease motif that is conserved in all influenza 
virus. The negatively charged catalytic site contains H41, E80, D108, and E119 for 
coordinating the metal ions. Another residue, K134, is proposed to be the catalytic 
lysine. PA-N endonuclease cleaves captured cellular RNAs at 10–13 nt downstream 
of the cap structure. Besides, it also displays preference for cleavage after a dinucle-
otide CA or a G (Rao et al. 2003; Datta et al. 2013; Sikora et al. 2014; Koppstein 
et al. 2015). Divalent metal ion is required for endonuclease activity, and the pres-
ence of different ions affects its endonuclease activity (Doan et al. 1999; Crepin 
et al. 2010; Xiao et al. 2014; Kotlarek and Worch 2016).

 Initiation, Elongation, and Termination of Viral mRNA

PB1 was originally misidentified as having endonucleolytic actvitiy (Li et al. 2001); 
it was later revealed that the endonuclease active site resides in PA (Yuan et  al. 
2009; Dias et  al. 2009). The present model proposed that after cap-binding and 
cleavage, PB2 rotates and inserts the capped primer into the active site of PB1 (Pflug 
et al. 2014; Reich et al. 2014), where it forms base pairing with the template. Primer 
with A or G at their 3′ end could form A:U or G:U base pairing with the 3′-ultimate 
U nucleotide of the viral template, initiating transcription at position 2 of the vRNA 
template. Besides, cleaved primers with G at the end can also pair with the 3′-pen-
ultimate C nucleotide (Koppstein et al. 2015), thus initiating transcription at posi-
tion 3. Furthermore, a prime-and-realign phenomenon during mRNA synthesis was 
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observed by several studies (Geerts-Dimitriadou et al. 2011a; Geerts-Dimitriadou 
et  al. 2011b; Sikora et  al. 2014; Koppstein et  al. 2015). This happens when the 
nascent transcript slips back and reiterates transcription of the first template nucleo-
tides. Recently, it was identified that the PB1 priming loop is involved in this prime- 
and- realign mechanism of capped primer, although its importance in mRNA 
synthesis remains unknown (Oymans and te Velthuis 2017).

PB2 may also play a role in assisting transcription initiation. A recent study by 
Hara et al. (Hara et al. 2017) showed that R142A abolished both replication and 
transcription. R142 is in direct contact with PB1  N276 on the palm, forming a 
hydrogen bond (bat flu A, PDB: 4WSB). In comparison, flu  B capped-mRNA 
primer bound structure (PDB: 5MSG) has two arginines at the equivalent position, 
forming hydrogen bonds with PB1 (R142/R144, equivalent to K140/R142 in flu A). 
K145/R146 in flu B (R143/R144 in flu A) is within 6 Å to the incoming capped- 
mRNA primer. Thus it is highly plausible that the first two positive side chains 
(R142/R144 in flu B, K140/R142 in flu A) hold the strand by anchoring to PB1 and 
the following two interact with incoming primers to direct them to PB1 active site. 
Besides, another study proposed that 627-domain is required for accurate cleavage 
of capped primer and the transcription initiation at correct position (Nilsson et al. 
2017).

After transcription initiation, current model proposes that elongation of mRNA 
proceeds in a template-dependent manner. Template vRNA and nascent mRNA 
separate and leave the active site by their respective exit channels. The 5′ promoter 
of vRNA is anchored to the RdRP. Stuttering occurs when the vRNA reaches its 
5′-terminus, resulting in the poly-A tails of the mRNA products (Poon et al. 1999; 
Poon et al. 2000). The fate of the template vRNA after transcription remains unclear.

 Replication

Replication of viral genome results in full copy of viral genome. The replicated viral 
genomes can be encapsidated into new vRNPs and packaged into viral progenies. 
Influenza virus replicates its genome in two steps: (1) copying a negative-sense 
vRNA into an intermediate positive-sense cRNA and (2) copying the positive-sense 
cRNA back into a negative-sense vRNA. In both steps, RNP performs de novo syn-
thesis of nucleotides. It involves the de novo synthesis of a pppApG dinucleotide, 
followed by elongation and read through of the entire template. Furthermore, 
regarding to the second step of replication, a trans-activating model and a trans- 
acting model were proposed. Besides, a realignment mechanism has also been 
observed during the second step of replication. The overview of vRNA-to-cRNA 
replication is shown in Fig. 5.13, while the overview of cRNA-to-vRNA replication 
is shown in Fig. 5.14.
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 De Novo Synthesis and PB1 Priming Loop

The cRNA/vRNA replication process can be initiated de novo, meaning it can be 
achieved without primers. De novo replication is initiated by the synthesis of 
pppApG dinucleotide (Deng et al. 2006). Different mechanisms of pppApG produc-
tion were observed between cRNA and vRNA synthesis. When vRNA is used as 
template, primer-independent initiation occurs at the 3′-ultimate position. After the 
synthesis of pppApG using position 1 and 2 of vRNA, elongation will follow 

Fig. 5.13 Replication of 
vRNA to cRNA. (a) PB1 
priming loop facilitates de 
novo synthesis of pppApG 
dinucleotide using the 
vRNA as template at 
position 1 and 2 of the 
promoter. (b) Elongation of 
nascent transcript is 
accompanied by the 
breaking of interactions 
between 5′ and 3’ vRNA at 
the panhandle base pairing 
region. (c) As the nascent 
transcript leaves the 
catalytic cavity, it is 
stabilized by free RdRP 
and NP. Unlike 
transcription, the 5’-vRNA 
promoter has to be released 
in order to ensure a full 
read through of the viral 
genome. It is unclear when 
the release of 5’-vRNA 
promoter takes place. (d) 
The newly synthesized 
cRNA is assembled into a 
cRNP
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immediately at position 3 (Deng et al. 2006). This process is termed terminal initia-
tion. Another study suggested that terminal initiation with vRNA starts at position 2 
(instead of positions 1 and 2), thus proposing that an additional purine nucleotide 
has to be added to the 3′-terminus of vRNA at position 1 by host factors in order to 
ensure the replication of full length viral genome (Zhang et al. 2010). On the other 
hand, when cRNA is used as a template, pppApG is synthesized using positions 4 
and 5 of the template. This pppApG will then be realigned to positions 1 and 2, fol-
lowed by elongation in a template-dependent manner (Deng et al. 2006; Zhang et al. 
2010). This process is termed internal initiation. One study showed that terminal 

Fig. 5.14 Replication of cRNA to vRNA. The second step of replication (cRNA to vRNA) is dif-
ferent from the first step (vRNA to cRNA) as it requires the assistance of a trans-acting/trans- 
activating RdRP. Two models have been proposed. (a) Trans-activating model: the resident cRNP 
is responsible for polymerase activity. But this activity has to be activated by a trans-activating 
RdRP. (b) Trans-acting model: another RdRP is responsible for polymerase activity in trans. The 
trans- acting RdRP binds to the cRNP and replicates the cRNA template on the resident cRNP. (c) 
Replication is initiated by the synthesis of pppApG using positions 4 and 5 of the cRNA 3′ termi-
nus. The pppApG dinucleotide is then realigned to positions 1 and 2, followed by elongation of 
nascent transcript. (d) In the trans-activating model, either the trans-activating RdRP encapsidates 
the newly synthesized vRNA and forms a progeny vRNP or another free RdRP is needed for the 
encapsidation. (e) In the trans-acting model, a free RdRP is required for the encapsidation of the 
nascent vRNA transcript
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initiation is significantly faster than the internal initiation that involves a primer- 
and- realign mechanism (Reich et al. 2017).

A recent finding showed that the synthesis of the first three nucleotides from 
vRNA templates can compensate for the breaking of base pairing at the panhandle 
region. In contrast, the synthesis of nucleotides from cRNA 3′ extremity cannot 
compensate for the energy requirement, thus a prime-and-realign mechanism is 
needed (Reich et al. 2017).

Kinetic study showed that synthesis of pppApG is a rate-limiting step. Addition 
of ApG dinucleotide or uncapped primer ending with AG-3′ significantly accelerate 
the level of RNA synthesis. Capped primer accelerates the rate of reaction even 
further, indicating RNA with 5′ cap enhances efficiency (Reich et al. 2017).

Both the initiation of RNA synthesis and the prime-and-realign mechanism are 
closely related to the priming loop of PB1. RdRps capable of de novo synthesis usu-
ally contain a loop structure that can act as stacking platform for incoming NTP to 
catalyze the formation of the first phosphodiester bond (Butcher et al. 2001; Tao 
et al. 2002; Caillet-Saguy et al. 2014; Appleby et al. 2015). In the full structure of 
RdRP, this priming element can be identified in PB1. PB1 residues 641–657 form a 
conserved antiparallel β-loop that resembles HCV priming loop (Pflug et al. 2014).

Recent study confirmed that this priming loop is crucial for terminal initiation of 
de novo synthesis using vRNA as template. The priming loop does not affect inter-
nal initiation when cRNA is used as template. This loop might have to undergo 
conformational change and play a role in determining the rate of priming, initiation, 
and elongation. P651 on the loop was discovered to interact with the initiating NTP 
during de novo initiation (te Velthuis et al. 2016). By deletion study, the priming 
loop was observed to stimulate realignment during vRNA synthesis and suppresses 
internal extension. In contrast, during primer-dependent mRNA synthesis, priming 
loop was shown to suppress prime-and-realign mechanism (Oymans and te Velthuis 
2017).

 Trans-Acting or Trans-Activating Cis-Acting RNP

Using a genetic trans-complementation experiment, it was discovered that, with a 
template-bound replication-defective (i.e., PB2 R142A or R130A) RNP, even 
though it is not capable of synthesizing new RNA by itself, progeny vRNA could be 
produced in the presence of free RdRPs that have normal replication function. This 
indicates that the replication of viral genome occurs in trans. In contrast, the inabil-
ity of mRNA synthesis by a template-bound transcription-defective (i.e., PB2 
E361N) RNP cannot be rescued by a trans RdRP, indicating that mRNA synthesis 
occurs in cis (Jorba et al. 2009).

Previous study has demonstrated that the virion-derived vRNP is able to produce 
both mRNA and cRNA (Vreede et al. 2007); it is at least possible for the RNP to 
synthesize cRNA in cis. Thus the trans-acting model suggests that during the cRNP- 
to- vRNP phase, free RdRP first interacts with template-bound cRNP, presumably 
through the RdRP. The RdRP then translocates to the 3′-end of the cRNA and initi-
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ates replication in trans. Yet another free RdRP is required for the encapsidation of 
the newly synthesized vRNA. It is then assembled into a progeny vRNP (Jorba et al. 
2009). This trans-acting model is consistent with two other findings: (1) oligomer-
ization of RdRP can be observed (Jorba et al. 2008; Chang et al. 2015; Swale et al. 
2016), and (2) electron micrographs of negatively stained RNPs reveal branched 
RNP structures (Moeller et al. 2012).

Recent study has shown that purified vRNP can perform mRNA and cRNA syn-
thesis in vitro, while purified cRNP cannot synthesize vRNA either de novo or in the 
presence of an ApG primer. Only when purified RdRP is added to cRNP, synthesis 
of vRNA can be observed (York et al. 2013). This further supports the notion that 
free, trans-acting RdRP is required for successful cRNA-to-vRNA synthesis.

York et  al. did not support the trans-acting model. Instead, a trans-activating 
model was proposed. The trans-activating model suggests that the trans RdRP only 
activates the resident RdRP, but the actual synthesis of vRNA is carried out in cis. 
This is supported by the finding that even an RdRP with nonfunctional polymerase 
activity could produce newly synthesized vRNA in conjunction with the resident 
cRNP (York et al. 2013). Therefore, the resident cRNP is responsible for RNA syn-
thesis instead of the trans RdRP. In this model, it is possible that the trans-activating 
RdRP also fulfills the role of binding the nascent 5’ vRNA. This allows the trans- 
activating RdRP to assemble into a progeny vRNP (te Velthuis and Fodor 2016).

 Stabilization of cRNAs

Stabilization of replicative intermediate cRNAs has been reported to be important 
for the replication of viral genome. A recent study reported that the PB2 627-domain 
is required for the stabilization of cRNA (Nilsson et al. 2017). On the other hand, 
the RNA binding capability of NP is also essential for stabilizing newly synthesized 
cRNA, preventing the replicative intermediate being degraded by cellular nuclease 
(Vreede et al. 2004; Vreede and Brownlee 2007). The stabilization of cRNA has 
been proposed as a mechanism to regulate the transition of transcription in early 
infection to replication in late infection (Vreede et al. 2004; Vreede and Brownlee 
2007). The exact mechanism of cRNA stabilization by PB2 and NP remains unclear. 
However, the 627-domin is located close to the exit channel of nascent RNA during 
replication. It is plausible that this domain is involved in guiding incoming NP to 
newly synthesized vRNA for encapsidation. In fact, evidence supports that PB2 
627-domain and NP interact with each other directly. Ng et al. demonstrated that 
this interaction is related to the region around R150 on NP, while Hsia et al. further 
showed that a peptide from NP spanning residues S145 to G185 is sufficient to 
cause chemical shift perturbation on PB2 627-domain, with PB2 D605 and V606 
playing vital roles in the interaction (Ng et al. 2012; Hsia et al. 2018).
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 vRNA & cRNA Promoter Binding

Previous studies indicated that PB1 is highly involved in promoter binding (González 
and Ortín 1999a; González and Ortín 1999b; Jung and Brownlee 2006). Full RdRP 
structure confirmed the importance of PB1 in promoter binding. PB1 interacts with 
both 5′ and 3′ of vRNA and cRNA (Figs. 5.15a and 5.15b) (Pflug et al. 2014; Reich 
et al. 2014; Thierry et al. 2016). 5′ promoter region is held by both PA and PB1 
(Fig. 5.15a), while 3′ promoter region interacts with all three subunits (Fig. 5.15b). 
A corkscrew conformation of the viral promoter could be observed, confirming pre-
vious studies and models (Flick et al. 1996; Hobom and Flick 1999; Brownlee and 
Sharps 2002; Tomescu et al. 2014).

PB1 N-terminal H32, T34, and Y38 residues are involved in the interaction with 
the 5’ vRNA.  Besides, a PB1 β-hairpin (residues 353–370; bat strain residues) 
inserts through the PA arch and interacts with the 5’ vRNA, where R365 forms 
multivalent interactions with the RNA backbone (Pflug et al. 2014). On the other 
hand, PB1 interacts with the 5′-3′ duplex region with the NLS-containing β-ribbon 
(residues 177–212) and C-terminal region of PB1 (residues 672–676). From the 
structure of Flu A RdRP, it is unclear how R571 and R572 mentioned by Li et al. 
could affect 5’ vRNA binding (Pflug et al. 2014; Li et al. 1998).

Although PB1 plays an important role in the binding of the 5′ and 3′ viral pro-
moters, PA and PB2 are also essential.

PA-PB1 heterodimer has been shown to involve in 5′-promoter binding (Lee 
et al. 2002; Deng et al. 2005). Recently, the Kd between PA-PB1 dimer and 5’-vRNA 
promoter was determined to be as low as 0.2–0.4 nM, whereas their interaction to 

Fig. 5.15 Structure of vRNA promoter and its interaction with RdRP (PDB: 4WSB). (a) 5’-vRNA 
promoter (colored in red) is shown to interact with both PA and PB1 (colored pink and pale blue, 
respectively). 5′ Terminus of vRNA forms a hook structure, inconsistent with the previously pro-
posed corkscrew model. PA-C RNA-binding groove is involved in binding 5’ vRNA, and the PA 
arch encircles both the 5’ vRNA and a PB1 β-ribbon. The 5’ vRNA is also situated near the NTP 
entry channel (located at the right side of the diagram). (b) 3’ vRNA promoter (colored in blue) is 
shown to interact with all three subunits (PA, PB1, and PB2 colored in pink, pale blue, and pale 
green, respectively). The 3′ extremity of vRNA is not shown in this structure. The long and flexible 
PB1 NLS β-ribbon is shown to be in close proximity with both 5′ and 3′ promoters
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3′ promoter is much weaker (Swale et al. 2016). The structure of PA-C reveals a 
putative RNA-binding groove. Highly conserved basic residues (K328, K539, 
R566, and K574) are found in the groove (Obayashi et al. 2008; He et al. 2008). The 
elucidation of full RdRp structure confirms that the putative RNA- binding groove 
indeed interacts with RNA. It binds specifically to the 5′ viral promoter (Fig. 5.15a). 
The first 10 nucleotides of the 5′ promoter form a hook that is sandwiched in a 
pocket formed on one side by strands β17–β18 and β20 of PA. The other side is 
formed by the PA arch, with a PB1 β-hairpin (bat influenza residues 353–370) 
inserting through the arch. The conserved basic residues located in the RNA groove 
form polar interactions with the 5′ hook (Pflug et  al. 2014). Co-crystal of flu B 
RdRP with viral promoters shows that both 5’-vRNA promoter and 5’ cRNA pro-
moter bind to PA in a highly similar mode (Thierry et al. 2016).

Also, it was recently discovered that RanBP5 regulates the binding of 5’-vRNA 
promoter to the PA-PB1 dimer. The formation of PA-PB1-RanBP5 heterotrimer 
prevents the binding of 5′ promoter to PA-PB1 dimer (Swale et al. 2016).

For PB2, its N-terminal region is in close contact with the promoter via residues 
36–49 as revealed in the full RdRP structure (Pflug et al. 2014). Agreeing with this, 
during polymerase assembly, the binding of PA-PB1 dimer to 3’ vRNA necessitates 
the presence of PB2-N (Swale et al. 2016).

Hara et al. identified R124 in PB2-N and established by cross-linking experiment 
that this is important for both vRNA and cRNA promoter binding (Hara et al. 2017). 
Structurally the side-chain conformation of this residue is conserved in all available 
polymerase structures, either apo or promoter bound. In capped-mRNA primer 
bound flu B polymerase structure, it is apparent that R124 lies within the N2-linker, 
pointing toward incoming primer or template vRNA. However, its direct interaction 
with RNA is unlikely since several loops and helices on PB2 cause steric hindrances. 
It is thus conceivable that R124 assumes a structural role related to the lid domain 
instead of directly in contact with RNA.

Furthermore, two configurations of 3’ vRNA promoter have been observed, one 
represents the pre-initiation state, while the other one resembles the initiation state 
(Fig. 5.16). In the pre-initiation state, the 3’ vRNA promoter extremity interacts 
with PB1 at the exterior of RdRP; in the initiation-resembling state, it is inserted 
into the PB1 catalytic cavity (Reich et al. 2014; Reich et al. 2017).

 Conformational Change of RdRP Triggered by Promoter 
Binding

Promoter binding has been implicated in the activation of cap-binding and endo-
nuclease activity (Lee et al. 2003; Rao et al. 2003). This observation is supported by 
recent discovery of two conformations of RdRP bound by 5’-vRNA promoter and 
5’ cRNA promoter (Fig. 5.17) (Thierry et al. 2016).
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In an apo (resting) state (flu C, PDB: 5D98), PB2 subunit exists in a compact 
state wherein the lid domain and the cap-binding domain exhibit extensive contact 
with PB1. Entry of capped mRNA is obscured. 627-domain is situated out of the 
protein core. NLS sequence forms a helix packed against PA-N domain, presumably 
resulting in blocking of the endonuclease activity. This conformation is similar to a 
cRNA promoter-bound form (flu B, PDB: 5EPI) with two obvious differences in the 
latter state: (1) although NLS-peptide remains bound to PA-N, the whole NLS- 
PA- N is rotated by around 90°; (2) the 627-domain is protruded out with a partially 
unfolded cap-627 linker, now further away from the protein core, leading to shifts 
of the lid domain and the cap-binding domain. The overall conformation becomes 
more extended. The orientation of 627-domain as such should register biological 
significance, since it is now in close proximity of the vRNA exit channel.

In situ rotation of cap-binding domain was observed in vRNA promoter bound 
flu A and flu B structures (PDB: 4WSB and 4WSA) (Fig. 5.18). This is particularly 
important for the cap-binding domain to direct the primer to PA-N domain for 
cleavage. It is currently unknown whether the binding of capped mRNA alone is 
sufficient to cause the drastic domain rearrangement. It is likely that more than one 
conformation may exist in equilibrium when in solution, as Thierry et al. suggested. 

Fig. 5.16 Two configurations of 3’ vRNA promoter. The structure of flu B 3’ vRNA promoter in 
pre-initiation state (PDB, 4WRT; red, 5′ promoter; cyan, 3′ promoter) and initiation-resembling 
state (PDB, 5MSG; pale red, 5′ promoter; blue, 3′ promoter) is shown as cartoon representation. 
PB1 is shown as surface diagram (colored in pale blue). In pre-initiation state, the 3′ extremity of 
vRNA lies at the exterior of PB1 and interacts with its NLS-containing β-ribbon. In initiation- 
resembling state, the 3′ extremity of vRNA inserts into the catalytic cavity of PB1 through a nar-
row template entry channel. The conformation of 5’ vRNA remains the same in both states, 
whereas the PB1 NLS-containing β-ribbon shows substantial displacement. In the pre-initiation 
state, the ribbon (colored in pink) is “pulled” toward the 3’ vRNA extremities. In the initiation- 
resembling state, the same ribbon (colored in green) moves further away from the promoter
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Drastic rearrangement of the 627-domain is registered, albeit the polymerase shape 
becomes compact again. The overall relocation concerns lid domain, cap-binding 
domain, cap-627 linker, and the 627-domain so that (1) cap-627 linker is now closely 
packed against lid domain and (2) 627-domain is now situated next to the “back” of 
cap-binding domain, leaving the primer entry site open. Endonuclease domain is no 

Fig. 5.17 Radical repacking of PB2 subunit. PB2 was shown to undergo radical conformational 
change in two crystal structures of flu B RdRP (PDB: 4FMZ & 5EPI). (a) The vRNA-bound form 
(PDB: 4FMZ) resembles the RdRP structure of bat influenza and flu B RdRP interacting with both 
5′ and 3′ of vRNA (PDB: 4WSB & 4WSA). In this form, the PB2 cap-binding domain is situated 
at the top of the U-structure and faces the PA-N domain. Whereas the PB2 627-domain is located 
near PA-C and the palm domain of PB1, while the NLS domain is not visible in the structure. (b) 
In the cRNA-bound form (PDB: 5EPI), PB2 cap-binding domain and PB2 627 domain switch their 
positions. The cap-binding domain is situated near the palm domain of PB1, while the 627-domain 
moves nearer to the PA-N domain. Furthermore, the PB2 NLS helix becomes visible and is shown 
to interact directly with PA-N. The apo form of flu C RdRP (PDB: 5D98) resembles the cRNA- 
bound form. (c) and (d) Schematic diagrams of RdRP corresponding to (a) and (b)
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longer bound by NLS-peptide. Indeed the electron density for the NLS-domain is 
not registered in any of available vRNA promoter-bound structures.

However, no significant structural change could be observed near the 5′ promoter 
binding site on both PA and PB1, thus the exact mechanism of conformational 
change and the activation of cap-snatching mechanism remains obscure.

Lastly, the difference between the tails of mRNA and cRNA products are affected 
by the binding of 5′ promoter to RdRP. Transcription of vRNA requires the 5′ pro-
moter to associate tightly to RdRP, this steric constraint would hinder elongation 
and cause stuttering at the poly-U stretch, resulting in a poly-A tail in the mRNA 
product (Pritlove et al. 1998; Poon et al. 1998). On the other hand, replication of 
vRNA requires the release of 5′ promoter in order to allow read through of the entire 
genome. The exact mechanism of this switch is not clear, but PA arch and the PA 
RNA-binding groove might play a role due to their close proximity to 5′ promoter.

Fig. 5.18 Rotation of cap-binding domain. In situ rotation of cap-binding domain was observed in 
several crystal structures (PDB: 4WSB, 4WSA, and 5MSG). The cap-binding cavity of PB2 can 
either point toward PA-N for cap-snatching, or it can point toward PB1 catalytic cavity for priming 
and transcription initiation
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 Conclusion

The RNP complex plays multiple crucial roles in influenza virus life cycle. In this 
article, the functions of RNP in transcription and replication are described in detail. 
It is worthwhile to note that much research has also been done on the role of RNP 
in host specificity and pathogenicity. Furthermore, several interactome studies have 
revealed the extensive interaction network of RNP with host factors. Lastly, RNP is 
also a promising target for drug discovery; numerous small molecules or peptides 
have been found to disrupt RNP assembly and activity.

From the perspective of structural research, there are several important problems 
remained unsolved. Firstly, although high-resolution structures of RdRP have been 
determined, the exact structure of RNP complex remains unknown. NP has long 
been identified to interact with RdRP (presumably through PB1 and PB2), yet its 
exact mode of binding has not been revealed. Secondly, it has been observed that 
RdRP undergoes substantial conformational change (particularly PB2). However, 
the cause and regulation of this phenomenon is not understood. Moreover, it would 
be fruitful to understand the effect of such conformational change on the activity of 
RNP. One would conjecture such structural change might play a role in the regula-
tion between replication and transcription. Thirdly, several regions in the RdRP 
were unrecognized before the elucidation of full RdRP structure, e.g., PA arch, PB1 
β-ribbon (residues 352–398 of bat flu A), and the 550-loop of PA. These regions are 
mostly uncharacterized at present, and their functions are not known. Fourthly, the 
actual initiation state of RdRP is not yet resolved. Base pairing cannot be observed 
in the PB1 catalytic cavity in all present structures. Structural determination of the 
initiation state could provide us with valuable insight on the mechanism of nucleo-
tide synthesis by RdRP.  Fifthly, regardless of the trans-acting model or trans- 
activating model, both involve dimerization or oligomerization of RdRP. In depth 
characterization of their modes of interaction would be much helpful and would 
give us understanding on the role and mechanism of the trans RdRP in RNA syn-
thesis. Finally, numerous residues on the RdRP have been discovered to affect host 
specificity. However, their exact mechanism remains unclear and the existing struc-
ture of RdRP could not explain their phenotypes.

Although many host factors have been identified as interacting partners with 
RdRP or RNP, most of these interactions remain uncharacterized. Only the binding 
mode of Pol II CTD domain with RdRP and importin-α with NP and PB2 were struc-
turally determined (Pumroy et al. 2015; Nakada et al. 2015; Lukarska et al. 2017). 
The characterization of interaction between host factors and RNP and structural 
determination of these complexes could give us a full picture on the function of RNP.

Altogether, previous research has provided us with profound understanding on 
the role of influenza RNP. However, some “black boxes” still remain at present, and 
efforts in clarifying the full mechanism of RNP, its role in host specificity, and its 
interactions with host factors are much needed. These basic scientific knowledge on 
RNP could assist us in further understanding the central process of viral growth and 
for developing measures to combat the virus infection.
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Chapter 6
Structural Homology Between  
Nucleoproteins of ssRNA Viruses

Mikel Valle

 Introduction

Almost 40 years ago, pioneering crystallographic studies on two icosahedral viruses 
(Abad-Zapatero et al. 1980; Harrison et al. 1978) revealed a clear structural similar-
ity between their capsid proteins. The resemblance was not expected since the pro-
teins that build the capsids of the two viruses have no sequence homology between 
them; however they display the same so-called jelly roll fold. Additional early works 
on viral structures supported the notion of structural homology between capsid pro-
teins and an evolutionary divergence of the viruses from common ancestors 
(Rossmann et  al. 1983). Currently, the classical taxonomy of viruses by their 
genomic features (Baltimore 1971) is challenged by a structure-based classification 
(Abrescia et al. 2012). In the latter, the viral universe is segregated into four major 
lineages (PRD1/Adenovirus-like, Picornavirus-like, HK97-like, and BTV- like), and 
new groups have been recently proposed (Nasir and Caetano-Anolles 2017). A 
drawback of these new structure-based classifications is that only icosahedral 
viruses are clearly grouped, and helical and non-icosahedral enveloped viruses lie 
outside the described lineages. The strong spatial restrictions for capsid proteins in 
icosahedral arrangement seem to limit their structural variation; thus, the similari-
ties between them are kept at recognition levels. Nucleoproteins from viruses that 
do not construct well-ordered icosahedral particles exhibit larger structural variabil-
ity, and their relationships are harder to reveal. Nevertheless, the latest structural 
studies on nucleoproteins and virions from non-icosahedral viruses substantiate 
new homologies between viral groups with different morphologies. This chapter is 
focused on a recently described structural homology between the nucleoproteins 
from several families of ssRNA viruses that infect eukaryotes.
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 Eukaryotic ssRNA Viruses

Among viruses that infect eukaryotic organisms, RNA viruses are the most abun-
dant and diverse, especially the ones with (+)ssRNA genomes. It seems that the 
compartments in the cytoplasm provide a rich niche where RNA replication com-
plexes are constructed via interactions with proteins and membranes from the hosts 
(Nagy and Pogany 2011). In the last ICTV release of virus classification (Adams 
et al. 2017), (+)ssRNA viruses are distributed in 3 orders and 22 unassigned families 
(Fig. 6.1, that includes only viral families relevant for this chapter), while the less 
populated group of (−)ssRNA viruses contains 1 order and 4 unassigned families 
(in this last ICTV release, the previously unassigned family Bunyaviridae is redis-
tributed in several families within the new order Bunyavirales, but this chapter 
keeps the name of this family to easily refer to previous works). A tentative phylog-
eny of eukaryotic (+)ssRNA viruses has been proposed based on the sequence 
homology between their RNA-dependent RNA polymerases (RdRp), the only com-
mon gene to all the families, and the structure of their viral genomes (Koonin 1991). 
This phylogeny distinguishes three superfamilies: alphavirus-like, picornavirus-
like, and flavivirus-like. On the other hand, (−)ssRNA viruses, whose RdRp differ 
significantly from the ones of the (+)ssRNA groups, are segregated in the order 
Mononegavirales (which includes eight families with monopartite genomes) and in 
several unassigned families with segmented genomes (Fig.  6.1) (Koonin et  al. 
2015).

 Flexible Filamentous Plant Viruses

Flexible filamentous plant viruses are plant pathogens that contain a monopartite 
(+)ssRNA genome protected by hundreds of copies of their coat protein (CP) 
arranged in helical mode (Kendall et al. 2008). Their infective particles are long 
(several hundreds of nm) and thin (10–15 nm diameter) flexible filaments. They are 
transmitted by mechanical contact or by arthropod vectors and cause severe eco-
nomic impact in agriculture. Currently there are more than 380 species (Adams 
et al. 2017) grouped in four families: Alphaflexiviridae (50 species, where genus 
Potexvirus has 35 representatives), Betaflexiviridae (89 species, genus Carlavirus 
includes 47 different viruses), Closteroviridae (49 species), and Potyviridae (195 
species, and genus Potyvirus includes 160). All those viruses display a very similar 
architecture for their non-enveloped virions, although some genus within family 
Closteroviridae have segmented genomes.

Most of the flexuous filamentous plant virus groups belong to the alphavirus-like 
superfamily (Fig. 6.1). They share a closely related RdRp, a capping enzyme, and 
the superfamily 1 helicase gene (Koonin and Dolja 1993). However, family 
Potyviridae fits in the picornavirus-like superfamily following the RdRp-based phy-
logeny, the expression and processing of a polyprotein, and the presence of a 
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genome-linked VPg protein. Potyviruses are clear outsiders within the picornavirus- 
like superfamily where the icosahedral capsid made of proteins with the jelly roll 
fold is abundant; however potyviruses display helical and filamentous virions. It is 
thought that a common CP gene for flexible filamentous viruses has been trans-
ferred and finally shared by all the families (Koonin et al. 2015).

 Enveloped and Segmented (−)ssRNA Viruses

Families Orthomyxoviridae (e.g., influenza virus), Bunyaviridae (e.g., Rift Valley 
fever virus or RVFV), and Arenaviridae (e.g., Lassa fever virus) have been some-
times grouped within the order Multinegavirales, i.e., enveloped viruses with 

Fig. 6.1 Groups of ssRNA eukaryotic viruses. Some of the orders and families of eukaryotic 
ssRNA viruses are shown grouped accordingly to the polarity of their ssRNA. Only the viral fami-
lies relevant for this chapter are included, together with cartoons that represent the architecture of 
their virions or infective particles. The names of the different families are seen in green (plant 
infecting viruses), red (animal infecting viruses), or orange (family with plant and animal viruses). 
(*) Bunyaviridae family is currently reassigned in the order Bunyavirales (see main text)
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segmented (−)ssRNA genomes or sNSV (segmented negative-strand viruses). They 
present genomes divided into two (Arenaviridae), three (Bunyaviridae), and six to 
eight (Orthomyxoviridae) fragments. These subgenomic segments have comple-
mentary ends and form circular nucleocapsids (Raju and Kolakofsky 1989; Hsu 
et al. 1987) together with nucleoproteins and the viral polymerase. The ribonucleo-
protein complexes of arenaviruses and bunyaviruses are rather flexible and unstruc-
tured, but in influenza they construct double-helical nucleoproteins (Arranz et al. 
2012). For all the representatives of this tentative order, the genomic material is 
protected inside an envelope coming from the membrane of the infected cell. Most 
of the viruses within these three families infect animals, but the genus Tospovirus 
(e.g., tomato spotted wilt virus or TSWV, family Bunyaviridae) is a plant-infecting 
group that can multiplicate within the arthropod vector (usually thrips) leading to 
persistent vector transmission (Kormelink et al. 2011).

 Structure of Flexible Filamentous Plant Viruses

Initial structural studies of flexuous filamentous plant viruses revealed their com-
mon overall architecture (Kendall et al. 2008). Apart from possible differences at 
their ends (for instance, the presence of VPg linked to the 5′ genomic end in poty-
viruses), low-resolution X-ray fiber diffraction data and cryoEM 3D maps showed 
filaments of 120–130 Å diameter constructed by CPs arranged in helical mode, with 
about nine subunits per turn. The studies were carried out with soyben mosaic virus 
(SMV), a potyvirus, and three potexviruses (family Alphaflexiviridae), potato virus 
X (PVX), papaya mosaic virus (PapMV), and narcissus mosaic virus (NMV) 
(Kendall et al. 2013; Yang et al. 2012; Kendall et al. 2008). The flexible nature of the 
virions precluded atomic resolved data, and the virions were depicted following a 
right- handed helical arrangement, as observed for rod-shaped rigid viruses such as 
tobacco mosaic virus or TMV (Namba and Stubbs 1986). In recent years, by using 
single-particle based helical reconstruction of cryoEM data, several virions have 
been characterized at higher structural detail: bamboo mosaic virus (BaMV), a 
potexvirus resolved at 5.6 Å resolution (DiMaio et al. 2015); pepino mosaic virus 
(PepMV), another potexvirus solved at 3.9 Å resolution (Agirrezabala et al. 2015); 
and watermelon mosaic virus (WMV), a potyvirus solved at 4.0  Å resolution 
(Zamora et al. 2017). The availability of structures for flexible filamentous plant 
viruses from different families (Alphaflexiviridae and Potyviridae) allows for direct 
comparison (Fig. 6.2).

The three described virions (BaMV, PepMV, and WMV) display almost identical 
helical arrangement, with about 34.5–35 Å of helical pitch and 8.8 subunits per turn 
in left-handed helices (Fig.  6.2a–b). The CPs show a core domain rich in alpha 
 helices and two long arms at both ends of the protein. The assembly of the CPs is 
mostly mediated by flexible N- and C-terminal arms, in a way that slight relative 
movements between CP subunits are allowed (Fig. 6.2c–d), and this is the structural 

M. Valle



133

Fig. 6.2 Structure of two flexible filamentous plant viruses belonging to different families. (a) 
CryoEM micrograph field of a WMV (family Potyviridae) sample, together with the rendering of 
the cryoEM map (EMD-3785) for the virion depicted blue (Zamora et al. 2017). (b) An electron 
micrograph field for a sample with PepMV (family Alphaflexiviridae) virions is shown, and the 
corresponding cryoEM map (EMD-3236) rendered in red (Agirrezabala et  al. 2015). (c) 
Representation of the atomic models (pdb code 5ODV) of several CPs from WMV as seen in the 
virion. The atomic coordinates are seen in ribbons with different blue colors for each subunit. One 
of the CP monomers is depicted as a solid surface. (d) Similar depiction for the atomic models of 
CPs subunits of PepMV (pdb code 5FN1) shown in red. (e) Two views of the atomic model of the 
CP from WMV including a fragment of ssRNA. (f) The atomic coordinates for the CP from 
PepMV are depicted in similar orientations as in (e)
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basis for the flexible nature of the virions (Zamora et al. 2017; DiMaio et al. 2015; 
Agirrezabala et al. 2015). Essentially, the C-terminal arm contributes to the oligo-
merization between CP subunits at different turns of the helix, i.e., the axial or 
longitudinal assembly. In all the cases, a final segment of the N-terminal end of the 
CPs is missing in the atomic models due to its high flexibility. A significant differ-
ence is seen in the role of this N-terminal arm. While in potexviruses the N-terminal 
of one CP interacts with the next subunit in side-by-side contact (Fig. 6.2d) (DiMaio 
et al. 2015; Agirrezabala et al. 2015), in the potyvirus, a longer N-terminal segment 
bridges the next subunit in the helix, and by a sharp turn, also interacts with another 
CP copy at adjacent turn (Fig. 6.2c) (Zamora et al. 2017), displaying a dual role 
supporting side-by-side and axial polymerization.

 Structural Homology Between CPs from Flexible Filamentous 
Plant Viruses

Remarkably, despite the low sequence identity between CPs from two different 
families (Potyviridae and Alphaflexiviridae), their 3D fold is almost identical 
(Fig. 6.2e–f) with rmsd values at the core of the protein (excluding flexible N- and 
C-terminal arms) bellow 3 Å (Zamora et al. 2017), and all the essential alpha-helical 
elements of their structure superimpose (Fig. 6.3). Thus, at least for these two fami-
lies, their CPs are clear structural homologues, which suggest that a gene transfer 

Fig. 6.3 Comparison of 
the CP structure from 
WMV and PepMV. The 
ribbon representation for 
WMV CP (pdb code 
5ODV (Zamora et al. 
2017)) is depicted in 
rainbow colors. The atomic 
structure for PepMV CP 
(pdb code 5FN1, 
(Agirrezabala et al. 2015)) 
is seen in gray ribbons. 
The 3D alignment between 
both structures was 
performed in Matras 
(Kawabata 2003). The 
numbers indicate the 
residue number at the N- 
and C-terminal ends of 
both atomic coordinates
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occurred at some time between families that are distant with regard to other genetic 
elements and characteristics.

 Conserved RNA-Binding Site

In both, potexviruses and potyviruses, the CP in the virion binds to five nucleotides 
of the ssRNA in a very similar mode (Zamora et  al. 2017; DiMaio et  al. 2015; 
Agirrezabala et  al. 2015). Although the density for the ssRNA in those cryoEM 
maps of virions is an average of RNA segments with different compositions, the 
signal attributed to the nucleic acid is alike in the three available density maps. The 
higher-resolution studies (Zamora et al. 2017; Agirrezabala et al. 2015) showed that 
one out of the five nucleotides bound by each CP fits in a binding pocket (nucleotide 
labeled as U4 in Fig. 6.4). Essentially, several residues from the CP interact with 
consecutive phosphates backbone groups, and the nucleoside in between goes deep 
into the binding pocket (Fig. 6.4b).

Direct comparison of the atomic models for WMV (Fig.  6.4c) and PepMV 
(Fig.  6.4d) reveals that three amino acids that participate in the ssRNA-binding 
pocket are at the same position in the CP of both viruses (Zamora et  al. 2017) 
(Fig. 6.4e). Furthermore, these serine (S), arginine (R), and aspartic (D) acid resi-
dues are universally conserved along the four families of flexible filamentous plant 
viruses (Fig. 6.5) (Zamora et al. 2017; Dolja et al. 1991), with the exception of two 
potexviruses (bamboo mosaic virus and foxtail mosaic virus) where the conserved 
arginine is substituted by histidine. Despite the lack of structures for CPs from other 
families, the high conservation of invariant amino acids suggests that the CPs from 
flexuous filamentous plant viruses display the same fold and contain a highly con-
served RNA-binding site.

 Architecture of Enveloped Viruses with Segmented (−)ssRNA 
Genomes

The members of sNSV have a common overall design that includes the presence of 
an envelope that protects a variable number of ribonucleoproteins (RNPs) inside 
(Fig. 6.6). The envelope is taken from the host cell membrane by budding (Lyles 
2013) and contains viral glycoproteins that have different roles during the viral 
cycle. The shape of the virions ranges from pleomorphic (Arenaviridae) to spherical 
and/or elongated (Orthomyxoviridae and Bunyaviridae). Most of the representa-
tives infect animals, with the exception of plant-infecting tospoviruses 
(Bunyaviridae). Several bunyaviruses and arenaviruses are present in rodents and 
arthropods and occasionally infect humans in outbreaks of hemorrhagic fever and 
encephalitis-related diseases. Family Orthomyxoviridae includes well-known influ-
enza viruses that have a large impact in human health. Influenza representatives 
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infect birds and mammals and are transmitted by aerosols between humans. The 
nucleoproteins of sNSV are associated to the genomic segments and the RdRp in 
nucleocapsids of dissimilar morphologies (Ruigrok et al. 2011). These nucleopro-
teins are mainly helical globular with a positively charged groove for RNA binding 
(Reguera et  al. 2014), but no structural homology has been described between 
nucleoproteins of different families.

Large part of the structural information in Orthomyxoviridae family has been 
obtained for influenza A virus. Nucleoproteins of influenza virus polymerize 
through the insertion of a loop into the neighboring subunit (Ye et al. 2006). In the 
constructed RNPs, the ssRNA is in closed conformation, and the viral RdRp binds 
both RNA ends. CryoET analysis of influenza virions showed the presence of heli-
cal RNPs inside the virus (Fig.  6.6a), and cryoEM of isolated RNPs revealed a 
 double-helical architecture with two antiparallel strands of nucleoproteins 
(Fig. 6.6b) (Arranz et al. 2012). For bunyaviruses (RVFV is used as a representa-

Fig. 6.4 Conserved ssRNA-binding pocket. (a) Semi transparent depiction of one CP subunit 
from WMV (gray) segmented from the cryoEM map of the virion (EMD-3785 (Zamora et  al. 
2017)), together with the density attributed to the path of the ssRNA (in red) and the derived atomic 
model (pdb code 5ODV). (b) Close-up view of the ssRNA-binding pocket in the CP of WMV with 
some of the amino acids highlighted. (c), (d), and (e) show the regions that participate in the RNA 
binding pockets of the CP from WMV (c), PepMV (d), and a comparison between them (e). Three 
key and conserved amino acids are seen
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tive), loose and flexible RNPs (Raymond et al. 2012) are seen protected inside a 
spherical shell of glycoproteins (Fig. 6.6c) inserted in the enveloping membrane 
(Huiskonen et al. 2009; Freiberg et al. 2008). Crystallographic structures of nucleo-
proteins from bunyaviruses with and without RNA have shown several oligomeric 
states, from tetramers to hexamers (Fig.  6.6d), where side-by-side interaction 
between subunits is mediated by N- and/or C-terminal arms (Zhou et al. 2013). The 
number of ssRNA nucleotides bound by each nucleoprotein subunit can vary from 
7 as seen for RVFV (Raymond et al. 2012) up to 11 for orthobunyaviruses (Reguera 
et al. 2013; Niu et al. 2013; Dong et al. 2013; Ariza et al. 2013), one of the genus in 
the family Bunyaviridae. The structure of their native RNPs is not well known, but 
it seems to be rather flexible, ranging from loose and unstructured as in RVFV 
(Raymond et al. 2012) to different levels of helical arrangement as in La Crosse 
orthobunyavirus (Reguera et  al. 2013). The members of the family Arenaviridae 
present unique nucleoproteins. This way, the nucleoprotein of Lassa virus 

Fig. 6.5 Conservation of amino acids in the RNA-binding pocket along the families of flexible 
filamentous plant viruses. Consensus sequence logos (Crooks et al. 2004) for CPs from different 
families of flexuous filamentous plant viruses. The conserved invariant amino acids (Ser or S, Arg 
or R, and Asp or D) are highlighted in red boxes
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(Arenaviridae) displays an additional C-terminal domain with exonuclease activity 
that seems to be involved in immune suppression (Hastie et al. 2011; Qi et al. 2010).

 Structural Homology between Nucleoproteins of Eukaryotic 
ssRNA Viruses

It is clear that flexible filamentous plant viruses (at least two of the families) display 
high structural homology between their CPs, which are also nucleoproteins (Zamora 
et al. 2017). Despite the abundant structural information about nucleoproteins of 
sNSV, no structural homology was detected by direct comparison between atomic 
coordinates of nucleoproteins from different families (Ruigrok et  al. 2011). 
However, using the atomic models of CPs from flexuous filamentous plant viruses 
as structural targets, structural similarities with several nucleoproteins of sNSV 
emerged (Zamora et  al. 2017; Agirrezabala et  al. 2015). The core region of CPs 
shows structural homology with nucleoproteins of representatives from families 
Bunyaviridae (Zamora et al. 2017; Agirrezabala et al. 2015) and Orthomyxoviridae 
(Zamora et al. 2017) (Fig. 6.7). The structures share similar topology where alpha- 
helical secondary structure elements are easily aligned. Both N- and C-terminal 

Fig. 6.6 Morphology and organization of segmented (−)ssRNA viruses. (a) Rendering of a seg-
mented cryoelectron tomogram for influenza A virus (image courtesy of J. Martín-Benito) (Arranz 
et al. 2012) and a cartoon that summarizes the general features of the virion. (b) Semi transparent 
view of the cryoEM map for native influenza RNPs (EMD2205) with fitted atomic coordinates for 
its nucleoproteins (pdb code 4BBL) (Arranz et al. 2012). (c) Display that includes the representa-
tion of the cryoEM map for RVFV (EMD-5124 (Sherman et al. 2009)) and a schematic cartoon of 
the viral architecture. (d) Crystallographic structure of the hexameric form of the nucleoprotein 
from RVFV assembled with ssRNA (pdb code 4H5O (Raymond et al. 2012))
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Fig. 6.7 Structural 
homology between 
nucleoproteins of 
eukaryotic ssRNA viruses. 
The panels show ribbon 
representations for the core 
regions of nucleoproteins 
from different viruses in 
rainbow color mode (left 
side). At the right side, the 
core of the nucleoprotein 
subunit is seen green, and 
the N- and C-terminal 
extensions are red and 
yellow, respectively. Other 
subunits that interact with 
the colored ones are 
depicted gray to illustrate 
their oligomerization. The 
atomic coordinates are (a) 
WMV CP and ssRNA (pdb 
code 5ODV (Zamora et al. 
2017)); (b) PepMV CP and 
ssRNA, (pdb code 5FN1 
(Agirrezabala et al. 2015)); 
(c) in the left side, a single 
influenza virus A 
nucleoprotein subunit, (pdb 
code 3ZDP (Chenavas 
et al. 2013)), and at the 
right side, two interacting 
nucleoproteins (pdb code 
2IQH (Ye et al. 2006)); (d) 
RVFV nucleoprotein in 
complex with ssRNA, (pdb 
code 4H5O (Raymond 
et al. 2012)); (e) La Crosse 
virus nucleoprotein and 
ssRNA, (pdb code 
4BHH(Reguera et al. 
2013); (f) and TSWV 
nucleoprotein in complex 
with ssRNA, (pdb code 
5IP2 (Komoda et al. n.d.). 
The numbers indicate the 
residue number at the N- 
and C-terminal ends of the 
atomic coordinates
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ends are in similar positions, and the grooves for ssRNA binding are at the same 
location within the nucleoproteins. For the nucleoprotein of influenza virus, there is 
not any available atomic structure in complex with ssRNA, but the proposed bind-
ing site (Ye et al. 2006) aligns well with that of the other nucleoproteins (indicated 
by an arrow in Fig. 6.7c). The estimated probability that all these nucleoproteins 
(the ones displayed in Fig. 6.7 and related) belong to the same fold is above 90% 
(Zamora et al. 2017; Kawabata 2003). In essence, there is a clear fragment of about 
150 residues that shares the same fold in nucleoproteins of different ssRNA viruses, 
and each of these proteins has additional regions of variable length at N- and 
C-terminal ends. There is no significant structural homology with nucleoproteins 
from family Arenaviridae, although as mentioned earlier, their nucleoproteins have 
adopted an additional domain and might have diverged from a similar fold.

The oligomerization of these nucleoproteins takes place through interactions via 
N- and C-terminal arms (right panels in Fig.  6.7), although the final multimeric 
RNPs have different arrangements (from loose to full helical). Remarkably, the 
N-terminal arm oligomerization modes between nucleoproteins in potexviruses 
(family Alphaflexiviridae) and phlebovirues (family Bunyaviridae) are comparable 
and use the same groove in the neighboring subunit to receive the N-terminal arm 
(Agirrezabala et al. 2015). Nucleoproteins of influenza viruses are a clear exception, 
since a folded and large C-terminal region (depicted yellow in the right panel of 
Fig. 6.7c) contributes to oligomerization by the insertion of an internal loop in the 
adjacent subunit (Arranz et al. 2012; Ye et al. 2006).

 Evolutionary Implications

Structural homology between proteins is usually understood as an indication of 
common evolutionary origin (homology) rather than the product of convergent evo-
lution (analogy). This is based on the observation that the structure of proteins is 
more conserved than their sequence of amino acids (Illergard et al. 2009) and that 
convergent evolution of protein domains is a rare event (Gough 2005). In the current 
matter, the structural similarity between nucleoproteins is further supported by their 
role as viral proteins that bind and protect ssRNA genomes. It can be presumed that 
the genes of nucleoproteins from flexible filamentous plant viruses and from at least 
two families of sNSV share a common ancestor (Fig. 6.8). The homology between 
these two sets of viruses was not anticipated until atomic structures for the first 
group (the flexuous plant viruses) were available (Zamora et al. 2017; Agirrezabala 
et  al. 2015). This suggests that the structure of flexible filamentous plant virus 
nucleoproteins displays a fold closer to a common ancestor protein and that their 
homology with nucleoproteins of sNSV is still recognized. However, nucleopro-
teins from sNSV are diverse and show lower levels of structural homology between 
them. This is an indication of a higher structural divergence within sNSV 
nucleoproteins.
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The evolution of RNA viruses is hard to unveil, and in the current scenario, we 
do not known how the nucleoprotein gene has spread along several families of 
ssRNA viruses. Some viral evolutionary mechanism such as cross-species transmis-
sion (Geoghegan et  al. 2017) and transfer of genes between virus and host 
(Aiewsakun and Katzourakis 2015) have recently been acknowledged as frequent 
events. For instance, CP sequences from potato virus Y (PVY, a potyvirus) have 
been found in the genomes of grapevines, probably after nonhomologous recombi-
nation with retrotransposable elements (Tanne and Sela 2005). In the same line, 
genomic sequences from bunyaviruses and orthomyxoviruses have been found as 
endogenous viral elements in insects and crustaceans (Theze et al. 2014; Ballinger 
et al. 2013; Katzourakis and Gifford 2010). Importantly, RNA sequencing works 
have found a large genomic diversity of RNA viruses and related sequences in 
invertebrates (Shi et al. 2016; Li et al. 2015). The phylogenetic analysis of these 
viromes reveals frequent recombination, gene transfer events, and genetic reassort-
ments. Invertebrates, specially insects, play a central role as vectors for several of 
the ssRNA viruses discussed in this chapter and might have provided a niche for an 
evolutionary explosion of eukaryotic RNA viruses (Koonin et al. 2015).

Regardless of the evolutionary mechanisms that transferred the nucleoprotein 
gene, there are some general trends that might explain the current diversity of mor-
phologies in these viral families. Naked and filamentous forms are linked to plant- 

Fig. 6.8 Landscape for putative evolution of nucleoproteins in ssRNA viruses. The two sets of 
viruses are segregated in two main groups, naked and plant viruses (left) and enveloped and animal 
viruses (right). Their nucleoproteins are represented by a green circle, and the N- and C-terminal 
extensions are depicted red and yellow, respectively. In the nucleoprotein (or CP) of flexible fila-
mentous plant virus, the star indicates the conserved RNA-binding site. LCA: last common 
ancestor
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infecting viruses (Fig.  6.8), while enveloped viruses are essentially animal 
pathogens, with the exception of tospoviruses (within the groups discussed in this 
chapter). There is a clear relationship between the presence of a cell wall in the host 
cell and the lack of viral envelope (Buchmann and Holmes 2015). Also, the need to 
cross the narrow plasmodesmata between plant cells during infection favors fila-
mentous versus spherical virions in plant viruses (Hong and Ju 2017). It is possible 
that the naked nucleoproteins from flexuous plant viruses undergo functional restric-
tions that limit their structural variation and they conserve a very close fold and a 
specific RNA-binding site. Nucleoproteins from sNSV, however, are protected 
inside the membranous envelope and have explored a wider structural landscape 
and several oligomerization strategies.
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Chapter 7
Zika Virus Envelope Protein and Antibody 
Complexes

Lianpan Dai, Qihui Wang, Hao Song, and George Fu Gao

 Introduction

Zika virus (ZIKV) is an arthropod-borne human pathogen, belonging to Flavivirus 
genus in Flaviviridae family (Knipe et  al. 2013). Other members in this genus 
include dengue virus (DENV), yellow fever virus (YFV), West Nile virus (WNV), 
Japanese encephalitis virus (JEV), tick-borne encephalitis virus (TBEV), etc. 
(Knipe et al. 2013). ZIKV was first identified in 1947 from Zika forest in Uganda 
(Dick et al. 1952). A group of British scientists investigated the YFV there and occa-
sionally isolated the ZIKV in a “sentinel” monkey (Yun and Lee 2017). This isolate 
was named as MR766 strain and is the prototype of the African lineage of ZIKV 
(Dick et al. 1952). One year later, ZIKV was isolated from mosquito in the same 
region (Dick et al. 1952). In the following years, mounting evidences support that 
mosquito is the major vector for ZIKV transmission. Due to the serological 
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cross-reactivity with other closely related flaviviruses like DENV, ZIKV infections 
were frequently misdiagnosed (Baud et al. 2017). The first confirmed human infec-
tion of ZIKV was documented in Uganda during 1962–1963 (Simpson 1964). The 
timeline of important events for ZIKV is shown in Fig. 7.1

 Epidemics

Before 2000, ZIKV infections were only sporadically reported in tropical regions of 
Africa and Asia (Wikan and Smith 2016). In the new millennium, ZIKV diseases 
were endemic in the Pacific Islands and Southeast Asia (Wikan and Smith 2016). In 
2007, the first epidemic of ZIKV emerged in Yap Island in the Western Pacific 
(Wikan and Smith 2016). An estimate of up to 75% of the islanders were infected 
(Duffy et al. 2009). Six years later in 2013, a larger outbreak occurred in French 
Polynesia located in the Southern Pacific (Cao-Lormeau et al. 2014). Approximately 
30,000 residents were supposed to be infected (Cao-Lormeau et  al. 2014). 
Coincidentally, an increased incidence of Guillain-Barré syndrome (GBS) was doc-
umented during the same time with ZIKV epidemic in French Polynesia, the first to 
link the ZIKV infection to GBS (Dos Santos et al. 2016; Musso et al. 2014). The 
biggest explosion of Zika disease occurred in Brazil from 2015, causing more than 
a million of suspected ZIKV infections (Bogoch et al. 2016; Wikan and Smith 2016; 
Garcia Serpa Osorio-de-Castro et  al. 2017). Catastrophic clinical consequences 
were observed in fetuses infected with ZIKV during pregnancy in Brazil (Brito and 
Cordeiro 2016; Kleber de Oliveira et al. 2016; Baud et al. 2017). During the ZIKV 

Fig. 7.1 Timeline of important events for Zika virus
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outbreak in Brazil, the incidence of microcephaly in newborns dramatically ele-
vated. Zika disease then spread to other countries in Latin America and the USA 
(Baud et al. 2017). As a result, the World Health Organization (WHO) announced 
the explosive microcephaly, neurological disorders, and their associations with 
ZIKV infection to be a public health emergency of immediate concern for 9 months 
(Gulland 2016; Baud et al. 2017). In 2016, ZIKV was even imported into China, the 
most populous country, becoming a serious challenge for the society (Li et al. 2016).

 Pathogenesis

Historically, the clinical syndrome caused by ZIKV infection is mild. Although 
ZIKV has been isolated for more than half a century, many of its distinguishing 
features were not uncovered until recently. ZIKV can cause congenital Zika syn-
drome in newborns and GBS in adults. Infection of fetuses during pregnancy has 
been associated with placental insufficiency, microcephaly, cerebral calcifications, 
and miscarriage (Miner et al. 2016; Rasmussen et al. 2016). ZIKV transmission is 
mainly through mosquitoes but can also be transmitted via sex contact (D'Ortenzio 
et al. 2016; Hills et al. 2016). ZIKV was found to persist in human semen and sperm 
for several months (Deckard et al. 2016). By applying the mouse model, we and 
others have demonstrated that ZIKV infection leads to testis damage and male infer-
tility (Govero et al. 2016; Ma et al. 2016). In sum, ZIKV can break through barriers 
from the blood to the brain, placenta, testes, and eyes, respectively, all the four 
immune privileged organs (Miner and Diamond 2017).

 Zika Virus Genome and Viral Proteins

Like other flaviviruses, such as DENV, JEV, YFV, WNV, and TBEV, ZIKV is an 
enveloped, single-stranded, positive-sense RNA virus (Knipe et al. 2013). The RNA 
genome of ZIKV is translated into a long polypeptide in the cytoplasm of the 
infected cells directly. The polypeptide is further cleaved and processed by host and 
viral proteases into three structural proteins (premembrane (prM), envelope (E), 
capsid (C)) during and posttranslation, which form the virus particle, and seven 
nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5), which 
perform essential functions in genome replication, polyprotein processing, and 
manipulation of cellular processes for viral advantage (Shi and Gao 2017) (Fig. 7.2). 
Like other flaviviruses, replication of ZIKV genome takes place in the endoplasmic 
reticulum (ER) membrane-associated replication complexes (RC), including seven 
NS proteins and host factors and with NS3 and NS5 residing in the functional 
center.

NS1, a glycoprotein, exists as a membrane-associated homodimer after translo-
cation into the ER lumen and is necessary during the replication of viral genome 
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and virion maturation (Shi and Gao 2017; Avirutnan et al. 2010; Chung et al. 2006a). 
Infected cells also secrete NS1 into the extracellular space as a hexameric lipopro-
tein particle (sNS1) (Xu et al. 2016). The sNS1 lipoprotein could elicit not only 
protective antibodies but also autoantibodies contributing to dengue shock syn-
drome (DSS). Further, sNS1 is involved in pathogenesis by activating innate immu-
nity cells, leading to DSS, and is involved in immune evasion by interacting with 
different components of the complement system (Avirutnan et al. 2010; Chung et al. 
2006a). NS1 also represents the major antigenic marker for viral infection (Young 
et al. 2000). The NS2A, NS2B, NS4A, and NS4B are small, hydrophobic mem-
brane proteins that are required for virus assembly and play an important role in the 
inhibition of the interferon (IFN) response. NS3 and NS5 are two proteins with dif-
ferent enzymatic activities: NS3 protein encodes for viral serine protease (active 
only together with NS2B cofactor), helicase, nucleoside triphosphatase, and RNA 
triphosphatase. NS5, the largest and most conserved viral protein, encodes for a 
methyltransferase (MTase) at the N-terminal, while C-terminal encodes for the 
RNA-dependent RNA polymerase. Small molecule inhibitors targeting the enzyme 
activities of NS3 and NS5 have been developed, and antiviral intervention targeting 
NS1 protein also shows attractive prospects (Kang et al. 2017; Lei et al. 2016; Duan 
et al. 2017; Chan et al. 2017).

Fig. 7.2 Genome organization of ZIKV and the processed proteins. (a) Polyprotein processing 
and cleavage products. ZIKV has a single-stranded positive-sense genome of approximately 11 Kb. 
The boxes below the genome indicate precursors and mature proteins generated by the proteolytic 
processing cascade. (b) Polyprotein topology in the membrane. The proposed membrane orienta-
tion of the ZIKV proteins is shown. The figure is modified from Fig. 7.1 in Shi and Gao (2017)
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 E Protein: Structures and Function

 E Protein Structure in Pre-Fusion State

Flavivirus E protein mediates virus entry and membrane fusion and contains the 
putative receptor-binding sites for host cells, though no known host receptor has ever 
been identified to date (Dai et al. 2016b; Bhardwaj et al. 2001; Chu et al. 2005; Lee 
and Lobigs 2000). Therefore, E protein is the major target for neutralizing antibod-
ies. E protein of ZIKV belongs to the classical type II fusion protein. Unlike the type 
I fusion protein which anchors in the virus surface as spikes, 180 copies of E pro-
tomers lay flat on the envelope of the virion forming 90 head-to-tail homodimers in 
its pre-fusion state (Dai et al. 2016a). The ectodomain of each E protomer consists of 
three structurally distinct domains rich in β-sheets: a β-barrel domain I (DI), which 
locates in the middle to link the other two domains; a finger like domain II (DII), in 
which tip contains the hydrophobic fusion loop (FL); and a C-terminus domain III 
(DIII), which shows an IgC-like fold (Fig. 7.3). This pre-fusion structure of ZIKV E 
protein reassembles the E protein of other flavivirus. Ninety E-dimers compact 
together as the icosahedral symmetry and display “herringbone”-like arrangement. 
Every three E-dimers array parallel to form a raft structure. Therefore, each virion  

Fig. 7.3 Overall structure of the ZIKV E protein at its pre-fusion state. (a) Schematic diagram 
of domain organization for ZIKV E protein: DI (red), DII (yellow), and DIII (blue). A 48-residue 
stem region is colored cyan. The transmembrane domain is colored dark blue. (b) Dimer structure 
of ZIKV E (PDB:5JHM). One protomer is shown as surface and the other is shown as cartoon. The 
three extracellular domains (DI, DII, and DIII) are marked in red, yellow, and blue, respectively, 
while the fusion loop (FL) is colored in green. Secondary structural elements are labeled
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is covered by 30 rafts. In this pre-fusion state, each of the FL of DII is covered by 
DIII in the neighboring protomer, leading to the hydrophobic FL unexposed. This 
protection of FL can stabilize the E protein in its pre-fusion conformation and pre-
vents the premature membrane fusion during virion maturation.

 E Protein Structures During Membrane Fusion

During the flavivirus infection, virus attaches the cell membrane and is internalized 
into the target cell for fusion via endocytosis (Knipe et al. 2013). The structures of 
ZIKV E protein during membrane fusion have not been reported. According to the 
structure-known E proteins from other flavivirus, such as DENV and TBEV, the 
acidic pH condition in later endosome triggers the conformational transition for the 
E protein on the virus surface (Modis et al. 2004; Bressanelli et al. 2004). During 
this process, DII rotates more than 20 degrees, leading to the exposure of FL and 
subsequently dissociation of E-dimers. Meanwhile, DIII swings around 60–70 
degrees toward DI, and the E protomer stands on the virus surface from lying state 
(Bressanelli et al. 2004; Modis et al. 2004). Along with that, E protomers are rear-
ranged to form 60 trimers, and the FLs are exposed on top in a head-to- head manner. 
This exposure is instable and will lead to the insertion of FLs into the membrane of 
endosome via hydrophobic interaction, initiating the membrane fusion process 
(Fig. 7.4a–c). E protein in this state is known as the fusion intermediate. In the prox-
imity of virus membrane, the stem region of E protein which is composed of two 
α-helixes connects with the transmembrane domain. When FL is inserted into the 
endosomal membrane, the two α-helixes of stem region relocate toward the FL and 
subsequently pull closer the membranes between the virus and endosome. The E 
proteins then form the trimeric structure at post-fusion state (Fig. 7.5). Consequently, 
these two membranes fuse together and release the viral RNA into the cytoplasm of 
the host cell. Antibodies can neutralize virus in multiple stages by blocking virus 
attachment to host cells or by interfering with virus fusion at post- attachment steps 
(Fig. 7.6, left panel).

 E Protein During Virus Assembly

E proteins are incorporated into virion at late stage of virus life cycle (Knipe et al. 
2013). The newly assembled virus progenies firstly enter into the lumen of endo-
plasmic reticulum (ER) to form the immature virions. In this stage, DII of E pro-
tein forms the binding partner with prM as a prM/E heterodimer (Li et al. 2008). 
Every 3 heterodimers gather together to form a trimeric protrusion. Each virion is 
anchored by 60 such protrusions (Fig. 7.4d). Subsequently, immature virions enter 
into trans- Golgi network for virus maturation. During this process, prM is cleaved 
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by furin- like protease intracellularly to yield pr peptide and M protein. In the 
acidic surrounding of trans-Golgi network, the pr still sticks to DII of E protein to 
protect the hydrophobic FL. When virion is released into the extracellular space in 
neutral pH condition, pr is dissociated from the E protein (Fig. 7.4e). In this cir-
cumstance, 60 prM/E trimeric protrusions are rearranged to form 90 E homodi-
mers, generating the smooth surface on mature virion in pre-fusion state. 
Nevertheless, this process is always inefficient, and the virus usually contains 
uncut prM, thereof prM/E trimers. The egress of these uncut prM to extracellular 
space will lead to the reversal of prM/E to spiky structure of immature trimer 
(Plevka et  al. 2011). As a result, the immature or partially immature virions 
(“mosaic” particles) are generated (Plevka et al. 2011). In this regard, some crypic 
epitopes in mature virion (e.g., FL epitopes) are exposed in the immature particles 
or “mosaic” particles for antibody recognition. Thereby, antibodies can achieve 
protective efficacy through either virus neutralization or Fcγ receptor and comple-
ment-dependent effector (Vogt et al. 2011).

Fig. 7.4 Schematic demonstration of conformational changes of E protein during virus entry, 
fusion, and maturation (modified from Fig. 7.1a in (Heinz and Stiasny 2017)). (a) Pre- fusion 
E-dimer binds to putative receptor on the cell surface, and the virus is internalized to the endosome. 
(b) At acidic pH condition, E-dimer dissociates and rearranges to form fusion intermediate E trimer 
with the fusion loops inserting into the endosomal membrane. This movement will pull the mem-
branes of virus and endosome in proximity. (c) E proteins form the post-fusion trimer after the 
membrane fusion. (d) Trimeric prM/E heterodimer in immature virion. (e) During the virus matura-
tion, pr is cleaved and dissociates from E protein to generate the M/E-dimer in mature virion
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 Complexity of the Antigenic Surface

Like other flaviviruses, the dynamic of the antigenic surface of ZIKV complicates 
the recognition of (monoclonal antibody) MAbs to virus. DENV-2 is genetically 
close to ZIKV. Increasing the temperature to 37 °C and beyond, the smooth surface 
of DENV-2 becomes spiky, and the E proteins are rearranged to expose some hidden 
epitopes for MAb engagement (Fibriansah et al. 2013; Zhang et al. 2013). In con-
trast, ZIKV particles are demonstrated highly thermal stable. They keep the smooth 
envelope even in temperature up to 40 °C and thereby occlude the cryptic binding 
sites for MAbs (Kostyuchenko et  al. 2016). Besides, flavivirus can change their 
conformation of E protein via “breathing” (Dowd et al. 2014; Kuhn et al. 2015). 
Virus “breathing” describes the conformational fluctuation of E proteins on the 
virus particle, which alters the antigenic surface of the virion for MAbs neutraliza-
tion (Dowd et al. 2011). This indicates the dynamic nature of E proteins on the virus 
surface. When virus is “breathing,” some hidden epitopes can be intermittently 
exposed, leaving the chance for antibody recognition.

Fig. 7.5 Structural 
model of the ZIKV E 
protein at its post-fusion 
state. Trimer structure of 
DENV-2 E (PDB:1OK8) is 
shown as the model for 
ZIKV E. Two protomers 
are shown as surface, and 
one is shown as cartoon. 
The domains are colored as 
in Fig. 7.3. The protruding 
FLs are marked in green 
circle
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 Overview of Neutralizing MAbs Against ZIKV

In flavivirus infections, humoral immunity represents an important component of 
the host response (Knipe et al. 2013; Pierson et al. 2008). Administration of poly-
clonal or purified MAbs against either E or NS1 protein helps to clear the viruses 
(Dai et al. 2016b; Dowd and Pierson 2011; Chung et al. 2006b; Schlesinger et al. 
1993). Although ZIKV NS1 MAbs are also characterized and subjected for diagno-
sis (Stettler et al. 2016), their efficacy in ZIKV clearance remains to be determined. 
In contrast, the E-specific MAbs display the inhibition to ZIKV infection in vitro 
and protect mice against lethal ZIKV challenge (Dai et al. 2016a; Zhao et al. 2016; 
Barba-Spaeth et al. 2016; Stettler et al. 2016; Wang et al. 2016; Sapparapu et al. 
2016; Robbiani et al. 2017). In addition, MAbs targeting E protein markedly reduce 
tissue pathology, decrease vertical transmission, and prevent ZIKV-induced micro-
cephaly in a mice model (Sapparapu et  al. 2016), emphasizing the therapeutic 
potential of E MAbs in preventing ZIKV-related damages. Accordingly, in this 
chapter, we further review the MAbs targeting E protein on their epitopes and prob-
ably neutralizing mechanisms.

Fig. 7.6 Schematic demonstration of the proposed mechanism for MAbs neutralizing flavi-
virus at multistages and ADE. The left panel shows the life cycle of flavivirus. MAbs can neutral-
ize virus entry and fusion by (1) causing steric hindrance for virus attachment, (2) locking the E 
protein in pre-fusion state to prevent conformational transition, and (3) causing steric hindrance for 
virus fusion. The right panel shows the ADE of flavivirus infection. Fc receptor-bearing cells 
engage the antibody-bound virus. The virus is then internalized into the target cell and 
proliferates
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Since the latest outbreak of ZIKV infection, hundreds of ZIKV E MAbs have 
been developed from either humans or mice within a short period of time (Robbiani 
et al. 2017; Zhao et al. 2016; Dai et al. 2016a; Barba-Spaeth et al. 2016; Sapparapu 
et al. 2016; Wang et al. 2016; Stettler et al. 2016). To date, there are 10 MAbs with 
clear epitopes uncovered through structural studies, which are summarized in 
Table 7.1. Herein, four were previously isolated from either mice immunized with 
DENV (2A10G6) or DENV patients (C8, C10, and A11) exhibiting cross- protection 
or cross-neutralizing activities against ZIKV infection (Dai et  al. 2016a; Barba- 
Spaeth et al. 2016). One (ZV-67) is generated in mice infected with ZIKV (Zhao 
et al. 2016), and the five left were isolated from ZIKV patients, either by human 
hybridoma (ZIKV-117) (Sapparapu et al. 2016) or sequencing the antigen-specific 
memory B cells (Z006, Z3L1, Z23 and Z20) (Robbiani et  al. 2017; Wang et  al. 
2016). Except for 2A10G6, the other 9 MAbs conveyed moderate-to-high neutral-
izing activities, with the 50% inhibition of virus infection at a concentration lower 
than 1 μg/mL (Table 7.1). Furthermore, 6 MAbs have been tested for the protection 
efficacies in mice model and conferred mice protection against lethal ZIKV chal-
lenge (Table 7.1) (Zhao et al. 2016; Dai et al. 2016a; Sapparapu et al. 2016; Wang 
et al. 2016).

As summarized in Table 7.1, the epitopes of MAbs that neutralize ZIKV infec-
tion vary a lot. Most MAbs function through binding to either the single protomer 
or the two protomers in one dimer. Additionally, two MAbs (Z23 and C10) even 

Table 7.1 Summary for the ZIKV MAbs with clear epitopes

Name Origin Epitopea

Neutralization  
in vitro (μg/mL)b

Efficacy  
in vivo References

2A10G6 Mice FL 249 Yes (Dai et al. 2016a; Deng 
et al. 2011)

ZV-67 Mice DIII 0.143~0.511 Yes (Zhao et al. 2016)
Z006 Human DIII 0.002 ND (Robbiani et al. 2017)
Z3L1 Human DI, DII 0.17~0.24 Yes (Wang et al. 2016)
Z20 Human DII, DII 0.37~0.89 Yes (Wang et al. 2016)
C8c Human DII, DIII 0.0023~0.0143 ND (Barba-Spaeth et al. 2016)
A11c Human DII, DI, DIII 0.0759~0.1356 ND (Barba-Spaeth et al. 2016)
ZIKV- 117 Human DII, DII 0.0054~0.0249 Yes (Hasan et al. 2017; 

Sapparapu et al. 2016)
Z23 Human DIII, DI 0.37~0.56 Yes (Wang et al. 2016)
C10 Human DII, DI, DII,  

DIII, DII
0.0020~0.0095 ND (Barba-Spaeth et al. 2016)

aSome MAbs recognize the tertiary/quaternary epitopes. Here the epitopes in black and red repre-
sent the domains from either protomer in one dimer, while the orange one indicates the epitope 
located in the neighboring dimer
bThe numbers listed here represent the concentration of indicated MAb used to inhibit 50% of 
ZIKV
CDengue cross-reactive MAbs
ND not determined
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recognize the epitopes across the neighboring dimers (Wang et  al. 2016; Zhang 
et al. 2016). In this part, the E MAbs are classified based on the protomer they rec-
ognized, and their probable neutralizing mechanisms will be discussed.

 Single Protomer-Binding MAbs

As introduced above, E protein contains three domains, namely, DI, DII, and 
DIII.  Previous structural studies on flaviviruses suggested that all three domains 
contain independent neutralizing epitopes (Dai et al. 2016b). Taking MAb 5H2 as 
an example of DI-targeting MAb, this MAb covers the DI of serotype 4 of DENV 
(DENV-4) and is supposed to interfere with the fusogenic trimer formation during 
membrane fusion, thereby neutralizing virus infection (Cockburn et al. 2012). Due 
to the similar structure as well as similar conformational rearrangement of E protein 
during membrane fusion among flaviviruses, MAbs that cover the similar regions as 
MAb 5H2 should also neutralize ZIKV infection, although no DI-targeting ZIKV- 
neutralizing MAbs have been characterized to date. Further efforts are needed to 
isolate the DI MAbs.

In flaviviruses, FL resides in DII and represents as the dominant epitope during 
flavivirus infection (Knipe and Howley 2013). Previous studies on patients or 
infected mice indicated that the FL MAbs account for about 50% of E MAbs 
(Oliphant et  al. 2006; Dejnirattisai et  al. 2010). Similarly, about half of the 
E-targeting MAbs elicited by ZIKV infection recognize FL (Sapparapu et al. 2016; 
Wang et  al. 2016; Stettler et  al. 2016). Because of the high conservation of FL 
among flaviviruses, FL MAbs usually cross-react to a broad-spectrum of flavivi-
ruses. Murine MAb 2A10G6 is a broadly neutralizing antibody against flaviviruses 
and showed cross-protection against four serotypes of DENV, WNV, YFV, and 
ZIKV (Dai et al. 2016a; Deng et al. 2011). Through structural studies, MAb 2A10G6 
is displayed to engage ZIKV E protein on the top of the distal end of the DII, cover-
ing the key FL residues, such as W101 and F108 (Dai et al. 2016a). In addition, it 
utilizes the bc loop of E protein to further stabilize the antibody binding (Fig. 7.7). 
During membrane fusion, the virus inserts its FL into the endosomal membrane to 
facilitate membrane fusion. FL-targeting MAbs are likely to cause steric hindrance 
and inhibit E insertion into the endosomal membrane and then inhibit virus infec-
tion. However, due to the unique structural features of ZIKV, this virus displays 
higher thermal stability (Kostyuchenko et al. 2016), leading to less “breathing” of 
the E protein and a less solvent-accessible FL. In line with that, FL MAbs, such as 
MAb 2A10G6, hardly bind to the virions to inhibit virus infection, which explains 
the much lower neutralizing activities of FL MAbs against ZIKV infection than 
against other flaviviruses. Nevertheless, MAb 2A10G6 confers partial protection 
against lethal ZIKV challenge in mice model (Dai et al. 2016a).

DIII is speculated to contain binding sites for host receptors for flavivirus attach-
ment and entry (Lee and Lobigs 2000; Mandl et al. 2000; Bhardwaj et al. 2001; Chu 
et  al. 2005; Watterson et  al. 2012). Moreover, during membrane fusion, DIII 
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 undergoes large conformational transition as mentioned above (Mukhopadhyay 
et  al. 2005; Shi and Gao 2017). Thus, DIII MAbs may prevent virus infection 
through multiple ways. Many of the most potent neutralizing MAbs identified to 
date recognize DIII, and therefore DIII is usually clipped out as vaccine formulation 
against Flavivirus infection (Heinz and Stiasny 2012; Chu et al. 2007; Ramanathan 
et al. 2009; Chavez et al. 2010). ZIKV DIII has been used as the “bait” to fish the 
specific neutralizing MAbs in patients (MAb Z006) (Robbiani et al. 2017) and to 
stimulate DIII-specific response for MAb isolation (MAb ZV-67) (Zhao et al. 2016). 
Although these two DIII-targeting MAbs were identified through different ways in 
different species, complex structures indicate that both MAbs bind to the lateral 
region (LR) on DIII (Fig. 7.8). LR is also the neutralizing target for other flavivi-
ruses, such as DENV and WNV, suggesting that this region is an epitope hotspot for 
high neutralizing MAbs. In detail, both MAbs recognize the DIII loops connecting 
I0A, BC, and DE. However, MAb Z006 also engages CD loop and FG loop, while 
MAb ZV-67 interacts with strand A and G (Fig. 7.8). Due to the differences in epi-
topes, Z006 cross-binds to serotype 1 of DENV (DENV-1), whereas the other is 
ZIKV-specific.

Aside from the epitopes in discrete domains, MAbs might associate with region 
across domains in one protomer, which is exemplified by MAb Z3L1 (Fig.  7.9) 
(Wang et  al. 2016). This MAb is hooked from ZIKV patient by E protein and 
engages the DI, DII, and the hinge region linking the two domains. The crystal 
structure of Z3L1-E indicates that this MAb interacts with E protein at pre-fusion 
state, including the β-strands of D0, E0, and F0, the 150-loop in DI, the loops con-
necting strands of fg and hI in DII, and the αBI0 in DI–DII hinge region (Fig. 7.9). 
Based on the structural studies on E protein from DENV-2, the DII undergoes rota-
tion with respect to DI by more than 20 degrees to transit from pre- to post-fusion 
state (Mukhopadhyay et al. 2005; Shi and Gao 2017). Accordingly, MAb Z3L1 is 
likely to provide hindrance for this transition.

Fig. 7.7 Epitope for FL MAb. The three extracellular domains (DI, DII, and DIII) are marked in 
red, yellow, and blue, respectively, while the fusion loop (FL) is colored in green. The heavy chain 
and light chain of MAb are indicated in cyan and orange, respectively. (a) Overall structure of 
2A10G6 complexed with E protein. (b) Footprint for the epitope of 2A10G6 on E protein and the 
interacted residues are marked in white (cutoff at 4.5 Å). The PDB identifier for the epitope analy-
sis in 2A10G6 is 5JHL
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Fig. 7.8 Epitopes in DIII. Domains in E protein are colored as in Fig. 7.7. The cyan and orange 
represent the heavy chain and light chain, respectively. The left panel displays the overall struc-
tures of Z006 or ZV-67 complexed with E protein, respectively, while the right panel exhibits the 
epitopes of the indicated MAb. (a) Z006; (b) ZV-67 (cutoff at 4.5 Å). The PDB identifier for the 
epitope analysis in Z006 is 5VIG and for ZV67 is 5KVG, respectively

Fig. 7.9 Epitope of MAb Z3L1. Domains in E protein are colored as in Fig. 7.7. The cyan and 
orange represent the heavy chain and light chain, respectively. The left panel displays the overall 
structure of Z3L1 complexed with E protein, while the right panel exhibits the epitopes of MAb 
Z3L1 (cutoff at 4.5 Å). The PDB identifier for the epitope analysis in Z3L1 is 5GZN
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 E-Dimer-Dependent MAbs

Recently, a new class of neutralizing MAbs with high potency have been character-
ized against DENV infection (Rouvinski et  al. 2015). They bind to the epitopes 
across two protomers in one dimer (EDE) and subsequently lock the E protein at 
pre-fusion structure, preventing the essential conformational rearrangement needed 
for virus membrane fusion. Interestingly, two groups of EDE (EDE1 and EDE2) 
MAbs cross-neutralize ZIKV/DENV infections. MAbs C8 and A11, representative 
of EDE1 and EDE2, respectively, recognize a serotype-invariant site at the E-dimer 
interface in both ZIKV and DENV1–4 (Rouvinski et al. 2015; Barba-Spaeth et al. 
2016). The epitopes include the exposed main chain of FL and the two conserved 
glycan chains (N67 and N153 glycans), which are supposed to be the binding site 
for viral glycoprotein prM during virus maturation (Barba-Spaeth et al. 2016). MAb 
A11 mainly engages the DII in one protomer, including the loops between ij and bc 
as well as FL, and also interacts with the other protomer through K316 in DIII and 
the V153 together with the carbohydrates at N154  in DI (Fig. 7.10a). Compared 
with MAb A11, more residues in E protein contribute to the association with MAb 
C8 (Fig. 7.10b). Aside from the three loops in the DII that MAb A11 binds to, MAb 
C8 also engages strands of b and d in this domain. With respect to the other pro-
tomers, the strands of B,E, the loop linking AA′ in DIII, and the residue of R2 in DI 
contribute to the MAb recognition. However, the carbohydrates in 150-loop are not 
involved in the interactions with MAb C8, similar as observed in that of MAb C8 
with DENV-2 E protein (Fig. 7.10b). The conserved epitopes of MAbs A11 and 
C8 in both ZIKV and DENV indicate the Achilles’ heel for vaccine development 
and design of therapeutic MAbs.

In addition to the MAbs identified in DENV patients, EDE MAbs are also char-
acterized in ZIKV patients. Two independent groups isolated MAbs Z20 and ZIKV- 
117 from two ZIKV patients, respectively (Wang et al. 2016; Sapparapu et al. 2016). 
Interestingly, both MAbs bind to the DII across E-dimer, as displayed in Fig. 7.10c, 
d. MAb Z20 mainly binds to the ab loop, bc loop, hi loop, and ij loop and strands of 
a, b, d, i, and j placed on one protomer. At the same time, this MAb also engages 
loops of gf and αBI0 located in the other DII. Cryo-EM structure of Fab-ZIKV indi-
cates that, like MAb Z20, MAb ZIKV-117 also binds to both DII in one E-dimer. 
However, a few varied residues in the epitopes between these two MAbs lead to 
their different specificities. ZIKV-117 only recognizes ZIKV E protein, while MAb 
Z20 exerts weak cross-neutralization against DENV.

 Neighboring E Cross-Linking MAbs

Another class of MAbs bind to regions across neighboring E-dimers. As demon-
strated by cryo-EM structures of MAb-virion, both C10 and Z23 bind to the two 
adjacent E-dimers (Wang et al. 2016; Zhang et al. 2016). Z23 mainly engages the LR 
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in DIII in one protomer, similar to MAb Z006 and ZV-67. In addition, this MAb also 
inserts into the cleft between two adjacent E-dimers and then contacts with DI in the 
other E-dimer. Through this kind of binding, MAb Z23 is likely to prevent ZIKV 
infection at multiple stages. First, Z23 is supposed to block viral attachment to host 
receptors, since DIII is likely to contain binding sites for host receptor. Second, the 

Fig. 7.10 Epitopes for E-dimer-dependent MAbs. Domains in E protein are colored as in Fig. 
7.7. Cyan and orange represent the heavy chain and light chain, respectively. The left panel dis-
plays the overall structures of A11, C8, Z20, or ZIKV-117 complexed with E protein, respectively, 
while the right panel exhibits the epitopes of the indicated MAb. (a) A11, (b) C8, (c) Z20, and (d) 
ZIKV-117 (cutoff at 4.5 Å). The PDB identifier for the epitope analysis in A11 is 5LCV, for C8 is 
5LBS, for Z20 is 5GZO, and for ZIKV-117 is 5UHY
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engagement of the adjacent two E-dimers will stabilize the dimer conformations and 
inhibit trimer formation. Third, the insertion of MAb Z23 into the cleft may cause 
steric hindrance for DIII conformational change, which is necessary for fusogenic 
trimers formation (Fig. 7.11a). Cryo-EM structures of C10-ZIKV at different pH 
provide more direct evidence to support that this MAb prevents infection through 
locking the E protein at dimer conformations and inhibiting membrane fusion 
(Zhang et al. 2016). MAb C10 covers the region of FL on DII of one protomer of the 
virion and makes contact with DI, DII, and DIII on the other protomer. Simultaneously, 
MAb C10 also binds to N52 in the neighboring E-dimer (Fig. 7.11b). It is displayed 
that the E protein layer of the ZIKV-C10 complex remains at a similar radius at 
pH 6.5 as the uncomplexed ZIKV at pH 8.0, unlike uncomplexed ZIKV at pH 6.5 
(Zhang et al. 2016). This indicates that through binding to the inter-dimer interface, 
MAb C10 locks E in the pre-fusion dimer conformations, which inhibits domain 
reorganization.

Fig. 7.11 Epitopes for MAbs cross-linking adjacent E-dimers. Domains in E protein are 
colored as in Fig. 7.7. The cyan and orange represent the heavy chain and light chain, respectively. 
The left panel displays the overall structures of Z23 or C10 complexed with ZIKV virion, respec-
tively, while the right panels exhibit the epitopes of the indicated MAb (cutoff at 4.5 Å). (a) Z23. 
Due to the low resolution of ZIKV/Z23 complex (9.6Å) as determined by cryo-electron micros-
copy (cryo-EM), the detailed epitope could not be distinguished and is highlighted with an ellipse 
as indicated by arrow. (b) C10. The epitope of the MAb is marked in white on the surface structure 
as indicated by arrows. Carbohydrates are indicated as spheres. The PDB identifier for the epitope 
analysis in Z23 is 5GZR and for C10 is 5H37, respectively
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 Antibody-Dependent Enhancement of Infection (ADE)

ADE describes the increase of virus infection when virus-reactive antibodies are 
insufficient to neutralize virus or they are in sub-neutralizing concentrations 
(Beltramello et al. 2010). In this regard, antibodies can bind efficiently to virus but 
do not reach the neutralization threshold. Thereby, these antibodies help virus 
uptake by cells expressing Fc or complement receptors, subsequently promoting the 
virus infectivity (Fig. 7.6, right panel). Due to the cross-reactivity, plasma immunity 
to DENV and WNV is found to drive ADE of infection with ZIKV. In this circum-
stance, epitope accessibility plays an important role in shaping the neutralizing 
activity of antibody and ADE. FL-targeting MAbs comprise a significant fraction of 
flavivirus-elicited humoral response. FL is buried by the DI and DIII from the neigh-
boring E protomer, occluding the binding sites for antibody recognition. FL MAbs 
can barely recognize the mature virion via virus “breathing”; FL MAbs have to be 
in high concentration to reach the neutralizing threshold. These MAbs are usually at 
high risk of ADE of flavivirus infection. In a recent vaccine development against 
ZIKV, when key residues in the epitopes for FL MAb binding are mutated, vaccine 
can induce antisera with dramatically decreased ADE (Richner et al. 2017). Besides, 
LALA mutation in Fc region of MAb, which  abrogates the binding to the Fc recep-
tor, can also eliminate the ADE of flavivirus infection (Fibriansah et al. 2015).

 Perspective

ZIKV is a re-emerged pathogen which has been underestimated for more than half 
a century. ZIKV infections lead to catastrophic consequences for the newborn. So 
far, no prophylactics and therapeutics are available. Therefore, development of vac-
cine and protective antibody is urgently demanded. In a recent report, MAb ZIKV- 
117 was demonstrated to be able to abrogate the maternal-fetal transmission of 
ZIKV, suggesting a promising therapeutics for clinical applications. However, due 
to the high mutation rate of RNA virus, MAbs “cocktail” targeting different epit-
opes will be required to prevent virus evasion. Delineating ZIKV E protein and the 
MAbs bound to epitopes by structural studies dissect the molecular basis for anti-
body neutralization. The ten structure-known MAb-E proteins or virions pinpoint 
the vulnerable sites of ZIKV. These structural information uncovers the hotspots for 
potent neutralizing MAbs and will undoubtedly facilitate the structure-based MAb 
design.

Aside from that, FL-targeting antibodies dominate the flavivirus-induced 
humoral response, including ZIKV, DENV, and WNV. FL MAbs are usually cross- 
reactive and display weakly neutralizing activities. In fact, they are proposed to 
contribute mainly to the ADE of flavivirus infection. Structural analysis of 2A10G6 
bound to ZIKV E reveals the classical binding mode of FL MAb. The interactions 
uncovered in this structure are valuable for the vaccine design in that it indicates key 
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residues in FL for the ADE which should be removed or mutated (Richner et al. 
2017). Besides, based on the indication from complex structure of EDE and FL 
MAbs bound to ZIKV E, new vaccines can be designed by E protein engineering to 
lock or mutate the epitope for FL MAb but maintain that for EDE MAb.
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Chapter 8
The Retrovirus Capsid Core

Wei Zhang, Luiza M. Mendonça, and Louis M. Mansky

 The Retrovirus Capsid Core Is a Functional Unit in the Virus 
Life Cycle

The Retroviridae represents a family of enveloped single-strand positive-sense 
RNA viruses that utilize reverse transcription and genome integration to infect cells 
(Hu and Hughes 2012; Pan et al. 2013). After entering a host cell, viral RNA is 
reverse transcribed into DNA by the virus-encoded reverse transcriptase (RT). The 
double- stranded DNA copy of the viral genome is then integrated permanently into 
the host cell chromosome, after which the cell’s transcription and translation 
machinery is utilized to express the viral genes and produce progeny virus particles. 
From studying human immunodeficiency virus type 1 (HIV-1), it is known that the 
retrovirus capsid core takes part at several critical steps during the early phase of 
infection. For example, the core protects the viral genome from the cellular innate 
immune response (Mortuza et al. 2008; Li et al. 2016). The core retains RT and 
serves as a closed container for regulating reverse transcription. And the core facili-
tates transport of the viral genome and associated proteins to the nucleus, enabling 
the reverse transcribed DNA to enter the nucleus for the integration process (Peng 
et al. 2014). The structural stability of the core has a significant impact on the infec-
tivity of the virus such that over-stabilization or premature disassembly of the core 
results in reduction or loss of infectivity.

Studies of retrovirus structural proteins and particles using X-ray crystallogra-
phy, nuclear magnetic resonance (NMR) spectroscopy, cryo-electron microscopy 
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(cryo-EM), cryo-electron tomography (cryo-ET), and dynamic simulation (Kingston 
et al. 2000; Briggs et al. 2004; Bailey et al. 2012; Zhao et al. 2013; Cao et al. 2015; 
Mattei et  al. 2016; Meissner et  al. 2017) have revealed the various structural 
 characteristics of the retrovirus capsid core and their functional roles in the virus life 
cycle. The functionality of the retroviral capsid core depends on several physical 
and chemical properties that support a metastable structure and enable interactions 
with virus-specific host cellular factors. First, the core is a closed shell with suffi-
cient volume to house two viral RNA strands plus several indispensable viral 
enzymes, including protease, RT, and integrase (IN) (Fig. 8.1). Second, the protein 
shell of the core is a selective barrier that is permeable to essential components 
needed for reverse transcription, including salts, water, and nucleotides (Jacques 
et al. 2016; Perilla et al. 2017). Third, the surface of the capsid core carries chemical 
groups that can bind infection-promoting host factors and facilitate nuclear target-
ing (Peng et al. 2014; Liu et al. 2016). Fourth, the metastable capsid shell disas-
sembles following reverse transcription to release the DNA intermediate and 
integration complex into the nucleus (Schaller et al. 2011; Bichel et al. 2013).

 The Retrovirus Capsid Core Has a Pleomorphic Structure

The Retroviridae family consists of two subfamilies: Orthoretrovirinae (including 
six genera: Alpharetrovirus, Betaretrovirus, Gammaretrovirus, Deltaretrovirus, 
Epsilonretrovirus, and Lentivirus) and Spumaretrovirinae (including spumaretrovi-
rus). Orthoretroviruses assemble first as immature particles on cell membranes and 
mature into infectious particles after budding (Sundquist and Krausslich 2012; 

Fig. 8.1 Schematic representation of the cross section of a mature lentivirus particle. The virus 
particle exterior has a viral membrane and the envelope glycoproteins, i.e., gp41 and gp120. Matrix 
(MA) proteins are associated along the inner leaflet of the viral membrane. The capsid (CA) pro-
tein core encloses the nucleocapsid (NC) protein-coated viral RNA genome, as well as the viral 
enzymes, i.e., protease, reverse transcriptase, and integrase
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Christopher and Peijun 2013). The immature particle is composed mainly of the 
viral membrane, envelope proteins, Gag/Gag-Pol/Gag-Pro-Pol polyproteins, and 
diploid retroviral genome. Through Gag-membrane and Gag-Gag interactions, Gag 
polyproteins arrange themselves into an incomplete paracrystalline organization at 
the inner leaflet of the viral membrane (Yeager et al. 1998; Briggs et al. 2004; Briggs 
et al. 2006; Wright et al. 2007; Briggs et al. 2009; Maldonado et al. 2016). During 
maturation, Gag is cleaved by the viral protease into three major proteins, matrix 
(MA), capsid (CA), and nucleocapsid (NC), plus other virus- specific spacer pep-
tides and subdomains. Among these, MA remains bound to the viral membrane, and 
a subset of CA proteins, typically involving thousands of copies, assembles into a 
capsid shell, which has a single layer of CA lattice that encapsulates the NC-RNA 
ribonucleoprotein complexes, viral replication enzymes (RT and IN), and dNTPs 
and tRNAs that serve as primers during reverse transcription. Using cryo-EM and 
cryo-ET, it was observed that the shapes of the capsid cores of retroviruses differ 
among genera (Zhang et al. 2015). For example, lentiviruses, such as HIV-1, typi-
cally have a conical core, whereas the cores of other retroviruses, such as human 
T-cell leukemia virus type 1 (HTLV-1), are mostly ovoid or polyhedral. The size and 
shape of the cores are heterogeneous even in the same virus genus. The pleomorphic 
nature of the retroviral capsid core suggests there is substantial flexibility in the 
curvature of the protein shell when CA proteins interconnect with one another to 
form the lattice structure. In contrast to other retroviruses, however, spumaretrovi-
rus Gag protein is not processed into the classical orthoretroviral MA, CA, and NC 
subunits and has its own unique process for particle morphogenesis (Enssle et al. 
1996; Hamann et al. 2014).

 Two-Domain Capsid Protein: A Major Building Block 
of the Core in Orthoretroviruses

Despite there being little similarity in their amino acid sequences, various, 25-kDa 
orthoretrovirus CA proteins share conserved secondary and tertiary structures, as 
determined by X-ray crystallography and NMR spectroscopy (Khorasanizadeh 
et al. 1999; Campos-Olivas et al. 2000; Kingston et al. 2000; Cornilescu et al. 2001; 
Tang et al. 2002; Mortuza et al. 2004; Bartonova et al. 2008; Macek et al. 2009; 
Schur et al. 2015). CA contains two independently folded α-helix-rich domains that 
are connected by a flexible linker. The N-terminal domain of CA (NTD) is made up 
mostly of six or seven α-helices, while the C-terminal domain (CTD) contains four 
α-helices (Fig. 8.2a). The region around the residues in helix 8 (H8) and part of the 
loop region connecting it to helix 7 (H7) is known as the major homology region 
(MHR) and is highly conserved among all retroviruses (Wills and Craven 1991). 
The two-domain configuration of CA gives the protein substantial conformational 
flexibility when forming protein-protein interactions in both immature and mature 
particles. CA participates in lattice formation as a structural component of Gag 
polyprotein; CA-CA interactions within the Gag lattice are significantly con-
strained by both its N-terminal and C-terminal protein components. The N-terminal 
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end of CA is usually MA or a spacer peptide (e.g., p12 in murine leukemia virus 
(MLV)) situated between MA and CA. The C-terminal end of CA is either NC or a 
spacer such as sp1 in lentiviruses or sp. in Rous sarcoma virus (RSV). In a mature 
particle, proteolytic cleavage liberates CA and promotes formation of the lattice 
structure of the capsid core, where the two-domain CA proteins assume another 
conformation (Fig. 8.2b) to form different sets of protein-protein interactions. The 
two-domain configuration of CA likely contributes the structural plasticity underly-
ing the varied curvature of the protein shell in the mature virus that results in the 
pleomorphism of retroviral capsid cores.

 Cleavage at the C-Terminus of CA Marks a Turning Point 
in Representative Orthoretrovirus Maturation

Cryo-ET studies of in vitro-assembled tubular arrays of MPMV CA-NC proteins 
(Bharat et al. 2012), RSV CA-SP proteins (Jaballah et al. 2017), XMRV (a chimeric 
MLV) immature CA-NC proteins (Hadravová et al. 2012), and immature HIV-1 lat-
tice (Schur et al. 2015; Mattei et al. 2016) demonstrated that within the retroviral 
immature Gag lattice, CA organizes into a paracrystalline hexagonal structure along 
the inner leaflet of the viral membrane. In immature HIV-1, CA hexamers are 
stabilized by six-helix bundles of CA-SP1 domains (Wright et  al. 2007; Briggs 
et al. 2009). The center-to-center distance between the hexamers within the Gag 
lattice is ~80 Å. The Gag hexamer in an immature HIV-1 particle has the shape of a 

Fig. 8.2 HIV-1 CA protein structure. (a) Diagram of a CA molecule, indicating the sequence of 
the helices in the NTD and CTD domains. CypA-BL represents the cyclophilin A-binding loop. 
CA-SP1 represents the CA-SP1 helix present in an immature Gag lattice structure. The major 
homology region is composed of H8 and part of the loop between H7 and H8. (b) Structures of the 
HIV-1 CA molecule in immature (cyan, PDB, 5 L93) and mature (orange, PDB, 5MCX) particles, 
aligned according to CA-CTDs
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wineglass with the NTD forming the tope of the glass, the CTD at the bottom, and 
the CA-SP1 six-helix bundle as the stem of the glass (Fig. 8.3a) (Schur et al. 2016). 
Examined from outside a Gag hexamer with the viral membrane at the top, CA 
NTD and CTD appear to have left-handed twist organizations, while the CA-SP1 
bundle has a right-handed twist.

Fig. 8.3 Structure and molecular interactions that stabilize the immature HIV1-CA lattice (Schur 
et al. 2016). (a) Surface representation of the four CA molecules on the back side of a Gag 
hexamer.(b) Stereo diagram showing the L-shaped linker region between H7 and H8, which is 
stabilized by H8 of a six fold-related CA molecule. (c) Magnified view of panel b showing 
residues involved in NTD-CTD interactions. (d) Stereo diagram showing a network of interactions 
stabilizing the CA-SP1 helix bundles. (e) Magnified view of panel d showing residues involved at 
the interaction site. The molecular model is a reproduction of structure PDB 5 L93
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The HIV-1 immature Gag lattice and CA-SP1 helix bundle are well represented 
at the atomic level by two reported structures (Schur et al. 2016, Wagner et al. 2016b). 
The first is the Gag lattice structure in a native HIV-1 immature particle determined 
at 3.9-Å resolution using cryo-ET and subtomogram averaging methods (Schur 
et al. 2016). The other is the crystal structure of the HIV-1 CA CTD-SP1 domains 
(Wagner et al. 2016b). As shown in Fig. 8.3b–c in the immature Gag lattice, the 
MHR region, including H8 and the strand between H8 and the 310 helix, interacts 
with both H8 and H11 in a neighboring CA molecule within the same CA hexamer. 
This configuration enables H8 of one CA molecule to interact with the NTD (H7) 
and CTD (H8) of a neighboring CA molecule. This network of interactions con-
strains the orientation of the CA NTD relative to the CTD and stabilizes CA in the 
immature conformation. Remarkably, even without the NTD domains, the HIV-1 CA 
CTD-SP1 protein forms a molecular organization that is exactly the same as in the 
immature HIV-1 Gag lattice. The crystal structure of CTD-SP1 (Wagner et al. 2016b) 
can be superimposed on the Gag lattice in a native virus (Schur et al. 2016), which 
suggests the contacts between the CTD and CA-SP1 domains are the primary struc-
tural determinants of the immature Gag lattice.

All orthoretroviral immature Gag lattice structures reported to date share similar 
molecular organizations in their CTD regions. Based on two atomic resolution 
structures of CA-SP1, there are two critical sets of molecular contacts in the CTD 
and SP1 regions (Schur et al. 2016; Wagner et al. 2016b). The first are the contacts 
among the helices that form the helical bundle organization. The second are the 
contacts critical for stabilizing the CA-SP1 helices, which involve interactions with 
the β-turn that stretch from H11 and the junction helix, i.e., residues V353, G354, 
and G355 (Fig. 8.3d–e) (Wagner et al. 2016b). While both the helical bundle and the 
β-turn elements are present in HIV-1, the RSV CA-SP1 has only the helix bundle, 
and MPMV has only the β-turn region (Wagner et al. 2016b). These structures con-
firm that CA-SP1 interaction among CTDs causes the CA CTDs to orient in a way 
that brings H8 into close contact with both the MHR and H7 of a neighboring CA 
molecule and enables CA to assume a conformation favorable for the immature lat-
tice. During HIV-1 maturation, the last proteolytic cleavage occurs in the middle of 
the CA-SP1 helix. Thereafter, the CA proteins reorganize into a hexamer with a 
different conformation that is characterized in the mature particle. The proteolytic 
cleavage in the middle of the CA-SP1 region thus functions as a molecular switch 
that transforms an immature Gag lattice into a mature lattice.

 The Retrovirus Capsid Core Assumes a Fullerene Structure 
and Is Permeable to Nucleotides

The protein shell of a retrovirus capsid core is modeled as a closed fullerene structure – 
a continuous curved lattice of CA hexamers interspersed with 12 CA pentamers 
(Fig. 8.4a) (Ganser et al. 1999; Zhao et al. 2013; Perilla and Gronenborn 2016). 
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The spatial distribution of the CA hexamers and pentamers determines the size and 
shape of the capsid core. For example, the conical HIV-1 capsid has seven pentam-
ers at the wide end of the core and five pentamers at the narrow end. While retrovi-
rus CA hexamers have been detected in many 2D (Pornillos et al. 2009; Bailey et al. 
2012) and 3D crystals (Pornillos et al. 2009; Gres et al. 2015) and helical tubes (Li 

Fig. 8.4 Molecular organization in a mature HIV-1 particle. (a) Two views of a HIV-1 capsid core 
generated through all-atom fitting of CA into a cryo-ET reconstruction map (Zhao et al. 2013, 
Perilla and Gronenborn 2016). Figure courtesy of Dr. Juan Perilla. (b) Ribbon diagram of a hex-
amer structure determined by cryo-ET (PDB 5MCX) (Mattei et al. 2016). (c) Ligand-binding sites, 
blue, CypA (Gamble et al. 1996); green, CPIPB (Goudreau et al. 2013), and putative binding site 
for MxB (Fricke et al. 2014), red, CPSF6, NUP153, and PF174 (Bhattacharya et al. 2014, Price 
et al. 2014)
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et al. 2000; Zhao et al. 2013), it has been a challenge to resolve the structure of CA 
pentamers and prove their existence in the mature retrovirus capsid core. The pen-
tameric structures of retrovirus CA proteins have been studied in the icosahedral 
capsid formed by a RSV mutant CA (Cardone et al. 2009) and in cross-linked HIV-1 
CA crystals (Pornillos et al. 2011) through dynamic modeling (Zhao et al. 2013; 
Grime et al. 2016) and cryo-ET reconstruction of intact HIV-1 virions (Mattei et al. 
2016). Determination of the native pentameric and hexameric HIV-1 CA structure 
at sub-nanometer resolution in intact virions revealed the presence and molecular 
arrangement of CA pentamers in the HIV-1 capsid core (Mattei et al. 2016).

In each capsomer within a retrovirus capsid core shell, the CA NTD takes part in 
intra-capsomer (intra-hexameric and intra-pentameric) interactions and forms the 
inner ring of the capsomer, which is 40 Å thick and 90 Å in diameter. The CA CTD 
forms an outer ring by making connections among the capsomers (Mattei et  al. 
2016). An examination of a capsomer from the side, with the NTD at the top, reveals 
that both the NTD and CTD are arranged with left-handed twists (Fig. 8.4b). NTDs 
interact with CTDs of neighboring molecules within the same capsomer. In contrast 
to the arrangement in immature particles, where NTD H1 and H2 are located at 
local twofold and threefold axes of the hexagonal Gag lattice, within a mature par-
ticle hexamer, H1–H3 are situated (or H1 and H2 in the pentamer) toward the center 
of the capsomer and form the 18-helix (or 10 helices in a pentamer) bundle and a 
central pore (Cardone et al. 2009; Pornillos et al. 2009; Zhang et al. 2015; Mattei 
et al. 2016). Within the pentamer, however, only H1 and H2 contribute to NTD- 
NTD interactions within the same pentamer, leaving the CPSF6 binding site open 
and accessible (Mattei et al. 2016).

The retrovirus capsid core has an irregular shape and presents a CA protein shell 
with changing curvature (Perilla and Gronenborn 2016). In HIV-1, the narrow end 
of the conical capsid core has greater curvature than the wide end of the core. The 
protein shell is also curved in the direction perpendicular to the longitudinal axis of 
the core. Studies of the native HIV-1 capsid (Byeon et al. 2009; Zhao et al. 2013; 
Mattei et al. 2016) and 2D crystallography (Pornillos et al. 2009; Bailey et al. 2012) 
show that several factors contribute to the curvature of the HIV-1 core, including the 
relative orientations of the NTD and CTD within each CA molecule, variability in 
the in-plane tilt at the local twofold and threefold axes of CTDs in the hexamers, and 
insertion of pentamers. The presence of pentamers offers sharp turns in the lattice 
(Mattei et al. 2016). Several host cell factors have been shown to interact with the 
CA capsomers (Fig. 8.4c) and accommodate the changing curvature of the capsid 
shell (Stremlau et al. 2004, Yap et al. 2004; Liu et al. 2016).

Another prominent structural feature of the HIV-1 core is the central channel of 
the capsomer, which can switch between open and closed conformations under dif-
ferent pH conditions (Jacques et al. 2016). At a basic pH, the pore is in a closed 
state, while at an acidic pH, the pore is open and forms a channel 8 Å in diameter, 
which is sufficient to allow transit of a dNTP molecule while excluding larger mol-
ecules. It was shown that a highly conserved arginine residue at CA position 18 
(R18, CA numbering) acts as the channel gate (Jacques et al. 2016). Residue R18 is 
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located at the N-terminal β-hairpin of CA, which sits right at the sixfold symmetry 
axis. In a recent 6.8-Å subtomogram-averaged structure of HIV-1 capsomers (Mattei 
et  al. 2016), the central pore formed by NTDs is occupied by electron densities 
attributable to triphosphates that neutralize the positive charges and stabilize the 
core. In HIV-1, it has been demonstrated that protonation of a histidine residue at 
position 12 leads to movement of the N-terminal β-hairpin in CA, which influences 
the state and size of the pore (Jacques et al. 2016).

 Capsid Interaction with Host Factors Interferes with Capsid 
Stability and Restrict Infectivity

After entering the cell, the retrovirus capsid protein shell protects the viral genome 
from attacks by cellular factors, provides space for reverse transcription, and facili-
tates nuclear entry. The majority of retrovirus genera, including Deltaretrovirus 
(Bieniasz et  al. 1995), Gammaretrovirus (Yamashita and Emerman 2004) and 
Spumaretrovirus (Bieniasz et  al. 1995), accesses the host cell chromosomes via 
mitosis to achieve stable integration. Lentiviruses, such as HIV-1, however, can effi-
ciently deliver a DNA copy of the virus genome through the nuclear pore complex 
and replicate in certain types of nondividing cells such as macrophages (Hilditch 
and Towers 2014). Alpharetroviruses are also able to infect nondividing cells but are 
far less efficient than lentiviruses (Hatziioannou and Goff 2001; Katz et al. 2002). 
Betaretroviruses are usually thought to be unable to infect nonproliferating cells, 
but a MMTV-based vector was recently shown to transduce non-dividing cells 
(Konstantoulas and Indik 2014). A HIV-1 chimera in which the CA sequence was 
swapped for that of MLV (gammaretrovirus) lacks the ability to infect nonprolifer-
ating cells, indicating that the capsid is a major determinant in this capacity 
(Yamashita and Emerman 2004).

The capsid protein shell of HIV-1 undergoes uncoating prior nuclear entry. 
During uncoating, the shell disassembles and releases the newly synthesized double-
stranded DNA (Ambrose and Aiken 2014; Campbell and Hope 2015). The pro-
cesses of reverse transcription, trafficking to the nucleus and nuclear entry, all 
require the capsid to have a metastable structure. Over-stabilization of the core 
structure or premature uncoating results in reduction or loss of infectivity. A panel 
of cell- and virus-specific cellular proteins that recognize the quaternary structure of 
the retroviral capsid core has been identified. These proteins include CypA, 
TRIM5α, MxB, CPSF6, and NUP153 (Ambrose and Aiken 2014; Campbell and 
Hope 2015). Each of these cellular factors has its role in the normal cell life cycle. 
During retrovirus infection, however, they can promote or restrict viral replication, 
depending on the specific cell type or organism. Given how crucial the optimal sta-
bility of the capsid is to the viral infection, modulating capsid stability makes an 
attractive target for antiviral strategies (Shi et al. 2011).
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 CypA

Cyclophilin A (CypA) is omnipresent in the cytoplasm of eukaryotic cells. It is a 
cellular peptidylprolyl isomerase that catalyzes the isomerization of peptide bonds 
at proline residues and facilitates protein folding. CypA can be packed into HIV-1 
virions, but it was confirmed that only target cell CypA is relevant for HIV-1 infec-
tivity (Sokolskaja and Luban 2006). In certain nonhuman primate cells, inhibition 
of the CA-CypA interaction with the immunosuppressive drug cyclosporin A 
(CsA) (Ke et al. 1994) dramatically increases viral infectivity (Towers et al. 2003). 
The crystal structure of the HIV-1 CA NTD in complex with human CypA reveals 
a sequence-specific interaction between residues 85–93 of CA (known as the 
CypA- binding loop) (Fig. 8.2a) and the active site of the enzyme (Gamble et al. 
1996). A cryo-EM reconstruction of CypA in complex with the assembled HIV-1 
CA tubular structure at 8 Å resolution suggests one CypA molecule can interact 
with two CA subunits and bridge two neighboring CA hexamers along the direc-
tion of the highest capsid surface curvature. CypA binding is therefore believed to 
stabilize CA assemblies with high surface curvature (Liu et al. 2016). The precise 
function of CypA in HIV-1 replication remains unknown, however. Capsid binding 
to CypA has been shown to promote HIV-1 infection in human cells, though the 
same interaction enhances the anti-HIV-1 restriction activity in certain nonhuman 
primate cells (Ikeda et al. 2004). Because the curvature of the conical HIV-1 capsid 
varies, within specific cellular environments, CypA could introduce subtle changes 
in the CA conformation, thereby promoting HIV-1 virion core detection by another 
host restriction factor such as simian TRIM5α, which can interact with the HIV-1 
core through innate pattern recognition (Towers et al. 2003; Sokolskaja and Luban 
2006; Towers 2007) enhance antiviral activity by the small HIV-1 inhibitor 
PF-3450074 (PF74) (Shi et  al. 2011) or protect HIV-1 from recognition by the 
Ref-1 restriction factor (Towers et al. 2003; Sokolskaja and Luban 2006; Towers 
2007).

 TRIM5α

The alpha isoform of tripartite motif protein 5 (TRIM5α) is a host restriction factor 
that combats retrovirus infection by inducing premature disassembly of the viral 
capsid core (Black and Aiken 2010), leading to unproductive reverse transcription 
and activation of downstream innate immune responses. TRIM5α is composed of a 
tripartite motif that includes a RING, B-box 2, a coiled-coil domain, and a C-terminal 
B30.2/SPRY domain (Fig.  8.5a). The coiled-coil domain mediates formation of 
homodimers by full-length TRIM5α molecules (Sanchez et al. 2014). The B30.2/
SPRY domain determines the binding specificity of the viral capsid (Yang et  al. 
2012) and destabilizes the HIV-1 capsid structure. Mixing rhesus macaque coiled- 
coil  SPRY with the tubular structure of HIV-1 CA and purified cores resulted into 
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disruption of the tube and core structures at the inter-hexamer interfaces, releasing 
fragments of protofilaments consisting of CA hexamers (Zhao et  al. 2011). The 
B-box 2 domain is involved in higher-order assembly of TRIM5α homodimers and 
their interactions with the retrovirus capsid core. The RING domain functions as an 
E3 ubiquitin ligase that catalyzes synthesis of polyubiquitin chains linked through a 
lysine residue on the target protein and promotes innate immune responses (Yudina 
et al. 2015). Dimerization of TRIM5α RING domains enhances the E3 ubiquitin 
ligase activity of TRIM5α and contributes to its antiretroviral functionality (Yang 
et al. 2012).

The anti-HIV-1 activity of TRIM5α is enhanced by its high-order oligomeriza-
tion. Disruption of the higher-order structure of TRIM5α impairs its restriction 

Fig. 8.5 Structure of Trim5α and its interactions with the HIV-1 capsid. (a) Schematic representa-
tions of the Trim5α molecule domain organization and the full-length antiparallel protein dimer 
(Wagner et al. 2016a, b). The ribbon diagram of the Trim5α dimer is created by combining the 
structures for isolated domains: RING (4TKP) (Yudina et al. 2015), B-Box-2, coiled-coil (4NT3) 
(Goldstone et al. 2014), and SPPY (4B3N) (Yang et al. 2012). (b) Schematic representation of an 
HIV-1 capsid core bound by a TRIM5α hexagonal net (Li et al. 2016). The blue stick with two red 
dots represents one Trim5α dimer molecule
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capacity. The high-order structure of TRIM5α dimers is organized as a hexagonal 
net in solution (Ganser-Pornillos et al. 2011; Li et al. 2016) (Fig. 8.5b), and this net 
structure is able to bind to the assembled capsid cores (Fig. 8.5c). On the other hand, 
TRIM5α does not significantly interact with monomeric or soluble CA protein. A 
cryo-ET study (Li et al. 2016) revealed the mesh decoration of TRIM5α on disulfide- 
cross-linked HIV-1 capsid cores. It was found that the hexagonal nets formed open 
and flexible hexameric rings, with the SPRY domains centered on the edges and the 
B-box and RING domains at the vertices. It is believed that only a few molecules 
are needed to cover the surface of the capsid (Li et al. 2016) and fulfill its restriction 
function.

Interactions between the TRIM5α net and the HIV-1 capsid core are dependent 
on the flexibility of the SPRY domain and the entire network. First, the crystal struc-
ture showed that the variable loop regions of TRIM5α PRY/SPRY, which carry 
crucial amino acid residues for capsid interaction and antiviral specificity, are flex-
ible. This flexibility enables residues in these regions to interact with viral capsids 
of different shapes. Second, the hexagonal nets formed by TRIM5α dimers have 
differing arm lengths and angles (Li et  al. 2016; Wagner et  al. 2016a), enabling 
formation of paracrystalline structures that can interact with assembled cores with 
different surface curvatures. The flexibility of the TRIM5α assembly may come 
from the flexing of the coiled-coil domains and/or the hinge between B-box 2 and 
the coiled-coil domains. In summary, individual TRIM5α molecules interact only 
weakly with CA proteins. However, dimerization, higher-order oligomerization, 
and the conformational plasticity of the net structure all enhance pattern recognition 
by TRIM5α, enabling it to interact with diverse and pleomorphic retroviral capsids 
and fulfill its restriction activity.

 MxB

Myxovirus resistance protein 2 (MxB) is an interferon-induced HIV-1 restriction 
factor (Kane et al. 2013). MxB is a guanosine triphosphatase (GTPase) that belongs 
to the dynamin superfamily, although its antiviral function is independent of its 
GTPase activity (Kane et al. 2013). The molecule recognizes and binds to the viral 
core when it is near the host cell nucleus. Immunofluorescent staining revealed that 
wild-type MxB forms cytoplasmic puncta localized to the nuclear rim (Kane et al. 
2013; Fribourgh et al. 2014). MxB inhibits uncoating of the HIV-1 capsid, a process 
downstream of reverse transcription, and inhibits import into the nucleus 
(Bhattacharya et al. 2014). The MxB molecule is composed of a nuclear localization 
signal (NLS), GTPase domain, a stalk region, and a leucine zipper motif or bundle 
signaling element (BSE) domain (Fig.  8.6a). The N-terminus of MxB, which 
includes the NLS, is important for MxB-capsid interaction (Kane et al. 2013). The 
crystal structure of MxB lacking its N-terminal region (Fig. 8.6b) adopts an extended 
antiparallel dimer structure through interactions between the stalk domains 
(Fribourgh et al. 2014; Xu et al. 2015). The same dimeric MxB organization is also 
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seen in the 4.6-Å cryo-EM structure of the helical assembly of full-length MxB 
fused with a N-terminal maltose-binding protein (MBP) (Alvarez et  al. 2017). 
Dimerization of MxB was shown to be important for its subcellular localization, 
binding to the HIV-1 capsid, and viral restriction (Fribourgh et al. 2014). Higher- 
order oligomerization is also believed to enhance capsid interaction and inhibition 
of HIV-1 infection (Alvarez et al. 2017). The MxB N-terminal domain and MBP 
domain were not resolved in the full-length MxB helical structure, which is sugges-
tive of the flexibility of this region. Interactions between MxB and the virus capsid 
can be modulated by a small-molecule inhibitor. The benzimidazole-based com-
pound CPIPB prevents the binding of MxB to the HIV-1 capsid (Bhattacharya et al. 
2014; Fricke et al. 2014), suggesting that the capsid-binding site for MxB over-
laps with the binding pocket for CPIPB, which is located between the base of the 
Cyp A-binding loop and the loop that connects H6 and H7  in the HIV-1 capsid 
(Fig. 8.4c) (Goudreau et al. 2013).

Fig. 8.6 Domain organization of MxB and its crystallographic dimer structure (Fribourgh et al. 
2014). (a) Schematic representation of an MxB molecule. Arrows in the schematic denote the first 
and last visible residues in the structure in (b). (b) Top and side views of the dimeric MxB struc-
ture. Individual domains of one molecule are colored as in (a). The N-terminal region nuclear 
localization signal (NLS), which is not included in the crystal structure, is represented as a red 
sphere
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 CPSF6 and NUP153

The capsid protein and the assembled capsid core of HIV-1 provide critical func-
tionality for transporting the reverse transcription complex from cytoplasm into the 
nucleus (Ambrose and Aiken 2014; Campbell and Hope 2015). The nuclear import 
process is facilitated by the interaction between CA and the assembled capsid core 
with various nuclear targeting cofactors, including cellular protein cleavage and 
polyadenylation specific factor 6 (CPSF6), nucleoporin 153 kDa (NUP153), and 
transportin 3 (TNPO3). CPSF6 is part of an mRNA processing complex that shut-
tles between the nucleus and cytoplasm (Ruegsegger et al. 1998). It has been pro-
posed that CPSF6 binding to the HIV-1 capsid facilitates recruitment of nuclear 
import factors such as TNPO3 and nucleoporins (Price et al. 2012). Both structural 
and functional studies (Bhattacharya et al. 2014; Price et al. 2014) have shown that 
CPSF6 and NUP153 bind to HIV-1 CA hexamers or the assembled capsid with at 
least tenfold higher affinity than they bind unassembled CA proteins. The prefer-
ence of NUP153 and CPSF6 for assembled capsid supports a model wherein the 
HIV-1 capsid remains largely intact near the nuclear envelope of infected cells. In 
addition, both ligands bind to the CA hexamer via a phenylalanine-glycine (FG) 
motif at the common binding pocket site, which is located at the interface of the 
NTD of one CA molecule and the CTD of a neighboring molecule in the same CA 
hexamer (Fig. 8.4c). Evidently, the binding sites of NUP153 and CPSF6 also over-
lap with that of the antiviral compound PF74 (Bhattacharya et  al. 2014). It was 
proposed that PF74 inhibits HIV-1 infection at a low dose by competing for cofactor 
binding and at a high dose by irreversibly blocking reverse transcription, possibly as 
a result of irreversible changes to the capsid ultrastructure.

 Summary

During the early phase of the retroviral life cycle, the capsid core plays critical but 
not fully defined roles in viral DNA synthesis and nuclear entry. The CA protein, 
which is the major structural component of the capsid core, undergoes two key irre-
versible conformational changes which link the capsid core to two other steps in 
retroviral replication. First, during virus maturation, CA is liberated from Gag by the 
viral protease and forms the capsid core that has a metastable and permeable struc-
ture – features imperative for efficient reverse transcription upon infection of permis-
sive target cells. Subsequently, the process of capsid core disassembly facilitates 
translocation of the viral DNA to the nucleus of the infected cell. The study of the 
molecular mechanisms for these conformational changes and their interrelationships 
with other steps in the retroviral life cycle is an active area of research.

In contrast to non-enveloped viruses where the capsid-host interactions generally 
occur outside or at the cell periphery, retroviral capsid cores interact with host cell 
factors in the cytoplasm of the infected cell. Host cellular factors can either bind the 
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core at the exposed loops of the CA proteins or at the regions formed between 
neighboring CA molecules within the same capsomer. Host cell factors may also 
recognize the varied capsid core curvature. The study of virus-host cell interactions 
via CA-restriction factor interactions has implications to the mechanisms of host 
innate immunity to retroviral infection and is a highly promising area of structural 
virology. Studies of the retroviral capsid core yield important insights into the iden-
tification of targets for antiretroviral intervention.
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Chapter 9
Nucleoprotein Intermediates in HIV-1 
DNA Integration: Structure and Function 
of HIV-1 Intasomes

Robert Craigie

 Introduction

Integration of a DNA copy of the viral genome into the host DNA is an essential 
step in the replication cycle of HIV-1 and other retroviruses (Coffin et al. 1977). 
Once integrated, the viral DNA is replicated along with cellular DNA during each 
cycle of cell division, and populations of long-lived cells with integrated proviruses 
have obstructed efforts to cure AIDS; although viral replication can now be effec-
tively suppressed by antiviral drugs, these infected cells are a reservoir from which 
virus reemerges if treatment is interrupted. Biochemical studies have shown that 
retroviral DNA integration occurs by a mechanism that is shared by a class of DNA 
mobile genetic elements that are ubiquitous in both prokaryotes and eukaryotes and 
by retrotansposons. Although the mechanism of DNA integration is closely related 
among these classes of elements, the source of the DNA to be integrated differs. In 
the case of DNA transposons, the transpose encoded by the transposon excises the 
transposon from its original location in the genome and inserts it into a new loca-
tion. Retrotransposons must first transcribe an RNA copy of their genome which 
then undergoes an intermediate step of reverse transcription within the same cell to 
make the DNA copy that is then integrated at a new site. Retroviruses have evolved 
the additional step of packaging the transcribed viral RNA in the form of a virion 
that is budded from the infected cell. The virion subsequently infects another cell 
where reverse transcription and DNA integration occur. Transposons, retrotanspo-
sons, and retroviruses share the common feature that, prior to integration, the two 
ends of the mobile DNA are tightly associated with the enzyme that catalyzes the 
DNA integration reaction. This protein is called transposase in the case of transpo-
sons and integrase in the case of retrotransposons and retroviruses. In retroviruses 
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and retrotransposons, terminal CA dinucleotides are joined to target DNA, whereas 
terminal sequences are more divergent among transposons. Complexes between 
integrase and viral DNA are collectively termed intasomes. Retroviral intasomes 
undergo a series of transitions between initial formation and catalysis of the DNA 
cutting and joining steps of DNA integration. Here, we focus on our current knowl-
edge of the structure and function of HIV-1 intasomes, with reference to related 
systems as required to put this knowledge in context. First, we review key discover-
ies that led to the recent breakthroughs with high-resolution structural studies of 
HIV-1 intasomes.

 Mechanism of DNA Integration

 The Preintegration Complex (PIC)

The establishment of an in vitro system for retroviral DNA integration by Brown 
and colleagues in 1987 (Brown et al. 1987) was a pivotal step in biochemical studies 
of retroviral DNA integration. They discovered that cytoplasmic extracts of cells 
infected with Moloney murine leukemia virus (MoMLV) supported integration of 
the viral DNA made by reverse transcription into an exogenously added plasmid 
DNA in vitro. Importantly, the integrated viral DNA was flanked by a 4 bp repeat of 
target DNA at the site of integration, a hallmark of correct MoMLV DNA integra-
tion. Integration activity sedimented as a very large nucleoprotein complex with an 
S value of approximately 160S (Bowerman et al. 1989); for comparison, the S value 
of eukaryotic ribosomes is 80S. These complexes have been termed preintegration 
complexes (PICs). HIV-1 DNA was subsequently shown to form part of similarly 
large preintegration complexes (Ellison et al. 1990; Farnet and Haseltine 1990). In 
addition to viral DNA, PICs contain many proteins derived from the infecting virion 
and cellular proteins acquired from the cytoplasm of the infected cell (Farnet and 
Haseltine 1991; Bukrinsky et al. 1993; Li et al. 2001). The organization and compo-
sition of PICs is still poorly defined because their low abundance in extracts of 
infected cells limits the types of studies that can be attempted. It is likely that com-
ponents of the PIC are jettisoned between initial formation after reverse transcrip-
tion in the cytoplasm and transport to the nucleus for integration into cellular 
DNA. However, functional studies of integration activity clearly show that integrase 
must be tightly associated with the viral DNA ends because integrase is the enzyme 
that catalyzes integration (see below) and integration activity is retained upon treat-
ing PICs with greater than 0.5 M NaCl and separating them from loosely bound 
protein factors by gel filtration or sedimentation. These complexes of integrase 
associated with the viral DNA ends (intasomes) form a substructure of the PIC and 
are the topic of this chapter. Since the low abundance of PICs in infected cells pre-
cludes structural studies, recent progress in this area has built upon biochemical 
studies of intasomes assembled from purified components in vitro.
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 DNA Cutting and Joining Steps

In vitro DNA integration assays using PICs isolated from infected cells provided the 
first definitive evidence that the immediate precursor DNA for integration is linear. 
At the time, retroviral DNA was known to exist in both linear and circular forms, 
and the circular form was a strong candidate based on analogy with the extensively 
studied bacteriophage lambda integration system. Analysis of the in vitro product of 
DNA integration revealed that only the 3′ ends of the viral DNA are joined to target 
DNA at the site of integration. The unjoined 5′ ends of the viral DNA extended two 
nucleotides beyond the CA terminal nucleotides on the joined viral DNA strands, 
consistent with a linear viral precursor, and not four nucleotides as would be expected 
if the viral DNA were circularized prior to integration (Fujiwara and Mizuuchi 1988; 
Brown et al. 1989). The DNA cutting and joining steps deduced from these studies 
are depicted in Fig. 9.1. In the first step, 3′ end processing, two nucleotides are gen-
erally removed from the 3′ ends of the initially blunt-ended linear viral DNA 
(Fig. 9.1b). A target DNA is recruited (Fig. 9.1c), and then in the second step, DNA 
strand transfers and the hydroxyl groups at each 3′ end of the viral DNA attack a pair 
of phosphodiester bonds in the target DNA. The sites of attack on the two target 
DNA strands are separated by five nucleotides in the case of HIV-1.

In the integration intermediate (Fig. 9.1d), only the 3′ ends of the viral DNA are 
joined to target DNA, and the 5′ ends of the viral DNA remain unjoined with a 5 bp 
overhang. Completion of integration requires removal of each overhanging dinucle-
otide, filling in the single-strand gaps between viral and target DNA by a poly-
merase and ligation. The enzymes that carry out these steps have not been 
determined, but the reactions can be readily carried out in vitro by the known activi-
ties of cellular nucleases, polymerases, and ligases (Yoder and Bushman 2000).

 Integrase

 Discovery of Integrase

Early evidence for a key role of a virally encoded enzyme in retroviral DNA integra-
tion came from genetic experiments (Panganiban and Temin 1984; Donehower and 
Varmus 1984; Schwartzberg et al. 1984). Mutations that abolished integration, but 
allowed infection to proceed normally upon completion of the viral DNA synthesis 
by reverse transcription, mapped to 3′ end of the viral pol gene. This part of pol 
includes a protein that we now know catalyzes the key steps of DNA integration and 
is called integrase (IN). Mutations that disrupt the termini of the viral DNA resulted 
in an essentially identical phenotype, suggesting that this protein acts on the viral 
DNA ends to promote integration, even before any biochemical evidence was 
obtained (Panganiban and Temin 1983; Colicelli and Goff 1985; Roth et al. 1989). 
However, biochemical studies of integrase actually began much earlier when 
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Fig. 9.1 The DNA cutting and joining steps of retroviral DNA integration. The viral DNA made 
by reverse transcription is linear and blunt ended (Fig. 9.1a). In the first step, 3′ end processing, 
two nucleotides are removed from each 3′ end of the viral DNA (Fig. 9.1b). This exposes the ter-
minal CA dinucleotide (colored in red) that is conserved among all retroviruses. In the second step, 
DNA strand transfer, the 3′ hydroxyl groups at the two viral DNA ends attack a pair phosphodies-
ter bonds on each strand of target DNA. In the case of HIV-1, five base pairs separate the sites of 
attack on the two target DNA strands. In the resulting integration intermediate (Fig. 9.1d), the 3′ 
ends of the viral DNA are covalently joined to target DNA, while the 5′ ends of the viral DNA and 
the 3′ ends of the target DNA are unjoined. The viral integrase protein catalyzes both 3′ end pro-
cessing and DNA strand transfer. Cellular proteins complete the integration process by removing 
the overhanging dinucleotide at the 5′ ends of the viral DNA, filling in the 5 bp single-strand con-
nection and ligation of the 5′ ends of the viral DNA to the 3′ ends of the unjoined target DNA 
strand. This figure is reproduced from Fig. 1 of Craigie (2012)
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Grandgenett Grandgenett et  al. (1978) and colleagues identified a protein from 
avian sarcoma leucosis virus (ASLV) (p33) that had a DNA-nicking activity on 
substrate corresponding to the circularized form of ASLV DNA. This protein was 
later identified as the ASLV integrase protein.

 Early In Vitro Assay Systems

The finding that detergent-disrupted MoMLV virions could support in vitro integra-
tion of linear DNA with termini that mimic the viral DNA ends (Fujiwara and 
Craigie 1989) suggested that integrase might be sufficient to carry out the DNA 
cutting and joining steps of integration. This was confirmed by assays using purified 
integrase protein of MoLV (Craigie et al. 1990), ASLV (Katzman et al. 1989) (Katz 
et al. 1990) and HIV-1 (Sherman and Fyfe 1990; Bushman et al. 1990; Engelman 
et al. 1991) as the only protein factor. The first assay systems used a linear “mini- 
viral DNA” substrate with phage lambda DNA as the target for integration (Fujiwara 
and Craigie 1989; Bushman et al. 1990). Integration events were scored by in vitro 
packaging of the lambda DNA, infection of E. coli, and selection for a marker pres-
ent on the mini-viral DNA substrate. Subsequent assays used oligonucleotides mim-
icking the ends of the viral DNA as the viral DNA substrate; oligonucleotides also 
served as the target DNA for integration, and the products were detected by gel 
electrophoresis (Fig. 9.2). In the first step of the reaction (3′ end processing), two 
nucleotides are cleaved from the 3′ end of the viral DNA substrate to expose the 
CA-3′ ends that are to be joined to target DNA (Fig. 9.2a). In the next step (DNA 
strand transfer), the hydroxyl groups at the termini exposed by the 3′ end processing 
reaction attack a pair of phosphodiester bonds in the target DNA (Fig.  9.2b). 
Integration can occur at essentially any position along the target DNA, so the prod-
ucts are heterogeneous in length. In the case of HIV-1, the products of DNA strand 
transfer produced in such assays resulted largely from integration of a single viral 
DNA end into a single strand of target DNA rather than two viral DNA ends inte-
grated into each target DNA strand with the sites of integration separated by 5 bp as 
occurs in the normal DNA strand transfer reaction. A separate in  vitro activity, 
termed disintegration, represents the chemical reversal of DNA strand transfer 
(Chow et al. 1992). Although not thought to occur during virus infection, disintegra-
tion activity provided useful information on the domain organization of integrase 
protein (see below).

 Chemistry of DNA Integration

The development of simple assay systems with purified components and a physical 
readout ignited detailed biochemical studies of integration and laid the foundation 
to the development of high-throughput screens for inhibitors of integrase. Many 
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DNA recombinases catalyze recombination by cleaving DNA and conserving bond 
energy by forming a covalent intermediate with one of the cleaved DNA ends. 
However, in the case of retroviral DNA integration, the 3′ hydroxyl of the DNA 
strand to be joined is exposed prior to the joining reaction. This raised the possibil-
ity that DNA strand transfer might occur by a one-step transesterification reaction 
in which phosphodiester bond cleavage and formation of the new phosphodiester 
bond occur in one step. This was tested by incorporating chiral phosphorothioate in 
the target DNA and monitoring the change in chirality after the reaction. If a cova-
lent protein-DNA intermediate is involved, two reaction steps would be required, 
and the chirality would be retained, whereas a single-step transesterification would 
result in inversion of chirality. The chirality was found to invert, showing that inte-
gration occurred by a one-step transesterification mechanism (Engelman et  al. 
1991). In vitro, the product of 3′ end processing exists as both a linear dinucleotide 
and a circular dinucleotide in which the 3′ end of the viral DNA itself bends back 
and attacks the scissile phosphodiester bond. This enabled the stereochemical 
course of the 3′ end processing reaction to also be followed by putting a chiral phos-
phorothioate at the site of cleavage. The chirality inverted during the course of this 

Fig. 9.2 HIV-1 integration assay with oligonucleotide DNA substrates. (a) 3′ end processing. In 
the presence of a divalent metal ion, integrase cleaves two nucleotides from the 3′ ends of the viral 
DNA (shown in red) to expose the terminal CA-OH that, in the next step, attacks a phosphodiester 
bond in the target DNA. (b) DNA strand transfer. In the presence of a divalent metal ion and an 
oligonucleotide lacking the dinucleotide that is normally removed in the 3′ end processing reac-
tion, integrase catalyzes a phosphoryl transfer reaction that covalently joins viral to target DNA 
(shown in blue). Cleaved oligonucleotides produced by the 3’end processing reaction can also go 
on to carry out DNA strand transfer. The sites of integration into target DNA are random to a first 
approximation, although there are sequence preferences. This in vitro assay is a “loosened up” 
version of the fully authentic reaction in which a pair of viral DNA ends are joined to target DNA 
on opposite strands. Integrase, which functions as a multimer, is depicted as a circle for 
simplicity
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reaction as well, demonstrating that 3′ end processing also occurs by a one-step 
mechanism (Engelman et al. 1991).

 Domain Organization and Early Mutagenesis Studies

Partial proteolysis studies revealed that HIV-1 integrase is comprised of three 
domains (Engelman and Craigie 1992)(Fig. 9.3). Protein sequence alignment 
revealed three amino residues, D64, D116, and E152 that are absolutely conserved 
among retroviral integrases, retrotransposon integrases, and some classes of trans-
posases. Mutation of any of these residues abolished 3′ processing and DNA strand 
transfer activity (Kulkosky et al. 1992; Engelman and Craigie 1992; van Gent et al. 
1992; Leavitt et  al. 1993). These studies, together with inversion of chirality for 
both DNA strand transfer and 3′ end processing, suggested that both reactions share 
a common chemical mechanism and are catalyzed by the same active site. The resi-
dues of the D,D–35-E motif were proposed to coordinate divalent metal ions for 
catalysis (Kulkosky et al. 1992), and this role was subsequently confirmed by struc-
tural studies. The N-terminal domain is well conserved among retroviral integrases 
and contains a pair of His and Cys residues, the HHCC motif, that binds zinc (Zheng 
et al. 1996). The C-terminal domain is the least conserved of the three domains.

 HIV-1 Integrase Domain Structures

 Catalytic Domain Structure

Structural studies of HIV-1 integrase and other retroviral integrases have been 
impeded by the propensity of the protein to aggregate, and early attempts at crystal-
lization were unsuccessful. This led investigators to focus their efforts on individual 
domains. The catalytic core domain of HIV-1 integrase, like the full-length proteins, 
aggregates in solution. However, the mutation F185 K in the catalytic domain was 
found to result in a protein that is much more soluble than the wild-type catalytic 

Fig. 9.3 The three domains of HIV-1 integrase. The catalytic core domain is highly conserved in 
retroviral integrases, retrotransposon integrases, and transposases of many DNA transposons. It 
includes a triad of conserved acidic residues, the D,D-35-E motif, that are key residues of the 
active site. The N-terminal domain is conserved among retroviral and retrotransposon integrases 
and contains a pair of conserved His and Cys residues, the HHCC motif, that coordinate a Zn2+ ion. 
The C-terminal domain is less well conserved than the other two domains
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domain and retains disintegration activity in vitro (Jenkins et al. 1995). The domain 
with this mutation was successfully crystallized, and the structure was solved (Dyda 
et al. 1994). The structure contained a five-stranded beta sheet flanked by helices 
(Fig. 9.4a), with two of the previously identified catalytic residues in close proxim-
ity, while the third catalytic residue was on a disordered loop. The structure estab-
lished that integrase belongs to a superfamily of polynucleotidyl transferases that at 
the time included ribonuclease H (Yang et  al. 1990) and the Holliday junction 
resolvase RuvC (Ariyoshi et al. 1994) but has subsequently expanded to include 
many additional enzymes. Unfortunately, the structure provided little information 
on how integrase interacts with DNA. The two active sites in the structure, which 
were located on opposite sides of the nearly spherical dimer, were separated by 
approximately 30 Å. This spacing is incompatible with the 5 bp spacing of the sites 

Fig. 9.4 Structures of the domains of HIV-1 integrase. (a) The catalytic domain (pdb: 1ITG) is 
dimeric with an extensive mainly hydrophobic interface of 1300 Å2. The monomers have a fold 
consisting of a five-stranded β-sheet surrounded by helices, a fold that was first observed in 
RNAase H and subsequently in many polynucleotidyl transferases. The active site residues D64 
and D116 are shown in red. The third residue of the D,D35, E motif, E152 is disordered in this 
structure. The active sites are located on opposite sides of the nearly spherical dimer. (b) The 
C-terminal domain (pdb: 1IHV). The C-terminal domain is a dimer in solution with each subunit 
comprised of a five-stranded β-barrel resembling an SH3 domain. (c) The N-terminal domain (pdb: 
1WJV). It is a four-helix bundle with Zn2+ (red spheres) coordinated to His12, His16, Cys40, and 
Cys43. The structure is dimeric with a predominantly hydrophobic interface
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of joining of the two viral DNA ends to two strands of target DNA and suggested 
that the active multimer must be larger than a dimer.

 C-Terminal Domain Structure

The structure of the C-terminal domain was solved by NMR (Lodi et al. 1995). The 
protein was a dimer in solution with each subunit comprised of a five-stranded  
β-barrel with a topology similar to the Src-homology 3 (SH3) domain (Fig. 9.4b).

 N-Terminal Domain Structure

The N-terminal domain structure was also determined by NMR (Cai et al. 1997). 
The structure was dimeric with each subunit comprising a four-helix bundle with 
zinc tetrahedrally coordinated to the conserved residues of the HHCC motif, H12, 
H16, C40, and C43 (Fig. 9.4c). The two subunits in the dimer are arranged parallel 
to each other, and the interface is mainly hydrophobic. The N-terminal domain of 
HIV-2 integrase has an essentially similar structure (Eijkelenboom et al. 1997).

 Multi-domain Structures

The first multi-domain integrase structure to be solved was the catalytic domain 
together with the C-terminal domain (Chen et  al. 2000a). The structure was a 
Y-shaped dimer (Fig. 9.5a). The catalytic domain formed the only dimer interface, 
and this interface was essentially the same as in in the isolated catalytic domain 
dimer. The C-terminal domains were monomeric, 55 Å apart and linked to the cata-
lytic domain by alpha helices. The second multi-domain structure to be determined 
was the N-terminal together with catalytic domain (Wang et al. 2001). This struc-
ture is dimeric with the same catalytic domain dimer interface as observed in earlier 
structures (Fig. 9.5b). Although dimerized, the N-terminal dimer interface was dif-
ferent from that of the solution structure of the N-terminal domain alone. The lack 
of density for the linker connecting the two domains did not allow unambiguous 
assignment of the connectivity between the N-terminal and catalytic domains. The 
missing linker can easily span the distance in the arrangement shown at the top of 
Fig.  9.5b. The connectivity shown below cannot be excluded, although it would 
require extreme stretching of the linker. However, the N-terminal domain is located 
in a similar flanking position in the structure of the N-terminal together with the 
catalytic domain of HIV-2 integrase (Hare et al. 2009; Jaskolski et al. 2009).
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The structures of the isolated domains and two-domain structures provided high- 
resolution information on the individual domains but provided few clues as how 
viral DNA assembles with integrase in the intasome.

 Intasomes

 Intasomes

Intasome is a collective term for stable nucleoprotein complexes on the retroviral 
DNA integration reaction pathway (Fig. 9.6) and is analogous to transpososomes 
that mediate transposition of a class of DNA transposons. The first intasome on the 
reaction pathway is the stable synaptic complex (SSC) which comprises a pair of 

Fig. 9.5 Two-domain structures of HIV-1 integrase. (a) Catalytic together with C-terminal domain 
(pdb: 1EX4). The catalytic domain shares the same dimer interface as in the structure of the iso-
lated catalytic domain. The C-terminal helix of the isolated catalytic domain structure extends 
through the linker region to position the C-terminal domains far from the catalytic domain dimer, 
and the dimer interface seen in the solution structure of the isolated C-terminal domain is not pres-
ent. The catalytic domains and linkers are colored in cyan and magenta and the C-terminal domains 
in green. (b) N-terminal together with the catalytic domain (pdb: 1K6Y). The absence of density 
in the linker region makes the assignment of connectivity ambiguous. The connectivity shown at 
the top is easily accommodated by the length of the missing linker region. The alternative connec-
tivity shown below is possible, but the linker would be required to adopt an extremely stretched 
conformation. However, it is worth noting that this connectivity has been observed in the corre-
sponding structure of HIV-2 integrase (Hare et al. 2009). The subunits are colored magenta and 
cyan (b)
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viral DNA ends bridged by integrase. Within the SSC, two nucleotides are removed 
from the 3′ ends of the viral DNA to form the cleaved stable synaptic complex 
(cSSC). The cSSC then non-covalently captures a target DNA to form the target 
capture complex (TCC). Finally, within the TCC, a pair of transesterification reac-
tions occurs to form the strand transfer complex (STC).

Fig. 9.6 Retroviral DNA integration is mediated by a series of intasomes along the reaction path-
way. (a) Integrase, together with a pair of viral DNA ends, in the presence of divalent metal ions, 
forms a stable synaptic complex (SSC), the first intasome on the reaction pathway. (b) Within the 
SSC, integrase cleaves two nucleotides from each 3′ end of the viral DNA to form the cleaved 
stable synaptic complex (cSSC). (c) The cSSC then captures a target DNA molecule into which the 
viral DNA ends are to be integrated to form the target capture complex (TCC). This initial associa-
tion of the cSSC with target DNA is non-covalent. (d) The hydroxyl groups at the 3′ ends of the 
viral DNA attack a pair of phosphodiester bonds in the target DNA to accomplish DNA strand 
transfer and form the strand transfer complex (STC). Completion of integration requires disassem-
bly of the STC, removal of the two overhanging nucleotides from the 5′ ends of the viral DNA, 
filling in of the single-strand connections between viral and target DNA by a polymerase, and 
ligation. These latter steps are carried out by cellular enzymes
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 Biochemical Studies of HIV-1 Intasomes

The first indication that the ends of the viral DNA are stably bridged by integrase in 
the preintegration complex (PIC) came with functional studies of Moloney murine 
leukemia virus PICs. PICs incubated at high ionic strength and separated from 
released protein factors by sedimentation or gel filtration retain integration activity, 
suggesting that integrase remains associated with the viral DNA ends (Lee and 
Craigie 1994).

Early biochemical studies HIV-1 DNA integration used reaction conditions in 
which most of the integration products resulted from “half-site” integration of a 
single viral DNA end into one strand of target DNA. Under these conditions, highly 
stable complexes of integrase with viral DNA ends were not detected. However, 
under improved reaction conditions that support concerted integration of pairs of 
viral DNA ends (Hindmarsh and Leis 1999; Sinha et al. 2002; Li and Craigie 2005; 
Sinha and Grandgenett 2005), highly stable complexes of integrase and viral DNA 
ends (SSC intasomes) are formed (Li et al. 2006; Pandey et al. 2007). Although the 
overall efficiency of concerted two-end DNA integration in vitro is low, the limiting 
step is formation of intasomes; once assembled essentially all the intasomes suc-
cessfully complete DNA strand transfer to form STCs (Li et al. 2006).

 Overcoming Obstacles to High-Resolution Structural Studies 
of HIV-1 Intasomes

Although the structures of all the individual domains of HIV-1 integrase were solved 
by the mid-1990s, it would be almost two decades before the first HIV-1 intasome 
structures were determined. The early biochemical assays that resulted in mainly 
single-site integration appear to be a “loosened-up” reaction system in which the 
chemical steps of integration occur normally, but stable intasomes are bypassed. 
Improvements in in vitro assay systems were required for intasomes to be detected 
biochemically. The biggest obstacle to structural studies was the tendency of inte-
grase and intasomes to aggregate in solution. This problem was partly overcome by 
the finding that fusing the DNA-binding domain of Sulfolobus solfataricus chromo-
somal protein Sso7d to the N-terminus of HIV-1 integrase resulted in a protein that 
was not only hyperactive in  vitro but also assembled intasomes with greatly 
improved solubility properties (Li et al. 2014). The fusion protein is also active with 
oligonucleotide viral DNA substrate, whereas the wild-type protein requires several 
hundred additional base pairs of non-specific DNA for integration activity and 
assembly of intasomes (Li and Craigie 2005; Li et al. 2006). The reasons for these 
differences are not understood. Importantly, the Sso7d fusion IN is active in the 
virus, albeit with a somewhat lower efficiency than wild-type HIV-1 IN (Li et al. 
2014).

R. Craigie



201

 Structure of Prototype Foamy Virus (PFV) Intasomes

A major breakthrough in structural studies of intasomes came when the Cherepanov 
group solved the crystal structures of the prototype foamy virus (PFV) SSC and 
STC intasomes (Hare et al. 2010a; Maertens et al. 2010). PFV is a relative of HIV-1 
with relatively low sequence similarity but shares predicted secondary structures 
and key active site residues (Valkov et  al. 2009). It also has an additional small 
domain at the N-terminus, the N-terminal extension domain (NED), that is not pres-
ent in HIV-1 integrase. PFV integrase is much more active than HIV-1 integrase 
in vitro, and, unlike HIV-1 integrase, both PFV integrase and PFV intasomes are 
highly soluble. The PFV SSC structure is a tetramer comprised of a dimer of dimers 
(Fig. 9.7). Each dimer has essentially the same catalytic dimer as in the isolated 
HIV-1 integrase catalytic domain structure. All the interactions with viral DNA 
occur with the domains of the inner subunits within the tetramer. The N-terminal 
domains of the two inner subunits are exchanged and extend to the active site region 
of each other. The NED, N-terminal, and C-terminal domains of the outer subunits 
are disordered in the structure. DNA-protein interactions play a dominant role and 
act as the “glue” that stabilizes the intasome. Such a structure could not have been 
predicted from the structures of the isolated integrase domains. Structures of PFV 

Fig. 9.7 Schematic 
depiction of the PFV 
intasome. The PFV 
intasome is a tetramer in 
which only the inner two 
protomers of the tetramer 
(blue and tan) interact with 
viral DNA (red). The 
N-terminal extension 
domain (NED), N-terminal 
(NTD), and C-terminal 
domains of the outer 
protomers are disordered
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intasomes that have been determined importantly include all complexes on the reac-
tion pathway (SSC, cSSC, TCC, and STC) (Hare et al. 2010a; Maertens et al. 2010; 
Hare et al. 2012) as well as the cSSC in complex with DNA strand transfer inhibi-
tors (Hare et al. 2010a, b). The structure of the cSSC in complex with compounds 
such as raltegravir elucidated the mechanism of this class of inhibitor. Binding of 
the inhibitor displaces the attacking 3′ hydroxyl from the active site. Although the 
PFV structures are excellent for modeling the interaction of HIV-1 integrase inhibi-
tors, sequence differences necessitate structures of HIV-1 intasomes in complex 
with inhibitors to understand the detailed molecular interactions of HIV-1 intasomes 
with inhibitors and the structural basis for clinical drug resistance. This is especially 
true for understanding resistance mutations away from the immediate vicinity of the 
active site, where differences in the two proteins make modeling less reliable.

 Structure of HIV-1 Intasomes and Implications

 Structure of HIV-1 Intasomes

Fusion of Sso7d to the N-terminus of HIV-1 IN (Sso7d-IN) was a key step that 
facilitated the first HIV-1 intasome structures. The other strategy that contributed 
was the assembly of HIV-1 STC intasomes on branched DNA substrate that mimics 
the product of DNA strand transfer. It had previously been shown that PFV STCs 
assembled on such a DNA substrate were identical to STCs made through the nor-
mal forward reaction pathway (Yin et al. 2012). HIV-1 STCs aggregate less than 
HIV-1 SSCs and were therefore chosen for the first structural studies of HIV-1 inta-
somes. The assembly efficiency is relatively low, and multiple purification steps 
were required to obtain material that was suitable for structural studies. After a final 
step of gel filtration, the intasomes appeared relatively homogeneous as judged by 
the gel filtration profile, although the peak exhibited a slight hump suggesting the 
presence of more than one species (Li et al. 2014). Attempts to crystallize these 
intasomes failed. With hindsight, crystallization was unlikely to work as we know 
multiple species are present, even after purification.

The STC intasomes required the presence of high ionic strength (0.5 M NaCl) 
and glycerol in the buffer to prevent aggregation. Such conditions have generally 
been regarded as unfavorable for cryo-electron microscopy (cryoEM). However, 
recent advances in cryoEM techniques partially negate these factors, and cryoEM 
was highly successful in determining the structure of HIV-1 intasomes even with 
less than optimal buffer conditions (Passos et al. 2017).

The initial studies focused on the smaller species with the erroneous assumption 
that larger species were simply aggregates of the same basic unit. The density map 
resolved to 3.5 Å to 4.5 Å, with the highest resolution being in the core of the struc-
ture around the active site. The structure was tetrameric and essentially the same as 
the previously determined PFV intasome structure (Fig. 9.8). The intasome com-
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prised a dimer of dimers. Like the PFV intasome, most of the interactions with DNA 
are mediated by the inner protomer, and the N-terminal domains of each inner pro-
tomer extend out to the active site region of the other inner protomer. Unlike the 
PFV intasome, the C-terminal domains of the outer protomers were resolved and 
contribute to the interaction with viral DNA. The N-terminal domains of the outer 
protomers were disordered as in PFV intasomes. The target DNA is distorted from 
B form, as is the target DNA in PFV STC intasomes, with five bp between the active 
sites as expected from the target site duplication. The Sso7d domain that was added 
to the N-terminus of integrase to improve the solubility of the intasomes was 
disordered.

In addition to tetrameric STC intasomes, cryoEM revealed higher-order species, 
the best resolved of which contained 12 integrase protomers. This higher-order STC 
intasome has the same arrangement of domains interacting with DNA as in the tet-
rameric STC. However, some of these “positionally conserved”domains are contrib-
uted by additional subunits in the higher-order STC (Fig. 9.9).

Fig. 9.8 Structure of the tetrameric HIV-1 STC intasome (pdb: 5U1C). Most of the contacts 
between protein and DNA are made by the inner protomers, colored in magenta and cyan. The 
C-terminal domains of the outer protomers (colored green and orange) interact with viral DNA, 
while the N-terminal domains of the outer protomers are disordered. The overall architecture is 
similar to that of PFV intasomes except for the additional contact of the C-terminal domain of the 
outer protomers with viral DNA. (b) The same view with the DNA removed. (c) As in B, it is 
viewed from the top. The large empty space in the middle that is occupied by DNA (not shown) 
highlights the critical role of protein-DNA interactions in holding the intasome together
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 Reinterpreting Earlier Domain Structures with Hindsight 
of the HIV-1 STC Intasome Structure

Earlier structures of individual domains and two-domain structures of HIV-1 inte-
grase provided few clues as to intasome structure. Although many modeling studies 
were attempted based on these structures, none of these came close to predicting the 
functional DNA-integrase structure. This is hardly surprising given the role of pro-
tein-DNA interactions in organizing the intasome, and none of the earlier structures 
contained DNA. The catalytic domain dimer interface was the only interface consis-
tently observed - in the structures of retroviral integrases in the absence of DNA. The 
isolated HIV-1 integrase N-terminal domain was a dimer in solution (Cai et  al. 
1997). In the context of the N-terminal together with the catalytic domain, although 
the N-terminal domain dimerized, the interface was entirely different from that 
observed with the isolated N-terminal domain; additionally, the N-terminal domain 
dimer was packed against the catalytic domain (Wang et al. 2001). A similar ambi-
guity was seen with the C-terminal domain. Whereas the isolated C-terminal domain 
was a dimer in solution (Lodi et al. 1995), in the structure of the catalytic together 
with the C-terminal domain, the C-terminal domain was monomeric and separated 
from the catalytic domain by an alpha-helical linker (Chen et al. 2000a). To compli-
cate the picture further, in the structure of the catalytic domain together with the 

Fig. 9.9 Schematic representation of the domain arrangements in the HIV-1 tetrameric and 
higher-order STC intasomes. The domains of the inner protomers are colored light blue and the 
outer protomers in dark blue. Arrows show the positionally conserved C-terminal domains. In the 
tetrameric structure, they are contributed by the inner protomers, whereas in the higher-order struc-
ture, they are contributed by flanking dimers. Dotted circles represent regions of poorly defined 
density. This figure is reproduced from supplementary Fig. S16 of Passos et al. (2017)
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C-terminal domain of simian immunodeficiency virus (SIV) integrase, only one of 
the C-terminal domains was discernable, and it was packed against the catalytic 
domain (Chen et  al. 2000b). The variety of domain arrangements seen in these 
structures was generally thought to reflect the flexibility of the linkers between 
domains and not necessarily be directly relevant to intasome architecture. It is strik-
ing that many of these interfaces seen in the absence of DNA are present in the 
HIV-1 STC intasome structures. For example, in the higher-order STC, positionally 
conserved domains share the interface observed in the structure of the N-terminal 
together with a catalytic domain. Strikingly, in the higher-order STC, the linker 
between the catalytic and C-terminal domain is helical and extends away from the 
catalytic domain as in the structure of the catalytic together with C-terminal domain 
in the absence of DNA. Two of the C-terminal domains also dimerize exactly as in 
the NMR structure of the isolated C-terminal domain. All these structures together 
highlight the plasticity of integrase in using a common set of interfaces to assemble 
different structures.

 Comparison with Intasome Structures of Other Retroviruses

The PFV SSC was the first intasome structure to be solved for any retrovirus (Hare 
et al. 2010a). Given the similarity of PFV integrase to other retroviral integrases, it 
seemed reasonable to assume that other retroviral intasomes would have a similar 
organization. However, in PFV intasomes the C-terminal domains of the protomers 
involved in interactions with the viral and target DNA extend away from the  
catalytic domain of one inner protomer toward- the catalytic domain of the other 
inner protomer (Fig. 9.7). This is possible because PFV integrase has a long linker 
between the catalytic and C-terminal domain. This represented a conundrum 
because the catalytic to C-terminal domain linkers of some retroviral integrases are 
too short to accommodate the same arrangement of domains as in the PFV tetra-
meric intasomes (Fig. 9.10). The solution became apparent when the structures of 
Rous sarcoma virus (RSV) (Yin et  al. 2016) and mouse mammary tumor virus 
(MMTV) intasomes (Ballandras-Colas et al. 2016) were determined. The intasomes 
had the same arrangement of domains around the viral DNA as PFV intasomes, but 
the positionally conserved C-terminal domains were contributed by an additional 
pair of flanking dimers in an octameric intasome. Maedi visna virus (MVV) inta-
somes were found to be hexadecameric (Ballandras-Colas et al. 2017) but again had 
the same set of positionally conserved domains interacting with a DNA. Structures 
of both tetrameric and hexadecameric intasomes have been determined for HIV-1. 
The HIV-1 hexadecamer has a weak density in positions of the extra protomers in 
the MVV hexadecamer; it is therefore possible that this HIV-1 higher-order inta-
some is a hexadecamer like MVV, with some protomers disordered. Biophysical 
studies also suggest the presence of additional higher-order intasome species, the 
structures of which are yet to be determined. At the time of writing, the functional 
significance of multiple species of HIV-1 intasomes is unclear. However, they all 
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use essentially the same protein-protein and protein-DNA interfaces at the core of 
the structure but differ in the protomers that contribute the positionally conserved 
domains.

 Beyond Intasomes

HIV-1 intasomes are sufficient for catalysis of the chemical steps of HIV-1 DNA 
integration in the absence of other protein factors. Although outside the scope of this 
chapter, it would be remiss to not mention the important role of other viral and cel-
lular protein factors in the overall DNA integration process. Two of the steps that 
clearly involve recruitment of such factors are nuclear entry (reviewed in (Matreyek 
and Engelman 2013)) and targeting of intasomes to specific regions of chromatin 
(reviewed in (Debyser et al. 2015)). One of the best understood cellular factors in 
HIV-1 DNA integration is lens epithelium-derived growth factor p75 splice variant 
(LEDGF). LEDGF contains a domain that binds HIV-1 integrase and a domain that 
binds chromatin. Intasomes are therefore preferentially targeted to regions of chro-
matin that are enriched for LEDGF, and this is a major mechanism behind the pref-
erential integration of HIV-1 in transcriptionally active chromatin. Roles for many 
other cellular factors in retroviral DNA integration can be expected to be 
uncovered.

Fig. 9.10 Comparison of the linker lengths in the following retroviral integrases: HIV-1, PFV, 
maedi visna virus (MVV), Rous sarcoma virus (RSV), and mouse mammary tumor virus (MMTV). 
Whereas the N-terminal to catalytic domain linkers exhibit little variation in length, the catalytic to 
C-terminal domain linkers range from 49 residues in PFV to 6 residues in RSV and MMTV. Relative 
linker lengths are drawn to scale.The NED of PFV integrase is omitted for clarity
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 Perspectives and Drug Discovery

The first clinically approved HIV-1 inhibitors were developed using lead com-
pounds identified by high-throughput screens independent of any structural infor-
mation on HIV-1 integrase. They were found to target cSSC intasomes rather than 
free integrase protein. The structure of the PFV cSSC in complex with inhibitors 
showed that they clearly work by displacing the 3’-OH which is poised to attack the 
target DNA away from the active site. Sequence similarity allows modeling of the 
HIV-1 in the intasome active site based on the PFV intasome structure (Krishnan 
et al. 2010; Johnson et al. 2013). However, sequence divergence makes modeling 
away from the immediate vicinity of the active site less reliable. Structures of HIV-1 
cSSC intasomes will be required to understand the detailed mechanism of action of 
HIV-1 integrase inhibitors and how mutations can confer drug resistance.
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Chapter 10
Oligomerization of Retrovirus Integrases

Duane P. Grandgenett and Hideki Aihara

 Introduction

Retroviruses have the unique capacity to stably integrate their viral cDNA genome 
into the host chromosomal DNA which is a necessary step in their replication cycle 
(Fig. 10.1). The viral cDNA is produced by reverse transcription of the viral RNA 
genome, while the integration of the linear viral DNA genome is catalyzed by the 
viral integrase (IN). The stably integrated provirus is transcribed by cellular RNA 
polymerase II that results in the synthesis of viral RNA for translation and incorpora-
tion into assembling virus particles at the cell membrane. Immature virus particles 
are released which are subjected to viral proteolysis producing mature viral particles 
initiating new rounds of infection (Engelman and Cherepanov 2014; Skalka 2014).

Rous sarcoma virus (RSV) IN is derived from viral protease-mediated cleavage 
of the viral pGag-Pol precursor (Pr180) in immature particles resulting in the 
dimeric reverse transcriptase (RT) containing two subunits (p95 and p63) and the 
catalytic active dimeric IN in infectious virions (Fig. 10.2). Note that a single copy 
of the IN protein is still associated with the RT. A similar pathway exists for human 
immunodeficiency virus type-1 (HIV-1) Pr160 that produces RT with no covalently 
attached IN but only free IN. Related pathways for production of RT and IN in 
various retroviruses are similar to HIV-1. There are ~150 IN molecules per virus 
 particle. IN plays multifunctional roles in the retrovirus life cycle besides integration 
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including reverse transcription, nuclear import, interactions with cellular protein 
cofactors for integration, and virus particle maturation (Fig. 10.1) (Skalka 2014; 
Grandgenett et al. 2015).

During integration, the retrovirus IN proteins are capable of mediating two suc-
cessive reactions. The first reaction is the 3’ OH processing of the viral DNA blunt 
ends releasing a dinucleotide adjacent to the conserved CA motif at the unique U5 
and U3 ends of the long terminal repeats (LTR) (Fig. 10.3a). These processing steps 
occur in the cytoplasmic preintegration complex (PIC)(Fig. 10.1) that is temporally 
and spatially separated from the concerted integration of the 3’ OH recessed ends 
into host chromosomes (Fig.  10.3b, c). The concerted insertion of the two viral 
DNA ends by IN occurs on opposite strands of the target DNA producing a stagger 
cut that results in a host site duplication specific for different retroviruses (Fig. 10.3c)
(Lesbats et al. 2016).
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Fig. 10.1 Overview of the retrovirus replication cycle. The infection of a cell by a retrovirus is 
initiated by the binding of the viral glycoprotein to a specific cellular receptor sometimes, requir-
ing the participation of a co-receptor (step 1). The virus membrane fuses with the cell membrane 
which results in the entry of the virus core particle into the cytoplasm (step 2). Incomplete uncoat-
ing of the core shell facilitates the reverse transcription of the viral plus strand RNA into double-
stranded linear viral DNA (~10 kbp)(step 3) which results in the cytoplasmic preintegration 
complex (PIC). Integrase (IN) in the PIC cleaves a dinucleotide from the 3’ OH ends of the viral 
DNA. The PIC is transported into the nucleus via a nuclear membrane pore (step 4). IN within the 
PIC coordinates the integration (step 5) of the viral 3’ OH ends DNA into the host cell DNA result-
ing in a permanently insert viral DNA, termed the provirus. Transcription (step 6) by cellular RNA 
polymerase II yields different size viral plus strand RNAs (step 7) which are translated into differ-
ent structural and nonstructural proteins (step 8). The non-translated viral RNA and the translated 
viral proteins are transported to the plasma membrane for virus assembly (step 9). The viral-parti-
cle budding step (step 10) releases an immature noninfectious virus particle which undergoes a 
viral protease maturation step (step 11) that results in new infectious viral particles
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In this chapter, we discuss the oligomerization properties of different retrovirus 
INs that are necessary for 3’ OH processing and concerted integration activities 
in vitro. The minimal oligomeric form of IN necessary for 3’ OH processing is a 
dimer. The minimal oligomeric form of IN for concerted integration of the two viral 
DNA ends into a target DNA substrate is a tetramer. Higher-order octameric, 
dodecameric, and hexadecameric IN structures are also found associated with two 
viral DNA ends for concerted integration into a target DNA substrate.

 Domain Structure of Retroviral IN

Similar domain organization is shared among INs from five different retrovirus gen-
era structurally characterized to date, except for the presence of an additional 
N-terminal extension domain (NED) on prototype foamy virus (PFV) and murine 
leukemia virus (MLV) IN (Fig. 10.4). In brief, the NED of PFV IN binds viral DNA 
in the minor groove (Hare et al. 2010a). The N-terminal domain (NTD) fold is sta-
bilized by a zinc-finger (HHCC), and it binds viral DNA in the major groove in a 
sequence-specific fashion through a helix-turn-helix motif (Bushman et al. 1993; 
Zheng et al. 1996; Cai et al. 1997). The NTD functions in trans, with respect to the 
catalytic domain, i.e., NTD binds to the viral DNA juxtaposed to that engaged by 
the catalytic domain it is connected to. This arrangement helps hold the two viral 
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Viral Protease 
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Fig. 10.2 Forms of mature IN and reverse transcriptase in virus particles. The proteolysis of the 
Rous sarcoma virus (RSV) precursor pGag-Pol polypeptide (Pr180) by the viral protease occurs in 
virus particles. There are several proteolytic events necessary prior to formation of the shown 
mature reverse transcriptase and separated IN. The reverse transcriptase maintains one copy of the 
IN protein on one of its subunits (p95). IN purified from avian retrovirus particles is a dimer. The 
pGag-Pol precursor for HIV-1 is Pr160. The mature reverse transcriptase and IN in HIV-1 virus 
particles are shown. IN in HIV-1 virus particles is mainly a monomer in the presence of a reducing 
agent but forms oligomers in nonreducing conditions
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DNA ends together in an IN-DNA complex that promotes concerted integration. 
The catalytic core domain (CCD) has the RNaseH fold and contains a triad of 
invariant acidic amino acids where the last two are separated by 35 residues and is 
called the D,D(35)E motif (Kulkosky et al. 1992), responsible for both the 3’ OH 
processing and concerted integration of the viral DNA ends. The C-terminal domain 
(CTD) is composed of β-strand barrels resembling SH3 domains (Eijkelenboom 
et al. 1995). The CTD is the least conserved domain with respect to amino acid 
sequences among different species and is functionally the most diverse domain 
which includes the ability to bind both viral and target DNAs, promote IN-IN inter-
actions, bind host factors, and affect assembly of IN-DNA complexes (see below). 
The secondary structure elements of the three common domains (NTD, CCD, and 
CTD) of IN are very similar for all retroviruses, illustrated for RSV IN (Fig. 10.5), 
even though there is minimal amino acid sequence identity (~20 to 25%) between 
the different viruses.
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Fig. 10.3 IN 3’OH processing activity and concerted integration of 10 kbp viral DNA into cellular 
DNA. A. The unique U3 and U5 long terminal repeat (LTR) sequences are located at the termini 
of viral ~10 kbp blunt-ended DNA. The position of the invariant CA dinucleotide (bolded and 
underlined) is near the end of the DNA. The nucleotide sequence of the RSV LTRs is shown. The 
3’ OH processing activity of IN releases the pTpTOH dinucleotide from each DNA end. B. IN forms 
a specific IN-DNA complex with the 3’ OH recessed linear DNA ends (LTR ends shown only) for 
the covalent insertion of the viral ends into the target DNA producing a 6 bp stagger for RSV and 
MMTV, 5 bp for HIV-1, and 4 bp for PFV and MLV. C. The staggered cell DNA ends are repaired 
by cellular proteins which result in the 4, 5, or 6 bp duplications of the target site DNA flanking the 
covalently inserted provirus
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 Oligomerization of RSV IN from Virions and Recombinant 
IN Proteins in the Absence of DNA

The oligomerization of retrovirus IN subunits is necessary for both the 3’ OH 
processing and concerted integration of linear viral DNA (Engelman et al. 1993; 
Bao et al. 2003; Engelman and Cherepanov 2014; Skalka 2014; Lesbats et al. 2016). 
The rest of this chapter will concentrate on biological, biochemical, and structural 
studies that defined the multimerization properties of alpharetrovirus INs. These 
viruses including RSV and other strains of avian sarcoma/leukemia viruses (ASLV) 
possess the same or very similar IN amino acid sequences, except as noted. All of 
the avian retrovirus INs are 286 residues in length (approximately 32,000 Da). As 
needed, properties of other retrovirus INs will be compared with RSV IN to provide 
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Fig. 10.4 IN domain organization from different retroviruses. Drawings for the IN domains of 
spumavirus prototype foamy virus (PFV), gammaretrovirus murine leukemia virus (MLV), 
betaretrovirus mouse mammary tumor virus (MMTV), lentivirus human immunodeficiency virus 
type 1 (HIV-1), and alpharetrovirus Rous sarcoma virus (RSV) are shown. The top amino acid 
numbers define the beginning and end of each domain, while the lower numbers delineate the 
linker size that connects the domains. The N-terminal extension domain (NED) is dark brown, the 
N-terminal domain (NTD) is purple, the catalytic core domain (CCD) is blue, and the C-terminal 
domain (CTD) is red. Most of the individual domain structures or combinations of two domains 
have been defined at the atomic level for the purified retrovirus INs. The CTD of each IN possesses 
a tail region at their COOH terminus varying in length from 18 residues to 57 residues. The amino 
acid sequences of the RSV and HIV-1 tail regions are shown. A 37 amino acid protein fragment 
(green) cleaved from the RSV IN in virus particles has no known biological function
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clarity of presentation. Another chapter (Craigie’s Chapter) in this book is dedicated 
to defining the oligomerization properties of HIV-1 IN.

Retrovirus IN has been purified and characterized from avian myeloblastosis 
virus (AMV) (Grandgenett et al. 1978) and RSV (Prague A strain) (Knaus et al. 
1984). IN purified from these virus particles is dimeric and has a molecular weight 
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Fig. 10.5 Secondary structural elements of RSV IN and sequence alignment with HIV-1 and PFV 
IN. The secondary structure elements of RSV IN of the NTD (1–44) (green), CCD (58–213) (red), 
and CTD (222–269) (blue) are shown. These structural elements of IN were determined from 
X-ray diffraction data of IN in the presence of DNA (Yin et al. 2016) which are similar to those 
found in the absence of DNA (Shi et al. 2013). The residue numbers at the top are for RSV IN, 
marked with a dot for every ten residues. The alignment reveals highly conserved amino acids with 
HIV-1 and PFV IN, marked in boxed bright red. MMTV IN also possesses these same conserved 
secondary structures and amino acids (Ballandras-Colas et al. 2016). The secondary structure of 
the NED for PFV (Hare et al. 2010a) and MLV (Crowe et al. 2016) have been determined
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under native conditions of ~64 kDa determined by glycerol gradient sedimentation. 
The successful purification of IN from other retrovirus particles has not been 
reported.

Solution studies using purified recombinant full-length IN from various strains 
of alpharetroviruses have also demonstrated that IN is dimeric in solution (McCord 
et al. 1998; Coleman et al. 1999; Moreau et al. 2004; Bojja et al. 2011). Small-angle 
X-ray scattering (SAXS) and protein cross-linking studies of ASLV IN in solution 
suggests that the NTD domain of one dimer interacts via a linker to contact the CCD 
and CTD of the second dimer, called a “reaching dimer” model that produces a 
closed tetrameric structure (Bojja et al. 2011; Andrake and Skalka 2015). As men-
tioned, the dimeric status of IN is necessary for 3’ OH processing and the tetrameric 
form for concerted integration activities (Andrake and Skalka 2015). Studies of 
recombinant full-length RSV IN and several C-terminally truncated forms of IN, 
which have modifications in the C-terminal tail region following the well-ordered 
I269 residue at the end of the β-sheet in the CTD (Figs. 10.4 and 10.5) (Yin et al. 
2016) demonstrate that IN dimers are capable of producing tetramers and octamers 
in the presence of viral or viral/target DNA substrates that is necessary for concerted 
integration (Shi et al. 2013; Pandey et al. 2014; Yin et al. 2016; Pandey et al. 2017)
(see below). The results suggest that the three domains of IN and their connecting 
linkers play critical roles for important IN-IN interactions as well as for IN-viral 
DNA complex formation.

Site-directed mutagenesis, protein-protein cross-linking, and solution alteration 
studies of RSV IN have provided some insights into these important interactions to 
maintain its dimeric state. Early mutagenesis studies utilizing separately purified 
domains highly suggested that both the CCD and CTD possess self-association 
properties (Andrake and Skalka 1995). Constructed IN (49–286 residues) lacking 
the NTD is dimeric (Bojja et al. 2011; Shi et al. 2013), while IN (1–207 residues) is 
monomeric (Bojja et  al. 2011). In solution protein-protein cross-linking coupled 
with mass spectrometry studies has revealed numerous interactions between each 
domain of an IN dimer (Bojja et al. 2011). However, monomers, dimers, and tetra-
mers are also observed in solution depending on the pH, salt, and protein concentra-
tions of wild-type (wt) or C-terminally truncated IN (1–270 residues) (Jones et al. 
1992; Coleman et al. 1999; Moreau et al. 2004; Shi et al. 2013).

Single amino acid mutational analysis of IN has identified several residues that 
are critical to maintain dimer status necessary for concerted integration activity 
(Moreau et al. 2004; Bojja et al. 2011; Shi et al. 2013). For example, modification 
of W259 in the CTD of IN promotes monomer formation that eliminates enzymatic 
activities (Bojja et al. 2011; Shi et al. 2013). Other mutations in the CTD modulate 
activities but do not affect its dimeric status (Moreau et al. 2004). W259 of RSV IN 
appears to be critical to maintain the dimer interface as well as being involved in 
multiple interactions near the viral DNA 5′ end necessary for concerted integration 
activity (Yin et al. 2016) (Fig. 10.6) (see later structural details also). A similar pos-
sibility exists, with PFV IN (T363) (Hare et al. 2010a) that appears to play similar 
roles as RSV IN W259. Interpretations of single or multiple mutations in IN are 
complicated by the fact that individual subunits play different roles within a protein 
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complex containing multiple IN subunits. Likewise, this is the case for all retrovirus 
IN-DNA complexes containing multiple IN subunits as well as the Mu transposase- 
DNA complexes (Montano et al. 2012).

 Atomic Structure of Retrovirus IN Domains and Their 
Functions

The crystal structures of HIV-1 (Dyda et al. 1994) and RSV (Bujacz et al. 1995) 
CCDs demonstrated that these active sites are very similar to the superfamily of 
polynucleotidyl transferases that includes the RT RNaseH (Nowotny 2009). Briefly, 
the CCD features a five-stranded beta sheet flanked by α-helices on both sides. The 
active site on one edge of the β-sheet harbors the conserved carboxylate residues of 
the D,D(35)E motif, Asp64, Asp121, and Glu157 that coordinate two Mg2+ ions 
essential for catalysis (Fig. 10.4). CCD dimerizes symmetrically via the interface on 
the opposite side of the domain. The CCD domain of RSV IN has been crystallized 
numerous times with nearly identical dimeric structures but is modified by pH and 
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Fig. 10.6 C-terminal truncated IN 1–270 and the critical role of the amino acid residue W259 in 
RSV IN concerted integration activity. RSV IN constructs 1–270 and 49–270, and their W259A 
mutants, were assayed at the indicated concentrations for concerted and circular half-site integra-
tion (CHS) activities (right), illustrated on the left. The viral 3’ OH recessed DNA (3.6 kbp) was 
labeled with 32P at its 5′ end, and the supercoiled target DNA (2.8 kbp) was unlabeled. The con-
certed and CHS integration products and donor substrate are indicated on the far right size of the 
gel. Molecular weight markers are in lane 1 while lane 2 contains no IN
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certain mutations (Bujacz et al. 1995; Bujacz et al. 1997; Lubkowski et al. 1998; 
Ballandras et al. 2011). Notably, the wt Rous-associated virus type-1 (RAV-1) IN 
differs with the conserved avian retrovirus CCD sequence at A182 (Ballandras et al. 
2011). The RAV-1 IN sequence is T182 which causes a rearrangement of the dimer 
interface suggesting flexibility to help explain the multifunctionally of retroviral INs. 
Atomic structures of many other single- and two-domain fragments (CCD + CTD, 
NTD + CCD) of RSV, HIV-1, and PFV IN were determined and are listed in Li et al. 
(Li et al. 2011). The structures of each domain of all retrovirus INs, including MLV 
(Crowe et al. 2016; Guan et al. 2017) and MMTV (Ballandras-Colas et al. 2016), 
possess similar conserved structural features that are also associated with RSV IN.

The X-ray structure of the CCD-CTD of RSV IN (residues 49–286) (Yang et al. 
2000) and near full-length IN (1–270) (Shi et al. 2013) revealed very similar struc-
tures despite different crystal packing interactions (Fig. 10.7). The NTD domain of 
IN 1–270 was poorly ordered and was not resolved. The dimeric CCDs interact with 
each other through the conserved symmetric dimerization interface observed in 
other retrovirus INs. The two CTDs dimerize through an asymmetric interface and 
are not related by a twofold rotational symmetry. Trp259 mentioned above is buried 
in the CTD dimer interface, playing a critical role in stabilizing the IN dimer.

Functional analysis was performed to determine the role of the NTD and CTD for 
3’ OH processing and concerted integration (Fig. 10.3). The NTD and CTD are not 
necessary for 3’ OH processing but are essential along with the CCD for concerted 
integration. IN 1–270 is fully capable of both reactions as full-length IN 1–286 

RSV-IN(1-270)#, C2
RSV-IN(49-270)#, P212121

RSV-IN(49-286)*, P21

RSV-IN(49-286)*, P1 AB
RSV-IN(49-286)*, P1 CD

CCDs

CTDs

NTD

W259

P223

Fig. 10.7 Native conformation of the RSV IN dimer. Crystal structures of two- or three-domain 
RSV IN constructs determined in various crystal forms show a conserved “native” conformation 
for the CCD-CTD dimer. NTD was poorly ordered in the IN (1–270) structure, most likely due to 
the solubility-enhancing F199 K amino acid substitution in CCD that disrupts the hydrophobic 
NTD- CCD interface. W259 is buried in the asymmetric CTD-CTD interface, docked into a hydro-
phobic pocket as well as hydrogen-bonded to Pro223 backbone carbonyl group. As discussed later, 
this native conformation of IN dimer represents its catalytic conformation in the intasome assem-
bly. The central role of W259 in stabilizing the native conformation explains severe defects of IN 
W259A mutants in integration reactions (Fig. 10.6). The structures marked by (*) are from (Yang 
et al. 2000), and those marked by (#) are from (Shi et al. 2013)
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(Fig. 10.6) (Shi et al. 2013). IN 1–214 is completely inactive for concerted or circular 
half-site (CHS) integration, while IN 49–270 was capable of only promoting the 
CHS integration reaction, where only one end of the viral DNA is inserted into the 
target substrate (Shi et  al. 2013) (Fig. 10.6). The results suggested that the NTD 
domain plays a critical role in arranging the two viral DNA ends in a stable synaptic 
complex (SSC) necessary for concerted integration, which has been rationalized by 
the swapping of the NTD observed in the PFV (Hare et al. 2010a; Yin et al. 2012), 
RSV (Yin et al. 2016), MMTV (Ballandras-Colas et al. 2016), HIV-1 (Passos et al. 
2017), and maedi-visna virus (MVV) (Ballandras-Colas et al. 2017) IN-DNA com-
plex structures. The CCD-CTD structure obtained for the native dimer form of RSV 
IN (Yang et al. 2000; Shi et al. 2013) was suggested to be the functional confirmation 
poised for viral DNA binding and catalysis, which was confirmed by the crystal 
structure of the RSV strand transfer complex (STC) containing a branched viral/tar-
get DNA substrate (Yin et al. 2016). This explains the significant CHS integration 
activity of the RSV IN CCD-CTD fragment. In the higher-order IN-DNA complex, 
the asymmetrically associated CTDs of RSV IN further interact with each other and 
with the NTD of the catalytic IN subunit to cross-link between the two viral DNAs. 
X-ray analysis allowed a detail description of how eight IN molecules played varying 
roles in holding the RSV STC together (Yin et al. 2016) (see below).

PFV and MLV IN share similar structural features including the NED and the much 
longer linkers between the domains, especially those connecting CCD and CTD that 
distinguish them from RSV, HIV-1, and MMTV IN (Fig. 10.4). Recently, X-ray analy-
sis of the combined NED and NTD regions of MLV (IN 1–105) was determined 
(Guan et al. 2017) and compared with these same PFV domains (Hare et al. 2010a). 
Not surprisingly, these two domains from each virus were very similar for both the 
binding of Zn++ and their ability to bind DNA, determined with PFV IN and modeled 
with MLV IN (Guan et al. 2017). The IN-DNA interactions of the NED improve stabil-
ity of PFV IN-viral DNA complexes (Hare et al. 2010a). Some differences are noted 
between the NED and NTD of MLV IN which defines their orientations in compari-
son to PFV IN. The large size flexible linkers associated with these two INs play a 
dominant role in shaping of the PFV IN-DNA complexes in contrast to those observed 
with shorter linkers associated with RSV IN (Yin et al. 2016), MMTV IN (Ballandras-
Colas et al. 2016), lentiviruses HIV-1 IN (Passos et al. 2017), and MVV IN (Ballandras-
Colas et al. 2017), allowing PFV IN to form the intasome with only four monomers.

 Biological Roles for Oligomerization of Retrovirus IN In Vivo

The biological roles for IN forming multimers with viral DNA in the cytoplasmic 
PICs were first detected with MLV and HIV-1. Analysis of isolated MLV (Wei et al. 
1997; Wei et al. 1998) and HIV-1 (Chen et al. 1999) PICs from virus-infected cells 
demonstrated that IN protected the viral DNA termini (~20 bp) and extended regions 
of the viral LTR DNA ends up to ~200 bp. In contrast with reconstructed concerted 
integration reactions using IN and viral DNAs, DNase I protection footprint analy-
sis demonstrated that ~20 bp and 30 bp of the viral DNA ends on >1.0 kbp viral 
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DNA substrate were protected by RSV IN (Vora and Grandgenett 2001; Vora et al. 
2004) and HIV-1 IN (Bera et  al. 2009; Pandey et  al. 2010; Pandey et  al. 2011), 
respectively. A smaller protective footprint (~16 bp) was also observed with HIV-1 
IN (Li et al. 2006). Small DNA oligonucleotides (ODN) from 18 to 21 bp in length 
containing viral DNA sequences are also optimal for assembly of the RSV SSC 
containing IN tetramers (Pandey et al. 2014) or IN octamers (Pandey et al. 2017). 
These results suggest that the oligomerization properties of IN in vitro are likely 
different than some of those observed in vivo. In support of this possibility, single- 
particle analysis of HIV-1 PICs in infected cells showed that nuclear entry of the 
HIV-1 PIC is associated with a reduction of IN molecules, while association of the 
PIC with chromatin-associated LEDGF/p75 increased IN oligomerization proper-
ties (Borrenberghs et  al. 2016; Quercioli et  al. 2016). Host factor LEDGF/p75 
directs the HIV-1 PIC efficiently to active transcription sites for integration (Lesbats 
et al. 2016; Lusic and Siliciano 2017) where the site selection positions effect influ-
ence HIV-1 latency in infected individuals (Chen et al. 2017). Further investigative 
methods are needed to fully understand the role of IN oligomerization in its many 
demonstrated multifunctional roles in vivo, including reverse transcription that IN 
has in the replication of retroviruses in cells (Grandgenett et al. 2015).

IN purified from AMV and RSV virus particles is dimeric under reducing condi-
tions (Grandgenett et al. 1978; Knaus et al. 1984). HIV-1 IN in virus particles is a 
monomer under reducing conditions but is a monomer, dimer, and trimer or tetramer 
under non-reducing conditions (Petit et al. 1999; Bischerour et al. 2003). This oligo-
merization property of IN in virus particles may be associated with the role HIV-1 IN 
has in the maturation of the internal core structure in virus particles (Fig.  10.1). 
Surprisingly, this important discovery for the IN structural role was revealed by  
non-active site inhibitors directed against the LEDGF/p75 binding site at the CCD 
interface of HIV IN (Christ et al. 2010; Balakrishnan et al. 2013; Desimmie et al. 
2013; Feng et al. 2013; Jurado et al. 2013; Gupta et al. 2016). The inhibitors pro-
duced defective noninfectious virus particles with abnormal organization of the viral 
RNA and nucleocapsid producing deformed and empty core structures. These IN 
inhibitors, termed LEDGINs or allosteric IN inhibitors (ALLINIs), are in various 
phases of clinical development for HIV-1/AIDS treatment (Feng et al. 2015). Whether 
the ability of HIV-1 IN to bind to specific regions of the viral RNA is related to the 
oligomerization properties of IN or connected to virus particle maturation is unknown 
(Kessl et al. 2016). The biological roles for oligomerization of other retrovirus INs in 
virus-infected cells besides HIV-1 IN are not well understood.

 RSV SSC Are Kinetically Stabilized by HIV-1 Strand Transfer 
Inhibitors

The active site of retrovirus INs catalyzes the same 3’ OH processing, and concerted 
integration activities imply that their each respective viral DNA and active residues 
are positioned in the CCD to promote these reactions. There is also an invariant CA 
dinucleotide on the catalytic strand at the 3’ OH processing site of retrovirus DNAs 
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(Fig. 10.3). The atomic structure of PFV IN active site in the PFV SSC (Hare et al. 
2010a) containing two viral DNA ends also supports this conclusion. The positioning 
of HIV-1 STIs in the active site results in the displacement of the CA dinucleotide out 
of the site thus, producing an inactive PFV SSC (Hare et al. 2010b; Hare et al. 2012). 
STIs are interfacial inhibitors that form stable interfaces with the viral CA dinucleo-
tide and specific IN residues including the D,D(35)E motif, displacing the terminal 
dA nucleotide which prevents strand transfer activity (Pommier et al. 2005; Hare 
et al. 2010b; Pommier et al. 2015). STIs have varying capacities to kinetically “trap” 
HIV-1 SSC (Pandey et al. 2007; Pandey et al. 2010) produced by HIV-1 IN that is 
related to their rate of dissociation from the active site. HIV-1 STIs also differentially 
inhibit the replication of lentiviruses, alphaviruses (avian), gammaretroviruses 
(murine), and betaretroviruses (Mason-Pfizer monkey virus) (Koh et al. 2011).

As previously stated, full-length wt RSV IN (1–286 residues) (Fig. 10.4) and 
various C-terminal IN truncations are dimeric and fully capable of 3’ OH processing 
and concerted integration activities (Shi et al. 2013). Under appropriate assay condi-
tions, AMV and RSV IN can self-assemble unto viral DNA substrates for DNA-
binding analysis (Grandgenett et al. 1978; Knaus et al. 1984; Peletskaya et al. 2011), 
for fluorescence resonance energy transfer (FRET) analysis to investigate interac-
tions of viral DNA ends in IN-DNA complexes where the 5’ DNA ends are labeled 
with Cy3 and Cy5 (Bera et al. 2005), for enzymatic activities (Andrake and Skalka 
1995; Moreau et al. 2000; Zhou et al. 2001; Moreau et al. 2002; Andrake and Skalka 
2015), and for DNase I protection footprint analysis (Vora and Grandgenett 2001).

To further study the assembly mechanisms of RSV IN onto viral DNA in- 
solution, a new assembly procedure was necessary to assess the oligomeric state of 
IN in complexes capable of concerted integration. Previously, HIV-1 IN was shown 
to assemble onto an ~1 kbp linear DNA substrate producing the SSC that promoted 
the concerted integration reaction and could be identified by native agarose electro-
phoresis (Li et al. 2006). An IN tetramer was shown to be present in these HIV-1 
SSCs (Li et  al. 2006). Further studies showed that STIs can physically trap the 
HIV-1 SSC and higher-order SSC resulting in the accumulations of these complexes 
(Pandey et al. 2007; Pandey et al. 2010). These studies suggested that STIs could 
also be used to kinetically trap the RSV SSC to study assembly mechanisms. STIs 
effectively inhibit the concerted integration activities of RSV IN similarly to HIV-1 
IN (Pandey et al. 2014).

RSV IN dimers can self-assemble onto 18 bp to 22 bp 3’ OH recessed U3 gain- 
of- function (GU3) LTR DNA substrates to form a stable complex in the presence of 
HIV-1 STIs but not in their absence at 4°C (Pandey et al. 2014; Pandey et al. 2017)
(Fig. 10.8a). The STIs physically “trap” the RSV SSC produced with IN (1–269 
residues) that lack the 18-residue “tail” region (Fig.  10.4). Once formed, the 
IN-DNA-STI complex can be isolated by size-exclusion chromatography (SEC) in 
the absence of STI in the running buffer, suggesting that the complex is kinetically 
trapped. These kinetically stabilized SSCs contain an IN tetramer by Superdex-200 
SEC (Fig. 10.8a), protein-protein cross-linking studies, and SEC-multiangle light 
scattering (SEC-MALS). The efficiency and stability of producing the STI-trapped 

D. P. Grandgenett and H. Aihara



223

SSC by each STIs is related to the dissociation rate of the STI from HIV-1 IN-DNA 
complexes (Grobler et al. 2009; Hightower et al. 2011). Additional mass spectrometry 
studies demonstrated that the STIs are physically associated with the SEC purified 
RSV SSC (Pandey et al. 2014).

The oligomerization of RSV IN using the same GU3 substrate is increased to an 
octameric state when the C-terminal truncated IN (1–278 residues) (Fig. 10.4) is 
used to produce an STI-trapped SSC at 18°C (Fig. 10.8b) (Pandey et al. 2017). 
The octameric IN structure is also observed with wt IN (1–286), while IN (1–274) 
inefficiently forms both the tetrameric and octameric structures. RSV IN (1–269) 
lacks the ability to produce the SSC containing IN octamers at 18°C. The ends of 
the viral DNAs are in close proximity in both SSCs as measured by FRET (Pandey 
et al. 2017). The results suggest that the “tail” region plays a key role in the oligo-
merization of IN on viral DNA ends with IN (1–278) being the most effective 
protein to assemble SSC containing octamers. The “tail” region of HIV-1 IN is not 
critical for viral replication but enhances the functions of IN with increasing 
efficiency in accordance with its length (Dar et al. 2009; Mohammed et al. 2011). 
Future structural and functional studies will provide insights into understanding the 
oligomerization properties of RSV and HIV-1 IN and their associations with viral 
and viral/target DNA substrates.
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Fig. 10.8 HIV-1 STIs kinetically stabilize RSV SSC containing IN tetramers or octamers. A. RSV 
STI-trapped SSC assembled with RSV IN (1–269) in the presence of different HIV-1 IN STIs and 
3’ OH recessed 18 bp GU3 at 4°C were identified by SEC. The STIs MK-2048 (blue) and dolute-
gravir (DTG) (red) efficiently produce trapped SSCs, while raltegravir (RAL) (green) possesses 
moderate efficiency. The determined molecular mass by SEC-MALS analysis for the tetrameric 
intasome is 151,000 ± 2000 Da (Pandey et al. 2014). No intasomes are produced in absence of an 
STI shown in right lower panel marked minus STI. Elution positions of the STI-trapped intasome 
(red line), free IN (black line), and free DNA are marked. The elution volume and absorbance are 
indicated. B. The octameric intasome was produced by RSV IN (1–278) and GU3 DNA substrate 
in the presence of MK-2048 at 18°C and subjected to SEC-MALS analysis. The molecular mass is 
257,000 ± 8000 Da (Pandey et al. 2017)

10 Oligomerization of Retrovirus Integrases



224

 X-Ray Structural Analysis of RSV IN in the Presence 
of a Branched Viral/Target DNA Substrate

For definition again, the SSC contains two viral DNA ends held together by IN 
capable of concerted integration, while the strand transfer complex (STC) contains 
a branched DNA structure in which the two viral DNA ends are joined with each 
strand of the target DNA.  This branched DNA mimics the reaction product 
produced by the concerted integration of the two viral DNA ends into a target 
DNA substrate (Fig. 10.3b). Intasome is a general term for all of these different 
retrovirus nucleoprotein complexes involved in retrovirus integration (Engelman 
and Cherepanov 2017).

In-solution conformational studies have established the precursor IN subunit 
requirements for assembling intasomes of five different retroviruses. Their architec-
tures were determined by X-ray analysis of their crystal structures or by cryo- 
electron microscopy (EM). A monomer is the precursor for the PFV SSC containing 
an IN tetramer (Hare et al. 2010a; Gupta et al. 2012); a dimer precursor is required 
for the RSV STC (Shi et al. 2013; Yin et al. 2016) and MMTV SSC (Ballandras- 
Colas et al. 2016), both structures of which contain IN octamers; and a variety of 
multimeric states from monomers to octamers have been characterized (Lee et al. 
1997; Pandey et al. 2011; Passos et al. 2017) for the lentivirus HIV-1 STC contain-
ing a tetramer, dodecamer, or a hexadecamer (Passos et al. 2017) and presumably 
also for the lentivirus MVV SSC and STC that contains an IN hexadecamer 
(Ballandras-Colas et al. 2017). Despite the variation in oligomeric states of the 
precursor INs, the commonality associated with all five retrovirus intasomes is 
the presence of a conserved intasome core (CIC) (Ballandras-Colas et  al. 2017) 
composed of a IN tetramer (a dimer of dimers) responsible for 3’ OH processing 
and the concerted integration reaction.

The groundbreaking X-ray crystallographic studies of PFV IN provided the 
long- sought high-resolution structural information on retroviral IN-DNA com-
plexes (Hare et al. 2010a, b; Maertens et al. 2010; Hare et al. 2012). The tetrameric 
PFV intasome consists of a pair of IN dimers, where each IN dimer comprises the 
catalytic (inner) and the non-catalytic (outer) subunit (Fig.  10.9). The inner and 
outer IN subunits dimerize via the conserved symmetric CCD dimer interface as 
described above. However, for the rest of the molecules, the IN dimer is structurally 
asymmetric, and accordingly, they have distinct functions within the intasome. The 
inner IN subunit assumes an extended conformation where all four structural 
domains are linearly arranged spatially in the order of NED, NTD, CTD, and CCD 
from one end to the other. All four domains of the inner IN molecule are engaged in 
critical DNA interactions as well as protein-protein contacts to hold the complex 
together. Importantly, the NED and NTD bind to the minor and major grooves, 
respectively, of a viral DNA molecule juxtaposed to the viral DNA bound by the 
CCD of the same IN subunit. This reciprocally domain-swapped arrangement 
helps ensure concerted integration of both viral DNA ends, and it is a conserved 
feature in CIC of all retroviral intasome structures characterized to date (see below). 
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The CTD plays a key role in bridging between the two viral DNA molecules, by 
filling the space between NTD and CCD. CTD also serves as the platform for target 
DNA-binding. The outer IN subunits play a role in target DNA capturing by making 
direct interaction with nucleosomes (Maskell et al. 2015).

Work on PFV IN was highly instrumental in understanding basic mechanisms of 
integration and allowed modeling of tetrameric intasome structures for other retro-
viruses (Krishnan et al. 2010). MLV IN, for instance, shares a similar domain orga-
nization with PFV IN and thus likely forms a similar tetrameric intasome. However, 
it remained unknown how the smaller three-domain INs lacking NED oligomerize 
to form intasomes. The first intasome structures for INs of this type were solved for 
the betaretrovirus MMTV and alpharetrovirus RSV (Figs. 10.9 and 10.10) systems 
by cryo-EM and X-ray crystallography, respectively (Ballandras-Colas et al. 2016; 
Yin et  al. 2016), to address the question. As retroviral INs have a tendency to 

Fig. 10.9 Comparison between the RSV and PFV intasomes. In the octameric RSV intasome 
(STC) (left panel), CTDs of the distal IN dimers fill the gap between NTD and CCD of the inner 
catalytic IN subunit. These interactions in turn tether the distal IN CCDs, which serve as the target 
DNA-binding surface. In the tetrameric PFV intasome (SSC) (right panel), CTD of the inner cata-
lytic IN subunit plays the corresponding role, which is enabled by the longer inter-domain linker 
connecting CCD and CTD. The NED, NTD, and CTD of the outer PFV IN molecules are disor-
dered and were not resolved in the crystal structure (Hare et al. 2010a)
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 aggregate (Li and Craigie 2009) and non-specifically associate with nucleic acids 
(Knaus et  al. 1984), the task of preparing homogeneous IN-DNA complexes for 
structural studies posed a considerable challenge. To overcome this problem, both 
these studies employed similar biochemical procedures in which purified IN protein 
and DNA substrates are first mixed in a high ionic strength condition to prevent non-
specific association, and the IN-DNA complex is formed by slow dialysis into a low 
ionic strength condition. Although the specific IN-DNA complex thus formed has 
limited solubility and mostly precipitates, the precipitated complex could be re- 
solubilized by addition of salt or further dialysis into conditions containing organic 
solvents and then purified by size-exclusion chromatography. The final solution 
condition in which the complex is isolated does not support IN-DNA complex for-
mation, i.e., the purified complex is removed from the binding equilibrium and is 

Fig. 10.10 Overall structure of the RSV intasome. (Upper left) A view along the twofold axis of 
the complex from the target DNA side. Eight IN molecules are colored differently. The gray spheres 
represent zinc ions bound in NTD. (Upper right) A view along the twofold axis from the viral DNA 
side, with the three structural domains of IN (NTD, CCD, CTD) colored, respectively, in green, red, 
and blue colors as indicated by the schematic diagram below the structure. Two IN molecules within 
each IN dimer are colored slightly differently. (Bottom panels) Electrostatic surface potential (blue, 
positive; red, negative) is shown to highlight the broad positively charged patches involved in DNA-
binding. The orientations correspond to that in the panel right above each image
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kinetically trapped. This is similar to the STI-trapped RSV SC described above, 
where the complex tightly bound to STI is stable for hours in the absence of STI 
in the surrounding solution. The extreme biochemical stability of these complexes 
may reflect the highly stable nature of PIC in viral infection.

Crystallization of the RSV intasome (STC) was achieved using a high concentra-
tion (3.2 ~ 4.0 M) of sodium formate as the precipitant (Yin et al. 2016). Conditions 
with such high ionic strengths are rarely used successfully for non-covalent protein- 
DNA complexes. However, the PFV intasome was similarly crystallized in a high 
concentration (1.35 M) of ammonium sulfate (Hare et al. 2010a), highlighting again 
the high stability of retroviral intasome complexes. The crystal structure of the RSV 
intasome refined at 3.8 Å resolution showed a novel octameric IN assembly with 
viral and target DNA molecules. The RSV intasome has both conserved, and unique 
structural features in comparison to the previously reported PFV and the more 
recently reported lentiviral intasome structures as discussed below. The cryo-EM 
structure of the betaretroviral MMTV intasome (SSC) complex at approximately 
5–6 Å resolution (CIC structure was approximately 4 Å) showed a similar octa-
meric assembly of IN, but with some important variations.

The RSV STC assembled on the branched DNA substrate, which carries two 
‘GU3’ gain-of-function viral terminal sequence (Vora et al. 2004) and a stretch of 
target DNA, shows an overall twofold symmetric shape mirroring the symmetrical 
nature of the concerted integration. The octameric RSV IN includes four IN dimers, 
two copies each of proximal and distal dimers that take different conformations 
(Fig. 10.10). As is the case with the PFV intasome, the proximal IN dimer consists 
of an inner subunit that serves the catalytic role and engages the viral/target DNA 
junction and an outer subunit associated via the conserved CCD dimer interface 
(Fig. 10.11). Two juxtaposed proximal IN dimers, each bound to a viral DNA termi-
nus, form a tetramer by swapping NTD of the inner catalytic subunit as observed in 
the PFV IN tetramer. However, unlike with PFV IN, the inner and outer IN  molecules 
also interact tightly with each other through the asymmetric CTD interface, where 
both CTDs are positioned adjacent to the CCDs and make viral DNA contacts. 
Thus, the CTDs bind viral DNA in cis whereas the NTD of the inner IN subunit 
binds viral DNA in trans. The NTDs of the outer IN subunits are not exchanged, 
bound to the CCD surface via a hydrophobic interface involving Phe199 of 
CCD. Overall the RSV IN tetramer including a dimer of the proximal IN dimers 
mimics the PFV IN tetramer, except for the unique positioning of the CTDs and 
their viral DNA contacts, which partially replaces the viral DNA contacts made by 
the PFV IN NED.

As mentioned above, in the PFV intasome, the CTD of the catalytic inner 
subunits bridges between the two viral DNA ends to complete the domain-swapped 
IN tetramer (Hare et al. 2010a; Yin et al. 2016). In the octameric RSV intasome, this 
critical role is assumed by CTDs of the distal RSV IN dimers, contributed in trans 
(in an inter molecular fashion; Fig.  10.12). This CTD interaction tethers the 
distal (flanking) IN dimers to the core IN tetramer. Both CTDs of the distal IN 
dimers make viral DNA contacts; thus, RSV intasome includes a total of eight 
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CTDs, interacting with various positions of viral DNA substrates in four distinct 
fashions to help hold them together. The CCDs of the distal IN dimer do not have 
any catalytic role and instead serve as the platform for target DNA-binding. 
Reflecting their distinct roles and interactions within the intasome, the proximal and 
distal IN dimers show distinct conformations that differ in the relative configura-
tions between the dimerized CCDs and CTDs (Fig. 10.13). The “canted” CCD-CTD 
dimer with the parallel β-sheet-like conformation of the linker segments was 
observed in multiple DNA- free RSV IN structures (Yang et al. 2000; Yin et al. 2016) 
(Fig. 10.7). It was noted that this “native” conformation appears to be poised for 
binding a viral DNA and presenting its terminus to the active site, based on the 
positioning of viral DNA with respect to CCD in the PFV intasome structure (Shi 
et al. 2013). The RSV intasome crystal structure indeed showed that the proximal 
IN dimer takes this native conformation to engage the viral DNA substrate. The 
alternative CCD-CTD conformation of the distal IN dimers, which had not been 
observed for free IN structures, is required for all IN molecules to fit in the com-
plex without clashes (Yin et al. 2016). As discussed above, the distal IN dimers are 
likely recruited during the intasome assembly after the proximal IN dimers form the 
core tetramer with two viral DNA molecules. Thus, this unique IN dimer conforma-
tion may be achieved through an induced fit mechanism, upon association of a free 
IN dimers through the C-terminal interactions to complete the octameric assembly.
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Fig. 10.11 Interactions within the RSV intasome. The left panel shows two proximal IN dimers 
associated with the viral and target DNAs. Note that the inner catalytic subunits (green/beige) swap 
NTDs, which bind to viral DNAs in trans. The NTD is connected to CCD via an extended linker 
that traverses the core IN tetramer. The backbone residues of the catalytic triad are colored red to 
mark the active site. In the left panel, the distal IN dimers are omitted for clarity. In the right panel, 
all eight IN molecules are shown. The distal INs fit in the gap between NTD and CCD of the cata-
lytic IN subunit
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 DNA Conformations

The two viral DNA ends are attached to the target DNA with the canonical 6 bp 
spacing for avian retrovirus integration. The viral DNAs branch out from a sharply 
bent target DNA with their helical axes skew and at an angle of ~60°. The viral 
DNA shows a significant widening of the minor groove near the viral/target DNA 
junction, where an α-helix α7 inserts to make sequence-specific contacts. The 
thymine base from the non-transferred strand opposite the terminal adenine on 
the transferred strand is displaced by Gln151 from a CCD loop immediately preced-
ing α7 (corresponding to Gln215  in PFV and Gln146  in HIV-1 IN). Thus, three 
nucleotides from the 5′-terminus of the non-transferred strand are unpaired, inter-
acting with a CTD from distal IN. The α7 helix also harbors one of the catalytic 
triad residues Glu157. Similar engagement of the DNA minor groove by an α-helix 
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Fig. 10.12 Comparison between the RSV and PFV intasomes (side views). Views perpendicular 
to the twofold axis of the complexes. For RSV, the distal IN dimer was omitted in the lower panel 
for clarity. The inner catalytic PFV IN molecule takes an extended conformation with its four 
structural domains linearly aligned in the order of NED, NTD, CTD, and CCD. The catalytic IN 
molecules are colored in a gradient of blue to red from the N- to C-terminus, respectively. Note the 
longer CCD-CTD linker of PFV IN (orange), which allows folding back of the polypeptide to 
deliver CTD for interaction in cis (Hare et al. 2010a). The CTDs of the proximal RSV IN dimer 
instead makes viral DNA contacts to play analogous roles to PFV IN NED
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harboring a catalytic glutamate residue has been observed for the superfamily of 
distantly related integrase/transposases, including the cut-and-paste transposase 
Tn5 (Davies et al. 2000). The swapped NTD from the opposing IN subunit binds in 
the adjacent major groove for additional sequence recognition. The CCD and NTD 
of the inner catalytic INs along with CTDs of all eight IN molecules together form 
a ring-shaped structure to “bundle up” the two viral DNA molecules (Fig. 10.14). 
The footprint of the RSV IN octamer on each viral DNA is ~20 bp, roughly consis-
tent with previous biochemical data (Vora and Grandgenett 2001; Vora et al. 2004).

The RSV STC crystal contained a target DNA stretch of a total of 38 bp, corre-
sponding to 16 bp on either side of the integration site. The target DNA is bent away 
from the protein assembly, similar to the target DNAs in transpososome structure 
(Montano et al. 2012). The DNA structure is particularly distorted in the central 
6 bp region between the viral/target junctions, with unstacked bases with a negative 
roll angle of 57° in the middle. The target DNA in this conformation is stabilized by 
interactions with the CCD of the inner catalytic IN subunit immediately outside the 
6 bp region, including insertion of a short α-helix with Ser124 (corresponding to 
Ser119 of HIV-1 IN and Ala188 of PFV IN) into the DNA minor groove for possible 
base contacts (Fig. 10.15). CCDs of the distal IN dimers make less-specific backbone 
contacts further outside region of the target DNA, which involves a different region 
of the CCD surface. The sharply bent target DNA conformation helps to drive the 
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Fig. 10.13 Two different IN dimer conformations observed in the RSV intasome. On the left, the 
proximal IN dimer, which consists of the inner catalytic (green) and outer (cyan) IN subunit and 
forms the core tetramer of the intasome assembly, is superimposed on the native IN dimer (light 
gray) as shown in Fig. 10.7. The catalytic triad residues and the adjacent loop that plays an impor-
tant role in viral DNA interaction are colored in red and pink, respectively. On the right, the distal 
IN dimer CCDs are superimposed on the CCDs of the native IN dimer, showing significant differ-
ence of CTD positioning. The asymmetric CTD dimer interface involving W259 is common in 
both conformations, and the proximal and distal IN dimers differ mainly in the conformation of the 
CCD-CTD linker segments
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otherwise chemically isoenergetic integration reaction forward, as the “spring 
loaded” DNA conformation causes the liberated 3’-OH end of the nicked target 
strand to be misaligned for the reverse disintegration reaction (Chow et al. 1992). In 
addition to the ~90° bending away from the viral DNAs, the target DNA in the RSV 
intasome also zigzags in the place perpendicular to the direction of the primary 
bending. The resulting DNA trajectory has a positive writhe, which is opposite that 
in a negatively supercoiled nucleosomal DNA (Fig. 10.16). Thus, unlike PFV IN 
that preferentially integrates into nucleosomal target DNA (Maskell et  al. 2015; 
Kirk et al. 2016), avian retroviral integration may not benefit from nucleosomes 
in the target DNA. This is consistent with a recent study showing more efficient 
integration into a naked DNA substrate in vitro by the RSV/ASV integrase 
(Benleulmi et al. 2015) .

 Comparison to the MMTV Intasome

The intasomes from four different genera of retroviruses, ranging in size from the 
tetramer (spumavirus PFV) to hexadecamer (lentivirus MVV), share a conserved 
core structure that consists of two IN dimers with CTDs bridging between the 
swapped NTD and the catalytic CCD. The CTD can either be from the inner cata-
lytic IN contributed in cis (as in tetrameric PFV intasome) or from distal/flanking 
IN molecules contributed in trans (as in octameric RSV). The phylogenetically 
closely related betaretroviral MMTV and alpharetroviral RSV further share the 

CCD

CTD

CTD

NTD

CTD
CTD

CTD CTD

NTD

CTD

CCD

CTD

proximal
IN dimer

distal IN dimer

Fig. 10.14 “Bundling” of the two viral DNAs. The two viral DNA ends are encircled by CTDs of 
all eight INs, and NTD and CCD of the catalytic INs, which form a ring like structure. The two 
viral DNA molecules in the RSV intasome are positioned close to each other, with the backbone 
phosphate oxygen atoms at the closest point ~5 Å apart. The highly positively charged surface 
formed by a network of CTDs and NTDs may alleviate potential electrostatic repulsions between 
DNA strands
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octameric intasome architecture and show similar positioning of both CTDs that 
anchor the distal (flanking) IN dimers to the core (Fig. 10.17). However, the two 
structures also have notable variations in the domain arrangement. CCDs of the 
flanking MMTV IN dimers are positioned such that the four IN dimers in the 
MMTV SSC are arranged to form an overall cruciform shape. In RSV STC, the 
two pairs of diagonally positioned IN dimers are not orthogonally arranged. In 
addition, CTD of the outer MMTV IN subunit from the core IN dimer is posi-
tioned away from DNA, unlike the corresponding RSV IN CTD that forms viral 
DNA contacts. These differences highlight the diversity and flexibility of retrovi-
rus intasome assemblies. The lentiviral intasome structures (Passos et al. 2017) 
also show varying domain arrangements outside the core (CIC) and unique posi-
tioning and roles of CTD, which is elaborated in another section focused on the 
HIV-1 integration (Craigie’s Chapter).

S124

catalytic 
triad

distal IN CCD

inner catalytic IN CCD

Target DNA

Fig. 10.15 Target DNA contacts. Target DNA in the RSV intasome is bound to the continuous 
positively charged surface (Fig. 10.9) comprising the CCDs of both proximal and distal IN dimers. 
The target DNA shows an overall bending of ~90° away from the protein, mostly significantly 
distorted in the middle. Near the active site harboring the viral/target DNA junction, S124 from a 
short helix (α5) engages the minor groove. The contacts made by distal IN CCDs are less specific 
and involve surface-exposed basic side chains and the DNA backbone. The catalytic residues are 
shown in red sticks in both cases. The distal IN plays no catalytic roles
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 Interactions of Retrovirus IN with Host Factors

DNA sequence analysis of multiple retrovirus integration sites in the host genome 
in retrovirus infected cells clearly established that different retroviruses preferen-
tially integrate their DNAs into specific regions (Schroder et  al. 2002; Wu et  al. 
2003; Mitchell et al. 2004; Kvaratskhelia et al. 2014; Demeulemeester et al. 2015), 
although most of the host genome is available for integration. HIV-1 shows a prefer-
ence to integrate into actively transcribed regions, MLV into active promoter and 
enhancer regions, and ASLV into random regions with little preference for either of 
the above regions selected by HIV-1 and MLV. But, there is a slight preference for 
ASLV integration into transcriptional regions in the chicken genome (Barr et  al. 
2005). Numerous factors like nuclear entry of the PIC, chromatin environments, 
direct selection of DNA target sequences for local distortability by IN, and interac-
tions of IN with host factors associated with the host chromatin likely all contribute 
to site selection.

The oligomeric status of IN within the different retrovirus PICs directly interacting 
with a host protein factor just prior to integration into host chromatin in virus- 
infected cells is unknown. However, we do know what host factors interact with 
each IN. LEDGF/p75 is a chromatin-associated protein where the integrase- binding 
domain (IBD) binds to the dimer interface of HIV-1 IN and tethers the PIC to 
actively transcribed chromatin (Cherepanov et  al. 2003; Cherepanov et  al. 2004; 
Cherepanov et al. 2005; Ciuffi et al. 2005; De Rijck et al. 2010; Benleulmi et al. 2015). 

Nucleosomal
DNA
(PDB ID: 1KX3) RSV target 

DNA

RSV vs. PFV

target DNAs

Fig. 10.16 Distorted target DNA conformation in the RSV intasome. Comparison between DNA 
conformations in a nucleosome (left) and the RSV intasome (middle) and a superposition of target 
DNAs in RSV and PFV intasomes (right). The trajectory of the RSV target DNA zigzags in the 
plane perpendicular to the direction of the primary bending as a result of sharp kinks at the integra-
tion sites, creating an ~20 Å shift in the helical axis with an overall positive writhe. This is in 
contrast to the more smoothly bent DNA structures observed in a nucleosome particle or the PFV 
intasome
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It is unknown what IN subunit(s) in an HIV-1 intasome that contains dodecamer or 
hexadecamer of IN (Passos et al. 2017) interacts with LEDGF/p75 for integration 
into the host genome but most likely exists in the tetrameric CIC structure, although 
the lentivirus MVV intasome can be modeled with 16 copies of LEDGF/p75 
(Ballandras-Colas et al. 2017). The BET proteins (Brd 2,3,4), which are transcrip-
tional co-regulators, are MLV integration cofactors (De Rijck et  al. 2013; Gupta 
et al. 2013; Sharma et al. 2013). The interactions between the BET proteins and 
MLV IN involve the specific BET ET domain (Crowe et al. 2016) and the C-terminal 
“tail” of IN (De Rijck et al. 2013; Aiyer et al. 2014; El Ashkar et al. 2014)
(Fig. 10.4), specifically the highly conserved 17 residues of MLV starting at W390 
and ending at R408, termed ET-binding motif (EBM), in gammaretroviruses. 
NMR solution structure studies demonstrated a high affinity complex between 
the ET domain of Brd4 and the EBM of IN, which both in isolation are disordered 

MMTVRSV

NTD

NTD

outer IN CTD

outer IN

Inner 
(catalytic) IN

outer IN

Inner 
(catalytic) IN

outer IN CTD

distal/flanking IN dimer

Fig. 10.17 Comparison between RSV and MMTV intasomes. Alpharetrovirus RSV and betaret-
rovirus MMTV share a conserved octameric intasome assembly, with CTDs of the distal/flanking 
IN dimers contributed in trans bridge between the two viral DNA molecules. These two systems 
however have significant differences as well, including different positioning of CCDs of the distal/
flanking IN dimers (top panels; NTD of corresponding IN molecules are circled to highlight the 
different orientations of the distal IN CCDs and NTDs) and distinct positioning and interactions 
involving the outer IN subunit CTD (bottom panels; indicated by arrows). The target DNA present 
in the RSV intasome/STC crystal structure is not shown. In the lower panels, the distal IN CCDs 
and NTDs are also omitted for clarity
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(Lin et al. 2008; Aiyer et al. 2014). Other host factors have also been implied to 
interact with the MLV IN (Studamire and Goff 2010).

Recently, the host FACT complex, which consists of SSRP1 and Spt16, has 
been shown to directly interact with the CTD of ASLV IN (Winans et al. 2017). 
The FACT complex is a histone chaperone protein that is involved in DNA replica-
tion and facilitates chromatin transcription (Abe et al. 2011; Hsieh et al. 2013; 
Oliveira et al. 2014; Zhang et al. 2015). The FACT complex stimulated integration 
activity of avian IN in vitro, and the integration of the viral DNA in virus-infected 
cells is directly related to the expression levels of FACT complex. It is interesting 
to speculate that the RSV IN “tail” region may have dual roles in integration: first, 
promoting the formation of the RSV SSC containing IN octamers (proximal and 
distal subunits) where the latter subunits support target binding (Yin et al. 2016) 
and, second, acting as a binding motif for the FACT complex, similar to the “tail” 
region of MLV IN (Winans et al. 2017). Modeling studies of RSV STC containing 
octamers suggest that two of the eight tail regions are not associated with the viral 
DNA (Pandey et al. 2017) possibly allowing them to interact with the FACT com-
plex. Interesting, the viral oncogene vSrc in RSV controls the phosphorylation of 
S282  in the “tail” region of IN (Fig. 10.4) by a serine kinase in virus particles 
(Horton et al. 1991; Mumm et al. 1992) which suggests vSrc may influence selec-
tion of host integration sites. Further studies are needed to address the precise 
nature of the interactions of the FACT complex with avian retrovirus IN and spe-
cifically the CTD of IN.

 RSV IN as Model for HIV-1 IN

As stated previously, all of the retrovirus intasomes contain the common tetrameric 
CIC. Even though the RSV STC contains this CIC plus two flanking dimers (Yin 
et al. 2016) and the HIV-1 STC containing this CIC in the predominant tetrameric 
complex (Passos et al. 2017), these two INs have many commonalities in overall 
length, linker size connecting domains, and secondary structural features (Figs. 10.4 
and 10.5). Further functional similarities have been revealed by site-directed muta-
genesis of these INs and viral DNA sequences for activities, their enzymatic sensi-
tivities to HIV-1 STIs both in vitro (Pandey et al. 2014; Pandey et al. 2017) and 
in vivo (Koh et al. 2011), and the ability of the STIs to kinetically stabilize both the 
RSV SSC (Pandey et al. 2014; Pandey et al. 2017) (Fig. 10.8) and the HIV-1 SSC 
with IN tetramers (Bera et al. 2009; Pandey et al. 2010). These apparent functional 
similarities would appear to mostly map to the active site in the CIC. Further func-
tional studies comparing the two INs and their DNAs by site-directed mutagenesis 
are discussed below.

The crystal structure of the RSV STC (Yin et al. 2016) has substantiated previous 
studies of RSV IN and viral DNA requirements and their relationship to HIV-1 IN 
and its DNA interactions. For example, RSV IN R244 of the inner catalytic subunit 
of the proximal IN dimer is positioned in the major groove of the viral LTR DNA, 
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closest to G7 of the non-transferred strand. The GC pair at this position is critical for 
concerted integration of viral DNA by RSV IN (Vora et al. 2004). The equivalent 
residue E246 of HIV-1 IN interacts with the A7 nucleotide of its non-transferred 
LTR strand shown by disulfide cross-linking studies (Gao et al. 2001). Mutagenesis 
of these IN residues on both proteins demonstrated reduced 3’ OH processing and 
strand transfer activities (Lutzke and Plasterk 1998; Peletskaya et al. 2011; Shi et al. 
2013). RSV IN W233 is highly conserved in retrovirus INs (Fig. 10.4) (Engelman 
1999) and is stacked between R227 and K266. Changing W233 to Glu or Ala but 
not Phe abolishes binding to the viral DNA LTR sequence and concerted integration 
activity of RSV IN (Chiu and Grandgenett 2003). Paralleling HIV-1 IN mutations 
W235E/A/F have corresponding effects on concerted integration activity and virus 
replication (Chen et al. 1999) suggesting the importance of an aromatic residue 
at this position in orienting the basic side chains. RSV IN interactions with the 
viral T66 and R263 bring insights to HIV-1 STI drug-resistance for these same resi-
dues of HIV-1 IN (Quashie et al. 2012; Abram et al. 2013). The weakly drug resis-
tance R263K mutation observed in HIV-1 IN and found in patients treated with 
dolutegravir produces HIV-1 that possesses a significantly reduced replication 
capacity (Mesplede et al. 2014; Anstett et al. 2015). An R263A mutation in RSV IN 
affects both its 3’ OH processing and concerted integration activities (Shi et al. 2013). 
The above and future comparison studies of RSV to HIV-1 IN highly suggest that 
functional studies of RSV IN will provide further insights to HIV-1 IN and the 
mechanisms associated with STIs.

 Conclusions and Perspectives

The oligomerization properties of the different retrovirus INs play dominant roles 
in the assembly of their intasome structures. The success of unravelling the atomic 
structures of five different retrovirus intasomes has propelled our understandings 
of the unique roles that the IN NTDs, CCDs, and CTDs along with their various 
linker sizes have in assembly of these architectural marvels. Each individual IN 
subunit plays different multiple roles in the intasome from protein-protein interac-
tions to binding of viral DNA and/or target substrates. The atomic structure of the 
CIC in all of the retrovirus intasomes has established a firm structural understanding 
for the concerted integration of the viral DNA genome into the host chromosomes. 
These understandings will increase our abilities to produce new STIs for drug-resis-
tance HIV-1 IN mutants and possibly development of new inhibitors outside of the 
active site. The biological roles that these different intasomes assembled in vitro 
have in the life cycle of each retrovirus are unclear. The higher-order stoichiometry 
of the IN subunits, particularly associated with the HIV-1 and MVV lentiviral inta-
somes, is essential to understand to further develop new strategies for prevention of 
HIV-1/AIDS.
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Chapter 11
Structure and Function of the Human 
Respiratory Syncytial Virus M2–1 Protein

Selvaraj Muniyandi, Georgia Pangratiou, Thomas A. Edwards, 
and John N. Barr

 Introduction

RNA viruses can be divided into positive- and negative-sense groups based on the 
ability of their RNA genomes to act as messenger RNA (mRNA) for the production 
of proteins. In positive-sense RNA viruses, the genome can be translated directly, 
while in negative-sense RNA viruses, the input genome must undergo a copying 
event to produce coding sense mRNAs. The negative-sense RNA viruses (NSV) can 
be further divided into segmented (SNSV) and non-segmented negative-strand 
viruses (NSNSV), depending on whether the genome is a single chain of ribonucle-
otides or whether it is segmented into two or more separate RNA molecules. The 
group of NSNSVs encompasses pathogens of humans, animals and plants, and 
notable examples include rabies virus, Nipah virus, Ebola virus (EBOV) and human 
respiratory syncytial virus (HRSV), many of which are without effective preventa-
tive or therapeutic options to prevent disease (Palese et al. 1996; Tao and Ye 2010).

HRSV is the leading cause of lower respiratory tract illness in infants, elderly 
and immunocompromised individuals, causing bronchiolitis and pneumonia. Early 
and recurrent infections have been linked to the development of asthma in later life, 
which has a significant economic burden (Bohmwald et al. 2016). It has been esti-
mated that all infants across the globe are infected with HRSV at least once during 
their first 2 years of life. Mild infections have a recovery time of 1–2 weeks; how-
ever, HRSV infection can be serious and often fatal, and estimates for the number 
of fatalities per year are put between 50,000 and 199,000 (Scheltema et al. 2017; Shi 
et al. 2017). Presently, no vaccine exists for HRSV, and the only options to reduce 
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 HRSV- mediated disease is preventative administration of a humanized mouse 
monoclonal antibody directed to a neutralizing epitope on the fusion protein (F) 
preventing host cell entry. This molecule is known as Palivizumab (or Synagis), and 
is effective, providing short-term protection to infants at high risk (Brady 2014), 
although the cost of this treatment is a current barrier to its widespread usage (Hu 
and Robinson 2010). Post-exposure treatment for HRSV is limited to the FDA-
approved administration of nebulized ribavirin (a guanine nucleotide analogue). 
However, this drug exhibits significant toxicity, and its effectiveness has been ques-
tioned (Marcelin et al. 2014). Thus, there is an urgent need to develop new antivirals 
against HRSV.

This chapter describes the structure and function of the HRSV M2–1 protein, 
which is an essential transcription factor required for the synthesis of HRSV 
mRNAs. Determination of the high-resolution structure of M2–1, in combination 
with defining the structural basis of its function, could aid in the design of new anti-
viral compounds through structure-based drug design.

 The Virion

HRSV is classified in the Pneumoviridae family of the order Mononegavirales. 
HRSV virions are pleiomorphic, with a cell-derived lipid membrane surrounding an 
internal ribonucleocapsid (RNP) complex comprising the HRSV RNA genome in 
association with multiple viral proteins. The genome is approximately 15,200 nt in 
length and includes 10 genes coding for 11 proteins (Fig.11.1). Of these 11 proteins, 
3 are associated with the RNP: the nucleoprotein (N), the RNA-dependent RNA 
polymerase (L) and the phosphoprotein (P). Three HRSV proteins are associated 
with the viral envelope, namely, the fusion protein (F), the so-called attachment 
glycoprotein (G) and the small hydrophobic protein (SH) (Table 11.1). The matrix 
protein (M) is situated below the viral envelope and plays a pivotal role in virion 
assembly. NS1 and NS2 proteins are nonstructural, being absent from the virion, 
and they play critical roles in overcoming the innate immune defences of the 
infected host cell. The remaining two proteins are encoded by the M2 gene and are 
translated from overlapping reading frames on a single M2 mRNA transcript. The 
M2–1 protein was initially characterized as a matrix protein that associated with the 
viral envelope (Collins and Wertz, 1985) but is currently described as an essential 
transcription factor (Collins et al. 1995; Collins et al. 1996) and may also provide a 
role in virion assembly (Li et al. 2008; Kiss et al. 2014). The M2–2 protein has been 

NS1 NS2 N  P M SH G F M2-1
M2-2

L3’ 5’

Fig. 11.1 Organization of genes in the HRSV negative-strand non-segmented RNA genome. The 
gene start (GS) and gene end (GE) are shown as black borders on each gene, with a gene overlap 
between M2 and L genes
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shown to influence the activity of the viral polymerase (Table 11.1) (Bermingham 
and Collins 1999), and has been shown to be dispensible for virus multiplication, 
although viruses in which the M2–2 reading frame is not accessible are growth 
attenuated.

 Transcription in HRSV

Common with all NSNSVs, the gene expression programme of HRSV begins with 
the input negative-sense RNA genome being copied to produce mRNA transcripts 
in a process known as primary transcription. This activity is mediated by the resi-
dent polymerase, brought into the infected cell with the input negative-sense 
genome. These transcripts are subsequently translated into either structural proteins 
that are needed for subsequent rounds of RNA synthesis and for assembly into viral 
progeny, or they are non-structural proteins that modify the host cell environment 

Table 11.1 List of proteins encoded by the HRSV genome and their function

Gene 
position Protein Function

1. Non-structural 
protein (NS1)

Types I and III IFN antagonists. IFN α/β antagonist-mediating 
antiviral state, suppressing maturation of dendritic cells and 
T-lymphocyte response. Inhibits phosphorylation of IFN 
response element 3 disrupting binding to IFN promoter and 
decreases STAT2 production through degradation

2. Non-structural 
protein (NS2)

Type I interferon antagonist. Causes degradation of STAT2 and 
interacts with RIG-I to suppress IFN synthesis

3. Nucleoprotein (N) Sequesters viral RNA forming a nucleocapsid (NC) (protein- 
RNA complex) which is helical. Associates with RNA forming 
the ribonucleocapsid (RNP) complex

4. Phosphoprotein 
(P)

L-protein cofactor that interacts with the NC to place L onto the 
RNA. Also interacts with M2-1

5. Matrix protein 
(M)

Drive HRSV assembly and budding; vital for virus particle 
formation, having positive and hydrophobic domain important 
for cytoplasmic membrane binding

6. Short hydrophobic 
protein (SH)

Forms a pentameric ion channel, and is able to inhibit tumour 
necrosis factor alpha (TNFα) signalling, perhaps helping HRSV 
evade the immune system

7. Glycoprotein (G) Involved in viral attachment to the host cell
8. Fusion protein (F) Required for fusion of host cell via membranes and promotes 

syncytia
=9. M2-1 Transcription factor, with other potential roles as discussed in the 

text
=9. M2-2 Inhibits viral transcription up-regulating RNA therefore mediates 

the regulatory switch from transcription to RNA replication
10. L-protein RNA-dependent RNA polymerase (RdRp) transcribing/

replicating the viral genome

11 Structure and Function of the Human Respiratory Syncytial Virus M2–1 Protein
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facilitating virus multiplication. At a later time point, the input genome is replicated 
to form positive-sense copies of the input genome, known as anti-genomes, and the 
events that mediate this switch in polymerase activity from a transcriptase to a rep-
licase are not yet resolved. The promoters for both these activities are located within 
the initial 44 nucleotides of the genome 3′ end, but the start sites for these district 
activities are different; replication begins at position 1, whereas transcription is ini-
tiated alongside position 3 (Tremaglio et al. 2013). Subsequently, the transcribing 
polymerase moves along the template in the 3′ to 5′ direction and recognizes and 
responds to gene-start and gene-end signals that flank each of the HRSV genes. 
These conserved sequences signal the initiation and termination of a single 5′ 
capped and a 3′ poly (A) tailed mRNA from each of the 10 HRSV genes (Kuo et al. 
1996). In contrast, the replicating polymerase ignores these gene-start and gene-end 
signals, to synthesize a complementary copy of the genome, which is enwrapped in 
nucleoprotein (N protein) and subsequently recruits a polymerase complex to form 
a helical RNP assembly.

Studies using truncated HRSV genomes in which RNP complexes are reconsti-
tuted in cells by supplying the protein and RNA components in trans have shown 
that replication requires P- and L-proteins, whereas transcription requires P, L and 
also M2–1 (Yu et al. 1995; Collins et al. 1995; Collins et al. 1996). In the absence 
of M2–1, the abundance of full-length transcription products is reduced, suggesting 
that the L-protein may be poorly processive, especially during the transcription of 
long genes (Fearns and Collins 1999). Inclusion of M2–1 in the transcription assay 
increases the abundance of full-length transcripts, and taken together, these obser-
vations have led to the proposal that M2–1 is a processivity factor, allowing the 
RdRp to reach the end of each transcriptional unit (Collins et al. 1995). In addition, 
the presence of M2–1 in reconstitution assays appears to influence the ability of the 
polymerase to terminate transcription at the HRSV conserved gene-end signals, 
leading to increased synthesis of multicistronic mRNAs spanning two or more tran-
scriptional units (Hardy and Wertz 1998). Whether the polymerase processivity and 
anti-termination activities of M2–1 are related has not been resolved; it is possible 
that increased polymerase processivity is observed when M2–1 prevents the poly-
merase from terminating at sequences resembling gene ends, spuriously located 
within genes (Sutherland et al. 2001).

More recently, a post-transcriptional role of M2–1 has recently been proposed 
(Rincheval et al. 2017), as well as recent reports that M2–1 is found in association 
with M and RNPs within the virion, thus implicating a structural role of M2–1 in 
virion assembly (Kiss et al. 2014).

Attempts to rescue infectious HRSV from cDNAs from which the M2–1 gene 
has been omitted have been unsuccessful (Collins et al. 1995), leading to the pro-
posal that M2–1 is essential for virus multiplication, a proposition that is consistent 
with its apparent and critical role in ensuring full-length transcription of all ten 
HRSV mRNAs. However, the possibility that the requirement for M2–1 coding 
capacity is for one of the alternative non-transcription functions cannot be elimi-
nated. Regardless, the requirement of M2–1 for the HRSV lifecycle means it repre-
sents a promising target for the design of antiviral molecules that disrupt one or 
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more of its proposed functions and thus block HRSV multiplication and thus 
disease.

 Macromolecular Interactions Involved in M2–1-Mediated 
Anti-termination

M2–1 is soluble as a tetramer and directly interacts with RNA and with P in a com-
petitive manner (Blondot et al. 2012). It is not clear whether this dual interaction 
with RNA and P is strictly mutually exclusive or can occur simultaneously on dif-
ferent monomers within the tetramer. P is also a tetramer, and residues within its 
N-terminus (residues 1–28) interact with N, supplying RNA-free N monomers to 
encapsidate the newly synthesized replication products in the form of RNPs (Renner 
et al. 2016). This chaperone activity of P maintains N in a soluble form that other-
wise has a tendency to aggregate as helical assemblies, possibly through interacting 
with host cell RNAs. The C-terminal domain of P, particularly the last nine residues, 
interacts with N-proteins that are components of the viral RNPs, rather than free N 
monomers (Tran et al. 2007). Just N-terminal, proximal to this N-interaction region 
of P, lies the L-protein interacting site (residues 216–239, with crucial hydrophobic 
residues at 216, 223 and 227) (Sourimant et al. 2015).

The aforementioned proteins, N, P, L and M2–1 form the minimal requirement 
for the in vitro reconstitution of the HRSV transcription machinery. The variable, 
overlapping and multivalent molecular interactions involved in formation of the 
transcriptase and replicase complexes, as well as the large size, represents a signifi-
cant bottleneck in the in vitro stoichiometric reconstitution and structural analysis 
of this assembly. All of these proteins, partly based on structural and sequence anal-
ysis, appear to have rigid domains connected by hinges facilitating domain move-
ments (Tanner et al. 2014; Tawar et al. 2009; Liang et al. 2015). This can be expected 
to yield a megadalton complex that is inherently flexible, thereby resulting in con-
formational heterogeneity in the final assembly, a problem traditionally difficult to 
address via structural biology. Detailed structural understanding of the molecular 
interactions involved in HRSV anti-termination would reveal details of the intermo-
lecular interfaces that could be used for structure-based inhibitor design of antiviral 
therapeutics, in addition to expanding our understanding of the process.

Functional and structural homologs of the above-mentioned replicase and tran-
scriptase complex-associated proteins exist in all other NSNSVs, which also share 
a broadly similar transcriptional programme. However, it is interesting to note that 
few NSNSVs possess a separate protein product that acts as a transcription factor, 
with only the various M2–1 proteins expressed by the pneumoviruses and VP30 
expressed by the filoviruses, including Ebola virus (EBOV). Like M2–1, VP30 
appears to be dispensible for replication but essential for RdRp transcriptional activ-
ities, which is dependent on VP30 phosphorylation at specific sites (Biedenkopf 
et al. 2016; Lier et al. 2017). Presumably, the many other viruses that do not express 
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such a protein either have incorporated protein modules that possess similar func-
tions elsewhere or utilize a transcription mechanism that has no such requirement. 
In any case, similarities between M2–1 and VP30 at both the structural and func-
tional levels mean that the knowledge gained from understanding M2–1 structure 
and function will have important benefits for the other viruses within Pneumoviridae 
and Filoviridae families.

 Crystal Structure of HRSV M2–1 Protein

 Overexpression and Purification of M2–1 for Structural Studies

Full-length HRSV (strain A2) M2–1 (194 residues) has a requirement for zinc ions 
during high-level expression of folded protein. M2–1 crystallized in two different 
space groups under conditions containing polyethylene glycol and cadmium ions. 
X-ray diffraction data was collected, and the crystal structure of M2–1 was solved 
to 2.5 Å using the anomalous signal from the cadmium ions and from the bound 
zinc atoms (Tanner et al. 2014).

 Molecular Architecture of M2–1

Monomeric M2–1 consists of three distinct regions linked by unstructured flexible 
sequences (Fig. 11.2a). These are the zinc-binding domain (ZBD: residues 7–25), a 
tetramerization helix (residues 32–49) and the core domain (residues 69–172). 
Connecting the tetramerization helix and the core domain is a flexible linker (resi-
dues 52–67) that is poorly resolved in the crystal structure, and which includes two 
sites that can be phosphorylated (S58 and S61) with important consequences relat-
ing to the function of M2–1 as a transcription factor. The last 20 residues of the 
C-terminus are not resolved in the electron density as they are unstructured, and 
many of these residues are dispensable, as determined by the rescue of infectious 
HRSV with these residues deleted from the M2–1 ORF. Overall, the molecule has 
nine alpha helices and no beta strands (Fig. 11.2a). Each monomer of M2–1 inter-
acts with other protomers forming a highly stable tetramer.

M2–1 tetramerisation is mediated by the oligomerization helix (residues 32–49, 
α1) that buries a series of hydrophobic residues (L36, L43, I46 and M50) on one 
helix face within a four-helix bundle. There is also extensive interaction between the 
ZBD of one monomer within the NTD and the core of an adjacent monomer, signifi-
cantly increasing the buried surface area in the tetramer and consequently increas-
ing its predicted stability. In the context of the tetramer, the ZBD lies on the 
N-terminal face of the molecule, in close proximity to the RNA-binding surface 
(Fig. 11.2b), which also includes residues R3 and R4 from the extreme N-terminus 
of M2–1.
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The crystal structure of M2–1 provides a framework for the rational analysis of 
residues involved in direct M2–1 interactions with RNA, P and M. In addition, the 
structure will provide a framework on which to explore the mechanisms by which 
M2–1 performs its various assigned or proposed functions, as well as understand 
how these multiple functions may be regulated.

 RNA Binding by M2–1

Electrostatic potential calculations on M2–1 revealed that its surface is saturated by 
positively charged residues (Fig. 11.3) that form four prominent tracts on the tetra-
mer. In order to charaterize potential RNA ligands, and thus provide further infor-
mation regarding the mechanism of M2–1 function, quantitative RNA-binding 
studies were performed using fluorescence anisotropy (FA) with different RNA 
sequences. These included polyribonucleotides of A, C, G and U, as well as RNAs 
representing various positive- and negative-sense HRSV gene-end sequences. These 
sequences were chosen as all functional studies performed to date reveal M2–1 is 

Fig. 11.2 (a) The crystal structure of HRSV M2–1. A single protomer is depicted in ribbons rep-
resentation above. Domains are coloured, from N- to C-terminus: ZBD (blue), tetramarization 
helix (red), flexible phosphorylation site (yellow) and the core domain (grey). Zn2+ atom and its 
coordinating residues are labelled. The green regions represent flexible loops connecting the listed 
domains in M2–1. (b) The tetramer organization in M2–1 shown in three different views
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active using minigenomes in which all HRSV-specific sequences have been elimi-
nated, excepting conserved gene-start and gene-end sequences. The highest binding 
affinity of all was determined for the polyribonucleotide poly(A) (Kd = 19.1 nM), 
and comparison of the binding specificities of HRSV gene-end sequences indicated 
that positive-sense sequences exhibited consistently higher affinities than negative-
sense complements, but RNA affinities broadly corresponded with their A content. 
Variation of up to fivefold were found in M2–1 binding affinity to the different 
gene- end sequences tested here, with SH gene-end binding the tightest (Kd = 46 nM). 
These data provide evidence that the function of M2–1 involves binding RNA 
sequences that are located at the 3′ end of HRSV mRNAs, and this location is con-
sistent with its proposed role in influencing the process of transcription 
termination.

 Mapping M2–1 Residues that Interact with RNA

With M2–1:RNA interactions established through FA and identification of high- 
affinity RNA ligands, the contribution of specific M2–1 residues towards RNA bind-
ing was examined through a variety of M2–1 mutants. These were selected based on 
the tetramer electrostatistics and the previous NMR-based on RNA-binding analysis 
of the M2–1 globular core (58–177) (Blondot et al. 2012) (Fig. 11.4). Multiple resi-
dues that lie within the core resulted in the reduced RNA-binding affinity, including 
S58D/S61D, K92A, K92D, K150A, R151A, R151D, K150A/R151A and K159A. In 
addition, residues R3 and R4 that lie within the N-terminal tip of M2–1 were also 
found to contribute to RNA binding, showing that residues involved in this activity 
are not restricted only to the core but extended outside.

The S58D/S61D double mutant represents a mimic of phosphorylated M2–1, 
and these two serine residues are located above the positively charged surface in the 
3D structure of M2–1, in a position that is consistent with the observed influence 
over RNA binding. The reduced affinity of this phosphomimetic mutant for RNA 
suggests that M2–1 phosphorylation during the infectious cycle may modulate 

Fig. 11.3 Three views of the electrostatistic potential on HRSV M2–1 surface revealing positively 
charged surfaces
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binding affinity to target RNAs, thereby potentially affecting M2–1 function. 
Comparison between the crystal structures of native M2–1 and the phosphomimetic 
M2–1 mutant S58D/S61D suggests that phosphorylation does not cause extensive 
structural rearrangements within the M2–1 tetramer, thus suggesting these func-
tional changes may be due to alterations in surface electrostatic potential and pos-
sibly its interaction with an RNA-binding partner.

 Identification of M2–1 Residues Involved in Transcription 
Factor Activity

The aforementioned residues that influence RNA binding were assessed for their 
contribution towards M2–1 anti-termination activity using a bicistronic HRSV 
minigenome (Tanner et al. 2014), in which two transcription units were separated 
by functional gene-start and gene-end sequences, forming a gene junction. This 
minigenome transcription system was set up so that the expression of luciferase 
from the downstream gene was dependent on the presence of M2–1, with the impli-
cation being that M2–1 was required in order for the polymerase to complete tran-
scription of the long upstream gene and thus gain access to the transcription start 
site of the downstream luciferase gene. Minigenome analysis found that all previ-
ously identified mutants that exhibited a reduction in RNA binding also showed 
reduced luciferase expression activity in cellulo, thus suggesting that the RNA- 
binding activity of M2–1 was tied to its ability to act as a transcription factor.

180°

R3
R4

K19

R20

R151
K150
K92

L36

L43

I46

M50

S61

S58

Fig. 11.4 Residues identified, mutated and examined for RNA binding and anti-terminaton activ-
ity in M2–1 are lablelled on the ribbons diagram of a single protomer, coloured as for Fig. 11.2. All 
residues are surface exposed. Hydrophobic residues lining the tetramerization helix (buried in a 
four-helix bundle in the tetramer) are shown as white sticks
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 HRSV M2–1 Structure: Similarities and Differences to Other 
Known Related Structures

The four-helix bundle formed by the oligomerization helix strongly favours the tet-
rameric organization of M2–1, with the multi-protomer contacts of the ZBD increas-
ing oligomer stability. Comparison of the M2–1 X-ray structure with the NMR 
structure of the M2–1 core domain (Blondot et al. 2012) (residues 58–177) reveals 
a similar core fold, suggesting that the core domain can fold independently in the 
absence of all other M2–1 residues, although residues outside the core contribute to 
RNA binding as described above (Blondot et al. 2012). Superposition of the full- 
length M2–1 structure and the EBOV VP30 C-terminal domain shows structural 
similarities, with helices 3, 6 and 7 aligning well to each other, while helices 4 and 
5 share the same orientation (Fig.  11.5). This close structural alignment implies 
strong evolutionary ties and also raises the possibility that these polymerase acces-
sory proteins may act through common mechanisms. As described above, the EBOV 
VP30 is one of only a small number of polymerase accessory proteins within the 
broad group of mononegaviruses, and like M2–1 it possess a ZBD, and its function 
is modulated by dynamic phosphorylation (Lier et al. 2017). For both M2–1 and 
VP30, dynamic reversible phosphorylation is required for their respective transcrip-
tion factor functionality, with VP30 phospho-ablatant mutants being inactive 
(Biedenkopf et al. 2016).

Fig. 11.5 Superposition of 
M2–1 HRSV M2–1 and 
VP30 of Ebola reveals 
structural similarity; note 
the overlay of most helices. 
The zinc bound to M2–1 is 
highlighted in green, with 
the N-termini of both 
models labelled with blue 
spheres and the C-termini 
red spheres

S. Muniyandi et al.



255

The Cys3-His ZBD of M2–1 is noncanonical with no structural homologs found 
by the DALI server (Fig. 11.1a), and similarity to the VP30 ZBD is unknown due to 
the current lack of a VP30 ZBD structural model. Sequence searches suggest that 
the M2–1 ZBD is related to the ZBD of Nup475, which was also shown to bind 
cadmium (Amann et al. 2003).

From the crystal structure of M2–1, it is possible to visualize a track that bound 
RNA might take across the surface of each monomer, linking residues that are 
known to influence RNA binding and also encompassing a contiguous region of 
positive charge. RNA and P have overlapping binding sites on the M2–1 surface and 
within one protomer; thus, binding is mutually exclusive. M2–1 binds P in a 1:1 
stoichiometry at high affinity suggesting that each M2–1 tetramer potentially binds 
to a P-tetramer. However, the possibility that each monomer within a tetramer might 
be occupied by either RNA or P ligands cannot be ruled out.

M2–1 from the closely related human metapneumovirus in the Pneumoviridae 
family shares 38% sequence homology with HRSV M2–1 (Leyrat et  al. 2014). 
HMPV M2–1 is also tetrameric with an overall domain organization that is the same 
as that of HRSV M2–1. The final ten residues in the HMPV M2–1 C-terminus were 
not resolved in the structure, suggesting it is disordered, as reported for HRSV 
M2–1. Interestingly, in the crystal structure of HMPV M2–1, one of the monomers 
has its helical core domain flipped out from the rest of the molecule by 60 Å when 
compared to symmetrically arranged protomers in the HRSV M2–1 subunit. This 
structural plasticity in HMPV M2–1 was further explored by molecular dynamics 
simulations and small-angle X-ray scattering measurements, which were consistent 
with the possibility that HMPV M2–1 can adopt both open and closed conforma-
tions in solution, with dynamic exchange between the two states, with the oligomer-
ization domain as the most rigid part of the structure. This flexibility and domain 
swinging in HMPV M2–1 was postulated to increase the surface area of the mole-
cule and allow sampling of a larger volume in solution that helps to trap RNA frag-
ments, first proposed through a ‘fly-casting’ mechanism (Shoemaker et al. 2000).

HMPV M2–1 was also crystallized in the presence of adenosine monophosphate 
(AMP) and a five nucleotide long DNA fragment. Although these two molecules are 
non-native binding partners of M2–1, their location on the M2–1 surface corre-
sponded to the RNA-binding site determined for HRSV M2–1 from NMR and 
mutagenesis studies. A model describing the HPMV M2–1 RNA-binding site pro-
poses that the RNA may bind along an extended and contiguous tract of positive 
surface charge, extending between the N-terminal and C-terminal faces of each 
monomer. The length of this surface is consistent with binding a oligoribonucleo-
tide of 13 nucleotides in length, which coincides with the length of the HRSV gene-
end consensus sequence.
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 A Role for M2–1 in Virion Assembly?

The RNP within the HRSV virion comprises the minimal essential components 
required for transcription, namely, RNA, N, P, L and M2–1. This RNP is enclosed 
within the lipid bilayer with a matrix protein (M) in between them, and this assem-
bly appears to be mediated by M2–1:M interactions. In a study involving super- 
resolution microscopy of filamentous HRSV particles isolated from infected cells, 
the M2–1 and M-proteins were localized within the enveloped virion with M2–1 
being closer to the genomic RNA than M (Kiss et al. 2014). Thus, M-protein, by 
simultaneously interacting with two chemically different entities (M2–1 and the 
phospholipid bilayer), appears to act as a molecular scaffold. This overall plan of 
virion architecture is maintained among other members of the order 
Mononegavirales, such as those classified in the Rhabdoviridae and Filoviridae 
families, where the corresponding matrix enwraps the RNP. However, the resulting 
RNP and virion morphologies are less consistent; in the case of the rhabdoviruses, 
virions are bullet shaped, and the RNP core is found as a highly regular and rigid 
helical assembly, surrounded by a matrix protein sheath. In the case of filoviruses 
(e.g. EBOV), the RNPs are helical but exhibit a more extended morphology that is 
consistent with the filamentous shape of EBOV virions, which suggests RNP 
flexibility.

HRSV M appears able to adopt multiple different oligomeric states in solution, 
although it was crystallized as a monomer (Money et  al. 2009). M has N- and 
C-terminal domains connected by a 13-residue region and is globally similar to 
EBOV VP40 in fold but different in topology. M has a distinct negatively charged 
lobe at the N-terminus and a positively charged area of 600 Å2 extending from the 
NTD to CTD. The N-terminus of the M-protein directly interacts with M2–1, and 
these two regions are proposed to be responsible for simultaneously interacting with 
M2–1 and the lipid bilayer, consistent with its role as a virion scaffold. This arrange-
ment would presumably require M2–1 to form a two-dimensional layer below M 
and also in contact with the RNP. From the crystal structure of HRSV M2–1, it is 
currently unclear how the tetramer can arrange into a planar lattice along with M, 
due to its tendency to multimerize as a highly stable tetramer. Whether the alterna-
tive conformation of the HMPV M2–1 protein could adopt such as layer, with one 
core domain per tetramer being extended, is an interesting possibility.

 Other M2–1 Functions

Following entry into cells, many NSNSVs are reported to induce the formation of 
dense cytoplasmic structures that contain viral components, and in HRSV-infected 
cells, these sites are known as inclusion bodies (IB) (Norrby et al. 1970). Functionally 
analogous structures have been identified in many other NSNSVs including rhabdo-
viruses and filoviruses (Lahaye et al. 2009; Dolnik et al. 2015; Baskerville et al. 
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1985), and they are often used as histological markers for confirming viral infec-
tions. Using a combination of state-of-the-art fluorescence microscopy, super- 
resolution microscopy and pulse-chase techniques, HRSV IBs have been shown to 
represent the sites of active viral RNA synthesis (Rinchavel et al., 2017), where both 
transcription and replication take place. Rather than being amorphous aggregates, 
IBs have a complex organization and contain a spherical substructure named as the 
‘inclusion body associated granule’ (IBAG). These are found to be enriched with 
nascent mRNA and also M2–1 but devoid of other proteins of the replication com-
plex (N, P and L).

IBAG formation is strictly dependent on viral RNA synthesis, and these struc-
tures are dynamic, undergoing continuous assembly and disassembly cycles, as 
inferred from time-lapse fluorescence studies. The IBAGs were not found to be 
translationally active, suggesting that they may represent a transient compartment 
where newly synthesized viral mRNAs that are associated with M2–1 are stored 
prior to translation in the cytosol. While the interaction between M2–1 and mRNAs 
is consistent with the previous RNA-binding studies described above, which identi-
fied highest affinities for poly(A) sequences, the established strong association of 
M2–1 with nascent viral RNA in IBAGs may reflect a post-transcriptional function 
of M2–1 that is novel and needs to be explored.

 Conclusions and Future Outlook

Solving the X-ray crystal structure of M2–1 represents an important step towards 
understanding the mechanism behind the complex functions of M2–1. However, 
complete clarity of M2–1 functions has yet to be achieved, and M2–1 does not oper-
ate in isolation from other viral components. Multiple protein-protein and protein- 
nucleic acid interactions execute the anti-termination process, and high-resolution 
structures of these other components will greatly aid in revealing the molecular 
mechanisms behind M2–1 activities. Though homology modelling and other theo-
retical methods can help to some extent, accurate understanding requires experi-
mentally determined 3D structures. More important than isolated structures are the 
structures of binary and ternary complexes of the HRSV transcriptase and replicase 
complexes.

Structure determination of M2–1 in complex with specific RNA sequences and 
with full-length and/or crucial fragments of P is the next step for structural biolo-
gists. High-resolution structures that represent snapshots of the anti-termination 
process remain a difficult task; however, through the recent technical advancement 
in cryo- electron microscopy (cryo-EM) including the development of direct detec-
tors, stable specimen stages, high-energy electron guns, phase plates, movie mode 
imaging and advanced image processing strategies, the field of cryo-EM is witness-
ing a ‘resolution revolution’. A range of different biological specimens that have 
otherwise previously resisted structure determination like large complexes, 
 membrane proteins, fibrous assemblies, low-abundant protein complexes and  
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difficult-crystallize huge assemblies like viruses are now feasible targets for struc-
tural studies. Unfortunately, there still remains difficulty in structure determination 
of conformationally flexible, heterogeneous protein assemblies of megadalton size. 
Further insight into the structure and function of M2–1 can be obtained through the 
application of recent advances in electron microscopy paired with crystal structures 
of sub-complexes, in combination of a thorough understanding of its potentially 
diverse functions from observations made in cellulo.
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Chapter 12
Filamentous Bacteriophage Proteins 
and Assembly

Suzana K. Straus and Htet E. Bo

 Filamentous Bacteriophage: Association with Gram-Negative 
Bacteria

Filamentous bacteriophages are viruses of the Inovirus genus, whose function is to 
associate with specific bacteria. The first phage to be found to be filamentous was 
fd, a bacteriophage associated with Escherichia coli. Work preceding the discovery 
by Hartmut Hoffmann-Berling at the Max-Planck Institute in Heidelberg had identi-
fied isometric phages, i.e., viruses which were roughly spherical in shape, with 
diameters of about 250  Å (Sinsheimer 1966). These isometric phages attracted 
interest not only because of their small size but also because some of them had a 
single-stranded DNA or RNA genome and because they were specific for male (F+ 
or Hfr) strains of bacteria, which can transfer DNA to other bacteria (Marvin et al. 
2014). Hoffmann-Berling and Marvin characterized the general features of filamen-
tous fd phage and its DNA (Marvin and Hoffmann-Berling 1963a, b; Hofmann- 
Berling et  al. 1963). These landmark studies prompted others to examine their 
phages and identify a number that were filamentous. For instance, Zinder and co- 
workers isolated f1, a filamentous phage isolated at the same time as the isometric 
RNA phage f2 (Loeb and Zinder 1961; Zinder et al. 1963; Zinder 1986). Hofschneider 
found phage M13, which looked very similar to fd (Hofschneider 1963). It turned 
out that the three phages fd, f1, and M13 have about 98.5% DNA sequence identity 
and hence can be considered to be identical (Marvin et al. 2014).

Before introducing other filamentous bacteriophages that are associated with 
Gram-negative bacteria, let us first briefly elaborate on what makes a bacteriophage 
filamentous. These phages are filaments of dimension 6 nm in diameter and 1–2 μm 
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in length, which resemble a semiflexible worm (Fig.  12.1a). The filament is 
 comprised primarily of several thousand copies of identical major coat protein sub-
units. These coat proteins, which are ca. 50 amino acid residues and α-helical, pack 
together to encompass the single-stranded circular DNA found in the core of the 
virion (Fig. 12.1b). The interdigitated packing of the coat protein has been likened 
to shingles, roof tiles, scales (Marvin et al. 2014), pine cones, or a protea flower. The 
ends of the virion are capped with minor coat proteins (Fig. 12.1b). These minor 
coat proteins play a role in infection and/or extrusion of the virion. The encom-
passed DNA can include foreign DNA, making filamentous bacteriophages useful 
tools in molecular biology (Anany et al. 2017; Criscuolo et al. 2017) or nanotech-
nology (Hemminga et al. 2010; Adams et al. 2013). If however the foreign DNA 
encodes virulence systems, then the resulting filamentous phage can be dangerous 
as they result in new pathogenic strains of bacteria (Gagic et al. 2016; Shapiro et al. 
2016). Bacteriophage replication occurs without killing of the host bacterium. 
Indeed, filamentous phages differ from other bacteriophages because they are 
extruded from the host bacteria continuously and the host is not lysed upon progeny 
extrusion.

Fig. 12.1 Filamentous bacteriophage structure: (a) Transmission electron micrograph of filamen-
tous bacteriophage B5, recorded on a Hitachi H7600 transmission electron microscope (TEM) at 
the UBC Bioimaging Facility; (b) schematic representation of the major coat protein (p8) and 
minor coat proteins in Ff. The bar in (a) represents 50 nm. Figure (b) is reproduced from Marvin 
et al. (2014), with permission
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Filamentous bacteriophages infect hosts that express sex pili because the sex pili 
act as receptor sites for phage recognition and infection (Russel 1991). Filamentous 
phages are classified according to their pilus specificity. The three phages fd, f1, and 
M13 mentioned above, as well as the less studied filamentous phage ZJ/2 (Bradley 
1964), are all specific for E. coli bacteria expressing F-pili. These phages are hence 
often referred to as Ff phages, for F-specific filamentous bacteriophage, and have 
interchangeable gene products (Russel 1991). Other filamentous phages with simi-
lar architecture, but different detailed genetics and physiology, include Ike, which 
infects E. Coli expressing N-pili. Ike phages are 50% identical genetically to the Ff 
phages (Russel 1991). There are also phages that infect Pseudomonas aeruginosa 
via the P-pili, such as Pf1 and Pf3 (Russel 1991; Straus et al. 2011; Marvin et al. 
2014). Phage PH75 (Pederson et al. 2001) grows at 70 °C in Thermus thermophilus, 
a thermophilic bacteria and model organism for structural genomics and systems 
biology.

 Filamentous Bacteriophage: Association with Gram-Positive 
Bacteria

Most filamentous phages are isolated from Gram-negative bacteria, but there is one 
known instance of a filamentous bacteriophage associated with Gram-positive bac-
teria. In 2002, Chopin et al. (Chopin et al. 2002) reported the discovery of the B5 
filamentous phage. This phage infects the Gram-positive bacteria Propionibacterium 
freudenreichii and has dimensions of 620  nm in length and 12  nm in width 
(Fig. 12.1a). The B5 phage genome consists of 5806 bases and is organized in a 
similar way as other filamentous phage genomes. The phage DNA genome has a 
total G + C content of 64% and has ten open reading frames (Chopin et al. 2002). 
The constituent proteins for this, as well as all the other filamentous bacteriophages, 
will be presented in the following section. Interestingly, the gene for the major coat 
protein of B5 shows homology to the major coat protein gene in PH75 and Pf3 
(Chopin et al. 2002).

 Constituent Proteins of Filamentous Bacteriophage

Bacteriophage has been used as a tool for a range of applications (Hemminga et al. 
2010; Adams et al. 2013; Anany et al. 2017; Criscuolo et al. 2017) because of its 
simplicity: its genome consists of genes II and V which are needed for DNA synthe-
sis; genes VIII, III, VI, VII, and IX which code for phage structural proteins; and 
genes I and XI which code for proteins that aid in phage assembly and extrusion. 
Consequently, phages consist of a very simple makeup of structural proteins form-
ing a protective arrangement around the phage DNA genome. The handful of pro-
teins that make up a phage particle are shown in Fig. 12.1b.
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As mentioned above, the filamentous phage is arranged with major coat protein 
p8 forming a fish scale-like arrangement around the viral genome that consists of a 
single-stranded, circular DNA (Russel 1991). In Ff phages, there are 2.3 nucleotides 
per major coat protein, while Pf1 has 1, and Pf3 has 2.4. For B5 phage, this is 
unknown. Phages can be classified according to the symmetry class, as defined by 
the packing of their major coat proteins, as identified by their diffraction patterns. 
Class I phage strains include Ff and Ike phages. Class II phage strains include Pf1 
and Pf3 phages. Class I phages have C5S2.0 symmetry (Marvin 1998). Class II 
phages have C1S5.4 symmetry (Caspar and Makowski 1981).

The minor coat proteins are p3, p6, p7, and p9 (Fig. 12.1b). The distal end of the 
phage emerges first from the host cell and contains 3–5 copies of p7 and p9. The 
proximal end of the phage is involved in phage entry and exit and contains five cop-
ies each of p3 and p6. Phages lacking minor coat proteins appear as polyphages 
which are phages 10–20 times the length of a normal phage, are still tethered to the 
host, and contain more than one complete circular phage genome. Phages lacking 
p3 and p6 are noninfective, while phages lacking p7 and p9 are still infective. 
Phages lacking p6 are also unstable (Lopez and Webster 1983). p3 plays a role in 
not only phage-host cell recognition but also oligomerizes to form a pore large 
enough for the phage to enter the host cell (Glaser-Wuttke et al. 1989). It was found 
that in the N-terminal, two thirds of the p3 protein is essential for infectivity (Marvin 
et al. 2014). The whole phage structure is essentially held together by hydrophobic 
interactions between the apolar domains in the middle section of p8 and the apolar 
domains in the minor coat proteins.

The remaining proteins encoded in the phage genome do not form part of the 
virus particle but are needed for phage assembly. p1, a 348 amino acid long protein, 
provides the energy needed to drive phage assembly and interacts with both thiore-
doxin and phage DNA during phage assembly (Russel 1991). Its C-terminus is 
directed into the periplasm, while the N-terminus is directed into the cytoplasm. The 
protein p1 is seen to promote the formation of adhesion zones between the inner and 
outer membrane of Gram-negative host membranes. These adhesion zones are the 
sites of phage extrusion (Marvin 1998). p11 is a 108 residue protein whose genetic 
code is within gene I. It has basic residues at the N-terminus, similar to p1, needed 
to interact with DNA. p4 exists in the outer membrane with its N-terminus oriented 
toward the periplasm. It forms an oligomer of 10–12 subunits with an internal diam-
eter of 80 Å that acts as a pore for viral extrusion (Papavoine et al. 1998). p4 func-
tions as more than just an exit pore: it aids in phage assembly initiation because in 
the absence of p4, there is no visible buildup of phage progeny in the host cell 
(Russel 1991). p2 controls the rate of replicative form (RF) DNA production (Russel 
1991). p2 expression is negatively regulated by p5. p5 is 87 amino acids in length 
and forms a dimer, with its hydrophobic face buried away from the solvent. It binds 
tightly and cooperatively to phage DNA and protects phage DNA while it is in the 
host cytoplasm.

Each of these phage proteins plays an important role in assembly, a process that 
will be reviewed in the following section.
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 Filamentous Phage Assembly

Although many details of phage assembly are unknown at this juncture (Russel 
1991; Russel et al. 1997; Webster 2001; Russel and Model 2006), a number of stud-
ies relating in particular to Gram-negative phages have led to a number of models 
being proposed. By far the most studied phage in this regard is M13, which infects 
and replicates in E. coli.

Entry of M13 into E. coli occurs when the phage protein p3 recognizes the  
F-pilus of E. coli. The phage is then brought close to the host cell via retraction of 
the F-pilus tip (Webster 2001; Russel and Model 2006; Marvin et al. 2014). This 
hypothesis is known as the “pilus retraction model.” Once the phage is close enough 
to the host cell, infection occurs. p3 oligomerizes and forms a pore large enough for 
adsorption of the phage particle (Glaser-Wuttke et al. 1989). Glaser-Wuttke et al. 
(Glaser-Wuttke et al. 1989) have shown that p3 oligomerizes and forms large pores 
which stay open for seconds.

In addition to p3, adsorption of phage through the host E. coli outer membrane, 
periplasmic space, and inner membrane requires the host proteins tolerant Q (TolQ), 
TolR, and TolA which are part of the Tol transport system (Karlsson et al. 2003). It 
is thought that p3 interacts with domain III of TolA via its amino terminus (Webster 
1991). This activates the TolQRA complex and leads to phage adsorption. When 
phage is first adsorbed into the host, p6 is lost from the phage particle, and the phage 
particle becomes unstable. This instability results in the full disassembly of the 
phage particle (Russel 1991). The phage coat protein p8 and other minor coat pro-
teins are deposited into the host inner membrane, while the phage DNA enters the 
host cytoplasm where it is converted into a double-stranded super coiled (RF) DNA 
via host enzymes (Russel 1991). The RF DNA is the template for not only phage 
DNA replication but also phage protein synthesis (transcription of RF DNA and 
translation). All 11 phage proteins are synthesized by transcription of RF DNA via 
the rolling-circle mechanism and translation of the messenger ribonucleic acid 
(mRNA) produced (Marvin et al. 2014). The phage structural coat proteins p8, p3, 
p6, p7, and p9 are deposited into the host inner membrane upon translation. p1, p11, 
and p4 are proteins required for phage assembly and are deposited in the inner and 
outer (for p4) membranes of E. coli (Fig. 12.2). The phage protein p5 homodimers 
bind to the newly synthesized phage DNA strand, thus separating the single-stranded 
phage DNA from the rolling-circle mechanism (Marvin et  al. 2014). The DNA 
strand loops back on itself, and a double-stranded packaging signal is left exposed 
at the end of the DNA-p5 homodimer complex. Interaction of the double-stranded 
packaging DNA signal with the p1-thioredoxin complex at the host inner membrane 
triggers the formation of a pore. The continuous extrusion of the phage particle 
while it is being assembled requires the replacement of one p5 monomer in the 
DNA-p5 homodimer complex with two p8 coat proteins. This results in the produc-
tion of the DNA-p8 complex. The formation of DNA-p8 complex is the pivotal step 
in phage assembly. The DNA is now protected by the phage coat protein p8. The 
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protein p4 oligomerizes in the outer host cell membrane to form the pore for phage 
extrusion. The assembly process requires aggregation of p8 monomers and their 
assembly around the DNA complex, as well as changes in the structural properties 
of p8  in going from the nonpolar environment of the lipid bilayer to an aqueous 
environment upon extrusion (Opella et al. 2008; Marvin et al. 2014). Addition of the 
p3 and p6 minor coat proteins to the extruding phage closes the phage particle and 
stops phage assembly. The phage is then fully released into the medium. Fig. 12.2 
shows an illustration of the phage assembly process.

Presumably assembly occurs in an identical fashion of all Gram-negative fila-
mentous bacteriophage. Interestingly, B5 assembly, where extrusion occurs through 
the single membrane found in Gram-positive bacteria, occurs without p4, which is 
not encoded in the genome of B5.

In order to understand the assembly process in depth, researchers have carefully 
studied the structure of p8 in the different environments it experiences as it is being 
assembled. Indeed, p8 goes from the nonpolar environment of the host lipid mem-
brane where it is not associated with DNA to being associated with the phage DNA 
as it is shifted upward within the host membrane and eventually extruded out into a 
polar environment. In the polar environment, the p8 protects the phage DNA and 
interacts with it. Knowing the structure of p8 in the different environments provides 
important clues in the phage assembly process and will be discussed below.

Fig. 12.2 Filamentous bacteriophage assembly process. Assembly is initiated when p1 interacts 
with the phage DNA packing signal. The major and minor coat proteins assemble around p1. 
Phage extrudes out of a pore created by p4, while p5 is replaced by p8 during the process. The 
figure is reproduced from Marvin et al. (2014), with permission
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 Major Coat Protein p8

The major coat proteins of the different phage families are very similar. They are 
about 50 amino acids in length and consist of an acidic N-terminal end, a hydropho-
bic central region, and a basic C-terminal end (Marvin et al. 2014). The major coat 
proteins of the Ff phages differ only by one amino acid: residue 12 in f1 and fd is an 
aspartic acid, but in M13, it is an asparagine (Marvin et al. 2014) (see Table 1 in 
(Marvin et  al. 2014) or UNIPROT codes given in Fig.  12.3a for amino acid 
sequences; see Fig. 12.3a for a graphical representation). ZJ/2 differs from M13 in 
two positions. The major coat protein in B5 phage is not synthesized with a signal 
sequence, while the major coat protein of Ff phages are synthesized with a 23 amino 
acid leader signal sequence which is cleaved off upon membrane insertion 
(Fig. 12.3).

When in the host membrane, p8 is oriented with its N-terminal end directed 
toward the outer membrane and its C-terminal end directed toward the host cell 
cytoplasm (Fig. 12.3b). When in the phage, 2700 copies of the major coat protein 
form a layer around the viral DNA molecule. And because the p8 proteins are held 
together by hydrophobic interactions in the midsection of p8, the phage is resistant 
to proteases, salts, detergents, and extreme pH. Phages can only be lysed mechani-
cally or by ether or chloroform (Marvin et  al. 2014). In the virion, the acidic 
N-terminus of p8 is oriented toward the exterior of the phage. The negative charge 
on the N-terminus is thought to be responsible for phage solubility. The basic 
C-terminus of p8 points toward the interior of the phage and interacts with the nega-
tively charged DNA via its lysine residues (four  in total) (Hunter et al. 1987). 
There are nonspecific electrostatic interactions independent of DNA sequence 
between the positively charged lysine residues and the negatively charged DNA 
(Hunter et al. 1987; Goldbourt et al. 2010; Morag et al. 2015; Abramov et al. 2015).

 Structure of p8 in the Membrane

Although fd was discovered first, Hofschneider distributed many samples of M13 
(Hofschneider 1963), and hence most structural studies of the major coat protein in 
a membrane environment involve the p8 subunit from M13. These studies typically 
involve reconstituting p8 into a membrane mimetic environment best suited to a 
given technique. As we will examine in this section, the structure of p8 in mem-
branes is diverse.

Solution nuclear magnetic resonance (NMR) is a technique that has been used in 
the study of the major coat protein structure in membrane mimetics. The coat  protein 
is reconstituted into micelles, with lipids that are as representative as possible of the 
bacterial host membrane (van de Ven et al. 1993; Williams et al. 1996). For instance, 
Papavoine et al. (Papavoine et al. 1998) reconstituted the M13 p8 subunit in sodium 
dodecyl sulfate (SDS) and dodecylphosphocholine (DPC). They found that the M13 
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protein is composed of three main regions: an amphipathic α-helix (residues 8 to 
16), a hinge region (residues 17–24), and a transmembrane hydrophobic helix (resi-
dues 25–45). These findings were supported by similar studies (Henry and Sykes 
1990, 1992). The amphipathic helix is found on the surface of the micelle at almost 
a right angle to the transmembrane helix (Papavoine et al. 1998). The residues in the 
amphipathic helix are arranged around the helix based on their side chains. Amino 
acids with large side chains such as lysine 8 and phenylalanine 11 are found on the 
side of helix that is directed away from the solvent, whereas amino acids with 
smaller side chains such as alanine 9 and serine 13 are found on the side of the helix 
exposed to solvent. In an actual bacterial membrane, however, the partitioning of 
residues is based on charge or hydrophobicity (e.g., as for antimicrobial peptides), 
rather than size. So the distribution of residues found in the solution-state NMR 
structures may be due more to the artificial environment of the micelle, which is 
known to induce structural distortions because of its nature (Cross et al. 2011).

Solid-state NMR is another important technique in the study of the major coat 
protein, in this case from fd. Solid-state NMR involves reconstituting the p8 subunit 
into lipid bilayers, thereby eliminating the problem of high curvature present in 
micelles. Solid-state NMR studies have shown that the fd coat protein consists of a 
16 Å amphipathic helical segment which lies parallel to the lipid bilayer surface and 
a 35 Å transmembrane helical segment which lies at a tilt of 16° with respect to the 
lipid bilayer normal (Opella et al. 2008). The two helices are connected by a short 
loop made of residues threonine 19 and glutamic acid 20 (Opella et al. 2008). This 
short segment differs from the substantially longer loop (residues 17–26) found for 
the same protein in micelles (Opella et al. 2008).

Site-directed spin labeling (SDL) is yet another method used to solve the struc-
ture of the major coat protein from M13 by reconstituting p8 in lipid vesicles (Stopar 
et al. 2006b, a). The shape of the major coat protein obtained from SDL experiments 
appears to be a continuous helical structure. It consists of a single gently curved 
helix tilted by 18° with respect to the normal of a unilamellar vesicle membrane and 
with maximum curvature at residue 20 (Nazarov et al. 2007). Even though SDL is 
thought to provide the closest representation of the host membrane environment, the 
helix shows changes in structure when placed in slightly different membrane envi-
ronments. Stopar et al. (Stopar et al. 2006b) have shown that the first 7 residues in 
the N-terminus are unstructured when the protein is placed in 22:1 PC and if placed 
in 14:1 PC, the first 14 residues are unstructured. M13 protein shows a tilt of 33° in 
14:1 PC, while it has a tilt of 19° in a 20:1 PC (Stopar et al. 2006a). Spruijt et al. 
performed SDL experiments on M13 major coat protein, where they engineered M13 
mutants with single cysteine substitutions to attach an N-(iodoacetylaminoethyl)-
5-naphthylamine-1-sulfonic acid (ADEAS) probe. They performed single cysteine 
scanning fluorescence microscopy and found that M13 had a banana-like structure, 
i.e., it was a single slightly curved and tilted molecule with a flexible hinge (Spruijt 
et al. 2004). The flexible hinge loses its α-helicity when M13 is placed in the thinner 
14:1 PC membrane as compared to a 18:1 PC membrane (Spruijt et al. 2004). More 
recently, Stopar et  al. (Stopar et  al. 2009) investigated the anchoring of M13 by 
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6-bromoacetyl-2-dimethylaminonaphthalene (BADAN) labeling. The change in 
intrinsic fluorescence of tryptophan 26 was analyzed when the M13 protein is 
placed in 22:1 PC versus 14:1 PC. A blue shift in fluorescence of about 700 cm−1 
was observed (Stopar et al. 2009). This shift corresponds to the tryptophan going 
into a more nonpolar environment, suggesting that the tryptophan molecule is “sink-
ing” into the lipid bilayer as the bilayer thickness increases. Residue 46 was also 
tested for its anchoring ability. BADAN again showed a blue shift in fluorescence 
when moved into a nonpolar environment. However, when the p8 subunit with the 
BADAN-labeled cysteine residue 46 was placed in a 22:1 PC versus 14:1 PC, there 
was a blue shift of only 70 cm−1 (Stopar et al. 2009). From these results, it was con-
cluded that the anchoring strength of the C-terminus is five times stronger than that 
of the N-terminus. The C-terminus consists of two phenylalanine resides and four 
lysine residues which provide strong anchoring of the protein. Although SDL is car-
ried out in possibly more realistic membrane environments, i.e., vesicles as opposed 
to closely packed bilayers as found in the solid-state NMR samples (Vos et  al. 
2009), it also involves the use of large fluorescent moieties that could have an impact 
on the overall structure.

As we will see below, this diversity in structural models for the p8 subunit is also 
found for p8 in the virion.

 Structure of p8 in the Virion

The structure of p8 in the virion has primarily been determined using two compli-
mentary techniques: X-ray fiber diffraction (Marvin et  al. 2014) and solid-state 
NMR (Opella et al. 2008; Marvin et al. 2014). Since, as mentioned earlier, fd was 
discovered first, its structure was also investigated first and that by X-ray fiber dif-
fraction. Samples were prepared by aligning concentrated gels of purified phage by 
flow in capillaries. The X-ray diffraction patterns obtained from this sample showed 
that the arrangement of the major coat protein is an array of α-helices with the long 
axes of the helices oriented roughly parallel to the long axis of the fiber (Marvin 
1966). The strong intensity at about 10 Å spacing in the equatorial direction, i.e., 
roughly perpendicular to the fiber axis, is attributed to the distance between close- 
packed α-helices about that same distance in diameter. Similarly, the strong inten-
sity at about 5.4 Å in the meridional direction, i.e., roughly parallel to the fiber axis, 
arises because of the 5.4 Å pitch of the α-helix. These features were also confirmed 
through optical rotatory dispersion measurements (Day 1966). A more detailed 
account of the fiber diffraction studies on fd can be found in Marvin et al. (Marvin 
et al. 2014) or more recently in Marvin (Marvin 2017).

Next, fiber diffraction data was obtained for Pf1. It was found that the Pf1 strain 
yielded better resolved diffraction patterns as compared to fd, making its structural 
characterization easier. This difference arises from the slight symmetry difference 
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between fd and Pf1, i.e., the distinction between Class I and Class II mentioned 
earlier. Advances in computational tools as well as the availability of additional data 
meant that the molecular model for Pf1 was refined and extended to other strains 
(Marvin et al. 1974, 2014; Marvin and Wachtel 1976). Interestingly, Pf1 undergoes 
a structural transition at 283 K (Nave et al. 1979). The result is slightly different 
diffraction patterns from the lower (Pf1L) and higher (Pf1H) temperature forms of 
Pf1 (Nave et al. 1979; Welsh et al. 2000). Interconversion between the two forms is 
completely reversible and is an example of a well-defined transition in a macromo-
lecular assembly (Welsh et al. 2000; Marvin et al. 2014). This structural transition 
has not been observed for other Class II phages (Fig. 12.3) and may be unique to Pf1 
because of its lower DNA/protein ratio (the Pf1 virion is about twice as long and so 
has about twice as many subunits as other Class II virions).

Soon after the fiber diffraction work was being carried out on Pf1, Opella and 
co-workers started exploring the use of solid-state NMR to examine the local struc-
ture of the individual p8 subunits in fd (Cross and Opella 1980, 1982; Cross et al. 
1981, 1983). Since the virion is too large to permit the rapid tumbling needed for 
solution-state NMR, solid-state NMR methods are required. The study of p8 sub-
units in the virion is possible by oriented methodology or magic-angle sample 
(MAS) spinning (Quinn and Polenova 2017). The symmetry and high number of 
copies of p8 in the virion are extremely advantageous for the application of these 
methods: data is obtained uniquely for all ca. 50 backbone amide NH groups (with 
the N in isotopically enriched 15N form), and the concentration of the sample is 
effectively very high, given that there are over a thousand copies of p8 per virion 
particle.

The breakthrough in the determination of the p8 structure using solid-state NMR 
methods came in the early 2000s, with higher magnetic fields, better probes, and 
better sample preparation techniques, making the study of uniformly 15N–labeled 
samples possible. Using oriented methods, Zeri et al. (Zeri et al. 2003) proposed 
that the structure of p8 in fd consists of three α-helical segments, with kinks located 
between residues 20 and 21 and between residues 38 and 39. Residues 1–6 are 
unstructured. The kinks in this proposed structure gives p8 a similar shape as its 
membrane-bound form (Almeida and Opella 1997). Indeed, in this form residues 
7–20 are on the surface of the membrane, and residues 21–38 span the membrane 
bilayer (Opella et al. 2008). Similarly, the structure of p8 in Pf1 was determined 
using oriented methods and 15N–labeled Pf1 above and below the transition tem-
perature (Thiriot et al. 2004, 2005). Thiriot et al. (Thiriot et al. 2005) suggested that 
the structure of the individual subunits undergoes no significant change as a func-
tion of temperature, confirming previous X-ray fiber diffraction studies indicating 
that it is the orientation and packing of the subunits, not the structure of the indi-
vidual subunits, that is changed at the transition temperature. Opella and co- workers, 
however, suggested that the subunit comprises three distinct α- helix segments, 
rather than being a single continuous α-helix as in the models based on X-ray fiber 
diffraction data and as is also the case for fd. Interestingly, the NMR spectra of Pf1, 
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in both higher and lower temperature forms, are much better resolved than for fd 
and are likely due to the fact that it is easier to align Pf1 than fd. More ordered 
samples give rise to higher-resolution oriented NMR spectra. Finally, MAS experi-
ments were performed on both forms of Pf1 (Goldbourt et al. 2007, 2010; Sergeyev 
et al. 2017). Using experimentally determined chemical shift values and secondary 
structure prediction programs, Goldbourt et al. (Goldbourt et al. 2007) presented a 
model of Pf1 where residues 2–5 are in a non-helical conformation, while residues 
6–46 form a continuous helix. This model is more in line with those obtained from 
X-ray fiber diffraction discussed above (Welsh et al. 2000).

In order to resolve the discrepancies in the p8 models (i.e., X-ray diffraction and 
MAS continuous helix vs. oriented NMR kinked helix), a joint refinement of the 
X-ray diffraction and oriented NMR data was carried out (Marvin et al. 2006, 2014; 
Straus et  al. 2008, 2011). For both fd and Pf1, refining the structure against the 
NMR and the X-ray fiber diffraction information in parallel gave consensus models 
for the p8 subunit in fd (Marvin et al. 2006) (Fig. 12.4) and in Pf1 (Straus et al. 
2011). In both cases, continuous α-helices were found. More extensive details on 
the refinement process and how the oriented NMR data can be reinterpreted to yield 
a continuous α-helix are given in Marvin et al. (Marvin et al. 2014). The resulting 

Fig. 12.4 Arrangement of subunits in the fd phage, using the p8 subunit deposited as PDB ID: 
2C0X. The virion axis is vertical, and the axial slab in the center corresponds to about 1.4% of the 
total length of the virion. Each subunit is represented as a red space-filling coil. Three adjacent 
subunits are shown in atomic detail (yellow lines) within “semitransparent” coils, and a single 
isolated subunit is displayed at the right. An electron micrograph of a full-length phage, aligned by 
flow on the electron microscope grid as described by Marvin and Hoffmann-Berling (Marvin and 
Hoffmann-Berling 1963b), is shown at the left. Reproduced from the cover of Marvin et al. (2006), 
with permission
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models, 2C0X.pdb for fd and 2XKM.pdb for Pf1L, not only agree with the fiber 
diffraction and NMR data but also satisfy additional structural constraints from 
other methods (e.g., Raman spectroscopy), as reviewed in Marvin et al. (Marvin 
et al. 2014).

 Structure of p8 During Extrusion

Although there is no explicit structural data for the p8 subunit during the process of 
assembly and extrusion, i.e., in the state shown in Fig. 12.2, a number of models 
have been proposed over the years on how this process may occur. The models are 
based on combining structural data of p8 in the membrane and in the virion, as pre-
sented in previous sections. To study p8  in the act, as it were, would require the 
trapping of intermediate forms. Although such forms can be generated by treating 
the phage with ether or chloroform (Amako and Yasunaka 1977; Griffith et al. 1981; 
Lopez and Webster 1982; Manning and Griffith 1985; Stopar et al. 1998; Marvin 
et al. 2014), the application of these intermediates for direct structural studies or 
reconstitution remains a challenge.

Based on the structural information discussed above, we can consider two 
extreme cases: one is a model based on the kinked structures of p8 from fd in the 
membrane (1MZT.pdb) and in the virion (1NH4.pdb); and the second is based on 
the continuous helix found by SDL (Vos et al. 2009) and 2C0X.pdb, the consensus 
structure presented earlier (Fig. 12.5). Starting from the kinked structure of p8 in the 
membrane (Fig. 12.5a, red), one can see that for it to be aligned in the optimal posi-
tion, i.e., with the amphipathic helix lying on the surface of the lipid bilayer, the 
transmembrane helix is at a small angle relative to the membrane normal. Indeed, 
we mentioned earlier that the transmembrane helix lies at a tilt of 16° with respect 
to the lipid bilayer normal (Opella et al. 2008). If we assume that the structure of 
p8 in the virion is also present at some point during assembly in the membrane, then 
a rearrangement between the red helix and the green helix (1NH4.pdb) should occur 
(Fig. 12.5).

Using recently developed theoretical methods (Lomize et al. 2006a; b; Lomize 
et al. 2012), it is possible to predict how the green helix would preferentially posi-
tion and orient itself in the membrane. The methods take into account the hydropho-
bic, van der Waals, hydrogen bonding, and electrostatic solute-solvent interactions 
of proteins in lipid bilayers and also account for the preferential solvation of charges 
and polar groups by water and the effect of hydrophobic mismatch for transmem-
brane regions (Marvin et  al. 2014). Hence, using the server found at http://opm.
phar.umich.edu/, the preferential position of the green helix was determined 
(Fig. 12.5b), as well as that for 2C0X.pdb (blue helix). Both helices have a tilt angle 
of close to 46–49 ° relative to the membrane normal and a hydrophobic thickness of 
ca. 25 Å. In E. coli, the inner membrane thickness is roughly 40 Å, with 30 Å of that 
being the hydrophobic region (Briegel et al. 2009) (i.e., comparable to the hydro-
phobic thickness calculated by the OPM server).

12 Filamentous Bacteriophage Proteins and Assembly

http://opm.phar.umich.edu/
http://opm.phar.umich.edu/


274

If one considers an extrusion model based on the kinked helices, then one pos-
sibility would be that the amphipathic part of the red helix (Fig. 12.5a) would have 
to lift itself off the membrane surface in order for the helix to straighten up and 
insert itself deeper into the membrane and at a larger tilt angle to result in the green 
helix (Fig. 12.5b). The green helices would then possibly pack together or interact 
with the DNA to form a DNA-p8 complex. Through one or both of these interac-
tions, the p8 subunits would change their tilt angle from 46° back to the smaller tilt 
angle found in the virion. Alternatively, these rearrangements could be accompa-
nied by rotation of the amphipathic and transmembrane helices, as suggested by 
Opella et  al. (Opella et  al. 2008). Such a “dramatic structural rearrangement” 
(Opella et al. 2008) between the membrane-bound and virion forms of p8 was also 
suggested for Pf1.

Fig. 12.5 Structural models of the p8 subunit from filamentous bacteriophage fd, positioned in 
various ways in the membrane (indicated by the gray box): p8 model of the membrane-bound form 
(1MZT.pdb; red); p8 model of the form in the virion, with kinks (1NH4.pdb; green); and continu-
ous α-helical p8 model of the form in the virion (consensus model, 2C0X.pdb; blue). For all fig-
ures, all three helices are aligned so that residues 22–42 overlap. (a) Arrangement that is most 
optimal for 1MZT.pdb, i.e., with the amphipathic helix lying on the surface of the membrane 
bilayer. (b) Arrangement based on the output from the OMP server. The blue dots show the bound-
aries of the calculated apolar membrane core for 2C0X. The green dots show the same boundaries 
for 1NH4. (c) Arrangement shown for 2C0X alone, with the charged residues shown in cyan and 
orange (i.e., using the same color code as in Fig.  12.3). IM  =  inner membrane. OM  =  outer  
membrane (not shown)
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On the other hand, one can consider a model where only continuous helices are 
involved. Recall the experimental finding that p8 from M13 forms a continuous 
α-helix titled at 33° when inserted into lipid bilayers composed of 14:1 PC (Stopar 
et al. 2006a). Now consider that the E. coli inner membrane consists of ca. 75–80% 
PE and 20% PG (Van Dalen and De Kruijff 2004; Marvin et al. 2014) and lipid acyl 
chains that are primarily 16:0 or 16:1 (Burnell et al. 1980). In this case, the tilt angle 
is very likely to be smaller than the 49° predicted by the OPM server, as some of the 
charged residues would prefer to be closer to the headgroup area (Fig. 12.5c). It is 
also possible that the tilt angle is smaller than 33°, since Stopar et al. found that this 
angle becomes smaller with increased membrane thickness or acyl chain length 
(Stopar et al. 2006a). Regardless of the exact tilt angle, assembly would proceed 
again through packing together of p8 subunits and/or interaction with the DNA, 
with only a change in orientation. This model would involve only modest rearrange-
ment of the subunit during extrusion.

Although there are known cases where proteins undergo dramatic structural rear-
rangements as part of their function (e.g., fusion proteins (Skehel and Wiley 2000)), 
it seems unlikely that the p8 subunit would do so, as the environment around the 
single helix does not change if one considers the subunit consisting of the three seg-
ments described earlier. In other words, although p8 goes from a nonpolar environ-
ment of the host lipid membrane to a polar environment in the virion, locally, the 
three segments (i.e., N-terminus, central core, and C-terminus) are always experi-
encing similar interactions (i.e., primarily electrostatic at the termini and hydropho-
bic in the core region). Also, since it has been demonstrated with Pf1 that the p8 
subunit can change its orientation without changing its structure to give rise to the 
Pf1L and Pf1H forms, it seems plausible that a certain orientational flexibility is built 
into all filamentous bacteriophage major coat proteins.

 Conclusions

Assembly is a complex process that involves the movement of multiple compo-
nents. As illustrated in this chapter, structural information provides key data on two 
states: of filamentous bacteriophage p8 subunit in the membrane and in the virion. 
This insight is akin to a “before and after” picture. Much remains to be determined 
about the steps in between. Future structural studies of, for example, p8 aggregates/
intermediates of phage treated with ether or chloroform or of the minor coat pro-
teins in lipid bilayers could help fill in the gaps. Regardless, filamentous bacterio-
phage will continue to be an important subject of study and to provide important 
clues on subcellular processes.
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Chapter 13
Protein-RNA Interactions  
in the Single- Stranded RNA Bacteriophages

Jānis Rūmnieks and Kaspars Tārs

 Introduction to ssRNA Phages

The bacteriophages with single-stranded RNA (ssRNA) genomes are among the 
simplest and smallest of the known viruses. Due to their simplicity, these phages 
have for long been used as models to study fundamental problems in molecular 
biology, such as translational control mechanisms, protein-RNA interactions, RNA 
replication, virus evolution, structure, and assembly. In 1976, the ssRNA phage 
MS2 was the first life form for which the complete genome sequence was deter-
mined (Fiers et al. 1976). The ssRNA phages have also been the source for many 
diverse applications, including vaccine development, imaging tools, and ecological 
and virus inactivation studies (see Pumpens et al. 2016 for a review).

All of the known ssRNA phages belong to the Leviviridae family and have small, 
approximately 3500 to 4200 nucleotide long genomes that encode just a few 
proteins (Fig. 13.1). Three of the proteins – the maturation, coat, and replicase - are 
conserved among all ssRNA phages. Many of the studied phages also have a short 
open reading frame (ORF) that codes for a lysis protein, which often overlaps with 
other genes and shows a surprising variation in its location within the genome 
(Klovins et al. 2002; Kazaks et al. 2011; Rumnieks and Tars 2012). Distantly related 
lysis proteins lack any sensible sequence identity and have presumably arisen 
several times independently from each other. All of the lysis polypeptides have 
one or two predicted transmembrane helices and are thought to cause cell lysis by 
forming ion-permeable pores in the periplasmic membrane (Goessens et al. 1988), 
which leads to depolarization of the membrane and subsequent activation of auto-
lysins that degrade the cell wall. A subgroup of the ssRNA phages that are assigned 
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to a separate Allolevivirus genus does not have a dedicated lysis protein; instead, the 
cell lysis is accomplished by the maturation protein which blocks an enzyme in the 
peptidoglycan biosynthesis pathway (Karnik and Billeter 1983; Winter and Gold 
1983; Bernhardt et al. 2001). Another distinctive feature of the alloleviviruses is the 
presence of the so-called A1 protein in the capsid, which is an elongated version of 
the coat protein produced by a translational read-through mechanism (Weiner and 
Weber 1971). The exact function of the A1 protein is unknown, but it is important 
for the infectivity of the particles (Hofstetter et al. 1974). The only other recognized 
genus in the family, Levivirus, includes several phages where the lysis ORF is in a 
position overlapping the coat and replicase genes. However, many other ssRNA 
phages currently remain unassigned to any genus, and recent metagenomic studies 
have unraveled a vast array of new ssRNA phage sequences, in many cases very 
distantly related to the currently described ones (Krishnamurthy et  al. 2016; Shi 
et al. 2016). Therefore, it should be noted that as the true ssRNA phage diversity in 
nature begins to be realized, a future reclassification within the Leviviridae family 
appears imminent, with a possible dissolution of the currently recognized Levivirus 
and Allolevivirus genera.

Structurally, the Leviviridae virions are composed of a single RNA molecule 
packaged inside a protein shell that is approximately 28 nm in diameter and consists 
of 178 coat protein molecules and a single copy of the maturation protein (Fig. 13.2a). 

Fig. 13.1 Genome organization of the single-stranded RNA bacteriophages. The genes are repre-
sented as boxes; L, lysis gene. In bacteriophage Qβ, the maturation protein mediates cell lysis and 
A1 is a C-terminally extended variant of the coat protein generated by ribosomal read-through of 
the coat gene
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The coat protein forms very stable dimers; therefore the capsid is more precisely 
described as composed of 89 coat protein dimers, and the maturation protein 
replaces a position otherwise occupied by a single coat protein dimer (Dent et al. 
2013; Koning et al. 2016). The maturation protein serves as the attachment protein 
for the phage and mediates the adsorption of the virion to bacterial pili (Fig. 13.2b), 
which the ssRNA phages use as receptors for infecting the cell. The pili used by 
different ssRNA phages are rather distinct, ranging from the F-plasmid-encoded 
conjugative pili that the E.coli phages MS2 and Qβ employ (Crawford and Gesteland 
1964), to various genome-encoded pili used by Pseudomonas phage PP7 (Bradley 
1966), Acinetobacter phage AP205 (Klovins et al. 2002), or Caulobacter phage Cb5 
(Schmidt and Stanier 1965). After adsorption, the maturation protein leaves the 
capsid together with RNA and guides its entry into host cell via a poorly understood 
mechanism. A complex of only the maturation protein and the genomic RNA is 
infectious to the cell (Shiba and Miyake 1975), and the coat protein does not have 
another role than protecting the genome before the infection takes place.

Fig. 13.2 Structure of an ssRNA bacteriophage particle. (a) Protein components of the virion. The 
coat protein dimers exist in two quasi-equivalent conformations in the particle, denoted AB (blue/
red) and CC (green). An assembled particle consists of a single copy of the maturation protein, 
60 coat protein dimers in the AB conformation and 29 in the CC conformation. The maturation 
protein replaces a single coat protein CC dimer in the otherwise icosahedrally symmetrical parti-
cle. (b) An electron micrograph of MS2 bacteriophage particles bound to an F pilus. Figs. 13.2a, 
13.4, 13.5, 13.6, and 13.7 were prepared using Pymol version 1.8
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The RNA genome is an equally important structural component of the ssRNA 
phages. While the notion that the genome of the ssRNA phages is a single-stranded 
RNA is correct, this is only true in the sense that each virus particle indeed contains 
a single RNA strand. However, as much as 75% of the RNA bases are involved in 
short- and long-distance base-pairing interactions within the genome (Skripkin 
et  al. 1990) (Fig. 13.3), which renders most of the genome double stranded and 
results in a complex three-dimensional structure. The maturation, coat, and repli-
case proteins are all RNA-binding proteins that recognize specific RNA structures 
in the genome, and different protein-RNA interactions are of essential importance 
during the ssRNA phage life cycle.

 Replicase-RNA Interactions

As cells do not contain an enzyme capable of synthesizing long RNA molecules 
from an RNA template, all RNA viruses have to supply their own RNA-dependent 
RNA polymerase (RdRp) for the purposes of replicating their genome. All ssRNA 
phages likewise encode a 60–65 kDa polypeptide with the enzymatic RdRp activity; 
however, the protein alone is not capable of replicating the genome. The phage- 
encoded protein, often referred to as the “β subunit,” recruits three more proteins 
from the bacterial cell, the ribosomal protein S1 (Wahba et al. 1974), and translation 
elongation factors EF-Ts and EF-Tu (Blumenthal et al. 1972), that together assemble 
into the replicase holoenzyme complex. The normal function of EF-Tu in the cell 
is to bind amino-acyl tRNAs and deliver them to ribosomes, while EF-Ts acts as a 

Fig. 13.3 Secondary structure of an ssRNA phage genome. The minimum free energy structure of 
the MS2 genomic RNA as predicted by the RNAfold software (Zuker and Stiegler 1981). The 
image was preparedusing RNAfdl (Hecker et al. 2013)
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guanine nucleotide exchange factor for EF-Tu. The ribosomal protein S1 is a trans-
lation initiation factor that consists of six consecutive OB (oligonucleotide/oligo-
saccharide-binding) domains, of which the two N-terminal domains bind to the 
small ribosomal subunit, while the rest of the protein interacts with mRNA or auto-
regulates its own synthesis (Boni et al. 2000). The S1 protein differs from the other 
subunits in that it is not required for the structural integrity of the replicase complex 
and a “core replicase” enzyme consisting of only the β subunit, EF-Tu and EF-Ts, 
is enzymatically active.

The discovery of several host-derived subunits in ssRNA phage replicases 
seemed rather surprising at first, but since then it has become clear that the ssRNA 
phages are hardly unique in this respect. The idea of borrowing and repurposing 
host RNA-binding proteins appears to be fairly popular also among many eukary-
otic RNA viruses, which often recruit proteins from the host’s translation machinery 
to assemble a fully functional RdRp complex. Interestingly, several plant and ani-
mal viruses use the translational elongation factor eEF1A, a eukaryotic counterpart 
of EF-Tu, although not exactly in the same way as the ssRNA phages (see Li et al. 
2013 for a review). Still, the function of the host-derived proteins in replication is 
probably the best understood in the ssRNA phage replicases.

Most of what is known about ssRNA phage RdRps, and their RNA replication 
in general, comes from studies of the enzyme from bacteriophage Qβ. The struc-
ture of the Qβ core replicase resembles a boat where the catalytic β subunit is 
located at one end and EF-Ts and EF-Tu at the other, with the active center facing 
the inner cavity of the structure (Kidmose et al. 2010; Takeshita and Tomita 2010) 
(Fig. 13.4). The β subunit has an architecture similar to other RdRps with the right-
handed palm, thumb, and finger domains. EF-Tu participates in RNA binding dur-
ing the elongation stage and forms part of the template exit channel, while the main 
function of EF-Ts appears to be the stabilization of the other subunits in an active 
conformation. The S1 protein binds to the opposite side of the β subunit with the 
same two N-terminal OB domains that are used for binding to the ribosome 
(Takeshita et al. 2014). The S1 protein is required to recognize and initiate replica-
tion of the genomic RNA strand (Kamen et al. 1972), and recently, the two protein-
bound N-terminal S1 domains have been also proposed to function as a termination 
factor for an efficient release of product and template strands in a single-stranded 
form (Vasilyev et al. 2013).

The Qβ replicase has a remarkable processivity and can generate up to 1010 copies 
of some in vitro selected templates in 10 min (Chetverina and Chetverin 1993). 
At the same time, the enzyme is strongly selective in which RNAs are replicated 
well, and the natural template, the Qβ genome, is highly adapted to be efficiently 
replicated by the Qβ replicase. As the first requirement, the template needs to be 
single stranded, and the enzyme cannot initiate synthesis on double-stranded RNA 
(Weissmann et al. 1967). In the phage genome, the large proportion of RNA second-
ary structures ensures that the (+) and (−) strands do not anneal during replication 
and remain separate. To initiate RNA synthesis, the Qβ replicase does not require a 
primer but instead relies on a trinucleotide sequence CCA at the very 3′-terminus of 
the template (Chetverin and Spirin 1995). Intriguingly, tRNAs also have a CCA-3′ 
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sequence which is recognized by EF-Tu, and it was for once thought that the phage 
has hijacked this ability to recognize its own genome. However, high-resolution 
structures of the Qβ replicase complex captured in the initiation stage have shown 
that the 3′-terminus is recognized solely by the β subunit where the 3′-terminal 
adenosine is kept in position by multiple contacts with the protein and by stacking 
interactions with the penultimate C and its complementary GTP (Takeshita and 
Tomita 2012). This way, the 3′-adenosine serves as a stable platform to initiate the 
replication, which begins at the penultimate cytidine, and not the adenosine itself. 
Upon termination, the Qβ replicase adds a non-templated adenosine to the newly 
synthesized strand (Weber and Weissmann 1970). To ensure exponential amplifica-
tion, the original template thus needs to begin with GG so that the complementary 
strand ends with CCA and is able to guide the synthesis of another (+) strand.

A high degree of secondary structure and a sequence 5′-GG...CCA-3′, however, 
are not sufficient for an RNA molecule to serve as a good template for the Qβ 
replicase, and the recognition of the phage genome is considerably more complex. 
The Qβ genome has two internal sites, the S site and the M site, which are recognized 
by the replicase holoenzyme (Meyer et al. 1981). The S site is an approximately 
100-nucleotide-long uridine-rich stretch preceding the coat protein gene that is 
recognized by the S1 protein (Miranda et al. 1997). The S site is dispensable for 
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Fig. 13.4 RNA binding of the Qβ replicase. Left, the three-dimensional structure of the replicase 
complex. The phage-encoded catalytic β subunit (red) recruits three proteins, elongation factors 
EF-Tu (blue) and EF-Ts (green), and ribosomal protein S1 (yellow) from the host that together 
assemble into a holoenzyme complex. Right, a model for the genomic RNA recognition by the Qβ 
replicase. The S1 protein recognizes two internal sites in the Qβ genome (bottom), the S site 
(green) and the M site (violet). Two long-distance base-pairing interactions (orange/yellow) bridge 
the 3′-untranslated region of the genome to a nucleotide stretch nearby the M site, which constrains 
the genome in a particular conformation. Consequently, binding of the replicase-bound S1 protein 
to the genome positions its 3’-terminus in the active center of the β subunit
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replication but serves a role in coordinating the replication and translation of the 
genome. The coat protein gene does not have a canonical Shine-Dalgarno sequence 
to initiate translation and requires the ribosome-bound S1 protein to recruit the ribo-
some. This creates a situation where the S1 proteins from both the ribosome and the 
replicase complex compete for the same site in the genome. In the folded phage 
genome, the only translation initiation site that is available to ribosomes is that of 
the coat gene, while those of the other genes are buried in secondary structure and 
inaccessible (Van Duin and Tsareva 2006). Therefore, binding of the replicase com-
plex to the S site prevents ribosomes from translating the genome and grants it 
exclusive rights for of the (+) strand, which is of particular importance early in 
infection when it is much more beneficial to actively replicate the genome than 
translate a few existing copies. In addition, since the replicase has to constantly 
compete for the (+) strand whereas the complementary strands are always available 
for copying, the initiation rate on (−) strands is higher, which results in a favorable 
ten fold excess of the (+) strands (Chetverin and Spirin 1995). The M site is an about 
100-nucleotide-long branched stem-loop structure (Schuppli et al. 1998) within the 
replicase-coding sequence that is part of a bigger RNA structural domain called 
RD1. The M site is also recognized by the S1 protein (Miranda, Schuppli et  al. 
1997), but in contrast to the S site, its removal results in a drastic loss of template 
activity (Schuppli et al. 1998). The M site and the 3′-terminus are more than a thou-
sand nucleotides apart from each other but are brought in close vicinity by long- 
distance base-pairing that involves the 3′-untranslated region of the genome and a 
nucleotide stretch adjacent to RD1 (Klovins et  al. 1998; Klovins and van Duin 
1999). The S site is also apparently close to the M site in the folded genome, as both 
sites can be bound simultaneously by the S1 protein; the M site is bound primarily 
by the third OB domain (Takeshita et al. 2014), while the S site is bound most likely 
by the adjacent C-terminal OB domains. Thus, while the recognition of the genome 
by the replicase complex is arguably the most extensive of the known protein-RNA 
interactions in the ssRNA phages, the phage achieves this by a clever recruitment of 
the cellular S1 protein to exploit its RNA-binding capabilities. Binding of the 
replicase- constituent S1 protein to the M site apparently positions the complex in 
such a way that the 3′-terminus of the genome in brought into the active center of 
the β subunit which allows the RNA synthesis to be initiated (Fig. 13.4).

Another E.coli protein, “the host factor for Qβ” (hfq), has been identified that 
further enhances the replication of Qβ RNA (Franze de Fernandez et  al. 1968; 
Franze de Fernandez et al. 1972). Hfq is an abundant RNA-binding protein with 
several functions in the cell and directly binds to Qβ genome, where it presumably 
further increases the availability of the 3′-terminus to the replicase (Van Duin and 
Tsareva 2006). However, in contrast to the other bacterial proteins that the phage 
makes use of, the host factor is not essential for Qβ replication, and the phage can 
quickly adapt to grow without hfq by accumulating a few mutations in the genome 
(Schuppli et al. 1997; Schuppli et al. 2000).

The ssRNA phage replicases are among the most error-prone polymerases 
known, resulting in highly divergent sequences. Although much of what is learned 
from the Qβ replicase likely applies to other ssRNA phages, the differences in 
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genome and protein structure surely have an impact. This appears to hold true for 
even reasonably closely related phages, such as Qβ and another E.coli phage MS2. 
Although the MS2 genome contains both the 5’-CC and CCA-3′ sequences and the 
S and M sites, it is not recognized as a template by the Qβ replicase, and vice versa, 
the MS2 enzyme does not copy Qβ RNA (Haruna and Spiegelman 1965). The dis-
crimination is likely caused by differences in the complex three-dimensional struc-
ture of the two genomes, which are expected to only become more significant in 
increasingly distant ssRNA phages. Despite recent advances in the structural studies 
of the ssRNA phages, the molecular details of how the replicase binds to the whole 
genome are currently still unknown and await further investigations.

While the Qβ replicase is highly adapted to recognize and replicate the phage 
genome, there do exist other RNA molecules that the enzyme is capable of replicat-
ing. In Qβ-infected cells, a variety of shorter RNA molecules can be detected that 
had been derived from the Qβ genome, in some cases by recombination with cel-
lular RNAs (Munishkin et  al. 1988; Munishkin et  al. 1991; Moody et  al. 1994; 
Avota et al. 1998). These shorter RNAs do not seem to have any biological function 
and are considered as mere by-products of the replicase activity. As shorter RNAs 
take less time to replicate, they gradually outcompete the longer phage genome, 
which in the limited time of infection apparently does not cause issues for the phage 
but are nevertheless interesting to study in vitro. In the most famous experiment, the 
Qβ replicase was initially allowed to replicate the Qβ genome in vitro, the reaction 
products transferred to another tube with fresh Qβ replicase and nucleotides but no 
template, and the transfer was then repeated many times over. After 74 generations, 
an RNA molecule just 218 nucleotides, dubbed the “Spiegelman’s monster,” had 
emerged and was being replicated much better than the original phage genome 
(Kacian et al. 1972). Since then, many other artificial RNAs replicable by the Qβ 
replicase have been described (Van Duin and Tsareva 2006). Like the phage genome, 
these RNAs have the expected 5′-GG...CCA-3′ sequence and significant amounts of 
secondary structure, and apparently some kind of tertiary structure that has selected 
them as better templates than others. Some in vitro experiments had also suggested 
that the Qβ replicase can generate RNA spontaneously without any template, given 
only a mixture of nucleotides (Sumper and Luce 1975; Biebricher et  al. 1986; 
Biebricher and Luce 1993). However, later experiments have arrived at a general 
conclusion that the sometimes-observed template-free de novo RNA synthesis is an 
artifact caused by minute amounts of contaminating RNA, present in enzyme prepa-
rations, buffer solutions, labware, or even laboratory air (Chetverin et al. 1991).

 Coat Protein: RNA Interactions

 Repression of the Replicase Gene

The obvious function for the ssRNA phage coat protein is the formation of a protein 
shell that protects the genome during the extracellular stage of the phage life cycle. 
Yet another role for the coat protein, at least in a subgroup of the ssRNA phages, is 
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to regulate the translation of the replicase gene. The replicase is a characteristic 
early gene product that is required at the beginning of the infection, while later, 
when large amounts of phage RNA have been generated, it becomes beneficial to 
cease replication and switch to packaging of the genomes in new virus particles. In 
phage infected-cells, an observation can be made that as the amount of the synthe-
sized coat protein grows, the synthesis of the replicase enzyme correspondingly 
diminishes. Behind the regulatory mechanism is the specific binding of the coat 
protein to an RNA hairpin structure at the very beginning of the replicase gene, usu-
ally referred to as the “translational operator” or “translational repressor” (Gralla 
et al. 1974). The hairpin contains the initiation codon of the replicase gene, which 
upon binding to the coat protein becomes masked form ribosomes, which in turn 
downregulates the translation of the replicase gene (Weber 1976).

The coat protein RNA operator interaction in the ssRNA phage MS2 has been 
extensively studied genetically, biochemically, and structurally and is one of the 
best understood protein-RNA interactions to date. The coat protein consists of an 
N-terminal β-hairpin, a five-stranded β-sheet, and two C-terminal α-helices. In a 
coat protein dimer, the two monomers form a continuous ten-stranded β-sheet that 
in the assembled particle lines the interior of the capsid and forms the RNA-binding 
surface of the protein (Valegård et al. 1990). The MS2 operator is a 19-nucleotide 
long RNA hairpin, composed of a seven-base pair stem with a single unpaired ade-
nosine, and a four-nucleotide long loop. While the coat protein dimer is itself sym-
metric, the RNA operator binds asymmetrically across the RNA-binding surface 
(Fig. 13.5a), and each of the coat protein monomers interacts differently with the 
RNA.  In the MS2 operator, four nucleotides, A-10, A-7, U-5, and A-4 (the base 
numbering is relative to the adenosine in the replicase initiation codon), contribute 
to the specific binding, but the crucial determinants for the interaction are the 
unpaired A-10 adenosine in the hairpin stem and the A-4 in the loop, which dock 
into two adenine-recognition pockets in the coat protein dimer (Valegård et  al. 
1994). Both pockets are identical, each formed by one of the coat protein mono-
mers, but the interaction with the adenine bases is different in each pocket 
(Fig. 13.5b, c). The protein-RNA interaction is further stabilized by continuous aro-
matic stacking that via the A-7 and U-5 bases in the loop extends from the RNA 
stem to a tyrosine side chain in the coat protein. The sugar-phosphate backbone also 
makes extensive sequence-nonspecific interactions with the protein.

A lot of effort has been put toward characterizing many different MS2 operator 
variants to determine the exact contribution of the RNA bases for the binding inter-
action. For example, substitution of the U-5 base in the hairpin loop with a cytidine 
increases the coat protein-RNA affinity about 50-fold (Lowary and Uhlenbeck 
1987). A crystal structure of the “C-variant” complex revealed that while the coat 
protein-operator interactions are essentially identical to the wild-type, the C-5 forms 
an additional intramolecular hydrogen bond in the RNA that stabilizes the operator 
structure and is apparently responsible for the tighter binding (Valegård et al. 1997). 
Several other structures with substitutions at the −5 position have been determined, 
with a general conclusion that the existence of the base stack itself is much more 
important than the identity of the bases (Grahn et al. 2001). In one case, a substitution 
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of the −5 uracil with pyridin-4-one led to dramatic conformational rearrangements 
in the loop that caused the unnatural base to face away from the protein, but the 
stacking interaction with the tyrosine was still preserved by the neighboring U-6 
base (Grahn et al. 2000). Substitutions at the −10 and −7 positions have likewise 
been tested, with a consensus that the loop is more important for binding than the 
unpaired base in the stem, but regardless the lower affinity, the coat protein is able 
to accommodate a wide variety of hairpin variants with only minor structural adjust-
ments (Helgstrand et al. 2002).

The coat protein-RNA interactions have also been studied for several other 
ssRNA phages, albeit in much less detail compared to MS2. Bacteriophage PRR1 
has an operator hairpin similar to MS2, except that it has a five- instead of a four- 
nucleotide loop. A crystal structure of the PRR1 coat protein-operator complex 
showed that the interaction, unsurprisingly, is almost identical to that of MS2 

Fig. 13.5 RNA binding of the MS2 coat protein. (a) The overall RNA-binding mode. The coat 
protein dimer (light green/light orange as of the two monomers) binds to a hairpin structure (black) 
in the phage genome with high affinity. Four nucleotides (colored) are involved in the specific 
interaction. (b, c) A close-up view of the coat protein-RNA complex. Interactions around the 
unpaired adenosine in the hairpin stem (b) and the hairpin loop (c) are shown in the same colors as 
in (a)
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(Persson et al. 2013). The structure of the coat protein-RNA complex from bacterio-
phage Qβ turned out to be more interesting (Rumnieks and Tars 2014). The Qβ 
operator is rather different from that of MS2 with a three-nucleotide loop and the 
bulged adenosine at a different location relative to the loop (Fig. 13.6). Despite the 
differences, the overall RNA-binding mode of the MS2 and Qβ coat proteins is 
similar, and the Qβ adenine-binding pockets are almost identical to those of MS2. 
In the hairpin loop, the A + 8 in Qβ and A-4 in MS2 operators make virtually identi-
cal interactions with one of the pockets, but the other adenine-binding pocket, which 
in MS2 is occupied by the bulged A-10, is empty in Qβ. Instead, the unpaired 
A + 1  in the Qβ operator makes a stacking interaction with a tyrosine residue, a 
mechanism that has not been observed in other ssRNA phages to date. The A + 8 
adenine in the hairpin loop is the only sequence-specific requirement for the coat 
protein-RNA interaction in Qβ, while the identity of the other nucleotides in the 

Fig. 13.6 Coat protein-RNA operator interactions in different ssRNA phages. Top, three- 
dimensional structures of phage MS2, Qβ and PP7 coat protein-operator complexes. The protein is 
colored in green/yellow as of the two monomers, and the bound operator is shown in light gray. A 
bulged adenosine that is present in all of the operator stems is indicated in blue, and another ade-
nosine in the hairpin loop that is important for the interaction in red. The corresponding operator 
sequences are presented below the structures. The numbering of the bases is relative to the initia-
tion codon of the replicase gene (green box)
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loop, as well as the presence of the unpaired base in the stem, is dispensable for the 
interaction (Lim et al. 1996). Despite the seemingly lower specificity, the Qβ coat 
protein is still able to discriminate in favor of its cognate operator and binds it with 
a comparable strength to the other studied ssRNA phages. For strong binding to the 
Qβ coat protein, the RNA hairpin requires a three-nucleotide loop and an eight-base 
pair-long stem (Witherell and Uhlenbeck 1989). Compared to MS2, where virtually 
all of the protein-RNA contacts are located in the region between the bulged ade-
nosine and the loop, in Qβ a significant proportion of the interactions involve the 
lower part of the stem, which explains the greater length dependence for the 
RNA. Binding of a three-nucleotide loop with an adenosine in the 3′-most position 
orients the lower part of the RNA helix at a favorable position for interacting with 
the distant RNA-binding residues, while a four-nucleotide loop and an unpaired 
base at an MS2-like position would position the RNA stem differently, resulting in 
weaker binding.

The replicase operator in bacteriophage PP7 is markedly different from the other 
studied ssRNA phages, with a six-nucleotide loop and a bulged adenosine four 
nucleotides prior to the loop (Fig. 13.6). The interaction of the operator with the PP7 
coat protein is also very distinct from that of the other phages (Chao et al. 2008). 
The PP7 interaction relies mostly on sequence-specific interactions between the 
RNA and the protein (Lim and Peabody 2002) and involves a total of four bases. 
Similarly to MS2, the unpaired adenosine in the PP7 operator stem and another one 
in the loop bind to two symmetrical adenine-recognition pockets on the coat protein 
surface. However, the pockets are unrelated to those of MS2 and are located in a 
completely different position on the dimer surface. Similar to other phages, also in 
the PP7 complex, two bases in the hairpin loop continue the base stack from the 
RNA stem. However, the stack interacts with the protein via a van der Waals interac-
tion with a valine residue, and not via another stacking interaction with an aromatic 
residue as in the other phages.

The different phages thus show a remarkable variation of how the specificity of 
the coat protein-RNA interaction is achieved, from several base-specific interac-
tions in PP7 to a recognition mechanism based largely on the RNA backbone orien-
tation in Qβ. Besides the aromatic stacking that extends to the hairpin loop and a 
functionally conserved binding of a single adenine base in the loop, there appear to 
be no other common themes in the ssRNA phage coat protein-operator complexes. 
Still, from the currently available data, two distinct coat protein-RNA-binding 
modes can be recognized; the first shared by phages MS2, PRR1, and Qβ and the 
other observed in the PP7 phage. The ssRNA phage coat protein-RNA interaction is 
a good example for a coevolution of protein and RNA structure, as changes in one 
of the components have to be complemented with corresponding changes in the 
other to maintain the binding. While it seems reasonable to assume that the MS2/Qβ 
and PP7 RNA-binding modes are evolutionary related, they are very distinct, and it 
is difficult to envision a common ancestor and a step-by-step transition to the two 
RNA binding modes. It is perhaps worth mentioning that the coat protein- 
replicase operator interaction is not critical for the phage, as mutants with a  
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nonfunctional operator are still viable and only marginally less fit that the wild type 
(Peabody 1997; Licis et  al. 2000). In addition, despite multiple experimental 
attempts, there is currently no evidence suggesting that an analogous interaction 
exists in the more distantly related phages AP205 and Cb5. Therefore, it appears 
that there might not be a very high pressure for the phage to conserve the interac-
tion, and possibly, the coat protein-mediated replicase repression exists in only a 
subgroup of the ssRNA phages. It also cannot be excluded that the interaction has 
arisen more than once in different phage lineages, which might be case for the MS2/
Qβ and PP7 RNA recognition mechanisms.

 Interactions with the Genome in Virus Particle

The main function of the coat protein, the formation of a protein shell around the 
genome, also involves RNA binding. While the replicase operator hairpin is appar-
ently the highest-affinity binding site for the coat protein, the protein is able to bind 
many different RNA stem-loops with lower affinity, which has been extensively 
characterized both biochemically and structurally. It was therefore obvious to sus-
pect that besides the replicase operator, a number of other genomic RNA structures 
bind to the coat protein inside the capsid, which a protein-RNA cross-linking study 
using MS2 virions confirmed experimentally. The study found more than 50 poten-
tial coat protein-binding sites in the genome, most of which were clearly predicted 
to form a hairpin structure (Rolfsson et  al. 2016). In a subsequent technological 
breakthrough, a medium-resolution asymmetric cryo-EM reconstruction of the 
MS2 bacteriophage allowed for the first time to directly visualize the genome inside 
the virion (Koning et al. 2016). The structure confirmed that the genome adopts a 
unique three-dimensional structure in the virus particles and allowed individual 
interactions between parts of the genome and the virion proteins to be identified. In 
total, 44 RNA hairpins and 33 double-stranded RNA regions were resolved that 
were in contact with the coat protein, while only 9 dimers did not have a nearby 
RNA density. Later, a higher resolution 3D reconstruction of the MS2 virion fol-
lowed that identified more than 50 RNA hairpins in contact with coat protein, most 
of which contacted the dimers at the loop region (Dai et al. 2017). Fifteen of the coat 
protein-interacting stem-loops could be modeled at atomic resolution and turned out 
to be rather different in sequence and structure, directly demonstrating the flexibil-
ity of the coat protein in biding different RNA structures. Most of the coat protein- 
binding hairpins in the genomic RNA turned out to be asymmetrically distributed 
and predominantly located in the vicinity of the maturation protein, including the 
high-affinity replicase operator and two adjacent RNA stem-loops. The multiple 
interactions between the coat protein and hairpin structures in the genome thus lead 
to a model where they serve as packaging signals that together with the maturation 
protein help to recognize the genome and form a nucleation center for virion assem-
bly, discussed in more detail in the next section.
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 Practical Applications

Besides a purely scientific interest, the ssRNA phage coat proteins and their RNA- 
binding properties have found a number of different applications, a significant pro-
portion of which make use of ssRNA phage virus-like particles (VLPs). When a 
cloned coat protein gene is expressed in bacteria, the protein, without the need for 
the maturation protein or the genome, assembles into shells morphologically very 
similar to phage capsids (Kastelein et al. 1983; Kozlovskaya et al. 1986; Peabody 
1990; Kozlovska et al. 1993). The resulting VLPs package significant amounts of 
cellular RNA in a largely nonspecific manner, probably via binding to different 
stem-loops in bacterial ribosomal and messenger RNAs (Pickett and Peabody 
1993). A major area where the ssRNA phage VLPs are being explored is their use 
as antigen carriers in vaccine development (see Pumpens et al. 2016 and Jennings 
and Bachmann 2008 for reviews), and the RNA contained in the particles may acti-
vate toll-like receptors TLR3 and TLR7 that result in an enhanced immune response. 
The VLPs can also be obtained in vitro by mixing purified coat protein dimers and 
any heterologous RNA (Hohn 1969), which allows to package specific RNA mole-
cules into the particles. The capsid formation can also be triggered using DNA 
instead of RNA, which allows to package short sequences of interest such as CpG- 
containing oligonucleotides into the VLPs to raise a TLR9-enhanced immune 
response (Bachmann et al. 2003).

A somewhat related application for ssRNA phage VLPs involves the generation 
of peptide display libraries using a modified version of the MS2 coat protein 
(Peabody et al. 2008). The method makes use of a surface-exposed region of the 
MS2 coat protein called the AB loop, which can tolerate short amino acid insertions 
without compromising its ability to assemble into VLPs. In a specifically designed 
vector, a randomized oligonucleotide library is ligated in-frame the AB loop, result-
ing in many bacterial clones each producing VLPs with a different peptide exposed 
on their surface. Crucially, upon assembly, the VLPs always package some coat 
protein mRNA into the particles, which is abundant in the cell due to the vector- 
driven overexpression. After affinity selection, the RNA contents of the target- 
bound VLPs are extracted, coat protein mRNAs amplified using reverse transcription 
PCR, and the corresponding peptide sequences recovered using DNA sequencing.

The high-affinity coat protein-operator hairpin interaction has been further 
employed to produce “armored” RNAs. Various diagnostic assays and other appli-
cations often require specific RNA sequences as controls, but due to the ubiquitous 
presence of ribonucleases in the environment, it is notoriously hard to avoid RNA 
degradation when working with naked RNA. In the armored RNA technology, the 
RNA of interest is engineered to contain an MS2 operator hairpin which is then 
produced in bacteria together with the MS2 coat protein (Pasloske et al. 1998). Due 
to the high specificity of the interaction, the VLPs that are assembled contain a high 
proportion of the operator-tagged RNA molecules inside the particles. Once the 
particles are assembled, the RNA is sealed from the surrounding environment, and 
the VLPs can then be easily purified using standard protein purification methods 
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without worrying about RNA degradation. The MS2 VLPs are very stable and can 
be stored for prolonged periods of time without special precautions. The armored 
RNA technology has been commercialized by Asuragen and is reviewed in detail in 
Mikel et al. 2015.

The specific coat protein RNA binding is also used as a research tool in molecu-
lar biology to identify or track RNA-protein interactions (see Jazurek et al. 2016 for 
a review). The MS2-BioTRAP method is used for identifying RNA-binding pro-
teins (Bardwell and Wickens 1990; Tsai et al. 2011). The RNA of interest is tagged 
with tandem repeats of the MS2 replicase hairpin and co-expressed with a modified 
MS2 coat protein harboring an HB-tag which gets biotynilated in vivo. As a result, 
the RNA gets decorated with biotynilated MS2 coat protein dimers and can be cap-
tured from a cell extract using streptavidin-coated beads. Proteins bound to the 
RNA of interest can then be stripped off and identified using mass spectrometry or 
other suitable technique. A related approach can be used to track RNA molecules of 
interest in living cells. The RNAs are likewise tagged with MS2 operator stem- 
loops, but the MS2 coat protein is fused with a fluorescent tag such as the green 
fluorescent protein. The RNAs can then be imaged in confocal fluorescent micros-
copy to follow the tagged RNAs throughout the cell (Bertrand et  al. 1998). The 
distinct specificities of the MS2 and PP7 coat proteins also allow tracking of two 
different RNA molecules simultaneously using different fluorescent tags.

 Maturation Protein-RNA Interactions

The maturation protein, sometimes referred to as the “A” or “A2” protein in differ-
ent ssRNA phages, is the least understood of the phage proteins. The maturation 
protein binds to the genomic RNA and gets incorporated into the capsid along with 
it, where it later serves as an attachment protein that mediates the binding of the 
virion to bacterial pili and genome ejection and entry into the host cell. All of the 
known ssRNA phage maturation proteins are insoluble in an isolated form which 
has greatly hampered their studies, and for many decades, molecular details explain-
ing how the maturation protein accomplishes any of its different functions had 
remained unknown. However, a recent high-resolution crystal structure of the matu-
ration protein from bacteriophage Qβ (Rumnieks and Tars 2017) and medium- to 
high-resolution asymmetric cryo-EM reconstructions of whole MS2 (Dai et  al. 
2017) and Qβ (Gorzelnik et al. 2016) virions are finally starting to provide some 
answers about how the ssRNA phage maturation proteins look like and function.

The structural studies have revealed that the ssRNA phage maturation proteins 
have a rather peculiar highly elongated and bent shape and incorporate into the 
virion by taking place of a single coat protein dimer in the otherwise symmetrical 
protein shell (Fig. 13.2a). The maturation protein has a roughly globular α-helical 
part that faces the capsid interior and an elongated, relatively flat β-part that inter-
acts with the coat protein and points away from the particle at a shallow angle. In 
phages MS2 and Qβ, both the coat and maturation proteins have approximately 20% 
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sequence identity, but while the coat protein structure in the two phages is very simi-
lar, the same does not hold true for the maturation proteins. Among the two proteins, 
only the core four-helix bundle of the α-helical region is clearly conserved, while 
the differences in other parts of the proteins are often too large for a reliable struc-
tural alignment. The structure of more distantly ssRNA phage maturation proteins 
is presumably even more distinct, although all of them probably have an inward- 
facing α-helical part and a surface-exposed β-region, as suggested by secondary 
structure predictions.

Like the other ssRNA phage proteins, also the maturation protein is a specific 
RNA-binding protein, and the high-resolution cryo-EM structure of the MS2 virion 
provides the first detailed look for any ssRNA phage at how the maturation protein 
binds to the RNA (Dai et al. 2017). The interaction between the MS2 maturation 
protein and the genome is rather extensive and involves two distinct RNA-binding 
surfaces on the protein and four regions in the genome (Fig.  13.7a–c). The first 
RNA-binding surface is located toward the distal part of the α-helical region and 
makes contact with two double-helical hairpin stems in the replicase coding region. 
The interaction is sequence-nonspecific and involves electrostatic interactions 
between the sugar-phosphate backbone and positively charged residues. The other 
RNA-binding surface is located around the central part of the protein and is com-
posed of a portion of the central β-sheet and an adjacent part of the α-helical region. 
It binds two hairpins in the 3′-untranslated region of the genome, the first of which 
is very short and poorly defined in the structure, while the other is the very 3′-termi-
nal hairpin where the interaction is clearly sequence-specific. Interestingly, binding 
of the 3′-terminal hairpin is accomplished cooperatively between the maturation 
protein and two adjacent coat protein dimers (Fig. 13.7d), and a small part of the 
RNA hairpin is directly exposed to the exterior of the virion (Fig. 13.7e).

The MS2 virion structure also provides important clues about the possible 
assembly pathway of the virus particle. The loop of the 3′-terminal helix contains a 
sequence CUGCUU that is fairly conserved among different RNA phages. In the 
MS2 virion, this sequence forms the stretch that is bound cooperatively by the matu-
ration protein and two adjacent coat protein dimers and is partly exposed on the 
virion surface. In the Qβ genome, the nucleotide stretch in the 3′-terminal hairpin 
loop has been shown to form a pseudoknot with a sequence within the replicase 
coding region, the disruption of which abolishes replication (Klovins and van Duin 
1999). The likely explanation for this is that the pseudoknot together with another 
nearby long-distance interaction positions the M site in an orientation that allows 
the relpicase complex to bind to the genome and initiate replication. It is not clear 
whether an equivalent pseudoknot is formed in the MS2 genome, but binding of the 
maturation protein to the 3′-terminal hairpin clearly renders the nearby 3′-terminus 
of the genome inaccessible to the replicase and prevents its replication. The  cryo- EM 
structures also revealed that a higher proportion of the stem-loops that bind to the 
coat protein are located close to the maturation protein compared to the opposite 
side of the particle. In particular, three adjacent RNA stem-loops were resolved in 
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Fig. 13.7 Interactions between the maturation protein and the genomic RNA. (a) The MS2 matu-
ration protein has a banana-like shape and consists of an α-helical and a β-stranded region. On the 
electrostatic surface of the protein, two distinct positively charged areas are present that form the 
two RNA-binding regions of the protein. (b) A cut-away view of the MS2 virion. The maturation 
protein (light orange in all panels) is partially exposed on the virion surface and makes contact both 
with the coat protein (gray) and the genome (red). (c) Parts of the MS2 genome in contact with the 
maturation protein. The protein binds to four distinct RNA stem-loops in the genome (colored). Of 
these, only binding to the 3′-terminal hairpin (red) is sequence-specific. (d) A close-up view of the 
interaction with the 3′-terminal hairpin. The hairpin (red) is bound cooperatively by the maturation 
protein and two neighboring coat protein dimers (green). In the crevice between the maturation and 
coat proteins, the RNA is partly exposed onto the virion surface (e)
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the MS2 genome that bind to coat protein dimers nearby the maturation protein, 
among those the high-affinity replicase operator. Together, these observations 
suggest that binding of the maturation protein and two coat protein dimers to the 
3′-terminal hairpin likely forms the nucleation center that marks the genome for 
packaging in new virus particles, and nearby high-affinity stem-loops then recruit 
more coat protein dimers that result in a rapid formation of a protein shell around 
the genome.

Together with the high-resolution crystal structure of the Qβ maturation protein, 
the currently available medium-resolution cryo-EM structure of the Qβ virion 
(Gorzelnik et al. 2016) allows to explore some of the maturation protein-RNA inter-
action also in this phage. Like MS2, also the Qβ maturation protein has two distinc-
tive RNA-binding regions located similarly as in the MS2 protein (Rumnieks and 
Tars 2017). The α-helical region likewise binds several double-helical features in 
the genome, and the central RNA-binding surface interacts with a single long RNA 
hairpin, but due to the limited resolution, it is not possible to tell if it this is also the 
3′-terminal one like in MS2. The long hairpin approaches the Qβ maturation protein 
from a different direction, and while it also appears to make contacts with a nearby 
coat protein dimer, these are not nearly as extensive as in MS2. In Qβ, also no part 
of the genome becomes exposed to the outer surface of the particle, as the corre-
sponding gap in the virion is plugged by the N-terminal part of the maturation pro-
tein that is folded differently than in MS2. Thus, while the non-atomic resolution of 
the Qβ virion map certainly leaves a room for interpretation errors, the RNA binding 
of the Qβ maturation appears to be sufficiently different from that of MS2, again 
suggesting that there might be little conservation and the RNA binding is likely even 
more distinctive for increasingly further related phages.

 Concluding Remarks

It has become increasingly clear that the genetic material of an organism, or a virus, 
cannot be considered merely as the storage medium for encoding its proteins, and 
rarely it is more evident than in the case of the ssRNA bacteriophages. Here, the 
genome is the most central figure that via its complex and dynamic three- dimensional 
shape orchestrates the phage and host proteins to get replicated and propagated. The 
story of the phage life cycle is, for the most part, a story of RNA structure and dif-
ferent protein-RNA interactions.

The recent asymmetric cryo-EM reconstructions of ssRNA phage virions have 
been a major breakthrough that has allowed for the first time to directly visualize the 
genome inside their particles, reveling its complex and folded three-dimensional 
structure. We are now closer than ever to a truly molecular-level understanding of 
the small RNA phages, but there is certainly still much substance for further studies. 
Among other things, there are some blank spots left of how the ssRNA phage 
 replicases recognize the genomic RNA, and virtually nothing is known about the 
molecular mechanism of how the maturation protein guides the genome into the 
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host cell. Furthermore, due to the advances in modern sequencing technologies, the 
true ssRNA phage diversity in nature is just being discovered, which stretches far 
beyond the few model phages on which almost all of our current understanding of 
these viruses is built. Surely, many more protein-RNA interactions await their dis-
covery and exploration.
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Chapter 14
The Bacteriophage Head-to-Tail Interface

Paulo Tavares

 Background

The vast majority of viruses that infect bacteria (phages or bacteriophages) are 
formed of an icosahedral capsid (or head) and of a tail (Ackermann 2012). This 
structural organization of bacteriophage particles (or virions) was retained through-
out evolution as a highly successful solution for viral infection of bacteria. The 
function of the capsid is to protect the viral double-stranded DNA (dsDNA) genome. 
The tail is the device that allows selective recognition of the host surface and deliv-
ery of the viral genome from the capsid to the cytoplasm interior. Tailed phages 
(order Caudovirales) can be divided in three families according to their tail mor-
phology: short tail (Podoviridae), long non-contractile tail (Siphoviridae), and long 
contractile tail (Myoviridae).

The virions of tailed phages species are complex nucleoprotein complexes. They 
are structurally related and follow a similar assembly pathway to build particles of 
homogeneous size and shape amounting for several dozens of megadaltons 
(Fig. 14.1A) (Casjens and Hendrix 1988; Krupovic and Bamford 2011; Abrescia 
et al. 2012). An icosahedral procapsid (or prohead) is assembled first featuring a 
specialized vertex characterized by the presence of the portal protein (Fig. 14.1). 
Procapsid assembly likely initiates at this vertex. This ensures the asymmetric 
incorporation of the portal in the icosahedral lattice (Bazinet and King 1985; Dröge 
et al. 2000; Newcomb et al. 2005; Fu and Prevelige 2009; Motwani et al. 2017 and 
references therein). The dodecameric portal structure is organized around a central 
channel through which dsDNA enters and exits the viral capsid. The portal vertex 
provides the docking point for the viral terminase-phage DNA complex leading to 
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Fig. 14.1 Virion assembly pathway and the head-to-tail interface structure. (A) Assembly path-
way of a siphovirus and DNA ejection. The different proteins engaged in assembly are identified 
by their common name or abbreviations (MHP, major head (or capsid) protein; SP, scaffolding 
protein; TerS, terminase small subunit; TerL, terminase large subunit; HAP, head auxiliary 
protein(s); HCP, head completion protein(s); Dit, distal tail protein; MTP, major tail protein; TMP, 
tape measure protein; TCP, tail completion protein(s)). Note that the tail tip represented is the 
adsorption apparatus found in phages like λ or SPP1, but this part of the virion exhibits great diver-
sity in morphology and complexity among siphoviruses (see text). The connector and the head-to-
tail interface (HTI), or neck, are labeled in the figure. Their components are identified in the phage 
particle cartoon by a color code that is used in the following figures to reflect structural homology: 
portal protein in blue, SPP1 gp15-like adaptors in magenta, SPP1 gp16 - λ gpFII-like proteins in 
green, and λ gpU - SPP1 gp17-like tail-head joining proteins (THJPs) in dark red. The first three 
groups of proteins are connector components, while THJPs are tail completion proteins. 
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assembly of the DNA packaging motor. Terminases are normally composed of two 
types of subunits, the small subunits TerS that bind to the viral DNA and the large 
subunits (TerL) that have endonuclease and ATPase activities (Rao and Feiss 2015). 
The packaging motor translocates the dsDNA to the procapsid interior energized by 
the TerL ATPase activity. Expansion of the procapsid to the larger, more angular, 
capsid form increases its internal space available for DNA packing. At the late 
stages of genome packaging, the DNA concentration inside the capsid can reach 
~500 mg/mL (Chemla and Smith 2012). The resulting tight packing of DNA helices 
in the capsid confined space generates strong forces that exert pressures above 
6 MPa on the capsid structure (Smith et  al. 2001) and resist DNA entry. Forces 
stronger than 100 pN were estimated to be applied by the motor to translocate DNA 
into the capsid at the late stages of DNA packaging (Chemla and Smith 2012). This 
energy-driven strategy to package DNA optimizes the amount of genetic informa-
tion transported by the viral particle. Furthermore, the forces generated by the tight 
DNA confinement state likely play a critical role to drive initiation of DNA entry in 
the host cell (Evilevitch et al. 2003; São-José et al. 2007).

With the exception of phages of the ϕ29 group that package genome unit-length 
DNA molecules (Morais 2012), termination of viral genome packaging results from 
an endonucleolytic cleavage of the viral DNA concatemeric substrate by TerL. This 
cut, which can be either sequence-specific or sequence-independent, defines the size 
of packaged DNA (Tavares et al. 2012). The terminase-viral DNA complex then 
departs to bind another procapsid to initiate a new encapsidation cycle. Disassembly 
of the DNA packaging motor at the end of packaging is coordinated with closure of 
the portal channel. Retention of the packaged DNA in the capsid can be achieved by 
a structural change in the portal protein, as reported for phage T3 (Donate et al. 
1988 and references therein). However, in most phages, the binding of head comple-
tion proteins seals the portal. The structure formed by the portal protein and these 
proteins is named connector1 (Fig. 14.1; Lurz et al. 2001; Orlova et al. 2003).

The connector provides an interface for attachment of tail components that yield 
the mature infectious particles with short tails, the podoviruses (Casjens and 
Molineux 2012). In contrast, siphoviruses and myoviruses build long tails in an 
independent assembly pathway. Their assembly starts by building of an adsorption 
apparatus for recognition of the host cell surface receptors. This apparatus provides 

1 Note that some authors use the term connector as synonymous to portal protein.

Fig. 14.1 (continued) The bacterial receptor that triggers DNA release from the virion is depicted 
in brown. The bars on top of the figure represent the common assembly steps of herpesviruses, 
tailed phages, and phages with long tails (see Sect. “Principles of Assembly and the Limited 
Diversity of Phage Head-to-Tail Interfaces”). (B) Crystallographic structure of phage P22 connec-
tor sub-complex portal gp1-adaptor gp4 (Olia et  al. 2011). Two subunits of each oligomer are 
colored according to the code in (A) to highlight the alternate pattern of gp1 and gp4 subunits 
along the structure height. The long helical barrel of gp1 (Olia et  al. 2011) is not shown. (C) 
CryoEM structure of phage SPP1 head-to- tail interface formed by the connector proteins gp6 
(portal), gp15 (adaptor), gp16 (stopper), and the tail completion protein gp17 (THJP) (Chaban 
et al. 2015). Two subunits of each protein are highlighted with the exception of gp17 for which a 
single subunit is colored
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a platform for assembly of the tail tube that is built by helical polymerization of the 
major tail protein around a tape measure template. The size of the tape measure 
protein determines the tail tube length (Katsura 1987). The tube is surrounded by a 
contractile sheath in myoviruses. Long tails are tapered by tail completion proteins 
that build the interface for attachment to the capsid connector, the final assembly 
step that yields the infectious virion. The structure formed by the connector and the 
tail completion proteins is named neck or head-to-tail interface (Fig. 14.1). Here we 
review its components, structural organization, assembly, and the mechanisms how 
the interface reversible gates the viral DNA in infectious particles. Reviews on 
related topics are available for phage structure (Veesler and Cambillau 2011; Aksyuk 
and Rossmann 2011; Fokine and Rossmann 2014), portal proteins (Cuervo and 
Carrascosa 2011), phage DNA packaging (Rao and Feiss 2015), connector assem-
bly and function (Tavares et al. 2012), and tail assembly of podoviruses (Casjens 
and Molineux 2012), siphoviruses (Davidson et al. 2012), and myoviruses (Leiman 
and Shneider 2012).

 Structure of the Head-to-Tail Interface Components

 Portal Protein

Portal proteins are cyclical dodecamers (Fig. 14.1B,C) localized at a single fivefold 
vertex of the capsid from tailed phages and herpesviruses. Their subunits have very 
different amino acid sequences and show large variation in molecular mass (from 
36  kDa in phage ϕ29 to 83  kDa in phage P22 (Cuervo and Carrascosa 2011)). 
However, they all share a common core structure, typified by the “minimal” fold of 
gp10 from phage ϕ29, and assemble to a turbine-like dodecamer found in phage 
particles, indicating a common phylogenetic origin. Atomic models were reported 
for the portal proteins of podovirus ϕ29 (Simpson et al. 2000; Guasch et al. 2002), 
siphovirus SPP1 (Lebedev et al. 2007), podovirus P22 (Olia et al. 2011; Lokareddy 
et al. 2017), myovirus T4 (Sun et al. 2015), siphovirus G20c (Cressiot et al. 2017), 
and for a phage element encoded by the Corynebacterium diphtheriae genome 
(Tavares et al. 2012) (Fig. 14.2A).

Portal structures can be subdivided into the clip, stem, wings, and crown regions 
(Fig. 14.2A). The clip has an α/β fold that intertwines the portal subunits stabilizing 
the overall portal oligomer structure. This region is exposed to the procapsid and 
capsid exterior, providing the interface for interaction with the terminase in the 
DNA packaging motor and for the subsequent binding of head completion proteins 
(Simpson et al. 2000; Lhuillier et al. 2009; Olia et al. 2011; Chaban et al. 2015; Sun 
et al. 2015). The clip is connected to the wing and crown domains by the stem heli-
ces that cross the capsid lattice, as shown for phage P22 (Chen et al. 2011). While 
the clip and stem are highly conserved among portals, the wings and crown exhibit 
considerable variation in size and complexity (Fig. 14.2A). The wings are individu-
alized lobular domains that protrude outward from the stem conferring the portal its 
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Fig. 14.2 Gallery of single subunits or non-assembled monomers of connectors (see text for 
details). The connectors of siphoviruses and myoviruses are formed by three stacked rings of dif-
ferent homo-dodecamers as illustrated in Fig. 14.1C: (A) portal, (B) λ gpW stopper or SPP1 gp15- 
like adaptor, and (C) λ gpFII-SPP1 gp16-like protein. The portal protein domain organization is 
shown in (A) for podophage P22 gp1. The orientation of the phage P22 gp4 adaptor relative to the 
portal is shown (see Fig.  14.1B). The PDB access codes of the structures are shown within 
brackets
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turbine appearance with a defined handedness. The crown α-helical structure formed 
by the portal carboxyl terminus is small in phage ϕ29, more elaborated in phages 
SPP1, T4, and G20c, while an imposing ~200-Å-long α-helical barrel is found in 
the portal of phage P22 and its relatives. These differences might reflect the devel-
opment of specialized functions related to the crown close contact with the pack-
aged DNA. In case of phage SPP1, the crown was found to move downward in a 
mutant affecting the sensor system that measures the amount of DNA packaged 
inside the capsid (Orlova et al. 1999). The long crown barrel protruding to nearly the 
capsid centre of phage P22 was proposed to play roles organizing the packaged 
DNA in the capsid and as sensor of DNA headfilling (Olia et al. 2011). Furthermore, 
mutational studies showed that shortening of the P22 barrel leads to properly assem-
bled virions that are noninfectious, revealing a function during initiation of phage 
infection (Tang et al. 2011).

 Head Completion Proteins: Adaptors and Stoppers

Head completion proteins bind sequentially to the portal dodecamer after termina-
tion of genome encapsidation to prevent release of the tightly packed DNA from the 
viral capsid. They are distinguished as adaptors when they extend the portal chan-
nel or stoppers if they reversibly close it. This functional classification is based on 
the phenotype of phage particle assembly intermediates that accumulate in cells 
infected with mutants defective in the production of a specific head completion 
protein. Characterization of such intermediates allowed defining the sequential 
order of adaptors and stoppers binding to the portal system as exemplified, for 
example, in studies with phage SPP1 (Lurz et al. 2001; Orlova et al. 2003). Cryo- 
electron microscopy (cryoEM) reconstructions of virions or of their subassemblies 
provided a glimpse of the head completion proteins positioning in the head-to-tail 
interface in several phages (reviewed in Johnson and Chiu 2007; Veesler and 
Cambillau 2011; Casjens and Molineux 2012). High-resolution structures, obtained 
either by NMR or X-ray crystallography, identified four different families of head 
completion proteins so far.

The first family includes siphovirus SPP1 gp15, siphovirus HK97 gp6, podovirus 
P22 gp4, and a protein encoded by the skin phage element of the Bacillus subtilis 
genome (magenta in Fig.  14.2B). The first three proteins are adaptors that bind 
directly to the portal protein (Fig. 14.1B, C). They are formed by an α-helical bun-
dle from which emerge mobile loops (Lhuillier et al. 2009) and have a flexible car-
boxyl terminus as found for HK97 gp6 (Cardarelli et al. 2010a) and P22 gp4 (Olia 
et al. 2011). These flexible regions are stabilized during connector assembly.

The second family features siphovirus λ gpW. GpW is a connector component 
that likely binds directly to the portal protein (Gaussier et al. 2006; Cardarelli et al. 
2010b) and acts as a stopper to prevent leakage of packaged DNA from the λ capsid 
(Perucchetti et al. 1988). The monomer has two α-helices separated by a β-hairpin 
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and an unstructured carboxyl terminus that is essential for function (orange in the 
left of Fig. 14.2B) (Maxwell et al. 2000, 2001; Sborgi et al. 2011).

The third family includes proteins that are conserved among a large number of 
siphoviruses and myoviruses. Structures were determined for λ gpFII (Maxwell 
et  al. 2002), SPP1 gp16 (Lhuillier et  al. 2009), PBSX XkdH, prophage Gifsy-2 
STM1035, and SF1141 encoded by a phage element of the Shigella flexneri 2a 
genome (Fig. 14.2C). They have a common β-barrel fold and several highly mobile 
loops that participate in assembly reactions. Studies on SPP1 gp15 and λ gpFII 
showed that they are positioned similarly in the connector to terminate its assembly 
and to provide an interface for tail attachment. GpFII binds to the gpW stopper to 
build the connector region of interaction with the λ tail (Casjens et  al. 1972; 
Cardarelli et al. 2010b). SPP1 gp16 has the additional function of acting as a stopper 
after binding to the gp15 adaptor protein before participating in the connector-tail 
joining reaction (Lurz et al. 2001; Orlova et al. 2003) (see also Sect. “Assembly and 
Function of the λ gpFII - SPP1 gp16 Family of Head Completion Proteins”).

The fourth family is represented by podovirus P22 gp26 that has a needle like 
structure very different from the other proteins described previously in this section. 
Gp26 is a homo-trimeric 240 Å-long fiber whose two coiled coils are interrupted by 
a triple β-helix (Fig. 14.3). Although the composition and length of phage needles 
vary significantly within this large family of proteins, possibly reflecting diversity 
for interaction with different hosts, the amino terminus is highly conserved. This 
domain was proposed to adopt an extended conformation to plug the connector dur-
ing assembly of the mature virion (Bhardwaj et al. 2007; Olia et al. 2007b) and to 
change conformation to a trimer of hairpins when it departs from the viral particle 
for phage DNA release at the beginning of infection (Bhardwaj et al. 2016). Note 
that in phage P22 the adaptor gp4 (see above) is separated from the gp26 stopper by 
a second adaptor, gp10, which extends the portal channel (Strauss and King 1984; 
Lander et al. 2009). The high-resolution structure of gp10 is not known. P22 gp26- 
like proteins are conserved in a subgroup of podoviruses where the needle plays the 
dual role of stopper and piercing device of the cell envelope (Bhardwaj et al. 2009). 
Puncturing of the bacterium and opening of the portal channel for delivery of the 
phage genome to the cell cytoplasm are thus intimately linked to the gp26 activity 
in these viruses.

Fig. 14.3 Structure of podovirus P22 gp26, a needle-like stopper (PDB 2POH). Gp26 binds to the 
gp10 adaptor of the P22 connector through its amino terminus, as labeled. One subunit of the tri-
mer is highlighted in yellow
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 Tail Completion Proteins

Tail completion proteins bind to the end of the long helical tail tube that is distal 
from the adsorption apparatus in siphoviruses (Fig. 14.1A) and myoviruses. They 
build the interface for tail joining to the capsid connector and can play a role to 
ensure termination of helical polymerization of the tail tube (and sheath in case of 
myoviruses). There is only one well-studied tail completion protein family. It is 
typified in siphoviruses by λ gpU (Katsura and Tsugita 1977; Pell et al. 2009b) and 
SPP1 gp17 (Auzat et al. 2014). A large number of homologous proteins were identi-
fied in siphoviruses and myoviruses suggesting that they are an essential component 
of long tails (Pell et al. 2009b; Lopes et al. 2014). They were initially named tail 
terminator proteins (Edmonds et al. 2007; Pell et al. 2009b; and references therein) 
and more recently tail-to-head-joining proteins (THJPs) (Auzat et  al. 2014) (see 
also Sect. “Assembly of the Long Tails Interface for Binding to the Connector”). In 
myoviruses of the T4 group, they are structurally related to two tail completion 
proteins. The first, gp3 in T4, closes the tail tube. The second, gp15 in T4, binds to 
gp3 and to the tail sheath, forming the tail end for attachment to the T4 capsid con-
nector (Zhao et al. 2003; Fokine et al. 2013).

The NMR structures of monomers of λ gpU (Edmonds et al. 2007), SPP1 gp17 
(Chagot et al. 2012), and NP_888769.1, encoded by a phage element from Bordetella 
bronchiseptica, show the common three-dimensional fold of THJP monomers 
(Fig.  14.4A). These assembly-naïve polypeptides have a multi-stranded β-sheet 
associated with two main α-helices connected by mobile loops. The structure of 
THJP hexamers, which is the association state found in phage particles, was deter-
mined by X-ray crystallography for λ gpU (Pell et al. 2009b), T4 gp15 (Fokine et al. 
2013), STM4215 encoded by a putative myo-prophage element of Salmonella 
typhimurium, and the antigen B encoded by a phage element from Listeria monocy-
togenes (Fig. 14.4B). The λ gpU hexamer is a nutlike structure with a central chan-
nel delimited by β-sheets and α-helices that define its periphery. The structure is 
stabilized by hydrophobic and polar contacts including formation of an intersubunit 
antiparallel β-sheet. Comparison between the λ gpU monomer and its hexamer state 
showed that gpU maintains its fold during association undergoing localized changes 
in the putative region of gpU interaction with the tail tube (Pell et al. 2009b). The 
myovirus T4 gp15 is a larger protein than its siphovirus counterparts. It has a similar 
overall structure, but large insertions and extension of the carboxyl terminus add 
structural elements on the outside of the hexamer (Fokine et al. 2013).

 Mechanisms of Head-to-Tail Interface Assembly

Closure of the portal vertex is a late step in the sequential program of protein- 
protein and protein-DNA interactions during assembly of the viral nucleocapsid. Its 
coordination with termination of DNA packaging and dissociation of the 
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terminase-DNA complex from the portal protein is critical to prevent loss of the 
packaged DNA. The concomitant interaction of head completion proteins with the 
portal vertex must be precisely controlled to prevent that it occurs before DNA 
packaging, which would lead to closed capsids without DNA, and to ensure efficient 
connector assembly afterward. This illustrates a general problem found in sequen-
tial assembly of complex macromolecular machineries. Phage particle building 
blocks are synthesized rather synchronously in the infected cell. Therefore, the cor-
rect order of interactions during tailed phage particle assembly is mainly ensured by 
the conformational repertoire of viral proteins and their complexes (Casjens and 
Hendrix 1988).

Fig. 14.4 Gallery of tail-to-head joining protein (THJP) structures showing their structural homol-
ogy. (A) NMR structures of assembly-naïve monomers. The subunit extracted from a gpU hexamer 
(see B) is also presented for structural comparison with the non-assembled gpU monomer. (B) 
Structures of THJP hexamers determined by X-ray crystallography. The orientation of the hexamer 
relative to the phage tail and head is displayed when known. One subunit is highlighted in dark red. 
The PDB access codes of the structures are shown within brackets
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 Coordination of DNA Packaging Termination with Portal 
Channel Closure

Coordination of the endonucleolytic cleavage, which terminates packaging, with 
departure of the terminase-DNA complex and closure of the portal channel, is the 
less understood step in connector assembly. DNA packaging termination can be 
uncoupled from binding of head completion proteins. In this case, DNA exits leav-
ing the phage expanded capsid empty (Orlova et  al. 2003). Structural rearrange-
ments in the clip of the portal protein that precede or result from terminase departure 
were proposed to retain phage T3 DNA (Donate et al. 1988) and to build, or uncover, 
the binding site(s) for the first head completion protein. A single amino acid substi-
tution in the clip from the phage SPP1 portal (Fig. 14.5B) was shown to impair 
binding to the gp15 adaptor without affecting termination of DNA packaging (Isidro 
et al. 2004a; Chaban et al. 2015). This part of the portal exposed to the capsid exte-
rior features also several mutations that block DNA packaging (Isidro et al. 2004b; 
Lebedev et al. 2007; Oliveira et al. 2006, 2010), suggesting that the SPP1 terminase 
and gp15 interact sequentially with the same region of the portal.

 Binding of SPP1 gp15-Like Head Completion Proteins 
to the Portal Protein

The mechanisms ensuring binding of the first head completion protein to the portal 
after termination of packaging were studied in phages P22, SPP1, and HK97 illus-
trating different ways to reach a similar goal. The adaptor proteins of the three 
phages have a similar fold (Fig. 14.2B).

In phage P22, gp4 (adaptor), gp10 (adaptor), and gp26 (stopper) bind sequen-
tially to the portal vertex (Strauss and King 1984; Olia et al. 2007a). Gp4 is a mono-
mer in solution at millimolar concentrations that oligomerizes upon binding to the 
gp1 portal dodecamer (Olia et al. 2006). The structure of the gp1 and gp4 stacked 
dodecamers was determined by X-ray crystallography (Olia et  al. 2011). The 
α-helical core of the gp4 subunit sits between two gp1 subunits interacting through 
helix α4 with the outer surface of the portal, while its carboxyl terminal tail extends 
to bind between two other adjacent portal subunits (Figs. 14.1B and 14.2B). The 
interaction of each gp4 chain with four portal subunits to assemble the adaptor ring 
suggests that the portal cyclical oligomer drives gp4 oligomerization unraveling 
why isolated gp4 does not form oligomers. However, the gp1-gp4 interaction shall 
not occur at earlier stages in assembly. This is probably avoided because gp1 is a 
monomer when free in the infected cell (Moore and Prevelige Jr 2001) and binding 
sites of gp1 for gp4 are masked in the procapsid state, becoming accessible when 
the terminase-DNA complex departs from the portal vertex (Tang et al. 2011).

Structures of the SPP1 gp15 adaptor monomer and of its dodecameric ring in the 
head-to-tail interface were determined by NMR (Fig. 14.2B) (Lhuillier et al. 2009) 
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and cryoEM (Chaban et al. 2015) (Figs. 14.1C and 14.5), respectively. The main 
structural change observed during assembly is a rotation of helices α2 and α3 that 
acquire an orientation roughly parallel to the portal central channel (Chaban et al. 
2015). SPP1 gp15 lacks the equivalent to P22 gp4 long helix α4 and its extended 
carboxyl terminus. Nevertheless, a stretch of basic residues in the gp15 carboxyl 
terminus is necessary for binding to the portal. In contrast to gp4, the SPP1 adaptor 
also interacts with the portal via loop α1-α2 that is sandwiched between loops and 
an α-helix of portal adjacent subunits (Chaban et  al. 2015) (Fig.  14.5B). Such 
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Fig. 14.5 The bacteriophage SPP1 connector in the head-to-tail interface. (A) Two subunits of 
gp6, gp15, and gp16 are shown (see also Fig. 14.1C). (B) Gp6-gp15 interface showing gp15 loop 
α1-α2 and the carboxyl terminus of gp15 that interact with the portal clip. A mutation in residue 
E294 of gp6, whose side chain is displayed as sticks in the clip, blocks the interaction. Only one 
subunit of gp15 is displayed for clarity. (C) The gp15-gp16 interface showing gp15 helix α0 that 
binds at the gp16 periphery and gp15 loop α2-α3 that sits between two gp16 subunits. Residues in 
the gp16 stopper that establish intermolecular disulphide bridges when mutagenized to cysteines 
are presented as spheres (see text; Lhuillier et al. 2009; Chaban et al. 2015). The gp16 β1-β2 sheet 
and its connecting loop are involved in the connector-tail joining reaction (see text; Chaban et al. 
2015). Figure inspired from Chaban et al. (2015)
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 interaction differences might explain why gp15 monomers do not bind to isolated 
SPP1 portal protein oligomers.

In contrast to P22 gp4 and SPP1 gp15, the isolated HK97 gp6 adaptor is found 
in solution as a mix of cyclical 13-mers and monomers at micromolar concentra-
tions (Cardarelli et al. 2010a). The 13-mer crystal structure provided information 
how the α-helical subunits pack together to oligomerize and highlighted their sub-
units, similarity to SPP1 gp15 (Cardarelli et al. 2010a) (Fig. 14.2B). These oligo-
mers are, however, unlikely precursors to match the portal protein dodecameric 
state for assembling the adaptor ring of the connector. During infection, the weak 
ribosome binding site of HK97 gene 6 leads to a very low production of gp6 that 
remains most probably monomeric before binding to the portal vertex after DNA 
packaging (Cardarelli et  al. 2011). Gp6 overproduction is highly detrimental for 
HK97 multiplication. Such effect is compensated by single mutations that weaken 
gp6 intersubunit interactions, impairing its auto-oligomerization. In turn, higher 
amounts of these gp6 oligomerization mutant proteins were necessary for success-
ful HK97 infection (Cardarelli et al. 2011). This elegant work illustrates how gene 
dosage can control macromolecular assembly and how single amino acid substitu-
tions can strongly impact assembly reactions.

 Assembly and Function of the λ gpFII-SPP1 gp16 Family 
of Head Completion Proteins

Termination of connector assembly in phages with long tails was characterized in 
siphoviruses SPP1 and λ. The SPP1 gp15 adaptor region distal from the portal binds 
to gp16. One interaction occurs in the periphery of the connector where the gp15 
outer helix α0 contacts the outer top region of a gp16 subunit. Another interaction is 
mediated by gp15 loop α2-α3 that sits at an internal position between gp16 subunits 
(Chaban et al. 2015) (Fig. 14.5C). The gp15-gp16 interaction is disrupted by a sin-
gle amino acid substitution in the gp15 loop α2-α3. In contrast, a double mutant in 
gp15 α0 allows for gp16 stable binding, but the assembled connector does not retain 
packaged DNA showing that the gp16 stopper function is impaired (Chaban et al. 
2015). This observation led to the model that the gp15-gp16 interaction at the con-
nector periphery acts allosterically, positioning the gp16 subunits β-sheet core for 
correct assembly of the stopper (or plug) that closes the portal central channel 
(Chaban et al. 2015). The stopper structure is built by the highly mobile loop β2’-β3 
of gp16 monomers (Fig. 14.2C) which folds when gp16 oligomerizes during forma-
tion of the connector. Modeling and cysteine cross-linking suggested that loop β2’-
β3 folding into a β-strand would lead to formation of a parallel intersubunit β-sheet 
built by the β-strands of the 12 gp16 subunits, plugging reversibly the portal channel 
(Lhuillier et al. 2009). The interaction of gp15 α0 with the outer region of gp16 was 
thus hypothesized to have a long-distance effect across the gp16 structure to enable 
assembly of the intersubunit stopper at the center of the oligomer.
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Docking of the gp16 monomer NMR structure in cryoEM maps of the SPP1 con-
nector (Lhuillier et al. 2009) and of the head-to-tail interface (Chaban et al. 2015) 
showed that the core β-barrel structure of gp16 is maintained throughout the SPP1 
assembly pathway. Major structural changes were observed in the β2’-β3 stopper 
loop during connector assembly, as described above, and in the gp16 periphery 
upon binding to the sixfold symmetric tail. In the latter interaction, β-sheet β1/β2 
and the long flexible loop between its two strands (Fig. 14.2C), which define the 
gp16 external surface, move down and inward to embrace the SPP1 tail completion 
protein gp17 (Fig.  14.1C). They undergo a concomitant shift from their 12-fold 
symmetry in the connector region to a 6-fold symmetry to match the tail geometry 
(Chaban et al. 2015).

SPP1 gp16 is structurally homologous to phage λ gpFII. The surfaces of gpFII 
interaction with gpW in the λ connector and with the tail were identified by structure- 
driven mutagenesis (Cardarelli et al. 2010b). They are compatible with a position-
ing of gpFII in the λ head-to-tail interface similar to gp16 in the SPP1 viral particle. 
However, in phage λ gpW, which has a fold different from the SPP1 gp15 adaptor 
(Fig. 14.2B) (Sect. “Head Completion Proteins: Adaptors and Stoppers”), retains 
DNA in capsids lacking gpFII. The gpFII function could thus be limited to bind 
gpW and provide the connector interface for tail attachment (Casjens et al. 1972). 
This interface is identified by single amino acid substitutions in different regions of 
gpFII. Tail attachment is also blocked by deletion of the loop equivalent to the SPP1 
gp16 stopper loop, showing that in gpFII it acts in the head-to-tail joining reaction. 
Proteins of this family might thus have specialized to two different functions by 
structural evolution. The gpFII fold features a long amino terminal extension neces-
sary for binding to gpW and an internal loop for tail attachment (Cardarelli et al. 
2010b). The gp16 fold, which lacks the amino terminus extension, binds to gp15- 
like partners and closes the connector channel (Lhuillier et al. 2009; Chaban et al. 
2015).

 Assembly of the Long Tail Interface for Binding 
to the Connector

In phages with long tails, the connector of the DNA-filled capsid binds to the tail 
end distal from the adsorption apparatus to form the neck. The tail interface that 
participates in this reaction is created by tail completion proteins that taper the heli-
cal tail structure. Proteins with a λ gpU-like fold (Sect. “Tail Completion Proteins”) 
form a nutlike hexamer at the tail end which is essential for tail-to-head joining (Pell 
et al. 2009b; Fokine et al. 2013; Auzat et al. 2014). Proteins related to λ gpZ were 
reported to assist formation of a functional head-to-tail interface (Sect. “DNA 
Positioning in the Head-to-Tail Interface”) (Davidson et al. 2012; Lopes et al. 2014), 
but their precise role in assembly and structure remains undocumented.
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GpU-like proteins were named tail terminator proteins because their absence in 
λ infections leads to accumulation of abnormally long tails (polytails), revealing 
that gpU is necessary to halt helical polymerization of the λ gpV major tail protein 
(Pell et al. 2009b and references therein). However, mutants lacking the related tail 
completion protein in myoviruses P2 (gpR−; Lengyel et  al. 1974), SPO1 (gp8−; 
Parker and Eiserling 1983), Mu (gpK−; Grundy and Howe 1985), and T4 (gp3−; 
Vianelli et al. 2000) assemble mostly correctly sized tails and only a small popula-
tion of polytails. SPP1 infection with a gp17 defective mutant leads also to assem-
bly of tails of normal length (Auzat et al. 2014). These proteins were thus renamed 
tail-to-head joining proteins (THJPs) according to what appears to be their most 
conserved function (Auzat et al. 2014).

λ gpU remains monomeric in solution at millimolar concentrations suggesting 
this is its state in vivo. Interaction with the λ tail tube promotes its association, most 
likely to a hexamer, at the tail end. Multimerization of purified gpU was induced in 
vitro by 20  mM MgCl2 or by crystallization, mimicking this assembly step. 
Comparison between the λ gpU monomer and hexamer states showed that associa-
tion correlates mostly with changes in the surface interacting with the phage tail 
where folding events extend secondary structure elements (Fig. 14.4A). Motions 
occur also in this region of the subunits that form an intersubunit antiparallel  
β-sheet lining the hexamer internal channel (Pell et al. 2009b). Mutational studies 
defined the surfaces of gpU that interact with the tail tube and with the capsid con-
nector (Fig. 14.4B; Pell et al. 2009b). The SPP1 gp17 ring was directly observed at 
the tail end that binds to the phage connector (Auzat et al. 2014), and its hexamer 
organization was established by a cryoEM study of the SPP1 head-to-tail interface 
(Chaban et al. 2015). The myovirus T4 gp15 is larger than its siphoviruses counter-
parts. It has a similar α/β core, but large insertions and an additional carboxyl termi-
nus build extra structural elements on the outside of the hexamer (Fokine et  al. 
2013). These periphery regions taper the tail sheath, which is a unique structure of 
myoviruses, while the gp15 core stacks on top of gp3 in the internal tail tube (Fokine 
et al. 2013).

Interestingly, the THJPs, core fold is conserved in proteins forming different 
regions of the long tail tube that serves as a conduit for DNA ejection in siphovi-
ruses and myoviruses (Cardarelli et  al. 2010b; Veesler and Cambillau 2011). An 
original protein module thus appears to have evolved to assemble long tail tube 
devices by specializing to build the tail adsorption apparatus hub Dit protein, the 
helical tail tube building block, and the THJP. This fold is also found in tubes of 
bacterial type VI secretion systems that deliver virulence factors between compet-
ing bacteria in the environment or to eukaryotic cells in pathogenic settings (Leiman 
et al. 2009; Pell et al. 2009a). Such common structural solution to build devices for 
delivery of macromolecules to cells adds to the growing evidence blurring the bor-
ders between viral and cellular machineries.
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 DNA Positioning in the Head-to-Tail Interface

A critical requirement during assembly of the head-to-tail interface is that phage 
DNA is positioned ready for exit when infection initiates. It was early recognized 
that the last end of the dsDNA linear molecule packaged in phage capsids remains 
associated to the neck ensuring its polar release from viral particles (Thomas 1974; 
Chattoraj and Inman 1974; Saigo 1975; Tavares et al. 1996; Loessner et al. 2000). 
This DNA end exits first from virions when the phage SPP1 genome is ejected in 
vitro (Tavares et al. 1996). Loss of the DNA-neck association in phage λ mutants 
was shown to correlate with a strong reduction in phage infectivity in spite of the 
normal morphology of phage particles (Thomas et al. 1978). Such phenotype likely 
results from a defect in DNA delivery to the host bacterium. One of the mutants 
lacks gpZ which has a large number of homologous proteins in phages with long 
tails (Davidson et al. 2012; Lopes et al. 2014). A similar phenotype was observed 
for phage Mu mutants defective in gpG that assemble complete phage particles 
whose majority is noninfectious (Grundy and Howe 1985). The gpZ-related pro-
teins gpS from phage P2 and Tap from phage TP901–1 were reported to be neces-
sary for joining tails to capsids (Lengyel et al. 1974; Stockdale et al. 2015). These 
observations indicate that gpZ-like proteins assist assembly of the functional head- 
to- tail interface with phage DNA correctly positioned for delivery to the host by a 
yet unknown mechanism.

Phage λ DNA was reported to penetrate the tail tube of complete virions after the 
head-to-tail joining reaction (Thomas 1974). This implies that binding of the λ tail 
to DNA-filled capsids leads to opening of the connector channel, previously closed 
by gpW and extended by gpFII (see Sect. “Head Completion Proteins: Adaptors and 
Stoppers” and “Assembly and Function of the λ gpFII - SPP1 gp16 Family of Head 
Completion Proteins”; Perucchetti et al. 1988), allowing a phage DNA end to enter 
the tail tube of the mature virion. Such situation differs from phage SPP1 where a 
19–29 nm segment of the last packaged DNA end is stably attached to the head-to- 
tail interface (Tavares et al. 1996). This length fits accurately to the height of the 
connector channel closed by gp16 (Orlova et al. 2003). DNA confined in the SPP1 
channel makes contacts mainly with the portal protein and with a ring of lysines in 
the stopper that occupy the center of the channel (Chaban et al. 2015). In spite of the 
differences between λ and SPP1, both phages have their DNA poised for efficient 
traffic through the phage tail to enter the host bacterium.

DNA positioning in the connectors of podoviruses was observed in asymmetric 
reconstructions of complete phage particles of T7 (Agirrezabala et al. 2005), ϕ29 
(Xiang et al. 2006; Tang et al. 2008), ε15 (Jiang et al. 2006), P22 (Lander et al. 
2006; Chang et al. 2006; Tang et al. 2011), and P-SSP7 (Liu et al. 2010). Although 
fine details of protein-DNA interactions were hampered by the nanometer resolu-
tion, the structures reveal how a phage DNA end is positioned in the connector for 
efficient ejection. DNA was also found in the head-to-tail interface of myovirus T4 
(Leiman et al. 2004).
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 Genome Egress Through the Head-to-Tail Interface

Genome egress from viral particles is triggered by specific interaction of the phage 
adsorption apparatus with receptors at the bacterial surface (Vinga et al. 2006). The 
tail adsorption apparatus varies in complexity from single tail fibers to intricate 
assemblies of tail spikes and complex baseplates (Casjens and Molineux 2012; 
Davidson et al. 2012; Leiman and Shneider 2012; Spinelli et al. 2014; and references 
therein). Their irreversible binding to the host bacterium commits the phage particle 
to infection. In podoviruses, which have short tails, the receptor binding proteins 
(RBPs) are physically close or directly attached to the connector. RBPs binding to 
the cell surface receptors shall thus be tightly coordinated with localized perforation 
of the bacterial envelope and with the subsequent opening of the connector for 
genome delivery to the cytoplasm. This might engage the same protein to play 
sequential roles in the process as the P22 gp26 needlelike stopper (see Sect. “Head 
Completion Proteins: Adaptors and Stoppers”). Gp26 is the putative P22 tail device 
that punctures the cell envelope and also the genome gatekeeper that dissociates 
from the connector at the stage that DNA is delivered to the cytoplasm. The latter 
step was proposed to be driven by structural changes in the gp26 binding interface to 
the connector, leading to gp26 release from the phage particle in the conformation 
found in solution (Fig. 14.3; Bhardwaj et al. 2016). Glimpses of the complete viral 
particle machinery in the process of infection were obtained by cryo- electron tomog-
raphy (cryoET) of podoviruses P-SSP7 (Liu et al. 2010), ε15 (Chang et al. 2010), 
and T7 (Hu et al. 2013) interacting with their Gram-negative hosts. Recently, the 
initiation of phage ϕ29 infection of the Gram-positive bacterium Bacillus subtilis 
was also reported (Farley et al. 2017). These studies delivered information on differ-
ent steps of the interaction of phage particles with the bacterial envelope. The pro-
cess is initiated by virions searching and binding to receptors, followed by cell 
envelope penetration, and culminates with naked dsDNA delivery to the host cyto-
plasm. In spite of the resolution limit at 3–4 nm, such snapshots offer insights on 
structural changes in the phage particles that accompany those steps (Liu et al. 2010; 
Chang et al. 2010; Hu et al. 2013; Farley et al. 2017). They also reveal that the phage 
short tail appears prolonged by a DNA delivery tube crossing the bacterial envelope 
to build a continuous channel spanning from the phage capsid, through the connec-
tor, to the interior of the host cytoplasm (Chang et al. 2010; Hu et al. 2013).

In phages with long tails, binding of the tail adsorption apparatus to bacterial 
receptors generates a signal to trigger DNA release from the viral particle. Interaction 
of myoviruses with the cell surface causes contraction of the shaft that surrounds the 
tail tube driving penetration of the tube to contact the bacterial membrane (Hu et al. 
2015; Nováček et al. 2016). This step can be uncoupled from phage DNA ejection 
(Leiman et  al. 2004; Nováček et  al. 2016 and references therein). Signaling for 
genome egress from the viral capsid is thus conceivably transmitted from the 
adsorption apparatus through the tail tube structure and/or the internal tape measure 
protein to cause DNA ejection both in siphoviruses and myoviruses. Comparison 
between the phage tail structure before and after DNA ejection in siphovirus SPP1 
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(Plisson et  al. 2007) and in myovirus ϕ812 (Nováček et  al. 2016) revealed rear-
rangements in the tube structure. This led to the proposal that a signal is propagated 
as a domino-like cascade along the helical tail tube by a sequential conformational 
change in the major tail protein subunits (Plisson et al. 2007). Recent sub- nanometer 
structures of bacteriophage T5 tails showed no detectable differences in the tail tube 
before and after incubation with the bacterial receptor FhuA, but the internal tape 
measure protein was released upon challenge with FhuA (Arnaud et  al. 2017). 
Departure of the tape measure protein, which spans the complete length of the tail 
tube lumen, was thus proposed to be the signal that triggers phage DNA release 
(Arnaud et al. 2017).

The mechanism of neck opening for viral genome egress depends on the position 
of the phage DNA end in the head-to-tail interface (Sect. “DNA Positioning in the 
Head-to-Tail Interface”). In case of phage λ, its DNA appears to partially occupy the 
tail tube in mature virions (Thomas 1974). Release of the tape measure protein pro-
moted by interaction of the tail adsorption apparatus with bacterial receptors opens 
the way for DNA ejection to the host cell. A different situation was found for phage 
SPP1. Disulfide bridges engineered in the putative intersubunit β-sheet gp16 stop-
per which seals the connector channel (see Sect. “Assembly and Function of the λ 
gpFII  - SPP1 gp16 Family of Head Completion Proteins”) impair DNA ejection 
from SPP1. The blockage can be reversed by reduction of the disulfide bonds 
(Lhuillier et al. 2009; Chaban et al. 2015). Viral DNA is thus locked at the level of 
the connector gp16 stopper in the mature virion. During infection, the signal that is 
initiated by SPP1 binding to its receptor YueB (São-José et al. 2006) and transmitted 
through the tail tube to the connector leads to unzipping of the gp16 intersubunit 
β-sheet, opening the way for genome ejection. Interestingly, the phage gp16 stopper 
was found closed after DNA left the tail revealing that it opens only transiently for 
genome release (Chaban et al. 2015). This is a possible mechanism to avoid loss of 
cellular components when a continuous hydrophilic channel is established between 
the bacterial cytoplasm and the phage particle interior (Chaban et al. 2015).

 Principles of Assembly and the Limited Diversity of Phage 
Head-to-Tail Interfaces

The study of bacteriophage head-to-tail assembly and function provided important 
insights on the molecular principles how large macromolecular structures are built 
by sequential addition of building blocks. A frequent strategy is the transition from 
disordered to ordered regions of proteins during the assembly reaction. Numerous 
non-assembled building blocks of the head-to-tail interface and of long tails have 
large disordered regions that can account for more than 20% of their amino acid 
sequence (Maxwell et al. 2001, 2002; Edmonds et al. 2007; Lhuillier et al. 2009; 
Pell et al. 2009a; Cardarelli et al. 2010b). Some of these regions fold upon binding 
to their interaction partners in assembly intermediates and might also create the 
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interaction sites for the following protein in the assembly pathway. Frequently, 
binding sites are created at intersubunit interfaces ensuring that oligomerization of 
one protein in the macromolecular complex is required for interaction with the 
downstream partner in the pathway. The alternate pattern of subunits along the 
height of the resulting structure is illustrated by the portal-adaptor complex of phage 
P22 (Fig. 14.1B) (Olia et  al. 2011) and the head-to-tail interface of phage SPP1 
(Fig. 14.1C) (Chaban et al. 2015).

Oligomerization of components of the head-to-tail interface can occur in the 
absence of other phage proteins. That is the case for most portal proteins. However, 
portal cyclical oligomers from different phages (Dube et al. 1993; Olia et al. 2011; 
Sun et al. 2015) and herpes simplex virus-1 (HSV-1) (Trus et al. 2004) can be found 
in different association states (11-, 13-, or 14-mers) other than the functional 12-mer 
ring present in phage particles. Since the number of subunits in cyclical oligomers 
is defined by the angle between subunits (van Heel et al. 1996), it is likely that the 
interaction partners of the portal during procapsid assembly impose the correct 
inter-subunit curvature to achieve a homogeneous population of 12-mers. The portal 
dodecamer in phage capsids can also serve as template to direct the oligomerization 
of its adjacent adaptor ring as in case of HK97 gp6. Gp6 was found to have the 
intrinsic capacity to assemble cyclical 13-mers but is most likely a 12-mer in the 
HK97 connector (see Sect. “Binding of SPP1 gp15-like Head Completion Proteins 
to the Portal Protein”) (Cardarelli et al. 2010a, 2011). The THJP λ gpU wild-type 
protein assembles pentamers during crystallization, while the single mutation D74A 
leads to formation of hexamers, the state found in the hexameric phage λ tail. 
Collectively, these observations suggest that most phage particle building blocks do 
not have all the structural information necessary to reach efficiently their assembly 
state. It is the interaction with their partners that ensures fidelity and orderly assem-
bly reactions to build megadalton infectious particles with remarkable precision.

Studies of virions assembly pathways and of their protein structures reveal that 
ancient viral-like particles rooted lineages of viruses that diverged by coevolution 
with distinct hosts from the three domains of life (Krupovic and Bamford 2011; 
Abrescia et al. 2012). This can be rationalized by the complexity of virus particle 
assembly. Once such complex genome containers and delivery devices were estab-
lished, their structural design was maintained and adapted throughout the co- 
evolution of viruses and their hosts. There is extensive evidence that the tailed 
phages and herpesvirus lineage shares a similar pathway to assemble the procapsid 
with a portal and to package the viral dsDNA (Fig. 14.1A). Divergence appears to 
have occurred at the step of portal closure. The protein necessary to retain packaged 
DNA in the capsid of herpesviruses (UL25 in HSV-1) has a structure different from 
phage connector adaptors or stoppers (Bowman et  al. 2006). The mechanism of 
closure may also be more complex than adding a plug protein to the portal channel. 
Changes in the complete capsid surface were observed which might be necessary 
for packaged DNA retention, for binding of the tegument that surrounds the nucleo-
capsid, and to engage egress from the cell nucleus (Trus et al. 2007). The divergence 
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point between podoviruses and phages with long tails is more difficult to establish. 
While there is evidence that phages of the P22 group use the gp4 adaptor protein 
homologous to SPP1 gp15 to extend their connector channel, the structure of P22 
gp10 that prolongs further the channel is not known. It is also not clear if phage ϕ29 
gp11 that binds to the portal after DNA packaging is related to proteins from the 
head-to-tail interface of known structure. Podoviruses have possibly a more diverse 
head-to-tail interface organization than phages with long tails (Casjens and 
Molineux 2012; Lopes et al. 2014). The latter viruses appear to conserve an arrange-
ment of three proteins forming the capsid connector, although some structural (Sect. 
“Head Completion Proteins: Adaptors and Stoppers”; Fig. 14.2B) and functional 
differences (see “Binding of SPP1 gp15-like Head Completion Proteins to the Portal 
Protein” and “Assembly and Function of the λ gpFII - SPP1 gp16 Family of Head 
Completion Proteins”) occur. Furthermore, one or two proteins with a THJP fold 
taper the tail of siphoviruses and T4-like myoviruses, respectively (see “Assembly 
of the Long Tails Interface for Binding to the Connector”).

Studies on the head-to-tail interface structure and function were carried out with 
a few model phages. However, bioinformatics data mining showed that the compo-
nents of their interfaces have a very large number of homologous proteins in phages 
and prophages. This is particularly the case for the portals, SPP1 gp15 - HK97 gp6 - 
P22 gp4, λ gpFII - SPP1 gp16, and λ gpU - SPP1 gp17 - T4 gp15 families of pro-
teins (Pell et al. 2009b; Lhuillier et al. 2009; Cardarelli et al. 2010a; b; Lopes et al. 
2014). The genes coding these proteins are found clustered in phage and prophage 
genomes (the gene coding λ gpW-like proteins, sandwiched between the TerL and 
portal genes, is an exception (Cardarelli et al. 2010b)). Lopes et al. (2014) devel-
oped freely available software (http://biodev.extra.cea.fr//virfam/) using amino acid 
sequence homology and genome context of the head-to-tail proteins coding genes 
for their identification in genomes. The server was tested against more than 600 
tailed phages genomes in the NCBI database assigning more than 90% of them to 
four types of head-to-tail interfaces: ϕ29-like (podoviruses), P22-like (podovi-
ruses), SPP1/λ-like (siphoviruses and myoviruses), and T4-like (myoviruses). These 
results indicate that tailed phages use a limited number of solutions to connect their 
genome container to the tail delivery device. Nevertheless, phages mark also their 
differences to achieve the same functional goal, like in case of the λ gpW/gpFII and 
SPP1 gp15/gp16 connectors (see “Binding of SPP1 gp15-like Head Completion 
Proteins to the Portal Protein” and “Assembly and Function of the λ gpFII - SPP1 
gp16 Family of Head Completion Proteins”), illustrating their immense creativity.
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Chapter 15
Beyond Channel Activity: Protein-Protein 
Interactions Involving Viroporins

Janet To and Jaume Torres

 The Viroporins and Channel Activity Inhibition

The field of viroporin research has its origins in the observation that virus-infected 
cells show increased membrane permeability (Carrasco 1995). More than two 
decades later, viroporins have been confirmed in several viral families, e.g., 
Orthomyxoviridae (AM2, PB1-F2, BM2), Flaviviridae (p7), Coronaviridae (E, 3a, 
4a), Paramyxoviridae (SH), Picornaviridae (2B/2  BC, 3A), Togaviridae (6  K), 
Retroviridae (Vpr, Vpu, p13), Reoviridae (NSP4 and p10), Polyomaviridae (agno-
protein, VP2-VP4), Papillomaviridae (E5), or Rhabdoviridae (α1). Currently, 
detailed structural information is limited to only a handful of viroporins (vide infra), 
although these constitute useful templates for the probably hundreds of other 
unknown viroporins yet to be discovered in reservoir hosts (Anthony et al. 2013).

In most cases, viral attenuation is not only achieved by deletion of the viroporin 
gene but also simply when their channel activity is suppressed. Indeed, various spe-
cific pathogenic roles of viroporin channel activity have been discovered, and 
attempts have been made to modulate this channel activity, especially that of influ-
enza A virus M2 (IAV M2, or AM2) protein, the first discovered and the best char-
acterized viroporin. In general, however, the road to rational design and discovery 
of viroporin small-molecule inhibitors has not been successful [see To et al. (2016) 
for a recent review]. In fact, amantadine and rimantadine are at present the only 
licensed antiviral drugs that target a viroporin, i.e., IAV M2. However, most circu-
lating strains of IAV are Amtresistant (Deyde et  al. 2007; Hayden and De Jong 
2011), and neither drug is currently being used in humans.
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 Protein-Protein Interactions (PPIs) Involving Viroporins

Viroporins are involved in many protein-protein interactions (PPIs) that may be also 
susceptible to therapeutic intervention [see recent reviews (Fischer et  al. 2014; 
Nieva and Carrasco 2015)]. Both intraviral and virus-host interactions, in the form 
of a myriad of perturbations, can provide important insights into the mechanisms 
involved in the viral infectious cycle. Also, understanding these PPI networks may 
aid the design of new antivirals. These strategies depend on both detailed structural 
and mechanistic information and on the availability of therapeutically relevant tar-
gets. In this sense, the initial focused approach to identify viroporin binders is being 
complemented with genome-wide interactome studies adapted to viral infections 
using high-throughput technologies, providing a dramatic boost in the search for 
possible PPIs [see de Chassey et al. (2014) for a recent review].

Useful methods to obtain leads for PPIs involving viroporins include yeast two- 
hybrid (Y2H) screens, e.g., the genome-wide virus-host PPI screen of HCV was 
performed almost 10 years ago using a construction of a viral ORFeome and Y2H 
technology (De Chassey et al. 2008), identifying hundreds of PPIs involving viral 
and host proteins, 13 of which involving p7 and proteins expressed in the liver. 
Other Y2H screens have included IAV M2 virus-virus and virus-host interactions 
(Shapira et al. 2009), or intraviral PPIs in the coronavirus responsible for severe 
acute respiratory syndrome (SARS-CoV) (von Brunn et al. 2007). However, this 
method does not measure interactions between proteins in the context of the infected 
cell, is biased against membrane proteins, and cannot study protein complexes that 
are weakly or transiently associated. The bias against membrane proteins can be 
compensated using the split-ubiquitin-based yeast two-hybrid screen, e.g., in a 
screen to search for binders of the small hydrophobic (SH) protein of the respiratory 
syncytial virus (RSV) (Li et al. 2015).

More suitable methods detect interactions in the context of the infected cell, 
using a combination of affinity purification with mass spectrometry, e.g., Wang 
et al. (2017), although the method has also low sensitivity. Other methods are based 
on microarrays of deposited purified proteins (Zhu et al. 2001) and protein comple-
mentation assay (PCA) (Tarassov et al. 2008). Lastly, an approach that combines 
on-chip in vitro protein synthesis with an in situ microfluidic affinity assay can 
detect even weak or transient interactions (Gerber et al. 2009), although host-virus 
PPIs using this method so far has only been tested for M protein in RSV (Kipper 
et al. 2015).

From these studies, it is apparent that viroporins, and viral proteins in general, 
tend to show preference for key host proteins that have a high number of direct 
interacting partners. Also, interactions may be simultaneous with many cellular pro-
teins, making use of intrinsically disordered protein regions enriched for short linear 
motifs, e.g., PDZ-binding motifs (Hagai et al. 2014; Meyniel-Schicklin et al. 2012), 
to compensate for their small proteomes.
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 The Influenza A Virus Matrix Protein 2 (IAV M2 or AM2)

Influenza viruses belong to the Orthomyxoviridae family of segmented, negative- 
sense, enveloped RNA viruses. The seasonal flu caused by the influenza A virus 
(IAV) is known for causing pandemics with high mortality rates (Hay et al. 2001; 
Neumann et al. 2009), although its close relative influenza B accounts for half of the 
influenza disease in recent years (www.cdc.gov). Generally, influenza virions are 
spherical in shape ranging from 80 to 120 nm in diameter, although filamentous 
forms may also occur (Lamb and Choppin 1983). The viral envelope contains three 
transmembrane proteins, hemagglutinin (HA), neuraminidase (NA), and matrix 
protein 2 (M2), on the outside and a layer of matrix protein (M1) just underneath the 
membrane that contains cholesterol-enriched lipid rafts. M1 forms an internal coat 
that encloses the viral ribonucleoproteins (vRNPs), i.e., the negative-strand viral 
RNA (vRNA) and nucleoprotein (NP), with small amounts of the nuclear export 
protein (NEP) and three polymerase (3P) proteins (PA, PB1, and PB2) that form the 
viral RNA polymerase complex (Fields et al. 2013).

 M2 Viroporin

The viroporin M2 in IAV is a homotetrameric channel (Sakaguchi et al. 1997). Each 
M2 monomer is a 97-amino acid protein comprising an N-terminal ectodomain (24 
aa), an α-helical transmembrane domain (TMD,  19 aa), and a highly conserved 
cytoplasmic tail (CT) domain (54 aa) that is a hotspot for interactions with both 
viral and host proteins during the IAV life cycle. The latter may therefore constitute 
an attractive drug target for the development of IAV antivirals. M2 has a pH-acti-
vated proton channel activity which is required to complete the uncoating process 
during virus entry. Upon virus internalization via endocytosis, M2 selectively con-
ducts protons from acidified endosomes into the viral interior. This acidification of 
virion triggers the dissociation of the M1 protein from the vRNP complex, thereby 
enabling the transport of vRNPs into the nucleus for replication of viral genetic 
material (Helenius 1992). For some IAV subtypes, the M2 proton channel raises the 
pH of the trans-Golgi network (TGN) to protect the viral HA from premature low-
pH conformational change during its transport to the cell surface (Takeuchi and 
Lamb 1994). The channel activity of IAV M2 has been found to be sufficient for the 
activation of the NLRP3 inflammasome in influenza-infected cells (Ichinohe et al. 
2010). Presently, there are more than ten structures of both wild-type and drug-
resistant mutant M2 channels in the Protein Data Bank [see review in Gu et  al. 
(2013)].

15 Beyond Channel Activity: Protein-Protein Interactions Involving Viroporins
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 M1-M2 Interaction

Early works suggested a role for IAV M1-M2 interaction in virus budding and con-
trol of virion morphology (filamentous versus spherical). Interaction between M1 
with the M2 cytoplasmic tail was first suggested from the analysis of escape mutants 
(Zebedee and Lamb 1989). Further work revealed a physical interaction between 
M1 and the M2 cytoplasmic tail at the site of virus budding, to facilitate virus 
assembly by promoting the recruitment and packaging of viral proteins and viral 
genome (McCown and Pekosz 2006; Chen et al. 2008). The cytoplasmic tail of M2 
contains an amphipathic α-helix (residues 45–62) (Schnell and Chou 2008) that can 
modulate membrane curvature in a cholesterol-dependent manner. This feature of 
M2 has been proposed to be implicated in (i) modification of local membrane cur-
vature during virus budding to provide a stabilized scaffold for M1 polymerization 
and virus filament formation and (ii) alteration of membrane curvature at the neck 
of budding virions to facilitate membrane scission and virion release (Rossman and 
Lamb 2011).

 Host Interactions

In addition to intraviral interactions, a number of interactions of M2 with host pro-
teins have been described to modulate autophagy, membrane trafficking, host 
defense, and virus budding. For example, IAV M2 has been reported to arrest 
autophagy (Gannagé et al. 2009; Beale et al. 2014), a cellular degradation pathway 
mediated by autophagosomes which delivers cytoplasmic materials to the lysosome 
that is regulated by autophagy-related genes (Atg). This process involves (i) target 
engulfment by an isolation crescent membrane (phagophore) to form the autopha-
gosome and (ii) autophagosome-lysosome fusion and degradation of the intra- 
autophagosomal contents (Fig. 15.1a). IAV subverts this machinery by blocking this 
fusion, resulting in increased apoptosis of IAV-infected cells. In IAV-infected A549 
human lung epithelial cells, M2 coimmunoprecipitates with Atg6/Beclin-1 through 
interaction with M2 residues 1–60 (Gannagé et al. 2009). Atg6/Beclin1 is part of a 
complex that regulates autophagosome generation and degradation and is a com-
mon target of other viruses for the subversion of autophagy, e.g., herpesviruses and 
the human immunodeficiency virus (HIV) [reviewed in Münz (2011)].

The C-terminal tail of M2 has also been implicated in the binding to LC3, a pro-
tein that normally localizes to autophagosomal membranes (Sou et  al. 2006) to 
recruit autophagy receptors carrying substrates destined for autophagic degradation. 
These receptors typically contain an LC3-interacting region (LIR), with consensus 
LIR motif W/FxxI/L/V. In IAV-infected cells, the localization of LC3 changes from 
the cytoplasm and autophagosomal membranes to the plasma membrane (Beale 
et al. 2014), a change mediated by a putative LIR motif (residues 91–94, FVSI) 
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present in the cytoplasmic tail of M2 (Fig. 15.1b). Binding of LC3 to the LIR motif 
of M2 has been confirmed by LUMIER binding assays (Barrios-Rodiles et al. 2005) 
and GFP pull-down experiments.

The M2-LC3 interaction is also a factor in the budding of IAV, which, depending 
on the viral strain and host cell type, can produce either spheres or filaments 
(Bourmakina and García-Sastre 2003), with the latter requiring extensive mem-
brane resources. Cells infected with a filamentous budding IAV strain carrying 
mutations in the M2 LIR motif that abolished M2-LC3 interactions produced fewer 
filaments than cells infected with wild-type IAV, suggesting that hijacking of LC3 
by M2 may assist in the delivery of LC3-conjugated membranes to the cell surface 
to facilitate IAV budding (Beale et al. 2014).

The cytoplasmic domain of IAV M2 has been reported to bind caveolin-1 (Cav- 
1) (Zou et al. 2009), a raft-residing cholesterol-binding protein implicated in the life 
cycle of viruses that buds from lipid rafts, such as HIV, RSV, and rotavirus. Most 
Cav-1-associated proteins contain an aromatic-rich caveolin-binding motif (CBM), 
a consensus sequence of aromatic residues separated by a specific spacing (Couet 
et al. 1997). The M2-Cav-1 interaction has been confirmed by pull-down and coim-
munoprecipitation assays, with the putative CBM in M2 proposed to reside in the 
cytoplasmic, juxtamembrane region of the M2 tail (Sun et al. 2010). This interaction 
suggests that Cav-1 may modulate virus budding, possibly through the trafficking of 
M2 to the plasma membrane.

A yeast two-hybrid screening effort identified the transport protein particle com-
plex 6A (TRAPPC6A) and also its N-internal deleted isoform, TRAPPC6AΔ, as 
binders to the last six amino acids at the C-terminal end of IAV M2, with highly 
conserved Leu96 located at the extremity of M2 being indispensable in mediating 
the interaction (Zhu et  al. 2017). TRAPP complexes are multi-subunit tethering 

Fig. 15.1 IAV M2 may subvert autophagy by (a) interaction with Atg6/Beclin-1 to block autopha-
gosome maturation, triggering apoptosis [adapted from Rossman and Lamb (2009)] and (b) inter-
action with LC3 through an M2 LIR motif (FVSI) that hijacks LC3 to the plasma membrane 
[adapted from Beale et al. (2014)]
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complexes involved in intracellular membrane trafficking pathways, and 
TRAPPC6AΔ may be a regulator of M2 transport to the cell surface.

A yeast two-hybrid assay combined with mutagenesis identified the binding of 
both AM2 and BM2 to the C-terminal domain 1 (CTD1) of Hsp40 (Guan et  al. 
2010), a molecular chaperone that can regulate the critical PKR signaling pathway 
against viral infection. Hsp40 associates with the PKR inhibitor, P58IPK. Binding 
studies suggest that M2 also binds to P58IPK, possibly forming a stable complex with 
both Hsp40 and P58IPK (Guan et al. 2010), which would enhance PKR autophos-
phorylation and activation to inhibit host protein synthesis.

Results from another yeast two-hybrid screen using the M2 cytoplasmic tail as a 
bait have identified the human cell cycle regulator cyclin D3 as a binder, and their 
interaction has been confirmed in infected cells by immunoprecipitation assays (Fan 
et al. 2017). Using siRNA-mediated knockdown of cyclin D3 expression, the study 
proposed that cyclin D3 is a negative modulator of IAV infection, competing with 
M1 for binding to M2 in transfected cells and therefore disrupting the important 
M1-M2 interaction in the context of an IAV infection. On the other hand, IAV may 
antagonize cyclin D3 activity by (i) relocating cyclin D3 from the nucleus 
(Fig. 15.2a) to the cytosol (Fig. 15.2b) to facilitate virus replication by promoting 
cell cycle arrest and (ii) targeting cyclin D3 for cytosolic proteasomal degradation 
to prevent its interference with M1-M2 binding (Fig. 15.2b). Cyclin D3 has been 
also reported to be a target of SARS-CoV viroporin 3a (Yuan et al. 2007)

A recent study has identified M2 as a putative viral antagonist of BST-2 (bone 
marrow stromal cell antigen 2, also known as tetherin, CD317) (Hu et al. 2017), a 
protein that may restrict the release of infectious IAV (Mangeat et al. 2012). BST-2 
can inhibit the release of a wide range of enveloped viruses by tethering budding 
virions to the cell surface [reviewed in le Tortorec et al. (2011)], e.g., in HIV-1, in 
that case antagonized by its viroporin Vpu (Neil et al. 2008). However, the role of 
BST-2 in limiting IAV release has been disputed (Watanabe et al. 2011), perhaps 
due to IAV strain-specific susceptibility to BST-2 restriction. This interaction was 
confirmed by orthogonal assays, and using chimeric and truncated M2, the regions 

Fig. 15.2 Proposed activity of cyclin D3 in IAV budding. (a) In normal cells, cyclin D3 is local-
ized to the nucleus where it regulates cell cycle; (b) during IAV infection, cyclin D3 interacts with 
viral M2 to disrupt M1-M2 binding; (c) in the absence of cyclin D3, more infectious progeny virus 
particles are released [adapted from Fan et al. (2017)]
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involved in BST-2 downregulation were proposed to be within the M2 extracellular 
and TMDs.

Another report, using a Y2H screening with M2 cytoplasmic tail as bait,  
discovered the binding to annexin A6 (AnxA6) (Ma et al. 2012), a Ca2+-regulated 
membrane- binding protein that controls intracellular cholesterol homeostasis, and 
regulates membrane fusion and vesicle formation in endocytic and exocytic path-
ways (Raynal and Pollard 1994). This interaction has been verified by coimmuno-
precipitation assays and colocalization studies in infected cells (Ma et al. 2012). 
Modulation of AnxA6 expression led to corresponding variations in production of 
infectious IAV, suggesting that AnxA6 is a negative modulator of IAV infection (Ma 
et al. 2012), as it may impair IAV budding and the release of progeny virus.

A Y2H screen also identified Na+/K+ ATPase β1 subunit (ATP1B1) as binder to 
the M2 cytoplasmic domain (Mi et al. 2010). SARS-CoV E viroporin and the human 
papillomavirus E5 viroporin have also been found to bind the host Na+/K+ ATPase 
α1 subunit (Nieto-Torres et  al. 2011) and vacuolar H+ ATPase (Andresson et  al. 
1995), respectively.

 PB1-F2 Viroporin

Another protein in IAV, PB1-F2 (Chen et al. 2001), has the hallmarks of a viroporin: 
it is ~90 residues long, it forms oligomers, and it has been shown to form a nonse-
lective ion channel in planar lipid bilayers and microsomes (Henkel et al. 2010). 
PB1- F2 is known to induce apoptosis in host immune cells (Chen et al. 2001) via 
interaction with two mitochondrial proteins, ANT3 and VDAC1, resulting in the 
loss of mitochondria membrane potential (Varga et al. 2012), although its localiza-
tion and pro-apoptotic behavior is strain and cell type specific (Varga and Palese 
2011). In addition, PB1-F2 from pathogenic strains of IAV can be incorporated into 
the phagolysosomal compartment to activate the NLRP3 inflammasome, resulting 
in IL-1β secretion and causing severe pathophysiology (McAuley et al. 2013). Also, 
binding of PB1-F2 of PR8 to MAVS, a RIG-I-like receptor (RLR) signaling adaptor 
anchoring to mitochondria, led to antagonism activity on interferon production 
(Varga et al. 2012). Despite these data, the precise role of PB1-F2 in modulation of 
IAV-induced immunopathogenesis is still unknown.

 IAV Protein Interactome

Many more IAV host-virus PPIs have been detected recently using affinity purifica-
tion coupled with mass spectrometry in the context of infected cells. For example, 
the interactome of 11 viral proteins of influenza PR8 IAV and another 3 strains was 
analyzed (Wang et al. 2017), confirming that M2 protein is one of the major nodes 
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connecting host proteins with roles in immunity and regulation of viral infection. 
Almost 100 interactions of host with M2 protein were detected, and ~30 were 
common to at least three of the strains (Fig. 15.3).

 The Hepatitis C Virus p7 Protein (HCV-p7)

The hepatitis C virus (HCV) is an enveloped positive-strand RNA virus member of 
the Flaviviridae family (genus Hepacivirus) that has chronically infected 170 mil-
lion people worldwide, causing human liver disease. Hepatitis C is divided into six 
genotypes, with genotype 1 being the most common and most difficult to treat. 
Treatment against HCV infection involves drugs targeting both viral and host 
proteins, e.g., drugs that target NS3/4A protease, the NS5A protein, or the NS5B 
RNA- dependent RNA polymerase (RdRP). However, the rapid turnover of HCV 
replication (Neumann et al. 1998) and the error-prone activity of the HCV RNA 
polymerase lead to a rapid formation of “quasi-species” and therefore resistance to 
antivirals.

Fig. 15.3 Maps of the IAV intraviral and virus-host protein interactome. (a) Result from a Y2H 
study to identify direct binary contacts among the ten major viral proteins of the PR8 strain (Shapira 
et al. 2009). This study also detected nine interactions between IAV M2 and host proteins, among 
them RNA-binding proteins, transcription factors, or proteins involved in signaling pathways, or to 
detect intraviral PPIs; (b) close-up of high-confidence candidate-interacting proteins (HCIPs) 
associated with multiple IAV strains when M2 was used as bait. Indicated are links to other viral 
proteins (NP, PB1, and PB2) [adapted from Wang et al. (2017)]
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HCV encodes a single polyprotein of ~3000 amino acids that is cleaved by cel-
lular and viral proteases into ten different proteins: three structural proteins (core, 
E1, and E2) and seven nonstructural proteins (p7, NS2, NS3, NS4A, NS4B, NS5A, 
and NS5B). The structural proteins Core (C), E1, and E2 are located in the N-terminal 
region and form the viral particle (Moradpour and Penin 2013), whereas NS3 to 
NS5B are involved in the replication of the viral genome. p7 and NS2 are dispens-
able for RNA replication but are critical for virion morphogenesis, which requires 
both structural and nonstructural proteins (Appel et al. 2008; Steinmann et al. 2007), 
although the latter are not packaged in viral particles.

HCV replication takes place in double-membrane vesicles (DMVs), while viral 
assembly sites (AS) have been suggested to be specialized detergent-resistant mem-
branes (DRMs) in the ER or in mitochondria-associated ER membranes rich in 
cholesterol and sphingolipids (Shanmugam et al. 2015). The core protein concen-
trates at cytosolic lipid droplets (cLDs) close to the ER-located assembly site and 
is eventually linked to the vRNA replication site in specialized ER-derived 
structures.

During HCV assembly, one of the first steps is the interaction of cLD-bound core 
protein and NS5A (Appel et al. 2008). NS2, probably in complex with p7, interacts 
with the NS3-4A enzyme, and this retrieves the viral core protein from cLDs into 
the nascent virus particles [reviewed in Lindenbach and Rice (2013)]. Virus parti-
cles transit through the secretory pathway, where they are protected from exposure 
to low pH by p7, which neutralizes intracellular compartments (Wozniak et  al. 
2010). More recently, a genetic interaction has been observed between p7 and NS5B 
proteins, which were found to cooperate to promote virion infectivity by decreasing 
sphingomyelin content in the virion (Aligeti et al. 2015).

p7 Viroporin The viroporin p7 is produced when E2-p7-NS2 is cleaved by a signal 
peptidase at the ER (Lin et al. 1994; Mizushima et al. 1994). p7 is a 63-residue-long 
protein that has two α-helical TMDs and is found mainly at the ER membrane. As 
mentioned above, p7 is essential for virus particle assembly and release (Steinmann 
et al. 2007) and for productive HCV propagation in vivo (Sakai et al. 2003), but not 
necessary for RNA replication. The bovine viral diarrhea virus (BVDV) and the 
hepacivirus GB virus B (GBV-B), HCV’s closest relatives, also have a p7 protein 
crucial for virus replication.

p7 has channel activity with low cation selectivity (Griffin et al. 2003; Ouyang 
et al. 2013). p7 has been reported to permeabilize membranes to protons, preventing 
the acidification of intracellular vesicles (Wozniak et al. 2010), an activity that has 
been confirmed in vitro using a liposome-based assay (Gan et al. 2014).

The structural model for p7 is that of an α-helical hairpin with two α-helical 
TMDs kinked in the middle (Cook et al. 2010), or a sequence divided into three 
helical segments (Ouyang et al. 2013) where the N-terminal half of the polypeptide 
would face the lumen of the channel and the C-terminal helix, p7(27–63), faces the 
lipid environment. The channel is formed by either six or seven monomers (Luik 
et al. 2009; Montserret et al. 2010).
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 p7-NS2 Interaction

Early genetic analyses suggested that p7 interacts with NS2, a polytopic membrane 
protein containing three N-terminal TMDs that is essential in the assembly process 
of the HCV particle (Jirasko et al. 2008). Mutation of residues in one protein to 
induce the emergence of complementary mutations in the other was used to identify 
the interaction network of NS2 protein with p7, E1 and E2, and NS3 proteins 
(Jirasko et al. 2010). Similar conclusions were reached in studies involving chime-
ric constructs with different genotypes (Pietschmann et al. 2006) which showed that 
virus release was most efficient when the N-terminal TMD of NS2 was from the 
same isolate as the core-to-p7 region. In a similar study, adaptive mutations in E1, 
p7, NS2, and NS3 were detected that were essential for virus assembly and/or 
release, again suggesting genetic interactions between these proteins (Yi et  al. 
2007).

Physical interaction between p7 and NS2 was observed during pull-down assays 
and mutagenesis (Ma et  al. 2011), which suggested that p7 may regulate NS2- 
mediated complexes that are crucial for production of infectious HCV particles. 
Coimmunoprecipitation and FRET assays also supported a physical interaction 
between p7 and NS2 (Popescu et al. 2011), suggesting a complex between p7, NS2, 
and E2 mediated by transmembrane interactions. These interactions were proposed 
to be required to localize NS proteins and the core-containing cLDs to sites of virus 
assembly. Overall, these studies demonstrated that NS2, together with p7 protein, 
plays a central organizing role in HCV particle assembly by bringing together viral 
structural and nonstructural proteins. Although the exact mechanism linking nucleo-
capsid assembly with envelope acquisition is unknown, p7 and NS2 have been pro-
posed to play a critical role in the migration of core protein and E1-E2 heterodimers 
to the virion assembly site (Vieyres et al. 2014).

Another role, in immune evasion, has been identified recently for p7 (Qi et al. 
2017). Indeed, HCV acts against the host immune system by downregulating inter-
feron (IFN) production, blocking IFN signaling transduction, and impairing IFN- 
stimulated gene (ISG) expression. But even when ISGs are expressed, most ISGs 
have been reported to be ineffective when overexpressed in virus-infected cells due 
to unknown mechanisms (Schoggins et  al. 2011). By constructing a library of 
mutant HCVs with a 15-nt insertion, p7 was identified as an immune evasion pro-
tein that suppresses the antiviral IFN function, forming a complex with the host 
interferon-inducible protein 6–16 (IFI6–16) that has been verified by coimmuno-
precipitation. It was proposed that while IFI6–16 acts to stabilize the mitochondrial 
membrane potential, p7 counteracts by depolarizing the mitochondrial potential, 
likely through its ion channel activity. Overall, the findings suggest that p7  
antagonizes the antiviral responses of IFN by inhibiting the antiviral function  
of IFI6–16.
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 HCV Protein Interactome

A proteome-wide virus-host PPI screen of HCV was performed almost 10 years ago 
using a construction of a viral ORFeome and Y2H technology (De Chassey et al. 
2008). In that study, 314 PPIs were identified involving viral and host proteins, 13 
of which involving p7 and proteins expressed in the liver (Fig. 15.4), although these 
were not confirmed by orthogonal methods. A latter study combined mass spec-
trometry and functional genomics (Germain et al. 2014), but p7 was not included in 
the screen.

The interaction network between the ten HCV proteins has been investigated 
using a flow-cytometry-based FRET assay in living cells. In this study, p7 was 
found to bind NS2, Core, E1, and E2 (Hagen et al. 2014) (Fig. 15.5a). In 2016, a 
computational coevolution analysis of HCV attempted to reconstruct the PPI net-
work of the HCV at the residue resolution (Champeimont et al. 2016). Coevolving 
residues were identified to predict PPIs for further experimental identification of 
HCV protein complexes (Fig.  15.5b). One of these interactions was p7-NS2  
(see Fig. 15.5c).

Fig. 15.4 Graphical representation of the HCV virus-host (V-H) human interaction network (red 
lines) with black and red nodes representing viral and human proteins, respectively. Blue lines 
represent H-H interactions (adapted from De Chassey et al. (2008))
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 Coronavirus Viroporins

Coronaviruses (CoV) are vertebrate pathogens which cause human respiratory dis-
eases that typically affect the respiratory tract and gut. CoVs belong to the family 
Coronaviridae, subfamily Coronavirinae, and are distributed into four genera α, β, 
γ, and δ (Enjuanes et al. 2000). While α-CoVs and β-CoVs circulate in mammalian 
hosts, γ-CoVs and δ-CoVs mainly infect birds. For example, β-CoVs include the 
murine hepatitis virus (MHV), whereas γ-CoVs include the avian infectious bron-
chitis virus (IBV). The first coronavirus was isolated in 1937 (IBV), whereas the 
first human coronavirus (HCoV) was identified in the 1960s. In humans, disease 
caused by coronaviruses ranges from mild to really severe, e.g., the recent severe 
acute respiratory syndrome (SARS) and the Middle East respiratory syndrome 
(MERS).

SARS-CoV appeared in 2002 causing ~10,000 human infections, with a 10% 
mortality rate (Holmes 2003). MERS coronavirus (MERS-CoV) emerged about 
10 years later, and to date (as of July 2017) almost 2040 cases of infection and 712 
deaths have been confirmed (http://www.who.int/emergencies/mers-cov/en/), i.e., a 
mortality of ~35%. Currently, no effective licensed prevention nor treatment exists 
against coronavirus infection (Lou et al. 2014), although live attenuated vaccines 
and fusion inhibitors are promising strategies.

CoVs have nonsegmented, exceptionally long genomes (up to 32 kb). One third 
of the genome hosts the ORFs for structural proteins, i.e., spike (S), envelope (E), 
membrane (M), and nucleoprotein (N). This part of the genome also encodes other 
so-called “accessory” proteins, which vary in number and sequence even among 
CoVs belonging to the same lineage (Enjuanes et  al. 2008), e.g., from one in 
HCoV-NL63 to eight in SARS-CoV.  The remaining two thirds of the genome 
encode nonstructural genes, with open reading frames ORF1a and ORF1b that pro-
duce polyproteins pp1a and pp1ab. These are then processed into 16 nonstructural 

Fig. 15.5 (a) Network of reported intraviral HCV PPIs determined experimentally [adapted from 
Hagen et  al. (2014)] compared to (b) coevolution links of HCV proteins (Champeimont et  al. 
2016), where blue lines correspond to coevolving links not experimentally reported; (c) predicted 
p7-NS2 interaction between F14 of NS2 and I19 in TM1 of p7 (red line), compared to experimen-
tally reported interactions based on NMR (Cook et  al. 2013) between NS2  A12 and V15 and 
W48 in p7 TM2 (green lines) [adapted from Champeimont et al. (2016)]
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proteins (nsp1 to 16); see Su et  al. (2016) for recent general overview of   
coronaviruses and Forni et al. (2017) for the molecular evolution of HCoVs. In the 
case of  SARS-CoV, the genome is predicted to encode 14 functional open reading 
frames, leading to the expression of up to 30 structural and nonstructural protein 
products.

 E Viroporin

The E proteins are 76–109 amino acids long with one TMD (Torres et al. 2006; Li 
et al. 2014a; To et al. 2017), a short lumenal N-terminus and a longer cytoplasmic 
C-terminal tail (Nieto-Torres et al. 2011) which in SARS E protein tends to form 
β-structure in isolation, but it is mainly helical in the context of a full length protein 
(Li et al. 2014a). E proteins are localized particularly in the endoplasmic reticulum- 
Golgi intermediate compartment (ERGIC), where virus morphogenesis and bud-
ding occurs. E protein forms homopentameric channels with poor ion selectivity 
(Verdia-Baguena et al. 2012). Only the TMD of SARS-CoV E (E-TM) has been 
characterized in some detail, in lipid membranes (Torres et al. 2006) and in DPC 
micelles (Pervushin et al. 2009).

SARS-CoV E protein is a virulence factor critical for viral pathogenesis, as 
SARS-CoV lacking the E gene (rSARS-CoV-∆E) is attenuated in vivo (DeDiego 
et al. 2007). Mutations N15A and V25F abolish channel activity in vitro (Torres 
et al. 2007) and led to attenuation when introduced in a recombinant SARS-CoV 
(Nieto-Torres et al. 2014). The latter authors showed that channel activity is impor-
tant for inflammasome activation and elevated production of the pro-inflammatory 
cytokine IL-1β. SARS-CoV E also regulates host stress response and apoptosis 
(DeDiego et al. 2011) and improves viral fitness. The importance of the E protein in 
coronavirus pathogenesis has led to the development of live attenuated vaccines 
based on E-deleted, E-truncated, or E-mutated virions, e.g., Regla-Nava et  al. 
(2015). In general, E protein plays important roles in coronavirus assembly and 
morphogenesis, although E protein is not necessary to obtain infectious SARS-CoV 
(DeDiego et al. 2008).

 E-M Interaction

E protein is a known binder of M protein, the most abundant protein component of 
the virion and the membrane protein responsible for its shape. M protein has three 
predicted TMDs and a large C-terminal extramembrane domain exposed to the 
cytoplasm or the interior of the virion. It is this domain that forms contacts with the 
C-terminal tail of the E protein, although TMD interactions are also likely (Lim and 
Liu 2001; Hogue and Machamer 2008). These interactions occur at the ERGIC, the 
budding compartment of the host cell. Since M-M interactions are major drivers of 
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viral envelope formation, these contacts are likely to be important for particle 
assembly. The E-M interaction has long been reported in infectious bronchitis virus 
(IBV) and mouse hepatitis virus (MHV) by coimmunoprecipitation in virus-infected 
or virus-transfected cells (Corse and Machamer 2003; Lim and Liu 2001; Maeda 
et al. 1999) and was proposed to be crucial for the formation of virus-like particles 
(VLPs) and virions. In SARS-CoV, coexpression of M and E in a baculovirus 
expression system was sufficient for the assembly of VLPs (Ho et al. 2004). The 
deletion of the E gene (∆E) in the murine coronavirus, the mouse hepatitis virus 
(MHV), produced revertants where the M gene appeared to have been duplicated, 
creating new variants of M protein that lacked most of its C-terminal cytoplasmic 
tail (Kuo and Masters 2010). These results suggested a role for E proteins in “dis-
persing or de- aggregating” M protein during packaging.

Other CoV Viroporins Although the most studied viroporin in CoVs is the enve-
lope (E) protein, other viroporins have been found in an accessory gene present in 
all CoVs, between the S and E gene loci. In SARS-CoV (SARS-ORF3a) and in 
HCoV-229E (229E–ORF4a), these proteins form ion channels (Zhang et al. 2014; 
Lu et al. 2006), whereas HCoV-NL63-ORF3 has also been proposed to be a viropo-
rin (Zhang et  al. 2015). In HCoV-OC43, this genomic segment encodes ORF5, 
which has been reported to facilitate virion morphogenesis (Zhang et al. 2015). The 
latter has only a single TMD, in contrast with SARS-CoV ORF3a, HCoV-229E 
ORF4a, and HCoV-NL63 ORF3.

3a Viroporin SARS-CoV 3a protein is a 274-amino-acid-long protein with three 
TMDs and forms homotetrameric complexes that have ion channel activity (Lu 
et al. 2006). 3a protein has a cysteine-rich domain (residues 127–133) responsible 
for homo- and hetero-dimerization (Lu et al. 2006). In addition to a Yxx domain and 
a diacidic domain, it has a C-terminal domain (Tan et al. 2006). The C-terminal 
domain has RNA-binding activity (Sharma et al. 2007). Protein 3a is suggested to 
play a structural role in the SARS-CoV life cycle, since it interacts with S, E, and M 
proteins (Tan et al. 2004) and it is incorporated into newly packaged matured SARS- 
CoV virions (Shen et al. 2005; Ito et al. 2005). Also, it regulates various cellular 
responses of host cells, e.g., the upregulation of fibrinogen gene expression (Tan 
et al. 2005), and the increase of IL-8 and NF-B promoter activities (Kanzawa et al. 
2006), possibly through its RNA-binding activity (Sharma et al. 2007). SARS-CoV 
3a protein induces caspase-dependent apoptosis both in vivo and in vitro (Wong 
et al. 2005).

 Intraviral Interactions

Two yeast-two-hybrid (Y2H) studies have been conducted to study intraviral SARS- 
CoV protein interactions (von Brunn et al. 2007; Pan et al. 2008), although only a 
few of these interactions have been verified. Von Brunn et al. (von Brunn et al. 2007) 
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reported interactions of E protein with the nonstructural proteins nsp1, nsp8, and 
nsp11, as well as with the accessory proteins ORF3b, ORF7b, and ORF9b, whereas 
ORF3a interacted with M and S. However, not all these interactions were confirmed 
by coimmunoprecipitation in mammalian cells. Overall, however, only 13% of the 
intraviral SARS interactions known at that time were identified. This is likely due to 
the bias of Y2H against membrane proteins, which prevents the transfer of expressed 
prey and/or bait fusion proteins to the nucleus to activate transcription. Pan et al. 
(Pan et al. 2008) also reported a genome-wide analysis of intraviral PPIs in SARS- 
CoV replication, using a mammalian two-hybrid system screen, although only two 
interactions of E and 3a were found here. In comparison with a similar screen in 
yeast, native posttranslational modifications and folding should be present, but the 
two methods share a similar limitation in terms of bias against membrane proteins.

Later, a tandem affinity purification (TAP) study coupled to mass spectrometry 
(Álvarez et al. 2010), using dual-tagged SARS-CoV E protein in infected cells as 
bait, identified viral proteins nsp3, S, and M and host proteins dynein heavy chain, 
fatty acid synthase, aminopeptidase puromycin sensitive, phosphofructokinase 
platelet, tubulin alpha and beta, actin beta, transmembrane protein 43, and lactate 
dehydrogenase A as binders. Nsp3 is the largest nonstructural protein of SARS- 
CoV (1922 amino acids) which is proposed to act as a replication/transcription scaf-
folding protein (Imbert et  al. 2008). Interaction with nsp3 was confirmed by 
coimmunoprecipitation and was localized to one of the nsp3 seven domains, i.e., the 
N-terminal acidic domain (nsp3a), that has a ubiquitin-like fold (Serrano et  al. 
2007). Colocalization of E and nsp3 in the cytoplasm of the infected cell suggested 
nsp3 may bring E protein into the vicinity of the replication/transcription complex.

The PLpro domain of nsp3 has deubiquitinating activity (Lindner et al. 2005) 
and might act to protect the viral replication complex from proteasomal degradation 
via deubiquitination. The authors proposed that E-nsp3 interaction could control 
ubiquitination of E protein during infection. Interaction between nsp3a and SARS- 
CoV E was shown to involve residues in the C-terminal domain of the latter (Li 
et al. 2014a).

 Host Interactions

More recently, two Y2H studies searched for host interacting partners using the 
C-terminal tail of SARS-CoV E as a bait (Teoh et al. 2010; Jimenez-Guardeño et al. 
2014). The first of these reported the protein associated with Caenorhabditis ele-
gans lin-7 protein 1 (PALS1) as a binder (Teoh et  al. 2010). PALS1 is a tight 
junction- associated protein and part of a complex that maintains epithelial cell 
polarity (Fig. 15.6). Alterations of lung epithelia integrity were consistent with E 
protein hijacking PALS1 to the ERGIC/Golgi region. The E-PALS1 interaction is 
mediated by (i) a Postsynaptic density protein-95/Discs Large/Zonula occludens-1 
(PDZ) domain present in PALS1 and (ii) the last four C-terminal residues of E protein 
which represent a putative type II PDZ-binding motif (PBM) (Harris and Lim 2001). 
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PDZ domains are ~80–90 amino acids long and typically bind the C-terminal tails 
of proteins, although internal binding sites have also been reported [reviewed in Ye 
and Zhang (2013)]. They are usually found in signaling proteins that alter signaling 
pathways, with over 250 nonredundant PDZ domains being recognized in the 
human proteome (Wang et al. 2010).

The C-terminal tail of SARS-CoV E protein, which includes the proposed PBM, 
forms a random coil secondary structure (Li et al. 2014a) in a variety of environ-
ments. However, PBMs usually fold as β-strands (Ye and Zhang 2013), which sug-
gests that a β-structure conformation may be induced by target binding. Another 
similar Y2H study that used the same bait described a similar PDZ domain- 
containing binder, the syndecan-binding protein (syntenin) (Jimenez-Guardeño 
et al. 2014). Syntenin is a scaffolding protein that can initiate a signaling cascade 
resulting in the phosphorylation and activation of p38 mitogen-activated protein 
kinase (p38-MAPK), leading to expression of pro-inflammatory cytokines. The 
authors showed that the proposed C-terminal PBM in SARS-CoV E protein is a 
determinant of virulence. Since SARS-CoV-infected patients show an exacerbated 
inflammatory response that leads to epithelial and endothelial damage, edema, and 
acute respiratory distress syndrome (ARDS), the disruption of this pathway may 
have therapeutic implications. Overall, an involvement of this PBM in E protein in 
epithelial integrity and inflammatory responses is likely. Several other viruses, 
e.g., influenza A virus or human papillomavirus, have been described to enhance 

Fig. 15.6 Model of the potential consequences of SARS-CoV infection on polarity and intercel-
lular junctions formed by alveolar epithelial cells. (a) The inner surface of human lung alveolae is 
lined with a monolayer of polarized epithelial cells. Components of CRB and PAR polarity com-
plexes, including PALS1, are shown close to the apical domain. During infection, structural pro-
teins accumulate in the ERGIC compartment, where SARS-CoV E could bind to PALS1 to disrupt 
its trafficking to the tight junction; (b) disruption of the tight junction and virus dissemination 
[adapted from Teoh et al. (2010)]
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 pathogenesis through viral proteins containing PBMs [reviewed in Javier and Rice 
(2011)], which probably constitute a common viral strategy.

CoV E proteins may also interact with, and modulate, host channels to support 
the virus life cycle. In Xenopus oocytes, it has been shown that coexpression of 
SARS-CoV E with human epithelial sodium transporter (ENaC) reduced amiloride- 
sensitive current through PKC activation followed by reduction of ENaC surface 
levels (Ji et al. 2009). A similar direct or indirect inhibitory effect on other endoge-
nous channels was proposed from patch-clamp experiments using SARS-CoV 
E-transfected cells (Nieto-Torres et al. 2011). For IBV E, interaction with endoge-
nous channels or SNAREs has been suggested to justify the Golgi complex rear-
rangement in response to IBV E expression (Ruch and Machamer 2011), although 
this observation may also involve the IBV E channel itself. For example, ion homeo-
stasis at the Golgi could affect Na+/H+ exchangers that are critical for maintaining 
low luminal pH. Interactions of viroporins with Golgi channels or transporters are 
largely unexplored in the viroporins field, but notable cases have been already 
reported. For example, oncogenic protein E5 from papillomavirus (Wetherill et al. 
2012) is able to bind the 16 K subunit of the lumen-acidifying V-ATPase (Goldstein 
et al. 1991), preventing assembly of the pump and leading to alkalinization of the 
Golgi lumen (Schapiro et al. 2000).

 The Respiratory Syncytial Virus Small Hydrophobic  
Protein (RSV-SH)

Human respiratory syncytial virus (hRSV) belongs to the Paramyxoviridae family 
in the pneumovirus genus. This enveloped virus has a negative-sense single-strand 
RNA genome 15.2 kb long that encodes 10 sub-genomic mRNAs and 11 proteins 
(Fields et al. 2013). These 11 proteins include three membrane proteins accessible 
to the surface of the virion: the two that generate most RSV-neutralizing antibodies, 
fusion (F) and attachment (G), and the small hydrophobic (SH) protein.

RSV affects more than 30 million children below 5 years old and is the leading 
cause of bronchiolitis and pneumonia in infants and elderly (Dowell et al. 1996). 
Disease caused by RSV is responsible for 200,000 deaths worldwide which mostly 
occur in developing countries. hRSV exists as two antigenically distinct subgroups, 
A and B, both capable of inducing severe lower respiratory tract (LRT) disease in 
humans (Hall et al. 1990).

Although the virus was isolated more than half a century ago, no effective 
licensed treatment or vaccine is available for the general population, despite promis-
ing RSV vaccine candidates in clinical trials. Palivizumab is a humanized monoclo-
nal antibody (IgG) directed against the F protein that is recommended for infants 
<2 years old with high risk. However, it is not effective therapeutically and is only 
moderately effective at preventing infection. Since it costs $4500 per treatment 
course (Weiner et  al. 2011), its use is limited to a small fraction of patients 
 worldwide. The only licensed drug for therapeutic use is a nucleoside analog which 
has limited efficacy.
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 SH Viroporin

The SH protein in hRSV is only 64 (subgroup A) or 65 (subgroup B) amino acids 
long, but its sequence is well conserved, especially the N-terminal extramembrane 
domain (Tapia et al. 2014). It has a single TM α-helical hydrophobic region, with 
C- (lumenal or extracellular) and N- terminal (cytoplasmic) extramembrane domains 
(Collins and Mottet 1993). The N-terminal cytoplasmic domain forms a short 
α-helix (residues 5–14) (Fig.  15.7a), almost coincident with a “10-residue” con-
served sequence between hRSV and MuV SH protein sequences. SH proteins in 
MuV, PIV5, and JPV have extremely short lumenal domains (nine, two, and ten 
residues, respectively) compared with their much longer N-terminal cytoplasmic 
domains, which are likely involved in PPIs. The C-terminal extramembrane domain 
forms an extended β-hairpin. In bicelles, the α-helix of the TMD extends up to resi-
due His-51 (Li et al. 2014b), resulting in both protonatable residues of SH protein, 
His-22, and His-51, oriented toward the lumen of the channel.

Fig. 15.7 Structural model of SH protein monomer. (a) Comparison of models of monomeric SH 
protein obtained in micelles (red) and in bicelles (blue), with residues prolonging the TM domain 
up to His-51 (Li et al. 2014b); (b) residues in SH involved in interaction with BAP31; N-terminal 
cytoplasmic helix of SH protein, with residues perturbed (red) after addition of BAP31 cytoplas-
mic domain to labeled SH protein in detergent micelles (Li et al. 2015)
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SH protein forms homo-oligomers (pentamers), and this oligomeric form is 
responsible for ion channel (IC) activity (Gan et al. 2012; Gan et al. 2008) that has 
poor ion selectivity. In infected cells, most SH protein accumulates at the mem-
branes of the Golgi complex, but it is also found in the ER or plasma membrane 
(Rixon et al. 2004). SH has potential glycosylation sites in both the C- and N-terminal 
domains (Collins et al. 1990). In infected cells, the SH protein of strain A2 accumu-
lates in four different forms (Olmsted and Collins 1989; Collins et al. 1984; Collins 
and Mottet 1993), but the most abundant is a full-length unglycosylated form. The 
G protein forms G-F and G-SH complexes, but direct interactions between SH and 
F have not been observed (Low et al. 2008).

SH and apoptosis. It has been proposed that SH protein blocks apoptosis through 
inhibition of the TNF-α pathway (Fuentes et al. 2007), but the mechanism of this 
inhibition is not clear. A similar anti-apoptotic effect of SH protein has been reported 
for other members of the Paramyxoviridae family that encode SH proteins, e.g., 
mumps virus (MuV) and the parainfluenza virus 5 (PIV5).

Incidentally, an anti-apoptotic effect has also been noted for other similar viral 
channels (viroporins), e.g., E5  in the human papillomavirus type 16 (HPV-16) 
(Kabsch et al. 2004), or the envelope (E) protein, a viroporin in the severe acute 
respiratory syndrome (SARS) virus (DeDiego et al. 2011).

 SH and the Inflammasome

SH protein is also involved in inflammasome regulation, but the mechanism involved 
is not known. Indeed, some authors have proposed that RSV SH has a role in regula-
tion of the NLRP3 inflammasome (Russell et al. 2015). The latter is “primed” after 
the recognition of viral genomic RNA (vRNA) by pattern recognition receptors 
(PRRs) and subsequent activation of NF-kB. This priming involves the expression 
of inflammasome components, e.g., NLRP3 and inactive procaspase-1 (Elliott and 
Sutterwala 2015). Various virus-induced damage-associated molecular patterns 
(DAMPs) induce the assembly and activation of the NLRP3 inflammasome. This 
leads to processing of procaspase-1 into active caspase-1, which in turn cleaves 
inactive pro-IL-1β into the mature form IL-1β. The latter is a potent pro-inflamma-
tory cytokine crucial in resolving infectious processes.

Various viruses can activate the inflammasome by disrupting ion homeostasis 
through the expression of viroporins. For example, influenza A virus (IAV) activates 
NLRP3 as a result of H+ or ion flux from Golgi mediated by the M2 channel 
(Ichinohe et al. 2010). The 2B protein in picornaviruses induce NLRP3 cytoplasmic 
relocalization and inflammasome activation in an intracellular Ca2+-mediated man-
ner (Ito et al. 2012), while a similar mechanism has been proposed for SARS-CoV 
E (Nieto-Torres et al. 2015). The latter triggered inflammation in the lungs of mice, 
leading to epithelial cell damage and death (Nieto-Torres et al. 2014), and this was 
correlated to high levels of mature IL-1β in the airways of infected animals.
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Similarly, RSV SH protein has been suggested to activate the NLRP3 inflamma-
some through its IC activity and ion leakage from the Golgi (Triantafilou et  al. 
2013), similar to the mechanism proposed for SARS-CoV E (Nieto-Torres et  al. 
2015). Another study (Russell et  al. 2015) proposed that IL-1β is overproduced 
when SH is absent from RSV. The study also showed attenuation in mice when 
infected with RSV ΔSH. That deletion of RSV SH leads to an increase in IL-1β is 
also supported by studies in bovine RSV (bRSV), where a ΔSH vaccine strain 
induced higher levels of IL-1β in the lungs of infected cattle (Taylor et al. 2014). 
Consistent with this, lung macrophages infected with RSV did not lead to increased 
IL-1β, although other pro-inflammatory cytokines were overexpressed (Ravi et al. 
2013). Overall, it has been proposed (Russell et al. 2015) that SH protein blocks 
IL-1β production, preventing the clearance of infected cells. Indeed, blockade of 
IL-1β prior to infection increased the viral load, supporting the idea that SH might 
enable immunomodulation. The interaction between SH and G protein has also 
been shown previously to have an immunomodulatory role (Polack et al. 2005).

Although in cell culture RSV ΔSH is still viable, grows to similar titer to wild-
type RSV, and still forms syncytia, SH-deleted RSV (RSV ΔSH) is significantly 
attenuated in a variety of hosts (Taylor et al. 2014; Bukreyev et al. 1997; Russell 
et  al. 2015). Indeed, in the last few years, one of the leading RSV LAVs have 
included, among other modifications, a deletion in the SH gene (Karron et al. 2005). 
The cause of attenuation is not known, although it may have to do with effective 
transmission of the virus (Bukreyev et al. 1997).

A transcriptome analysis comparing RSV with and without SH protein could 
help to decipher the role of SH during infection and the cause of attenuation in vivo 
and to associate these responses to specific SH domains or features.

 Host Interactions

Recently, a membrane-based yeast two-hybrid system (MbY2H) was used to iden-
tify a cellular binding partner of hRSV SH protein, the B-cell receptor-associated 
protein 31 (BAP31) (Li et al. 2015), in a human lung cDNA library. BAP31 is a 
membrane protein located at the ER that has an essential role in sorting newly syn-
thesized membrane proteins. Additionally, BAP31 has a cytoplasmic C-terminus 
with two coiled coils (Quistgaard et al. 2013), one of them containing a variant of 
the death effector domain (vDED) flanked by two caspase-8 cleavage sites. This 
domain is excised upon activation of caspase-8 to produce a fragment p20, known 
to function as a proapoptotic factor (Breckenridge et al. 2003). This interaction was 
confirmed using co-transfection, pull-down assay and immunofluorescence  
colocalization, and also using endogenous BAP31 and was localized to the first 
N-terminal 44 residues (Li et al. 2015). When 15N–labeled SH protein was titrated 
with cytoplasmic C-terminal domain of human BAP31, major shifts were observed 
at residues I6, I8, S12, and W15 (Fig. 15.7b). It can be hypothesized that this inter-
action could interfere with the interaction between BAP31 and caspase-8, blocking 
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the cleavage sites and preventing conversion to the pro-apoptotic form of BAP31, 
i.e., p20, thus delaying apoptosis. Incidentally, the viroporin E5 from the high-risk 
human papillomavirus HPV-16 and HPV-31 was also found to interact with BAP31, 
where it is similarly thought to regulate apoptosis in addition to its roles in immu-
nomodulation (Regan and Laimins 2008) (see below).

 Intraviral Interactions

The interaction between RSV SH and G proteins has been reported previously in 
infected cells (Low et al. 2008; Rixon et al. 2005), although its significance is not 
yet clear. F protein seems to be the main determinant of host cell specificity during 
virus entry, and both F and G proteins are able to bind heparin sulfate, the putative 
cell receptor for RSV (Kargel et  al. 2001). However, a tri-component complex 
between SH, G, and F proteins was not observed (Low et al. 2008). Both G and F 
proteins have one predicted TMD, and interaction with SH protein can be both 
through the TMDs or extramembrane domains of the latter.

Until now, all studies to determine the role of SH protein in RSV infection have 
used wild-type RSV and ∆SH RSV (SH gene deleted) and compared the effects of 
this deletion on various parameters in infected cells, or in animal models. The 
effects caused by transfection of SH protein in readouts that depend on, for 
example, inflammasome activation or apoptosis, have also been explored. However, 
comprehensive datasets that aim at elucidating the contribution of SH to virulence 
observed in vivo, and a rationale for the attenuation observed when SH is deleted, 
are lacking.

 The Human Immunodeficiency Virus Viral Protein U 
(HIV-1-Vpu)

The human immunodeficiency virus type 1 (HIV-1) is an enveloped virus that 
causes AIDS. It has a single-stranded, positive-sense RNA genome of 9.8 kb which 
encodes for nine genes: the structural genes gag, pol, and env, the regulatory genes 
tat and rev, and additional genes nef, vif, vpr, and vpu which encode for accessory 
proteins. One of these accessory proteins, the Vpu (viral protein U) (Cohen et al. 
1988), is an 81-residue small-membrane protein consisting of an N-terminal trans-
membrane helix and a C-terminal cytoplasmic domain which contains two helices 
linked by a flexible loop region [reviewed in Opella (2015)] (Fig. 15.8a). Vpu can 
oligomerize to form cation-selective channels in membranes, although the rationale 
for this channel activity is not well defined.

Vpu has two primary roles during HIV-1 infection: (i) enhancement of virion 
release (Terwilliger et al. 1989; Strebel et al. 1988) and (ii) degradation of host 
CD4 receptor (Willey et al. 1992). Absence of Vpu in infected cells correlates with 
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reduction of viral release and intracellular accumulation of HIV-1 viral proteins 
(Klimkait et  al. 1990). The host protein BST-2 is a restriction factor of HIV-1 
release, and its activity can be neutralized by Vpu (Neil et al. 2008; Van Damme 
et al. 2008).

Host Interactions A number of host factors have been reported to bind Vpu, 
including the immunoreceptors major histocompatibility complex class I (MHC-I) 
(Kerkau et  al. 1997), CD1d (Moll et  al. 2010), NK-T-B-antigen (NTB-A) (Shah 
et al. 2010), poliovirus receptor (PVR) (Matusali et al. 2012) and human leukocyte 
antigen C (HLA-C) (Apps et  al. 2016), C-C chemokine receptor type 7 (CCR7) 
(Ramirez et al. 2014) and CD62L (Vassena et al. 2015), tetraspanins (Haller et al. 
2014; Lambelé et al. 2015), K+ channel TASK-1 (Hsu et al. 2004), metabolic trans-
porter, sodium-coupled neutral amino acid transporter 1 (SNAT1) (Matheson et al. 
2015), and the most recently reported intercellular adhesion molecule 1 (ICAM-I) 
(Sugden et al. 2017). However, the most important binders are CD4 and BST-2.

 Vpu-Mediated Degradation of CD4

The host CD4 is a cell surface receptor critical for HIV-1 entry into target cells by 
endocytosis, but its expression at the cell surface prevents the release of infectious 
virions from infected cells. To counteract this host defense mechanism, viral Vpu, 

Fig. 15.8 (a) Predicted secondary structure of Vpu showing N-terminal TMD (blue) and two 
α-helices of the cytoplasmic (CYTO) domain (red). Phosphorylated S52 and S56 are represented 
as circles (adapted from Dubé et  al. (2010)). (b) Solution NMR structure of VpuCYTO in DPC 
micelles (Protein Data Bank code: 2K7Y). Helix 1 (Ile39-Glu48) and helix 2 (Leu64-Arg70) are 
shown as ribbons. β-TrCP-binding DSGxxS motif is in blue. Side chains of phosphorylated serines 
are shown as balls and sticks. VpuCYTO residues showing substantial chemical shift changes upon 
addition of 1 mM CD4mut are in red (adapted from Singh et al. (2012)); (c) Vpu-mediated degra-
dation of CD4. Binding of Vpu to CD4 is mediated by the cytoplasmic helices and TM helices. 
Vpu has two conserved phosphoserines which constitute a binding motif for β-TrCP, leading to 
assembly of an E3 ubiquitin ligase (UbL) complex that results in CD4 ubiquitination and protea-
somal degradation (modified from Strebel (2014))
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Env, and Nef downmodulate CD4 surface expression [see review in Doms and 
Trono (2000)]. Vpu interacts with newly synthesized CD4 at the ER to mediate CD4 
degradation (Willey et al. 1992). Vpu-mediated degradation of CD4 requires physi-
cal interaction between the two proteins. In CD4, the interaction domain has been 
mapped to a specific motif (L414SEKKT419) and a membrane-proximal α-helix (Bour 
et al. 1995). For Vpu, residues in both cytoplasmic α-helices of Vpu experienced 
chemical shift perturbations upon CD4 binding (Fig.  15.8b) (Singh et  al. 2012), 
although involvement of the TMDs of both proteins has also been suggested 
(Magadán and Bonifacino 2012; Do et  al. 2013). However, the scrambling or 
replacement of the whole Vpu TMD appears to have no effect on Vpu-mediated 
degradation of CD4 (Willey et  al. 1994; Schubert et  al. 1996), whereas a single 
amino acid substitution at the TMD, W22 L, abolished CD4 degradation but did not 
disrupt the CD4-Vpu interaction (Magadán and Bonifacino 2012), suggesting that 
TM interactions between CD4 and Vpu may function beyond the expected role of 
stabilizing the protein complex for CD4 degradation.

Overall, it has been proposed that Vpu acts as an adapter protein to link CD4 to 
the host ubiquitin-proteasome machinery for degradation. This binding triggers the 
recruitment of the host beta-transducin repeat-containing protein (β-TrCP). A con-
served di-phosphoserine motif (D51SGxxS56) located within the loop region that 
connects the two cytoplasmic α-helices of Vpu is necessary for this process. 
Interaction of the phosphoserines in Vpu with the WD boxes of β-TrCP enables the 
formation of a CD4-Vpu-β-TrCP ternary complex (Margottin et al. 1998), bringing 
CD4 and other components of the SCFβ-TrCP E3 ubiquitin ligase complex (Skp1 and 
Cullin1) in close proximity to facilitate the trans-ubiquitination of the CD4 cyto-
solic tail (Binette et  al. 2007) on lysine and serine/threonine residues (Magadán 
et  al. 2010) and subsequently its transportation to the cytosol for degradation 
(Fig. 15.8c).

 Vpu-Mediated Antagonism of BST-2

Vpu enhances virus dissemination by antagonizing the host BST-2, a host restric-
tion factor with antiviral capabilities [reviewed in Simon et al. (2015)]. BST-2 is an 
interferon-inducible type II integral membrane protein located at the budding site of 
HIV-1. BST-2 has an N-terminal cytoplasmic domain, a TMD, followed by a coiled- 
coil ectodomain and finally a C-terminal glycosyl-phosphatidylinositol (GPI) mem-
brane anchor. Its unusual topology enables it to tether virions by inserting, 
preferentially its GPI anchor, into the envelope of assembling virion particles, while 
itself remains embedded in its host cell membrane (Venkatesh and Bieniasz 2013; 
Neil et al. 2006).

It has been proposed that Vpu engages BST-2 through interaction between 
their respective TMDs, with involvement of Vpu’s A14, W22, and A18 (Vigan and 
Neil 2010) and BST-2’s I34, L37, and L41 (Kobayashi et al. 2011). An NMR study 
described an antiparallel interaction between Vpu and BST-2 TMDs in DHPC 
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micelles, in an orientation where A18 of Vpu faces L37 of BST-2 (Skasko et al. 
2012) (Fig.  15.9). The conserved residues within the Vpu membrane-proximal 
cytoplasmic hinge region (E28YRKIL33) have also been found to be important for 
Vpu- mediated BST-2 antagonism (Lukhele and Cohen 2017).

The mechanism of BST-2 neutralization by Vpu appears to be multifaceted and 
under debate, although the key mechanism appears to be the direct displacement of 
BST-2 from the virus assembly sites at the plasma membrane (McNatt et al. 2013). 
Accordingly, a C-terminal Trp residue at the Vpu cytoplasmic tail has been reported 
to contribute to this displacement of cell surface BST-2 (Lewinski et  al. 2015). 
Other proposed mechanisms have been proposed, e.g., Vpu can disrupt intracellular 
BST-2 trafficking by sequestering both newly synthesized and recycling BST-2 
within intracellular compartments such as the TGN (Dubé et al. 2010; Hauser et al. 
2010). This effectively blocks the resupply of BST-2 to the plasma membrane and 
thereby reduce BST-2 surface density (Dubé et al. 2011). Vpu-mediated BST-2 mis-
trafficking has been reported to involve the host clathrin-dependent membrane traf-
ficking pathways which are mediated by clathrin adaptor protein (AP) complexes 
(Kueck and Neil 2012; Lau et al. 2011). It was proposed that Vpu is able to hijack 
the clathrin-dependent trafficking machinery via a mimicked canonical acidic 
 di- leucine sorting motif (E59xxxLV64) within its second cytoplasmic α-helix to 
recruit the AP complexes, forming a Vpu-BST-2-AP ternary complex (McNatt et al. 
2013; Jia et al. 2014; Kueck et al. 2015). In addition, the conserved di-phosphoserine 
motif (D51SGxxS56) in Vpu may also be required for this recruitment (Kueck et al. 
2015).

Fig. 15.9 Left, the spin label (MTSL) at the N-terminus of Vpu selectively decreased the intensity 
of C-terminal residues of BST-2, whereas the spin label at the N-terminus of BST-2 selectively 
decreased the intensity of C-terminal residues of Vpu; right, helical wheel diagrams of the BST-2 
and Vpu TMDs. The TMDs of BST-2 and Vpu are depicted in their anti parallel orientation 
(adapted from Skasko et al. (2012))
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A crystal structure of a VpuCYTO-BST-2CYTO fusion protein in complex with the 
AP1 core has been solved (Jia et al. 2014). In this model, the cytoplasmic domains 
of Vpu and BST-2 do not interact directly. Instead, Vpu seems to act as a chaperone 
to enhance binding of AP1 to BST-2. Stability of this complex is achieved by 
pair- wise binary interactions between Vpu and BST-2 TMDs and between Vpu and 
BST-2 cytoplasmic domains to several parts of AP1 (Fig. 15.10). Thereafter, the 
Vpu-BST-2 complex is thought to proceed through the clathrin-mediated trafficking 
pathway for β-TrCP-dependent ubiquitination of BST-2 before subsequent ESCRT- 
mediated endo-lysosomal degradation.

Recently, it has been reported that Vpu may hijack the function of the host actin 
cross-linking regulator filamin A (FLNa) during its quest of BST-2 modulation 
(Dotson et al. 2016). Vpu may also exploit an LC3-associated noncanonical autoph-
agy pathway to restrict BST-2 (Madjo et al. 2016). The refinement of current mod-
els, together with the discovery of additional host and/or intraviral factors involved, 
will ultimately form a complete and accurate picture of Vpu-mediated BST-2 
antagonism.

 The Polyomavirus JC Agnoprotein

Polyomaviruses are small, non-enveloped DNA viruses with their closed circular 
genome packaged within an icosahedral viral capsid. Progressive multifocal leuko-
encephalopathy (PML), a deadly demyelinating disease of the brain, is attributed to 

Fig. 15.10 Schematics of Vpu hijacking of AP1 to target BST2. AP1 is colored by subunit (β1 in 
gray, γ in orange, μ1 in green, and σ1 in yellow). VpuCYTO (cyan) binds to the acidic di-leucine-
binding pocket of γ/σ1, and BST-2CYTO (magenta) binds to the tyrosine-binding pocket in μ1. 
Transmembrane helices are represented by cylinders (adapted from Jia et al. (2014))
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the human polyomavirus JCV (John Cunningham virus). JCV encodes for a small 
and highly basic protein called agnoprotein which has important regulatory roles in 
the JCV replication cycle. Besides JCV, the agnoprotein can also be found in other 
polyomaviruses including BK virus (BKV) and simian virus 40 (SV40) (Sariyer 
et al. 2011). The 71-residue agnoprotein has a central hydrophobic region which has 
been reported to form an amphipathic α-helix (Lys23-Phe39) (Coric et al. 2014). 
This helix is characteristically rich in Leu/Ile/Phe, which is required for protein 
stability and oligomerization (Saribas et al. 2013). A recently solved NMR structure 
in organic solvent has revealed a second α-helix, albeit minor, spanning residues 
Leu6-Lys13 (Fig. 15.11) (Coric et al. 2017).

Agnoprotein demonstrates several key features which are commonly shared 
among viroporins (Suzuki et al. 2010a; Suzuki et al. 2013; Suzuki et al. 2010b), e.g., 
it is a membrane protein that associates into homo-oligomers that increased mem-
brane permeability leading to influx of extracellular Ca2+ and enhancement of virus 
release. In addition, agnoprotein-deleted mutants have defective virion release and 
viral propagation.

Intraviral and Host Interactions The JCV agnoprotein has been shown to inter-
act with a number of viral proteins: large T-antigen (LT-ag) (Safak et  al. 2001), 
small t-antigen (St-ag) (Sariyer et al. 2008), HIV-1 Tat (Kaniowska et al. 2006), and 
capsid protein VP1 (Suzuki et  al. 2012). It also interacts with cellular proteins, 
including the Y-box-binding factor 1 (YB-1) (Safak et al. 2002), tumor suppressor 
p53 (Darbinyan et al. 2002), tubulin (Endo et al. 2003), DNA damage repair protein 
Ku70 (Darbinyan et al. 2004), fasciculation and elongation protein zeta 1 (FEZ1) 
(Suzuki et al. 2005), heterochromatin protein 1 alpha (HP-1α) (Okada et al. 2005), 
protein phosphatase 2A (PP2A) (Sariyer et al. 2008), and the adaptor protein com-
plex 3 (AP3) δ subunit (Suzuki et al. 2013).

Fig. 15.11 NMR structure 
of agnoprotein contains 
two main α-helical 
structures (red) and two 
unstructured regions 
(yellow) [adapted from 
Coric et al. (2017)]
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One of the interesting host factors targeted by the JCV agnoprotein is the AP3 
(Suzuki et al. 2013). Interaction of agnoprotein with the δ subunit of AP3 (AP3D) 
appears to hijack the AP3-mediated intracellular vesicular trafficking to prevent the 
targeted lysosomal degradation of agnoprotein. This phenomenon is reminiscent of 
the special features of viroporins such as M2 and Vpu, which also manipulate host 
trafficking pathways. Agnoprotein is then allowed to be translocated to the plasma 
membrane to act as a viroporin and promote virion release (Suzuki et al. 2013). 
Alanine substitutions of two basic residues (Arg8 and Lys9) in the N-terminus of 
agnoprotein disrupt its viroporin activity (Suzuki et al. 2010a) and also disrupt bind-
ing to AP3D, ensuing its transport to the lysosomes and subsequent lysosomal deg-
radation (Fig. 15.12) (Suzuki et al. 2013). These basic residues are part of an ordered 
helical structure (Coric et al. 2017) and may constitute an important regulatory and/
or interaction motif.

 Rotavirus NSP4

Rotaviruses are members of the Reoviridae family of non-enveloped viruses which 
consist of segmented, double-stranded RNA genomes surrounded by multiple con-
centric protein capsids (Coombs 2006). Rotaviruses are a leading cause of severe 
viral gastroenteritis and dehydrating diarrhea in infants and young children, resulting 
in a high global child mortality rate of 215,000 in 2013 (in children <5 years old) 

Fig. 15.12 Involvement of AP-3 in membrane permeabilization and virion release involving WT 
(left) and mutant RK8AA (right) agnoprotein. Both WT and RK8AA form homo-oligomers as 
integral membrane proteins in cytoplasmic organelles. WT disrupts AP3-mediated vesicular traf-
ficking, is translocated to plasma membrane, and functions as a viroporin, resulting in the promo-
tion of virion release. In contrast, the RK8AA mutant fails to bind to AP3D and does not disrupt 
AP3-mediated vesicular trafficking and is transported to lysosomes and degraded. RK8AA agno-
protein cannot promote virion release and is defective in viral propagation [adapted from Suzuki 
et al. (2013)]
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(Tate et al. 2016). The rotavirus nonstructural protein 4 (NSP4) is a 175-amino-acid 
transmembrane ER glycoprotein and the first virus-encoded enterotoxin to be dis-
covered (Ball et al. 1996). Besides its primary ER localization, NSP4 can also be 
secreted as a soluble enterotoxin (Bugarc̀ić and Taylor 2006) or colocalize with the 
autophagy protein LC3  in cap-like structures that associate with viroplasms 
(Berkova et al. 2006).

NSP4 consists of three hydrophobic domains (H1, H2, and H3) followed by a 
long cytoplasmic region containing a coiled-coil domain (CCD) and a flexible tail 
region (Estes and Greenberg 2013) (Fig. 15.13). Notably, its distinctive functional 
domains include (i) an enterotoxic domain (ETD, residues 114–135), which can 
function as a diarrhea-inducing enterotoxin similar to the full-length protein in 
young mice (Ball et al. 1996), and (ii) a recently discovered viroporin domain (VPD, 
residues 47–90) which is made of a penta-lysine domain and the amphipathic helix 
H3 (Hyser et  al. 2010) and exhibits cation-selective channel activity in artificial 
lipid bilayers (Pham et al. 2017).

An alteration in cellular calcium homeostasis is critical for rotavirus replication 
and cytopathogenesis, and this has been correlated with the NSP4 viroporin [see 
review in Hyser and Estes (2015)]. Earlier studies reported that NSP4 colocalize 
with the autophagosome marker LC3 in “cap-like structures” associated with viro-
plasms (Berkova et  al. 2006), sparking interest of whether the host autophagy 
machinery is manipulated during rotavirus infection. Indeed, NSP4 appears to 
orchestrate a series of events which ultimately lead to host autophagy. NSP4 viropo-
rin activity at the ER can activate the ER calcium sensor stromal interaction mole-
cule 1 (STIM1), which triggers an activation of store-operated calcium entry 
(SOCE), which in turn facilitates Ca2+ influx through the plasma membrane (Hyser 
et al. 2013). This increase in intracellular Ca2+ activates the Ca2+/calmodulin-depen-
dent protein kinase kinase-β (CaMKK-β) to initiate autophagy (Anderson et  al. 
1999; Crawford et al. 2012). The autophagy membrane trafficking pathway is then 
hijacked by the virus to transport viral proteins from the ER to viroplasms for 
assembly of infectious virus (Crawford et al. 2012).

Fig. 15.13 Schematic representation of rotavirus NSP4 structural domains. H1, H2, and H3, 
hydrophobic domains 1, 2, and 3, respectively. NSP4 viroporin domain (residues 47–90) and 
enterotoxic domain (residues 114–135) are indicated. Putative binding sites of NSP4 interaction 
partners are also indicated
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 Intraviral and Host Interactions

Even before the discovery of its viroporin activity, NSP4 has been described to per-
form multiple functions through interacting with a number of viral and host factors, 
and the cytoplasmic region of NSP4 is an interaction hotspot. For instance, the 
NSP4 cytoplasmic CCD has been reported to be the binding site for the rotavirus 
spike protein VP4 (NSP4 aa112–148) (Au et  al. 1993), host extracellular matrix 
(ECM) proteins laminin-β3 and fibronectin (NSP4 aa87–145) (Boshuizen et  al. 
2004), caveolin-1 (Cav-1) (NSP4 aa114–135) (Parr et al. 2006; Ball et al. 2013), and 
the integrin I domains (NSP4 aa114–130) (Seo et al. 2008). In addition, the flexible 
region of the NSP4 cytoplasmic tail interacts with VP6 to serve as an intracellular 
receptor for the viral double-layered particles (DLPs) (NSP4 aa161–175) (Au et al. 
1989; Taylor et al. 1996) and can also bind microtubules (NSP4 aa120–175) (Xu 
et  al. 2000). NSP4 can also bind the host calnexin via the two N-linked high- 
mannose oligosaccharide residues within the NSP4 H1 domain (Mirazimi et  al. 
1998). The putative binding sites for these interactions are summarized (Fig. 15.13).

While mechanistic and structural information on membrane insertion and oligo-
merization of the full-length NSP4 is still lacking, a topology model of NSP4 as a 
three-pass transmembrane protein has been proposed (Fig. 15.14). In addition, crys-
tal structures have revealed that the NSP4 CCD from two different rotavirus strains 
can form a tetramer and a pentamer, respectively (Bowman et  al. 2000; Chacko 
et al. 2011) and that the tetrameric NSP4 CCD, but not the pentameric form, can 
bind Ca2+ at its core. Later studies clarified that the oligomeric status of NSP4 CCD 
can be regulated by pH and Ca2+; at neutral pH it forms a tetramer that binds Ca2+, 

Fig. 15.14 Model of NSP4 as a three-pass transmembrane protein. Left: initial ER membrane 
insertion of NSP4 mediated by uncleaved signal sequence in H2 domain. Lysine residues interact 
with membrane phospholipid, promoting insertion of the viroporin domain (PD  +  AD) as an  
anti-parallel α-helical hairpin. Center: insertion of the viroporin domain generates a three-pass 
transmembrane topology. Right: NSP4 oligomerization around the amphipathic α-helix generates 
an aqueous pore for the passage of ER Ca2+ [adapted from Hyser et al. (2010)]
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but at low pH it forms a pentamer that does not bind Ca2+ (Sastri et al. 2014). While 
the NSP4 CCD appears to be an interaction hotspot, it remains to be revealed how 
environmental cues may influence its binding conformations and affinity with inter-
action partners. For instance, the CCD may act as a cytoplasmic pH/Ca2+ sensor that 
alters the NSP4 oligomeric state and conformation to regulate its binding to a cer-
tain interaction partner, or Ca2+ may even act as a cofactor for binding.

 Human Papillomavirus E5

Human papillomaviruses (HPVs) are double-stranded DNA viruses which are 
small, non-enveloped, and epitheliotropic. They are known to infect mucosal and 
cutaneous epithelia of the anogenital tract and the hands/feet regions. High-risk 
HPVs, mainly HPV-16 and HPV-18, are responsible for 70% of cervical cancers 
and precancerous cervical lesions. The HPV-16 E5 (16E5), a small hydrophobic 
oncoprotein, is a recent addition to the viroporin family as it exhibits ion channel 
activity in vitro (Wetherill et al. 2012). 16E5 is an 83-residue protein with three 
putative TMDs and an N-terminal luminal, C-terminal cytoplasmic topology 
(Krawczyk et al. 2010). 16E5 monomers oligomerize as homodimers or hexamers 
(Kell et al. 1994; Gieswein et al. 2003; Wetherill et al. 2012). 16E5 has roles in cel-
lular transformation, mitogenic signaling, immune evasion, intracellular protein 
trafficking, and apoptosis [reviewed in Müller et al. (2015)].

 Host Interactions

It has been reported that 16E5 forms a stable complex with the epidermal growth 
factor receptor (EGFR) in co-transfected cells (Hwang et  al. 1995) and with the 
16 K subunit of the vacuolar H+-ATPase (V-ATPase) (Conrad et al. 1993), although 
the 16E5 binding site with the latter is under debate (Adam et al. 2000; Rodríguez 
et al. 2000). The C-terminal domain of 16E5 has been reported to bind the nuclear 
transport receptor karyopherin β3 (KNβ3) (Krawczyk et  al. 2008) and the  Ca2+/
phospholipid-/actin-binding protein calpactin I (Krawczyk et  al. 2011). Other 
reported interaction targets of 16E5 include the gap junction protein connexin 43 
(Oelze et al. 1995; Tomakidi et al. 2000), growth factor receptor ErbB4 (Chen et al. 
2007), zinc transporter ZnT-1 (Lazarczyk et al. 2008), transmembrane channel-like 
proteins EVER1 and EVER2 (Lazarczyk et al. 2008), the putative ER ion channel 
A4 (Kotnik Halavaty et al. 2014), and the Golgi-resident transmembrane protein 
YIPF4 (Müller et al. 2015).

Interactions between 16E5 and host proteins have been implicated in the modu-
lation of host defense. For instance, 16E5 can help HPV escape from immunesur-
veillance by downregulating expression of antigen-presenters at the host cell 
surface. 16E5 binds and retains MHC-I in the ER and Golgi to prevent its trafficking 
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to the cell surface, in an interaction involving two leucine pairs in the first TMD 
(TM1) of 16E5 and the heavy chain of MHC-I (Ashrafi et al. 2005; Cortese et al. 
2010; Ashrafi et al. 2006). The TM1 of 16E5 may also bind and cripple the function 
of the MHC-I chaperone, Bap31 (Ladasky et al. 2006; Regan and Laimins 2008; 
Cortese et  al. 2010). Intriguingly, a motif consisting of ten identical residues 
between the 16E5 TM1 and Bap31 TM3 has been discovered (Fig. 15.15) and could 
represent a case of molecular piracy used by 16E5 to displace Bap31 from MHC-
I. In addition, 16E5-mediated ER retention of MHC-I may also involve an interac-
tion with the ER chaperone calnexin, since surface downregulation of MHC-I is not 
observed in calnexin-deficient cells (Gruener et al. 2007). In the same study, a tri- 
protein complex of 16E5, MHC-I, and calnexin could be obtained based on a coim-
munoprecipitation assay. The 16E5-calnexin interaction also reduced CD1d surface 
levels by retaining it in the ER and subsequently redirecting it for proteasomal deg-
radation (Miura et al. 2010).

 BPV E5: A Case Study

E5 also plays an important role in cell tumorigenic transformation. One associated 
cellular target of the bovine papillomavirus BPV-1 E5 is the platelet-derived growth 
factor β receptor (PDGFβR), a transmembrane receptor tyrosine kinase (Fig. 15.16, 
left). Under normal circumstances, the ligand PDGF binds to the extracellular 
domain of its receptor to induce receptor dimerization, leading to the autophos-
phorylation of tyrosine residues at the receptor intracellular domain, activation of 
their intrinsic tyrosine kinase activity, and subsequent signal transduction resulting 
in mitogenesis (Fig. 15.16, middle). While the BPV-1 E5 is not a natural ligand of 

Fig. 15.15 E5 and BAP31 topology. Top, topology of E5 and Bap31, with TMDs indicated; 
TM3 in BAP31 and TM1 in 16E5 share a similar motif [adapted from Cortese et al. (2010)]. The 
alignment of 16E5 TM1 and Bap31 TM3 showing the ten-residue identity which may be involved 
in interactions among 16E5, MHC-I and/or other associated proteins. Identical residues are in bold
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PDGFβR, it can constitutively activate its receptor tyrosine kinase activity 
(Fig. 15.16, right) (Drummond-Barbosa et al. 1995) and is therefore an oncoprotein 
that can lead to host cell transformation.

Coimmunoprecipitation experiments have shown that the E5-PDGFβR interac-
tion is stable and is important in E5-induced cell transformation (Petti and DiMaio 
1992; Goldstein et al. 1992). Deletion of the extracellular ligand-binding domain of 
PDGFβR did not prevent its cooperation with E5, demonstrating that E5 activation 
of PDGFβR is ligand independent (Drummond-Barbosa et al. 1995). Also, muta-
genesis and chimeric studies of PDGFβR have mapped the binding region to the 
TMD of the receptor (Cohen et al. 1993; Nappi et al. 2002). The interaction between 
E5 and PDGFβR is also highly specific, since cooperation was not observed between 
E5 and PDGFαR, a closely related receptor tyrosine kinase (Goldstein et al. 1994). 
Molecular dynamics experiments have proposed a model of the E5 dimer, where the 
Gln17 of monomer 1 and the Asp33 of monomer 2 are on the same face of the dimer 
that interacts with a molecule of PDGFβR (Surti et al. 1998). NMR studies of E5 
peptides in detergent micelles also favor E5 dimerization for complex formation 
with PDGFβR through its TMD (King et al. 2011).

Fig. 15.16 Model for E5-PDGFβR interaction. Left, monomer of inactive PDGFβR; middle, 
PDGFβR activation by PDGF binding in the extracellular domain, leading to receptor dimeriza-
tion, tyrosine phosphorylation in the intracellular domain, and recruitment of cellular signaling 
substrates (green and purple); right, PDGFβR activation by binding of a BPV-1 E5 dimer to the 
TMD of the receptor. Horizontal lines represent cell membrane, with the cytoplasm beneath 
[adapted from DiMaio and Petti (2013)]
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 Concluding Remarks

The interplay between the host cell responses and viral offensive mechanisms yields 
the final outcome of an infection. For efficient viral replication, the virus must be 
resourceful in harnessing or disabling the host cellular machinery. In recent years, 
the role of viroporins as essential players in viral pathogenesis has been established. 
However, in addition to disrupting cellular ion homeostasis by their channel activ-
ity, viroporins also interact with host factors and coordinate with other viral proteins 
in structural roles. The structural features of these complexes remain poorly under-
stood. Advances in this field will provide useful insights in the design of new 
antivirals.
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Chapter 16
Protein Complexes and Virus-Like Particle 
Technology

Andris Zeltins

 Introduction

Proteins are the most multifunctional macromolecules in living organisms. As prod-
ucts of translated genetic information from corresponding coding genes, they play a 
central role in such relevant functions as catalysis of thousands of biochemical pro-
cesses, providing molecular architecture for different subcellular components and 
controlling such crucial processes as cell division and intracellular signaling. 
Structurally, proteins are built up from approximately 1000 protein domain types, 
and these are involved in approximately 10,000 types of different protein-protein 
interactions (Aloy and Russell 2004).

Proteins perform their functions predominantly in a form of different complexes, 
which are products of specific protein-protein, protein-nucleic acid, protein-lipid, 
protein-polysaccharide and protein-low-molecular compound interactions. For 
example, human cells contain approximately 4300 proteins which are involved in 
13,900 identified interactions, whereas 630 interaction partners are known for pro-
teins encoded by bacteriophage lambda. However, these numbers may represent 
only a minor part of all possible protein interactions in living cells (Hao et al. 2016).

Protein complexes are formed by physical interactions between proteins and 
their binding partners based on electrostatic, hydrophobic, hydrogen bonds and Van 
der Waals forces. In special cases, the protein complex formation results in covalent 
bonds, which is the strongest and most stable association between components of 
the complex.

The formation activity of a complex can be characterized by such biophysical 
parameter as binding constant, or association constant Ka, which characterizes the 
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equilibrium between formed complexes and free, unbound components. The 
 dissociation constant Kd is the inverse of the association constant. To characterize 
the complex stability, the apparent dissociation constant KD is frequently used, 
which is approximately equal to that critical concentration, when the concentra-
tions of free binding partners and the complex are equivalent (Katen and Zlotnick 
2009).

The stability of protein complexes can be highly different. Their dissociation 
constant KD values can cover very broad range from femtomolar (fM) to millimolar 
(mM) concentrations. Protein interactions with their binding partners with the KD 
values in the fM to nM range are considered as stable, whereas protein complexes 
with μM or mM values are regarded as transient. It should be noted that transient 
interactions are dominating in living cells, because the ability of proteins for revers-
ible binding is a prerequisite of many biochemical and biophysical processes (Liu 
et  al. 2016). Typical examples are enzyme-catalysed reactions, DNA replication, 
signal transduction cascades and many others. Also viral structural proteins interact 
mostly transiently with each other as well as with host cell proteins, because assem-
bly/disassembly processes are an essential part of viral life cycle. Viral capsids have 
to be stable to ensure the protection of the enclosed genome during passage between 
susceptible hosts; on the other hand, they have to be able to disassemble in infected 
cells to start a new round of infection.

Since virus discovery more than 100 years ago, the knowledge about the struc-
ture and functions of virus-encoded proteins as well as about specific interactions in 
virus-infected cells is continuously growing. Accordingly, Google Scholar searches 
using a key phrase “virus-host interaction” result in 26,000 entries by 1987, 141,000 
by 1997 and 1,100,000 by 2007; actual number of entries reaches more than 
1,700,000 (2017). The studies of last years about virus-host interactomas revealed 
thousands of complexes which contributed considerably to our understanding of the 
cell processes during viral infections. It is important to note that these interactions 
are not universal but can be totally different depending of the virus type (see recent 
reviews Lum and Cristea 2016; Wang 2015; Korth et al. 2013).The interaction stud-
ies are important not only from academic point of view, but also for technology 
development, providing the knowledge about potential targets for antiviral 
therapies.

Viruses can be regarded as natural systems of nanometer scale that “exist at the 
interface of living organisms and nonliving biological machines” (Schwarz et al. 
2017). As suggested by Watson and Crick already more than 60 years ago, morpho-
logically viruses represent either rod- or sphere-like structures (Crick and Watson 
1956). Structural studies during subsequent decades revealed that viruses are more 
diverse in composition, size and three-dimensional morphology and are mainly 
assembled in particles of different icosahedral or helical structures (Fig.16.1). 
However, some viral structures are not organized symmetrically. Simplest viruses 
are built up from single or few structural proteins and nucleic acid(s), whereas more 
complex viruses contain also lipid envelopes and different sugar molecules. Viral 
genomes are encoded by single- or double-stranded DNA or RNA. More detailed 
information about the diversity of viral structures can be obtained in recent review 

A. Zeltins



381

articles (Zlotnick et al. 2016; Tars 2016; Solovyev and Makarov 2016; Mannige and 
Brooks III 2010).

As viruses structurally represent perfect natural designs, their structures and 
functional properties serve as inspiring generator of ideas for new nanomaterials 
(Narayanan and Han 2017). Biotechnologists working with virus-derived structures 
frequently use the term “virus-like particles” (VLPs). The phrase “virus-like bod-
ies” or particles is known since the 1930s of the last century and was used to describe 
the structures found in exudates of rheumatic patients (Eagles 1939). Today, we 
define the virus-like particles as multisubunit protein complexes capable to self-

Fig. 16.1 Structures of icosahedral and helical viruses.
Images were created using Protein Data Bank and NGL 3D viewer (Rose and Hildebrand 2015). 
On the left side of corresponding panel, the surface model of the virus is shown, on the right – side 
view of the asymmetric unit of structure. α-helices are shown in red, β-sheets – in yellow.
A satellite tobacco mosaic virus (STMV) structure (T = 1 symmetry, diameter 17 nm). Image of 
1A34 (Larson et al. 1998); B cowpea chlorotic mottle virus (CCMV) structure (T = 3 symmetry, 
diameter 29 nm). Image of 1CWP (Speir et al. 1995); C hepatitis B virus core (HBc) structure 
(T = 4 symmetry, diameter 35 nm). Image of 3J2V (Yu et al. 2013); D bacteriophage P22 structure 
(T = 7 symmetry, diameter 50 nm). Image of 5UU5 (Hryc et al. 2017); E bacteriophage fd structure 
(flexible filaments, 7 nm × 880 nm). Image of 2HI5 (Wang et al. 2006)
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assembly, structurally resembling their progenitor native viruses. VLPs can be 
obtained from heterogeneous, recombinant host expression systems in nearly 
unlimited amounts. They principally differ from native viruses by the fact that they 
do not contain  original virus nucleic acids and therefore are not infectious. If recom-
binant technology is applied to VLPs, it allows different manipulations with VLPs, 
including targeted insertions of functional amino acid stretches in VLP structures at 
defined locations. These properties of VLPs make them as nearly ideal building 
blocks for generating of wide variety of new nanomaterials for different applica-
tions (Zeltins 2016).

This chapter is a brief overview of assembly mechanisms of icosahedral and heli-
cal viruses and VLPs and provides most interesting examples on how continuously 
growing information about viral and non-viral protein complexes influenced and 
still continue to influence the development of virus-like particle technology.

 Protein Complexes and Interactions in Virus Assembly 
Processes

Virus life cycle can be divided in the following steps: virus attachment to the cell 
surface, virus entry in the cells, virus disassembly or uncoating, genome replication 
and virus-encoded gene expression, assembly of viral particles and, finally, the 
release of infectious particles (Lum and Cristea 2016). Virus assembly in infected 
cells is a highly complicated, multistep process, where specific protein interactions 
with their binding partners ensure the formation of reproducible viral particles in 
the cellular milieu, which contains thousands of other proteins, nucleic acids,  
low-molecular compounds and subcellular structures (Perlmutter and Hagan 2015).

As virus-like technology is based on virus-inspired artificial structures, the 
intrinsic ability of viral structural proteins to self-assemble at controlled conditions 
is absolutely the central prerequisite for process developments. Therefore, the basic 
knowledge about the mechanisms of viral particle formation is highly important for 
designing of industrial applications. This section focuses on the mechanisms – how 
the viruses form their perfectly ordered structures.

First of all, the ability of viral structural proteins to self-assemble is determined 
by their amino acid (AA) composition and three-dimensional structure. Viral coat 
proteins are structurally flexible molecules which frequently contain positively 
charged domains, including arginine-rich motifs (ARMs) to ensure the interactions 
with specific nucleic acids, as well as different hydrophobic and charged AA 
stretches for making contacts between subunits. However, the formation of these 
contacts is primarily determined by hydrophobic interactions. Electrostatic attrac-
tion/repulsion together with van de Waals and hydrogen bonding interactions 
ensures the necessary directional specificity for further particle formation (Perlmutter 
and Hagan 2015).
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Structurally, viral coat proteins (CPs) can be built up from α-helices (Fig.16.1), 
for example, hepatitis B core protein (HBc; Wynne et al. 1999) and tobacco mosaic 
virus (TMV; Holmes et al. 1975), as well as from β-sheets, which forms  characteristic 
β-barrel structures and is exploited by many plant and animal virus CPs (Zlotnick 
et al. 2000).

 Icosahedral Viruses

For icosahedral viruses, the assembly of viral capsid starts with formation of stable 
CP-CP dimers and/or oligomers. It is known that some viral CPs are able to form 
empty particles without encapsidated nucleic acids; these VLPs have been used as 
model systems to elucidate the mechanisms of capsid formation. As shown in 
experiments with HBc (Wingfield et  al. 1995), MS2 bacteriophage (Lima et  al. 
2006) and cowpea chlorotic mottle virus (CCMV; Adolph and Butler 1974), the CP 
dimers serve as a nucleus for subsequent generation of viral structures (Fig. 16.2); 
CP monomers cannot be isolated at native conditions. Moreover, it is possible to 
abolish the viral particle formation and obtain stable CP-CP dimers by introducing 
of just a single mutation in CP sequence, as shown with Sesbania mosaic virus 
(SeMV; Pappachan et al. 2009).

The dissociation constant KD values for HBc dimer CPs are in the millimolar 
range, suggesting weak interactions between individual homodimer blocks. However, 
a network of these weak interactions finally results in relatively stable viral capsids.

Fig. 16.2 Schematic representation of assembly mechanism for icosahedral virus.
The model is built based on cowpea chlorotic mottle virus (CCMV) structural studies. Virus 
assembly starts with the formation of different quasi-equivalent conformations of CP dimers (dif-
ferently colored in the image). Then, after formation of relatively stable pentamers of dimers 
(POD), the assembly completed by using both POD and free dimers (Johnson et al. 2004). Images 
were created using Protein Data Bank (1CWP; Speir et al. 1995) and NGL 3D viewer (Rose and 
Hildebrand 2015)
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Moreover, interaction network in the assembled particle results in considerably 
weaker concentration dependence for capsid dissociation than one can expect from 
assembly experiments. In other words, already formed viral particles are stable at 
very low concentrations (hysteresis effect; Singh and Zlotnick 2003).

In vitro capsid assembly tests have shown that ionic strength and pH of the solu-
tion influence significantly the capsid formation. Apparent KD values or pseudo- 
critical concentrations of HBc assembly can vary up to 20 times at different salt 
concentrations (0.77–14 μM; Ceres and Zlotnick 2002). For plant virus CCMV, 
both pH and salt concentration are dominating factors influencing the capsid forma-
tion (Comas-Garcia et al. 2014), whereas the assembly reaction is not temperature- 
dependent over the range 5–25  °C (Adolph and Butler 1976; Zlotnick and 
Mukhopadhyay 2011).

The minimal oligomeric structure for the initiation of capsid formation can be 
also pentamer of CPs, for example, poliovirus SV40, which is built up of 72 pen-
tamers (Liddington et al. 1991) or other CP oligomers (Prevelige et al. 1993). These 
oligomeric structures can be further stabilized by permanent or transient disulfide 
bonds (Kushima et  al. 2010; Kobayashi et  al. 2013). Additionally, many viruses 
contain cations, which ensure further stabilization of the particles. For example, five 
adjacent acidic AA from two CP molecules in plant virus CCMV structure bind 
Ca2+ ions with comparably low affinity (KD = 1.97 mM; Basu et al. 2003).

Many viruses do not form particles without encapsidated nucleic acids. For 
some viruses, nucleic acid secondary structures which are located in viral genomes 
are suggested as nucleation signals of assembly. These signals interact specifically 
with positively charged segments of CP oligomers and ensure encapsidation of 
viral genomes. Moreover, binding of nucleic acid elicits the conformational 
changes in CPs and maximizes the subunit-subunit contacts, which are necessary 
for particle formation. Latest studies on RNA viruses suggest that viral genomes 
can contain not only single origin of assembly (OAS) per genome but even several 
tens of short RNA stem-loop structures. These RNA secondary structures bind cor-
responding CP molecules with high affinity in the nanomolar concentration range; 
additionally, higher number of such stemloops results in lower CP concentrations 
necessary for particle formation (Stockley et al. 2016). It agrees well to the idea 
that viruses and VLPs preferently encapsidate longer nucleic acids (Cerqueira 
et al. 2015).

Additionally, RNA secondary structure predictions suggest that viral genomic 
RNAs can be more tightly packaged than non-viral RNAs present in host cells. The 
nucleotide sequence-dependent intrinsinic property of viral RNA to form compact 
structures allows to encapsidate very long nucleic acid(s) into spatially limited vol-
ume of isometric viral capsids (Yoffe et al. 2008).

Typically, viral nucleic acid size determines the lengths helical viruses (this 
aspect will be discussed in next section). However, it influences also the shape of 
icosahedral VLPs. As shown in model experiments with such plant multipartite 
RNA virus as CCMV, the CP/RNA complex is determining the VLP formation, and, 
surprisingly, if the RNA sizes exceed the lengths of specific viral RNA, it can stimu-
late the assembly up to 4 VLPs sharing the same 12,000-nt-long RNA molecule 
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(Cadena-Nava et al. 2012). Similar observations have been made also using nega-
tively charged synthetic polymer instead of RNA (Brasch and Cornelissen 2012).

As suggested by Perlmutter and Hagan (2015), RNA can be encapsidated in viral 
particles according two assembly mechanisms. According to the “nucleation and 
growth” mechanism, capsid assembly starts with CP oligomer formation which is 
stabilized by nucleic acid. Then, during assembly growth phase, CP oligomers are 
reversibly added to the growing capsid until the particle formation is complete. 
Alternatively, according to “en masse” mechanism, CP subunits randomly bind to 
RNA and then due to CP-CP interactions rearrange into complete, icosahedral par-
ticles. The first mechanism is suggested to be effective at high ionic strength condi-
tions and acidic pH, when CP-CP interactions dominate and their interactions with 
nucleic acids are weak. The “en masse” capsid assembly can take place at low salt 
conditions, which involves weak CP-CP interactions.

Some viruses are involving special proteins in assembly process called “scaffold-
ing” proteins, for example, herpesviruses and bacteriophages. The scaffolding pro-
teins are involved in procapsid formation, whereas viral DNA is encapsidated in an 
ATP-dependent process only after formation of the procapsid (Speir and Johnson 
2012). Similar to nucleic acid-mediated stabilization, the scaffolding proteins stabi-
lize the CP-CP interactions, which are important for procapsid formation with a 
correct, assembly competent structure (Zlotnick et al. 2012).

 Helical Viruses

The first virus, which assembly process was studied in details already more than 
70 years ago, was a plant virus TMV. Authors of the study (Fraenkel-Conrat and 
Williams 1955) demonstrated the disassembly and successful reassembly of TMV 
particles, which were infectious for test plants after these manipulations in vitro.

TMV is a typical morphological example of helical viruses, in which 2130 CP 
molecules form 300-nm-long, right-handed helical particles with an outer diameter 
of 18 nm. TMV genomic RNA is encapsidated in the inner channel of 4 nm (Pieters 
et al. 2016). The three-dimensional structure of TMV was elucidated using fiber 
diffraction method (Namba and Stubbs 1986).

Purified, nucleic acid-free TMV CPs represent a mixture of oligomers, mostly up 
to subunit hexamers. The assembly process of TMV starts with formation of dou-
bled discs (Fig.16.3) containing 34 CP molecules, which recognise a special loop 
sequence in TMV genomic RNA (OAS). When the assembly progresses and the 
next disc is binding to the first, the OAS loop is pulled through the growing TMV 
particle, until the whole RNA is encapsidated in the viral coat. Native TMV parti-
cles are rigid, rod-shaped particles, which are highly stable at different pH in the 
range 3–9, as well as up to 90 °C (Butler 1999; Pieters et al. 2016).

This mechanism suggests that the length of helical viruses is directly depending 
on nucleic acid size. The affinity of TMV discs to specific OAS is comparably 
high – in vitro experiments with specific ribonucleotides resulted in KD = 0.7 μM 
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(Butler 1999), which is a comparable value for nanomolar range CP-nucleic acid 
dissociation constants for icosahedral viruses, as discussed earlier. However, the 
virus organization in helical structures demonstrates principal differences to icosa-
hedral assemblies – helical symmetry results in higher surface area, more interac-
tions between viral nucleic acid and CPs and less packaging efficiency. If icosahedral 
viruses contain up to 30% of nucleic acids, the proportion of nucleic acids in helical 
viruses constitutes less than 10% of virion mass (Narayanan and Han 2017; 
Solovyev and Makarov 2016).

Also other viruses can be structurally organized into helical structures, for exam-
ple, plant viruses from Carlavirus, Closterovirus, Potexvirus and Potyvirus groups, 
as well as filamentous bacteriophages and such mammalian viruses as influenza and 
rabies. Due to experimental difficulties in obtaining of crystals for X-ray analysis, 
structural information about helical viruses is known from X-ray fibre diffraction, 
cryo-electron microscopy, as well as from different biochemical, biophysical and in 
silico modelling experiments. However, in most cases, no high-resolution structural 
data are available for filamentous viruses.

Fig. 16.3 Schematic representation of assembly mechanism for helical virus.
The model is built based on tobacco mosaic virus (TMV) structural studies. Virus assembly starts 
with the formation of CP oligomers (stage 1). Next, the ring-shaped aggregates, containing 34 CP 
molecules (20S disc), are formed (stage 2), which may undergo conformational change into a 
“«lockwasher»” structure (stage 3). Then, the assembly nucleation complex is growing by addition 
of further disks, until the virus structure is complete (stage 4). Simultaneously, viral RNA is pack-
aged in the central channel of the virus (Koch et al. 2016). Images were created using Protein Data 
Bank (4UDV; Fromm et al. 2015) and NGL 3D viewer (Rose and Hildebrand 2015)
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As reviewed by Solovyev and Makarov (2016), recent structural studies demon-
strate significant differences between rod-shaped and filamentous viruses of helical 
morphology in terms of CP monomeric structures and interactions between sub-
units, resulting in different flexibility of the particles. Additionally, helical viruses 
seem to be less stable than previously proposed. This instability can be bound with 
such stages of virus life cycle as assembly/disassembly and virus transfer between 
host cells. The differences between few rod-shaped and numerous filamentous 
viruses suggest that classical, rigid structure of TMV can be regarded rather as an 
exception among helical viruses.

 Artificial Viral Protein Complexes

Basic virus assembly studies provide numerous ideas for different developments of 
virus-derived technology. This section summarizes the principles and application 
examples, where structural and assembly/disassembly properties of viral structures 
are exploited for creation of new nanomaterials.

 Assembly Inhibitors

The knowledge about virus assembly mechanisms can suggest targets for prevent-
ing viral diseases. As shown for several viruses, different low-molecular compounds 
can form stable complexes with viral structural proteins, influence their conforma-
tion and therefore affect viral assembly processes.

As demonstrated by Zlotnick and coworkers in a detailed study (Stray et  al. 
2005), heteroaryldihydropyrimidines (HAPs) are efficient inhibitors of infectious 
HBV production. HAP molecules bind strongly to the HBc dimers (KD approx. 
30 nM) and stimulate the formation of hexameric CP structures. As a result, the 
assembly process is redirected towards unusual structures (sheets or 120-nm-long 
tubes instead of 30–42  nm icosahedra), which do not encapsidate specific HBV 
nucleic acids and, as a result, interrupt the infection. The assembly inhibitors are 
found also for other viruses, such as enteroviruses (Plevka et  al. 2013), HIV 
(Prevelige 2011) and bacteriophage P22 (Teschke et al. 1993).

As virus infections influence considerably the agriculture, there is a necessity 
also for new inhibitors of plant viruses. One of such inhibitors, ningnanmycin 
(NNM) is a cytosine nucleoside-derived pesticide, which can be obtained from 
soil bacterium Streptomyces. NNM is shown to bind an assembly intermediate of 
TMV at four-layer aggregate disc stage (KD = 3.3 μM), resulting in TMV disas-
sembly back to CP trimers and in loss of infectivity at experimental conditions (Li 
et al. 2016).
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 Disassembly and Reassembly

For technology developments, frequently different manipulations with viral struc-
tural proteins are necessary. One of most important manipulation is the disassembly 
and reassembly process, which is used to improve the structural properties or to 
introduce the chosen functional molecules in the VLP structure. The ideas for con-
struction of new virus-like nanomaterials can be generated from basic assembly 
studies, which are discussed in previous sections.

Viral structures can be easily disassembled using chaotropic agents (urea, guani-
dinium salts) or strong detergents in combination with reducing agents. However, 
such treatments can result in irreversibly denaturated viral structural proteins, which 
are not suitable for subsequent reassembly. Therefore, for most viruses it is neces-
sary to find the conditions allowing to disassemble the viral structure, simultane-
ously preserving the structure of CPs. As summarized in Table 16.1, different buffer 
systems are used to disassemble viruses or VLPs, which ensure further reconstruc-
tion of viral structure.

Taking in account the diversity of viruses, there is no universal disassembly/ 
reassembly system for all viruses. As viruses are natural metastable protein com-
plexes with an intrinsic ability to disassemble and assemble, the experimental con-
ditions for these processes probably should be close to the environments that viruses 
encounter during their life cycle in the host cells. As an example, adenoviruses 
partially disassemble in endosomes, where the conditions are acidic at comparably 
high salt concentrations (Nemerow and Stewart 2016).

However, detailed mechanisms of virus life cycle are not elucidated yet for most 
part of viruses. Additionally, different host factors are involved in these processes, 
therefore, the disassembly/reassembly conditions for technology development of 
new viral objects have to be found experimentally. For virus and VLP disassembly, 
buffer systems with strongly acidic or basic pH and/or extremely high ionic strength 
are typically used; in some cases, denaturing agents and low-salt solutions are nec-
essary (Table 16.1). For metal ion-containing viruses, the dissociation of viral par-
ticles in CP oligomers requires the addition of chelating agents.

The reassembly processes are “opposite” in terms of reaction conditions; for 
example, if VLPs disassemble at high-salt conditions, then the VLP structures can 
be re-established in low-salt buffer systems; similar effects can be expected by 
change of pH and presence or absence of metal ions (Table 16.1). As already dis-
cussed in previous sections, the addition of specific nucleic acid can stimulate the 
assembly of corresponding VLPs, especially when particle formation is not achiev-
able without nucleic acids.

Disassembly and subsequent reassembly can considerably improve the quality of 
target VLPs. Several examples demonstrate the importance of these processes in 
product development, especially in the field of vaccines. It is known from develop-
ment studies of human prophylactic vaccine against cervical cancer that during 
natural human pappiloma virus (HPV) infection, L1 proteins are synthesized in 
cytoplasm and form L1 pentamers; HPV virions are assembled in nucleus. As such 
parameters as ionic strength, pH and other factors in heterologous host cells mostly 
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are different from that in native host; it can result in VLPs with different immuno-
genity and antigenity properties. Therefore, the recombinant L1 protein oligomers 
are purified and assembled in vitro after expression of HPV L1 structural proteins in 
baculovirus/insect cell system. The VLP assembly process is carried out at high-salt 
conditions; resulting HPV L1 VLPs structurally are highly similar to native virions, 
including conformational epitopes, which are necessary for virus neutralization. 
Additionally, the reassembly process guarantees the necessary batch-to-batch con-
sistency and VLP stability at different conditions, including the vaccine formula-
tions with adjuvants (Deschuyteneer et al. 2010).

Similar purification strategy is used also for other virus-derived recombinant 
vaccines. The main component of vaccine against hepatitis E (HEV) is truncated 
structural protein of the virus. It is produced in E. coli cells in the form of insoluble 
inclusion bodies, which are solubilized in 4 M urea, purified by column chromatog-
raphy and refolded in the presence of 0.5 M ammonium sulphate, using tangential 
filtration technique. Resulting HEV VLPs are safe and efficacious, as demonstrated 
in a large clinical trial with more than 100.000 volunteers (Li et al. 2015).

Recently, in vitro assembly is suggested as a part of production scheme also for 
rotavirus candidate vaccine. In E. coli, rotavirus structural proteins do not form 
VLPs spontaneously. Instead, both proteins VP2 and VP6 form CP oligomers, 
which can be purified by column chromatography. Mixing of both rotavirus proteins 
at optimized conditions results in formation of double-layered particles, morpho-
logically similar to authentic rotavirus structures. These VLPs as main vaccine 
 component are able to efficiently protect animals against diarrhoea caused by the 
rotavirus (Li et al. 2014).

For enveloped viruses, the reassembly processes are more complex. As shown 
with alphavirus VLPs, these can be produced in vitro by mixing of recombinant CP 
and single-stranded nucleic acid. To obtain lipid-enveloped VLPs, assembled parti-
cles are transfected in mammalian cells, expressing alphavirus glycoproteins. 
Resulting alphavirus VLPs are released from the cells and contain typical lipid 
envelope and glycoproteins; engineered alphavirus particles can be used as delivery 
agents for gene and drug therapies (Cheng et al. 2013). The intrinsic property of 
structural proteins of enveloped viruses to integrate in phospholipid membranes is 
exploited in the so-called virosome technology. Several developed virosomes are 
suggested as prophylactic or therapeutic vaccines, including against influenza, 
malaria and HIV (for review see Trovato and De Berardinis 2015).

Other application examples where VLP disassembly and reassembly are used for 
introduction of different functional molecules in the interior of viral particles can be 
found in a recent review article (Zeltins 2016).

 Solutions to Obtain VLPs

The detailed information about virus assembly mechanisms can be highly helpful to 
find solutions how to achieve the VLP formation in heterologous hosts, especially 
when different functional molecules have to be introduced in VLPs.
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As shown by Hwang et al. (1994), TMV CP oligomers (“discs”, Fig. 16.3) can 
be produced also in E. coli cells and assembled in the presence of specific OAS 
containing RNAs both in vitro and in situ by coexpression of specific RNA in 
recombinant bacteria. Recent study (Brown et al. 2013) demonstrates that empty 
TMV nanoparticles without encapsdated RNA can be obtained from E. coli cells by 
expression of genetically modified TMV coat protein gene. In previous research, 
authors (Lu et al. 1998) identified two AA, which ensure the repulse action between 
two CP subunits and stimulate disassembly of native TMV virions in plant cells. 
The substitution of these acidic AA with neutral ones resulted in formation of stable 
TMV nanoparticles in bacterial cells. The recombinant, empty TMV VLPs, contain-
ing different functional molecules, are suggested as core elements for different 
nanotechnological applications.

It is known from icosahedral virus assembly studies that stable CP dimers serve 
as virion building blocks (see previous sections). This fact stimulated an idea that 
covalent CP dimers should be still able to form VLPs. Recombinant tandem CP 
VLPs are obtained from bacteriophages PP7 (Caldeira and Peabody 2007), MS2 
(Chackerian et al. 2011), Qβ (Fiedler et al. 2012), and HBc (Peyret et al. 2015). For 
these viruses, the N-terminal and C-terminal parts of CPs are localized spatially 
close to each other, allowing to introduce the covalent linkage between both mole-
cules. In VLPs of tandem CP, both CP proteins are connected with shorter or longer 
AA linkers. Surprisingly, tandem CPs containing PP7 and Qβ VLPs do not reveal 
enhanced thermal stability. The main advantage of such tandem VLPs is the versa-
tility allowing to introduce comparably long protein domains in the VLP structure 
genetically. As a result, only a half of CP subunits in the VLP structure is fused with 
foreign protein, allowing the self-assembly of tandem VLPs directly in host cells. 
This approach ensures the exposition of the chosen protein on surface of VLPs, 
when direct fusion with each CP does not support the VLP assembly due to spatial 
limitations. Additionally, the tandem CP system demonstrates that intra-dimer inter-
actions are more important for VLP thermal stability and assembly than inter-dimer 
interactions (Fiedler et al. 2012).

Another interesting example, when artificial VLPs for nanotechnological appli-
cations are constructed based on virus assembly mechanism, is the so-called split- 
core system (Walker et al. 2011). It is based on intrinsic property of HBc structural 
protein to form four-helix bundles, which are clearly identifiable on the capsid sur-
face as protruding spikes (Fig. 16.1, C). These α-helices containing structures serve 
as dimerization interfaces between two CP molecules. The insertions of foreign, 
short peptides in the loop between these α-helices in HBc VLP structure are well 
known (Pushko et al. 2013), whereas introduction of longer proteins results in loss 
of VLP structure in most cases, with some exceptions (Kratz et al. 1999). The sug-
gested “split-core” system exploits the HBc CP gene which is separated in two 
independently expressing parts and codes N-terminal and C-terminal fragments of 
CP. The strong interactions between mentioned α-helices ensure the VLP formation 
from split CP fragments directly in E. coli cells without additional in vitro assembly 
steps. The technological advantage of this system is similar to that of tandem CP; it 
allows to expose up to 300 AA long protein molecules on VLP surface, when 
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 corresponding genes are genetically fused to gene fragments coding for N-terminal 
or C-terminal part of splitted HBc protein. Also this system can be useful for differ-
ent applications, including for usage in vaccine technologies.

Molecules involved in viral assembly processes can be useful for construction of 
artificial VLPs with desired properties. To enable the targeted packaging into VLPs, 
chosen nucleic acids can be fused with packaging signals of corresponding virus. 
Probably, the best example is the translation operator sequence from bacteriophage 
MS2, which strongly interacts with coat protein dimers and is shown to stimulate 
the efficient encapsidation in MS2 VLPs even after fusion with foreign functional 
RNA. These and other development aspects of bacteriophage-based nanotechnolo-
gies are discussed in recent excellent review (Pumpens et al. 2016).

Along with specific nucleic acids, also scaffolding proteins (SP) can be used for 
construction of VLPs for desired applications. Already mentioned bacteriophage 
P22 is shown as very efficient packaging system for different recombinant 
proteins.

The P22 VLPs are assembly products of two proteins, containing 420 copies of 
CP and up to 300 copies of SP. The SPs form stable complexes with CP molecules 
in the interior of VLPs through the non-covalent binding. Whereas the C-terminal 
part of SP is involved in VLP assembly, the N-terminal part can be replaced with 
different proteins via genetic fusions. Such design results in controlled encapsida-
tion of chosen protein molecules in recombinant bacterial cells during the cultiva-
tion; no additional in vitro assembly steps are necessary to encapsidate several 
hundred enzyme molecules per VLP. Additionally, the P22 encapsidation system 
allows to obtain soluble, enzymatically active proteins, which otherwise form insol-
uble inclusion bodies after expression in bacterial cells (Patterson et al. 2012, 2013). 
Moreover, the system is suitable for packaging of CRISP-Cas9 nuclease and can be 
potentially developed as cell-specific genome engineering nanoparticle (Qazi et al. 
2016).

 Viral Protein Domains

For construction of VLPs, typically full-sized viral CPs are used. However, specific 
fragments of structural proteins can be sufficient to obtain protein complexes, 
resembling virus structures, as shown by results of several recent studies.

Synthetic, 24 AA long peptide derived from β-annulus domain of tomato bushy 
stunt virus (TBSV) is appropriate to form virus-like nanocapsules in sizes between 
30 and 50 nm. In native TBSV, the β-annulus of CP is involved in the formation of 
ordered internal structure of the virion. The process of nanocapsule assembly can be 
initiated at comparably low peptide concentrations (25 μM), indicating on thermo-
dynamic stability of the peptide complex (Matsuura et  al. 2010). Interestingly,  
when Ni2+-chelating ligand nitrilotriacetic acid (Ni-NTA) molecule is added to the 
N-terminus of the peptide, the critical concentration of capsule formation is reduced 
even more than 400 times, indicating the stabilizing role of Ni ion complexes with 
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NTA.  Latest design allows to encapsidate His-tagged model proteins. Authors 
 suggest that virus-derived nanocapsules with the minimized design still can serve as 
DNA or protein carriers for vaccines and vaccine adjuvants (Matsuura et al. 2016a). 
The same group of researchers suggest similar strategy for self-assembling 
β-annulus peptide from another plant virus (Sesbania mosaic virus, SeMV). In this 
case, the addition of stabilizing, antiparallel β-sheet forming FKFE sequence at 
C-terminus of SeMV β-annulus is necessary to self-assemble the 30 nm nanocap-
sules (Matsuura et al. 2016b).

Interestingly, it is possible to manipulate with spatial structure at the AA level of 
the CP, as shown in the experiments with plant sobemoviruses. Deletion of first 36 
AA from N-terminus of SeMV CP results in unstable VLPs of pseudo T = 2 geom-
etry, whereas CPs missing 65 AA assemble exclusively in stable T = 1 particles 
(Satheshkumar et al. 2005). We also observed the formation of similar structures 
from CPs of related sobemovirus RYMV (Fig. 16.4).

 Non-viral Protein Complexes in VLP Applications

Virus-like particle laboratory applications are known for more than 30 years. Since 
that time, more than 100 VLPs from different virus species are obtained, using 
recombinant expression systems (Zeltins 2013).

Unmodified recombinant VLPs derived from mammalian viruses are excellent 
candidates for prophylactic and therapeutic vaccines, as discussed in previous sec-
tions. However, for many applications the inclusion of different functional mole-
cules, like proteins, peptides, nucleic acids and low-molecular compounds in viral 
structures, is prerequisite for new technology development. Additionally, such modi-
fications allow to exploit also VLPs obtained from bacterial, plant and insect viruses 
in medical and veterinary technologies. Already first VLP solutions demonstrate the 

Fig. 16.4 Rice yellow mottle virus (RYMV) VLP structural variants (Resevica, Balke, Ose, 
Zeltins, unpublished).
A Electronmicropy image of RYMV VLPs obtained from recombinant E. coli cells (T = 3 sym-
metry, 28 nm); B RYMV VLPs, obtained after expression of 5’end truncated CP (69 AA removed 
from N-terminus) gene in E. coli cells (T = 1 symmetry, 19 nm); C tubular structures of RYMV CP, 
obtained after in  vitro disassembly/reassembly in the presence of oligonucleotides (28 × 
180–480 nm)
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option to include desired functional peptides by adding corresponding coding DNA 
sequences to viral structural genes via gene synthesis (Haynes et  al. 1986). The 
genetic approach along with chemical coupling technique is still one of the most 
important solutions in construction of new virus-derived nanomaterials (for review, 
see Zeltins 2016). As an alternative to genetic and chemical processes, different 
physical methods are frequently used for VLP construction, including well-charac-
terized protein complexes for introduction of foreign molecules in VLP structures.

One of the best characterized protein complexes is the avidin and biotin pair, 
which is supposed to be the strongest non-covalent interaction in nature with a KD 
of about 10−15 M. Avidin is a host defence protein, which is induced during inflam-
mation processes caused by toxic agents and different pathogens, including 
biotin- auxotrophic bacteria and yeasts (Tuohimaa et  al. 1989). The complex is 
highly stable at physiological conditions and can be dissociated only at strongly 
denaturing conditions in a mixture of ethanol and acetic acid at 70 °C (Garlick 
and Giese 1988). Avidin and its bacterial analogue streptavidin are widely used in 
different biotechnological applications, including sensitive analytical methods 
(Airenne et al. 1999). The highly stable biotin-streptavidin complexes (Fig. 16.5) 
are used also in development of different VLP-based technologies, for example, for 

Fig. 16.5 Schematic representation of binding of biotin to streptavidin.
A Chemical structure of biotin; B surface model of streptavidin; C cartoon model.
Bound biotin is shown as grey space-filled molecule. Structure of the biotin-streptavidin dimer 
shows an antiparallel β-barrel structure of streptavidin with the biotin molecule into the binding 
pocket. The high affinity of biotin to streptavidin is ensured by a spacious network of hydrogen 
bonds. Images were created using Protein Data Bank (2IZF; Katz 1997) and NGL 3D viewer (Rose 
and Hildebrand 2015)
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prophylactic and  therapeutic candidate vaccines, for targeted packaging of func-
tional proteins and for other applications. Examples and corresponding literature 
citations can be found in Table 16.2.

As already discussed, different peptides can be comparably easy introduced in 
the VLP structure by chemical or genetic methods. Consequently, it allows to exploit 
well-characterized peptide interactions for construction of VLPs with desired 
properties.

Possibly, the strong histidine-tag (six or more His molecules) interactions with 
metal ions (KD = 14 μM; Lata et al. 2005) are the most popular peptide interaction 
used in biotechnology since the introduction in 1975 (Porath et al. 1975). Similar to 
other recombinant proteins, sometimes also viral CPs are designed with His-tags to 
enable the single-step chromatographic purification and facilitate the downstream 
processing, as shown in Manuel-Cabrera et  al. (2016) and Zhang et  al. (2002). 
Additionally, the affinity of hexahistidine tag to different metal ions is shown to be 
useful for immobilization of gold nanoparticles on surface of VLPs (Wnęk et al. 
2013). Moreover, His-tag and Ni-NTA interactions are efficient for peptide immo-
bilization on VLP surface (Koho et  al. 2015) and creation of new virus-like 
 structures, using NTA-modified virus-derived peptide and non-viral protein with 
His-tag (Matsuura et al. 2016a, b).

Different complexes formed between polyanionic and polycationic molecules 
play an important role in cellular processes, including nucleic acid packaging in 
viruses and a number of diseases, like Parkinson’s disease and cystic fibrosis (Wong 
and Pollack 2010). Such complexes are used in different applications, for example, 
for packaging of nucleic acids for gene delivery (Toncheva et al. 1998). As shown 
in experiments with two types of VLPs, a short octameric Glu peptide, if engineered 
on exterior of VLPs, can electrostatically bind 8 Arg residue containing model pro-
teins with sufficient affinity. If these peptides contain also Cys residues, the adjacent 
sulfhydryl groups after oxidation form covalent disulphide bond and immobilize the 
peptides or even antibodies on VLP surface (Table 16.2).

In some cases, also unusual peptide interactions can be adapted for construction 
of VLPs with unexpected properties. The elastin-like polypetides (ELP) are insolu-
ble proteins which ensure the elasticity of the skin and blood vessels. Recombinant 
variants of ELP are soluble at low temperatures and self-assemble if the temperature 
rises to physiological. ELP-oligopeptide-modified CCMV CPs form dimers at low 
temperatures and self-assemble into T = 1 VLPs at 35 °C (van Eldijk et al. 2012).

Interesting solution for foreign protein packaging inside of VLPs is shown with 
the same CCMV using small leucine zipper-like peptides (E-coil and K-coil), which 
are genetically built in the structures of CP and model protein. The E-coil- and 
K-coil-containing proteins bind in vitro with a high affinity (KD = 70 nM; Litowski 
and Hodges 2002). Therefore, the assembly reaction between E-coil-GFP and 
K-coil-derived CPs in the presence of purified unmodified CPs results in encapsida-
tion of 15 GFP molecules inside of CCMV VLPs (Minten et al. 2009).

Another protein complex-based application which is widely used in construction 
of new VLPs is based on the ability of Staphylococcus protein A (SPA) to strongly 
interact with different immunoglobulins in a nonantigenic manner. SPA is the cell 
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wall protein of Staphylococcus aureus, which binds the Fc domain of many mam-
malian immunoglobulins (IgG) with high affinity (Fig.  16.6), especially IgGs of 
human, rabbit, pig and guinea pig origins. Other immunoglobulins such as IgA, IgE 
and IgM are reacting with SPA weakly (Brown et al. 1998). As shown in antibody 
binding experiments with recombinant, artificial fragments of SPA (Z-domains), the 
dissociation constants KD vary between 70 and 700 nM, depending on the number 
of Z-domains in recombinant protein (Madan et  al. 2013). If SPA fragments are 
introduced in VLP structure, VLPs bind up to 90 antibody molecules per viral par-
ticle and are suggested for intracellular delivery of therapeutic mAb’s (Abraham 
et  al. 2016). Other applications for SPA-decorated VLPs include targeted gene 
delivery and new materials for purification of mAb’s (examples and literature cita-
tions are provided in Table 16.2).

 Concluding Remarks

Analysis of capsid assembly and examples discussed here suggest several consider-
ations, which are important for virus-like particle technology developments: (1) at 
low CP concentrations, the capsid formation is inefficient. If VLPs are produced in 

Fig. 16.6 Schematic representation of protein A Z-domain complex with an antibody molecule. 
The Z-domain binding site is located in the interface between CH2 and CH3 domains in Fc frag-
ment of the antibody (Justiz-Vaillant et al. 2017). IgG chains are coloured as follows: dark blue and 
braun, constant chains; red and light blue, variable chains. The relative localization of antigen 
binding fragments (Fab) and crystallisable fragment (Fc) domains is shown. Z-domain is drawn as 
red molecule next to Fc domain of IgG. An antibody image was created using Protein Data Bank 
(2IGT; Harris et al. 1997) and NGL 3D viewer (Rose and Hildebrand 2015). Z-domain structural 
model was generated from AA sequence using I-tasser program (Yang et al. 2015)
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heterologous expression system, first, the system itself and the conditions for cell 
cultivation have to be found in order to achieve sufficient concentrations of target 
CP in the cells to induce the VLP formation; alternatively, viral CPs can be first 
purified, refolded if necessary and assembled in vitro; (2) increase of CP subunit 
concentrations or interactions between them leads to efficient VLP formation in 
vitro as well as in producing cells; for in vivo production, the presence of specific or 
non-specific nucleic acids in host cells can stimulate the VLP formation; (3) as CP 
mRNA is the only “virus-related” nucleic acid in recombinant, heterologous cells, 
it is advisable to use the original coding sequence in the expression system without 
codon adapting for specific expression host; codon adaptation can change mRNA 
structure and negatively influence the VLP formation in the cells; (4) overproduc-
tion and very strong interactions between viral CPs, as well as suboptimal condi-
tions in cells of heterologous host, can lead to the assembly of VLP intermediates, 
“half” and malformed capsids, which lack typical icosahedral or helical structures. 
However, taking into account the virus diversity, these and other nanoparticle con-
struction principles (Zeltins 2016) have to be adapted individually.

The number of characterized viruses is continuously growing, especially due to 
broad usage of next-generation nucleic acid sequencing technologies, allowing to 
discover new viral sequences even in environmental samples without isolation of 
individual viruses. From structural point of view, the newest developments in X-ray 
crystallography, macromolecular NMR and cryoelectron microscopy allow to rap-
idly characterize newly discovered viruses and constructed VLPs at resolutions 
close to atomic level. As one of the basic principles of nanotechnology is the manip-
ulations with materials at atomic and molecular level, the structural and functional 
knowledge about natural systems gained from basic research is one of the central 
prerequisites for technology developments. Virus-based recombinant technologies 
of industrial level are known since 1980s of the last century, when the first human 
VLP-based vaccine against hepatitis B was introduced to prevent the disease. Since 
that time two additional VLP-derived vaccines against human papillomaviruses and 
hepatitis E are licensed, and several tens of human and veterinary VLP vaccines are 
at different stages of clinical trials. These aspects are enormous high stimulating 
factors driving the developments of different virus-based technologies also in other 
areas than vaccinology, such as new gene therapy agents, new drug delivery tools 
and even new inorganic materials, inspired from perfect viral structures.

The development of viral technologies is strongly influenced also from other 
areas of research. As discussed in this chapter, many well-characterized non-viral 
protein complexes are successfully applied to create new viral nanoparticles with 
desired properties, as well as to simplify the construction and production processes. 
The simplicity aspect is especially important for subsequent technology transfers 
and industrial production. It can be expected that also in the future the knowledge 
originating from new virus studies and from protein complex research, as well as 
from chemistry and physics will be successfully adapted for construction of new 
virus-based nanomaterials, will result in industrial technologies, producing new 
medical products and advanced materials.
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Chapter 17
The Role of Flaviviral Proteins 
in the Induction of Innate Immunity

L. Cedillo-Barrón, J. García-Cordero, G. Shrivastava, S. Carrillo-Halfon, 
M. León-Juárez, J. Bustos Arriaga, Pc León Valenzuela, 
and B. Gutiérrez Castañeda

 Introduction

The genus Flavivirus contains enveloped, positive, single-stranded (ss) RNA 
viruses. These viruses can be categorized into two main groups according to the 
vector of transmission: mosquito-borne and tick-borne viruses (Holbrook 2017). 
Some of the members of this genus cause important diseases in humans and 
animals. Among them, dengue is the most prevalent mosquito-borne viral disease 
worldwide. Additionally, Zika virus (ZIKV) is a well-known flavivirus that has 
spread rapidly around the world. Other medically relevant flaviviruses include 
yellow fever virus (YFV), West Nile virus (WNV), Japanese encephalitis virus 
(JEV), tick-borne encephalitis virus (TBEV), and Kyasanur Forest disease virus 
(KFDV) (Pardigon 2017).

Diseases caused by members of the Flavivirus genus manifest a wide range of 
clinical forms, from mild illness, such as rash, fever, and joint pain, to more severe 
symptoms, such as haemorrhagic fever and fatal encephalitis. ZIKV infection has 
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recently been reported to have major symptoms, including encephalitis, 
 microcephaly, acute flaccid paralysis, and Guillain-Barré syndrome, which can be 
fatal (Diamond and Pierson 2015).

Replication of the flaviviral ssRNA genome occurs in the cytoplasm at a mem-
branous web that is associated with the endoplasmic reticulum (ER). The genesis of 
these membranous webs is related to viral proteins of infected cells (Pierson and 
Kielian 2013).

The innate immune response is critical for the early control of all flaviviruses and 
precedes induction of the adaptive response. The innate antiviral response is initi-
ated in the skin following inoculation with the virus, where diverse target cells are 
present, e.g. dendritic cells (DCs), natural killer (NK) cells, neutrophils, keratino-
cytes, and fibroblasts. These cells may control viral replication and dissemination 
after the viral genome is released into the cytoplasm, where the viral RNA is sensed 
by retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated 
gene (MDA5) or RNA-dependent protein kinases (PKRs). This triggers the innate 
immune response through the expression of type I interferon (IFN-I) and pro- 
inflammatory cytokines. The IFN-I signalling pathway in infected cells induces 
more than 300 IFN-dependent genes with antiviral functions that impair the virus 
cycle (Munoz-Jordan 2010; Hollidge et al. 2011). Thus, the viral RNA is sensed and 
translated into a polyprotein, which then is then targeted to the ER to be processed 
by viral and host proteases to yield three structural proteins, i.e. capsid protein (C), 
prM, and enveloped protein (E), as well as seven nonstructural proteins (NS1, 
NS2A,NS2B, NS3, NS4A, NS4B, and NS5). The nonstructural proteins in all flavi-
viruses are involved in viral replication, processing, and virion assembly (Iglesias 
and Gamarnik 2011) (Fig. 17.1).

In addition to their roles in the important and concerted steps of the viral replica-
tive cycle, flaviviral proteins are also involved in intricate mechanisms to evade host 
immune responses and efficiently establish infection in the host. Viral proteins 
manipulate cell-induction stress to promote viral replication. Furthermore, all mem-
bers of this genus antagonize the host IFN-I response by preventing Janus-activated 
kinase (JAK)/signal transducer and activator of transcription (STAT) signalling 
(Castillo Ramirez and Urcuqui-Inchima 2015)

In this chapter, we will review current knowledge of the interactions between the 
flaviviruses and their individual proteins with components of the host innate immune 
response.

 Biology of Human Flaviviruses

Flaviviruses are small, enveloped positive-sense ssRNA viruses, of approximately 
50 nm in diameter (Scherwitzl et al. 2017). Different members of the Flavivirus 
genus share a common mechanism of replication in the host cell. To initiate the 
cycle of infection, the viral particle attaches to the surface of the cell membrane 
through glycoprotein E; then, the viral particle interacts with one or several cell 
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surface receptors with high affinity, which triggers internalization of the viral par-
ticle by clathrin-mediated endocytosis (Gerold et al. 2017).

The viral particle is composed of an icosahedral capsid covered by both the enve-
lope (E) protein and the M protein, which are anchored to the viral membrane; these 
two proteins are the major surface flaviviral proteins. The E protein is organized into 
180 homodimers associated with the host-derived lipid membrane (Modis et  al. 
2004; Mukhopadhyay et al. 2005; Wang and Shi 2015). M protein is a small protein 
that is hidden underneath the E protein layer in all flaviviruses (Maier et al. 2007; 
Zhang et al. 2013). Furthermore, the nucleocapsid is formed by the C protein; each 
monomer of the C protein is associated with the viral genome and viral membrane 
lipids. A unique characteristic of the flaviviral nucleocapsid is the lack of a well- 
ordered viral assembly process, generating an amorphous capsid covered by the 
enveloping membrane.

Although the structure that the viral RNA adopts within the virus is unknown, 
different studies have characterized important regions in the viral genome involved 
in replication and viral translation. The viral genome size is approximately 11,000 
nucleotides, although the size varies depending on the species. A common charac-
teristic of flaviviral genomes is the presence of the highly structured 5′ and 3′ 
untranslated regions (UTRs). All flaviviruses possess a short 5′UTR (100 nt), which 
harbours a type I cap structure (m7GpppAmG) at the 5′ ends. The size of the 3′UTR 
ranges from 340 to 700 nt, and this region lacks a polyadenylated tail (Lindenbach 
and Rice 2003, Blitvich and Firth 2015). Complementary sequences are present in 

Fig. 17.1 Schematic representation of dengue polyprotein. The genome encodes a single long 
open reading frame (ORF), flanked by highly structured 5′ and 3′ untranslated regions (UTRs) 
which are translated into a single polypeptide. This protein is cleavage by host and viral proteases 
(the site of cleavage by the proteases is marked with arrows). Proteolysis yields ten proteins, the 
three structural proteins C, prM, and E and seven nonstructural proteins NS1, NS2A, NS2B, NS3, N
S4A, NS4B, and NS5. All these proteins are necessary for the viral replication
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both UTRs, promoting interaction between the 3′ and 5′ termini of the flaviviral 
genome; these sequences are required for viral cyclization process and are impor-
tant for viral replication (Gebhard et al. 2011; Ng et al. 2017). Finally, all members 
of the Flavivirus genus encode a long open reading frame (ORF) of 3400 codons, 
which translates into a single polyprotein. This polyprotein is processed by the viral 
protease NS2B-NS3 and different cellular proteases (Lobigs et al. 2010; Roby et al. 
2015) to yield three structural proteins that comprise the viral particle (E, prM, and 
C) and seven nonstructural proteins involved in viral replication (NS1, NS2A, 
NS2B, NS3, NS4A, NS4B, and NS5) (Bartholomeusz and Wright 1993) (Fig. 17.2).

The viral surface glycoprotein E undergoes a conformational rearrangement in a 
pH-dependent manner that results in exposure of peptide fusion, enabling the fusion 
of viral and endosomal membranes. Disassembly of the viral capsid is not yet 
understood (Rey et al. 1995; Pastorino et al. 2010). In the ER, the viral genome is 
recognized as a mRNA, allowing it to use the translation cellular machinery and 

Fig. 17.2 Replication cycle of flaviviruses. Schematic representation of the flaviviral life cycle. 
The virus binds its host cell receptor (DC-SIGN, heparan sulphate, mannose receptor, etc.) and 
enters the cell through endocytosis. Once in the endosome, the pH changes promote the uncoating 
of the nucleocapsid and the release of the viral RNA to the cytoplasm. In the cytoplasm, the RNA 
binds to ribosomes in the endoplasmic reticulum and generates one single polyprotein, which is 
proteolytically cleaved to yield three structural and seven nonstructural proteins. NS5 polymerase 
replicates the genome, and the resulting RNA binds to the nucleocapsid, and the assembly takes 
place in the ER. The immature virion translocates to the Golgi apparatus, and the host furin prote-
ase cleaves the pr peptide to generate mature virions, which exit the cell to repeat the cycle
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generate a single polyprotein. This polyprotein is processed by the viral protease 
NS2B-NS3 and different host cellular proteases (Lobigs et  al. 2010; Roby et  al. 
2015).

The hallmark of all members of the Flaviviridae family is the rearrangement and 
redistribution of host intracellular membranes, leading to the development of 
organelle- like structures and creating platforms for viral replication. Viral proteins 
and cellular factors involved in viral replication are thus concentrated at those plat-
forms (Welsch et al. 2009). Once the viral RNA translation starts, the capsid pro-
teins interact with copies of the genome and lipid droplets, contributing to 
morphogenesis and viral genome assembly (Samsa et al. 2009). Immature flaviviral 
particles are produced when the C protein associates with the viral genome and 
membranes derived from the ER that are decorated with prM and E proteins. Such 
assembled particles are passed to the trans-Golgi network to undergo maturation; 
here, conformational changes and glycosylation of the E protein and cleavage of 
prM by furin take place. In fact, prM molecules function at this step to protect the 
fusion peptide on E from undergoing premature fusion before release. At this step, 
the morphology of non-infectious and immature viral particles is spiky. Then, before 
the release, immature particles are converted into smooth infectious virions as they 
pass through the secretory pathway into the neutral pH of the extracellular environ-
ment (Fischl and Bartenschlager 2011).

 Flaviviral Proteins and Their Functions

 E Protein

E protein is a glycoprotein with more than one potential N-glycosylation motifs. 
These motifs are frequently observed in domain I at asparagine residue 153 (N153) 
or N154. (Johnson et al. 1994; Kuhn et al. 2002). E protein forms the shell of all 
flaviviruses and is the most exposed structural viral glycoprotein. The molecular 
mass of this protein is 53 kDa, consisting of 495 amino acids; E proteins of all fla-
viviruses share approximately 40% amino acid identity. This protein is in charge of 
important functions, such as receptor binding, which allow internalization of viral 
particles through endocytosis (Ishak et al. 1988; van der Schaar et al. 2007). This 
glycoprotein interacts through its N-glycosylation sites with carbohydrate recep-
tors. Furthermore, complex structural changes in the E protein due to the acidic 
environment induce the dissociation of the E dimer, thereby allowing exposure of 
the fusion loop, which is inserted into the membrane of endosomes, and enabling 
the release of viral RNA into the cytoplasm.

In all flaviviruses, the E protein is organized in dimers at the virus surface, and 
depending on its atomic structure (Rey et al. 1995; Zhang et al. 2003; Zhang et al. 
2004; Modis et al. 2005; Nybakken et al. 2006), it folds into three structural and 
functional β-barrel-shaped domains: domain I (DI), domain II (DII), and domain III 
(DIII). DI is located in the N-terminus, and the hinge region is connected with 
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DII.  This domain is conformational and possesses a discontinuous sequence 
involved in dimerization. In addition, DII contains a sequence that is highly con-
served in the Flavivirus genus and contains 13 hydrophobic amino acids, which 
constitute the fusion loop (Allison et  al. 2001; Stiasny et  al. 2007). DIII is an 
immunoglobulin- like domain that forms small protuberances on the surface of 
virions and is located in the N-terminus (Kuhn et al. 2002; Zhang et al. 2004). E 
proteins are anchored at the viral membrane and organized in mature virions into 90 
antiparallel dimers with rigid icosahedral surfaces (Modis et al. 2004).

E protein is the principal target of the immune response. The majority of neutral-
izing antibodies are directed against this protein; monoclonal antibodies directed 
against DII can neutralize the virus, affecting virus-cell membrane fusion by induc-
ing structural changes in E protein. Moreover, cumulative evidence has indicated 
that natural infection with dengue virus (DENV) or other flaviviruses induces the 
production of cross-reactive antibodies directed against the fusion peptide in DII of 
the E protein. These antibodies exert weak neutralizing activity at minimum (Gollins 
and Porterfield 1986; Goncalvez et al. 2004; Beltramello et al. 2010). DIII contains 
multiple serotype-specific, conformation-dependent neutralizing epitopes, and an 
antibody against this domain inhibits the binding of virus to the host cell (Crill and 
Roehrig 2001). Furthermore, protein E is considered the primary candidate target of 
subunit vaccines.

 C Protein

Compared with other flaviviral proteins, capsid C is small (approximately 100 
amino acid residues), with a molecular weight of approximately 12 kDa. This 
protein possesses affinity for viral RNA and lipid membranes. The main role of 
this protein is to form part of the nucleocapsid as it is incorporated into the new 
virions (Dokland et al. 2004; Ivanyi-Nagy et al. 2008). According to crystallogra-
phy studies (Dokland et al. 2004; Ma et al. 2004), the C protein is organized into 
four structurally conserved α-helices and an internal hydrophobic domain. The C 
protein forms dimers in solution; furthermore, studies of different members of the 
Flaviviridae family have described the translocation of C protein from the cyto-
plasm to the ER membrane or accumulation in lipid droplets in the nucleus and 
nucleolus of infected cells. Despite its small size, C protein possesses three func-
tional nuclear localization sequences (NLSs), which are required for the interaction 
with importin-α to regulate its nuclear translocation. The identified NLS is quite 
variable, except for a GP motif conserved among flaviviruses. By substituting the G 
residue for an A, the nuclear localization of C is completely abolished (Sangiambut 
et al. 2008).
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 PrM Protein

In most flaviviruses, prM is a small protein with a molecular weight of approxi-
mately 19–21 kDa; this protein is glycosylated at asparagine N69 and is organized 
in 7 beta-stranded structures (Lorenz et al. 2002; Lobigs et al. 2010; Setoh et al. 
2012). This protein is very important in the biogenesis of the viral particle since 
prM protein is required for prevention of premature fusion of the E protein within 
acidic compartments (Mukhopadhyay et  al. 2005). Thus, when the viral particle 
matures, the prM protein is cleaved by a cellular furin in the trans-Golgi network. 
The pr remains associated with the E protein until the mature virion is released; fol-
lowing furin cleavage, liberating the pr peptide and the M protein is approximately 
10 kDa (Stadler et al. 1997; Yu et al. 2008). Thus, prM protein serves as a chaperone 
for E protein, facilitating translocation into the ER lumen during polyprotein trans-
lation. The protein is then directed to the ER lumen by an N-terminal signal sequence 
immediately downstream from NS1 protein (Mackenzie and Westaway 2001).

 NS1

Flaviviral NS1 is a multifunctional 48-kDa glycoprotein that is cleaved from NS2A 
by an unknown ER-resident host proteinase (Falgout et al. 1989). Following cleav-
age, NS1 is translocated to the ER lumen and cotranslationally processed by a host 
signal peptidase (Falgout and Markoff 1995). This protein is expressed in different 
cellular compartments, e.g. within intracellular membranes, or at the cell surface 
(Muller and Young 2013; Akey et al. 2014). Furthermore, NS1 may be a component 
of the viral replicase since NS1 colocalizes with double-stranded RNA (dsRNA) 
and interacts with NS4A and NS4B (Mackenzie et al. 1996, Lindenbach and Rice 
1999; Youn et al. 2012); NS1 gene deletion completely abrogates replication, but 
ectopic expression of NS1 in trans efficiently rescues ΔNS1 viruses (Lindenbach 
and Rice 1997; Khromykh et al. 1999).

The flaviviral NS1 protein is a critical protein involved in the induction of protection 
in mouse models, controlling viral spread by complement-mediated lysis of the infected 
cells (Gould et al. 1986; Henchal et al. 1988; Falgout et al. 1990; Despres et al. 1991; 
Chung et al. 2006a, b; Chung et al. 2007). In contrast, NS1 protein may also contribute 
to viral pathogenesis by increasing the permeability of capillaries (Beatty et al. 2015; 
Modhiran et al. 2015). Notably, NS1 elicits the production of autoantibodies that react 
with platelets and extracellular matrix proteins (Falconar 1997; Chang et al. 2002; Sun 
et al. 2007) with high possibilities to damage endothelial cells via antibody-dependent 
complement-mediated cytolysis (Lindenbach and Rice 2003). Recently, the presence 
of flaviviral NS1 protein in the infected host sera was shown to enhance viral acqui-
sition by mosquitoes, by enabling the virus to overcome the immune barrier in the 
mosquito midgut. This is an example of an evolutionary mechanism whereby flavi-
viruses adapt to multiple host environments (Liu et al. 2016).
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 NS2A

Flaviviral NS2A is a 22–25-kDa hydrophobic transmembrane protein (Chambers 
et al. 1989; Xie et al. 2013) that plays a critical role in the viral life cycle (Mackenzie 
et al. 1998; Kummerer and Rice 2002; Leung et al. 2008). The NS2A N-terminus is 
processed in the ER lumen by a membrane-bound host protease; the C-terminus is 
processed in the cytoplasm by the NS2B/NS3 viral protease (Falgout et al. 1991; 
Falgout and Markoff 1995). Recently, a topological study of DENV NS2A has 
revealed that NS2A possesses eight predicted transmembrane segments (pTMS1–8) 
and five integral transmembrane segments (pTMS3, pTMS4, pTMS6–8) that span 
the lipid bilayer of the ER membrane (Xie et al. 2013).

The DENV2 NS2A protein has been shown to be involved in DENV RNA syn-
thesis and virion assembly/maturation. The NS2A protein is also a member of the 
viral replication complex; in Kunjin virus (KUNV), NS2A was shown to interact 
with the 3′UTR of viral RNA and other components of the replication complex, 
such as NS4A, NS3, and NS5 (Mackenzie et al. 1998). This protein also participates 
in virion assembly and secretion (Kummerer and Rice 2002; Liu et al. 2003; Leung 
et al. 2008; Xie et al. 2013; Xie et al. 2015) and was found to associate with dsRNA 
in vesicle packets (Mackenzie et  al. 1998). Published studies strongly suggest a 
model whereby NS2A is directly involved in transporting RNA from sites of RNA 
replication, across virus-induced membranes, to adjacent sites of virus assembly, 
with NS2A acting as a viroporin (Liu et al. 2003; Leung et al. 2008). The concept 
that NS2A may act as a viroporin is supported by the observation that both JEV 
and DENV NS2A proteins enhance membrane permeability (Chang et  al. 1999; 
Shrivastava et al. 2017).

 NS2B

In all flaviviruses, NS2B protein is a small integral membrane protein, with a molec-
ular mass of 14 kDa (130 amino acids). This protein contains a conserved central 
hydrophilic region flanked by three hydrophobic domains located at the N- and 
C-termini (Li et al. 2015). The central hydrophilic region of NS2B is necessary and 
sufficient for the activation of NS3 protease; the hydrophobic regions may be 
involved in the oligomerization of the viral protease (Choksupmanee et al. 2012). In 
addition, some studies suggest that NS2B affects membrane permeability on account 
of its viroporin-like activity (Chang et al. 1999; Leon-Juarez et al. 2016). A recent 
study showed that NS2B plays an important role in viral replication and assembly 
by interacting with the NS2A protein; however, the mechanism is still unclear (Li 
et al. 2016).
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 NS3

Flaviviral NS3 protein is the second largest viral protein of the Flavivirus genus, 
with a molecular weight of 69 kDa. This molecule plays essential roles in the viral 
life cycle. The protein has two functional domains: an N-terminal protease with a 
chymotrypsin-like domain (amino acids 1–69), which is able to perform both cis 
and trans cleavage of the viral polyprotein precursor to generate nonstructural pro-
teins (Li et  al. 2014), and the C-terminal NTPase/RNA helicase (amino acids 
180–618).

NS3 requires NS2B as a cofactor for protease activity. Thus, the association 
between the two proteins is mediated by the C-terminus of NS2B through a con-
served β-turn hairpin interaction with a hydrophobic motif in NS3. The correct fold-
ing of the protease domain of NS3 depends on the interaction with NS2B.  The 
protease catalytic triad (His51, Asp75, and Ser135) is localized in the central cleft 
of NS3.

Structural studies of the NS3 C-terminal domain identified three subdomains, of 
which the first and second adopt a RecA-like fold, with eight conserved motifs that 
are essential for RNA binding and ATP hydrolysis activities. The third subdomain is 
indispensable for synthesis of the ssRNA binding groove. Furthermore, evidence 
suggests that the third subdomain mediates the interaction between NS3 and NS5. 
This interaction is very important during viral replication. Moreover, NS3 may be 
able to resolve secondary structures of genomic RNA and separate dsRNA interme-
diates that are transiently formed during the polymerization reaction catalysed by 
NS5 (Brecher et al. 2013; Luo et al. 2015).

 NS4A

All flaviviral NS4A proteins are small, multifunctional, and hydrophobic, with a 
molecular mass of approximately 16 kDa, although they may form larger structures 
upon self-oligomerization (Mackenzie et al. 1998). NS4A membrane topology sug-
gests the presence of an N-terminal region, three transmembrane domains (TMD1–3), 
and a C-terminal tail; the N-terminal region resides in the cytoplasm, while the 
C-terminal region localizes in the ER lumen. NS4A associates with the ER mem-
branes via four internal hydrophobic regions and colocalizes with double-stranded 
RNA (dsRNA), promoting membrane rearrangements that support viral replication 
complexes (Miller et al. 2007). Furthermore, the protein possesses a 2k fragment that 
plays a crucial role in ER membrane rearrangements and, consequently, in replication 
(Roosendaal et al. 2006; Miller et al. 2007). Besides its role in membrane prolifera-
tion, NS4A forms part of the WNV-KUN replication complex and interacts with the 
replicative intermediates dsRNA, NS1, NS2A, and NS5 (Chu and Westaway 1992).
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NS4A has been shown to form an amphipathic helix within the first 20 amino 
acid residues of the cytoplasmic domain, which is essential for oligomerization and 
intracellular replication (Stern et al. 2013). Additionally, this cytoplasmic region of 
NS4A interacts with the cellular scaffolding protein vimentin, which is required for 
efficient replication (Teo and Chu 2014). NS4A is crucial during flaviviral replica-
tion, since it protects DENV-infected cells by activating phosphatidylinositol 
3-kinase-dependent autophagy (McLean et al. 2011). Furthermore, in human foetal 
neural stem cells infected with ZIKV, NS4A inhibits the Akt/mTOR (mammalian 
target of rapamycin) signalling pathway, disrupting neurogenesis and inducing 
autophagy (Liang et al. 2016).

 NS4B

The small hydrophobic protein NS4B, with a molecular mass of 30 kDa, is post- 
translationally modified by the host cell signalase to generate the mature form of the 
protein (molecular mass of 27 kDa). The cleaved peptide 2k is important for correct 
membrane insertion and folding of the NS4B protein (Miller et al. 2006). Topology 
analysis of this protein predicts the presence of five integral transmembrane 
domains; the N-terminal transmembrane regions reside in the ER lumen (TM1 and 
TM2), and TM2 may be N-glycosylated. Other transmembrane domains (TM2, 
TM4, and TM5) are localized in the C-terminus of NS4B and are part of a trans-
membrane α-helix inserted in lipid membranes (Roosendaal et al. 2006; Zmurko 
et al. 2015). The domains have different functions, e.g. TM1 and TM2 participate in 
antagonizing the activity of IFN-α/β (Evans and Seeger 2007) and TM4 and TM5 
are important for dimerization of NS4B, which is crucial for assembly of the viral 
replication complex. Finally, different regions of NS4B are important for interac-
tions with other viral proteins, such as NS3, NS1, and NS4A, which are essential 
components of viral replication machinery (Youn et al. 2012; Zou et al. 2014).

 NS5

NS5 is the largest and most conserved protein synthesized by flaviviruses, with a 
60% similarity among all flaviviruses. This protein is composed of approximately 
900 amino acids and has a molecular weight of 105 kDa (Perera and Kuhn 2008). 
Moreover, NS5 is organized into two functionally and structurally different domains. 
At the N-terminus, NS5 possesses a methyltransferase (MTase) domain involved in 
viral cap formation (Egloff et al. 2002); the C-terminus contains an RNA-dependent 
RNA polymerase (RdRp) domain, which is involved in genome replication (Tan 
et al. 1996). NS5 has been shown to form a complex with NS3, and this interaction 
is required for viral replication (Kapoor et al. 1995; Cui et al. 1998).
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The MTase domain consists of three subdomains: an N-terminal subdomain, the 
core subdomain, and a C-terminal subdomain. Additionally, the MTase domain pos-
sesses three main ligand-binding sites: a GTP binding site in the N-terminal subdo-
main and RNA and S-adenosyl-methionine (SAM) binding sites in the core 
subdomain. The MTase domain is involved in forming and attaching the cap at the 
5′ end of the viral genome and has three activities, namely, guanylyltransferase 
(GTase), N7 MTase, and 2-O MTase activities (Egloff et al. 2002; Kanai et al. 2006; 
Issur et al. 2009).

The RdRp domain is more highly conserved among flaviviruses than other viral 
proteins because of its critical role in viral replication. This domain possesses a 
conventional RdRp conformation, with the shape of a cupped right hand, and three 
subdomains that form the fingers, thumb, and palm. The RdRp activity of NS5 is 
specific for flaviviral RNA and has been shown to initiate negative-strand RNA 
synthesis de novo, i.e. without the use of a primer (Ackermann and Padmanabhan 
2001). NS5 possesses two nuclear localization sequences that allow NS5 to interact 
with importins and to enter the nucleus of infected cells. These sequences are not 
conserved among flaviviruses. NS3 and importin-β both bind to the region termed 
the bNLS; this suggests that in the case of some flaviviruses, NS5 is bound to NS3 
for replication purposes and then disassociates from NS3 to bind to importin-β and 
enter the nucleus (Kapoor et al. 1995; Brooks et al. 2002). These events are regu-
lated by phosphorylation. Casein kinase I (CKI) has been shown to be responsible 
for phosphorylating NS5 (Quintavalle et al. 2007; Bhattacharya et al. 2009). NS5 is 
also involved in the inhibition of the host immune response, as will be described 
later in the chapter. Furthermore, NS5 is a multifunctional protein and is expected 
to have additional functions that have not yet been identified.

 The Innate Immune Response to Flaviviruses

The innate immune system constitutes the first line of host defence against patho-
gens. Once a virus finds the target cell, active crosstalk takes place between the 
pathogen and the cell. The crosstalk is initiated when the cell senses the viral patho-
gen through specialized molecules present in both the cytoplasm and endosomes. 
Thus, the optimum detection of flavivirus and the induction of the innate antiviral 
response define the consequences of infection (Suthar et al. 2013; Green et al. 2014; 
Castillo Ramirez and Urcuqui-Inchima 2015).

Cells possess many molecules that act as cellular pattern recognition receptors 
(PRRs) and are in charge of sensing a broad array of molecular components of 
pathogens, defined as pathogen-associated molecular patterns (PAMPs), such as 
proteins, carbohydrates, nucleic acids, and lipids. Thus far, three different PRR 
families have been recognized, including cytoplasmic or endosomal membrane- 
bound Toll-like receptors (TLRs), cytosolic RIG-I and MDA5, and cytosolic DNA 
sensors, e.g. NOD-like receptors (NLRs) (Brennan and Bowie 2010, Takeuchi and 
Akira 2010).
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 TLRs and TLR Signalling in Flaviviral Infections

TLR molecules contain leucine-rich repeats (LRRs) responsible for PAMP recogni-
tion, located in the ectodomain of the molecule. TLRs play distinct roles in trigger-
ing a response to an invading pathogen, since TLR expression is restricted to specific 
subtypes of immune cells (Uematsu and Akira 2007). TLRs can detect either extra-
cellular or vesicle-bound PAMPs.

Once the extracellular ligands bind to the TLRs, the signal transduction cascade 
is initiated through a Toll/interleukin (IL)-1 receptor (TIR) homologous domain 
located in the cytoplasmic region of the protein (Kawai and Akira 2010). TLRs may 
then trigger signalling by two different pathways; the first is dependent on the 
recruitment of the adapter protein myeloid differentiation primary response gene 88 
(MyD88), and the second proceeds via the adapter TIR-domain-containing adapter- 
inducing IFN-β (TRIF), which is independent of MyD88. TLR3 signalling triggers 
the recruitment of the adaptor molecule TRIF, which further interacts with tumour 
necrosis factor receptor-associated factors 3 and 6 (TRAF3 and TRAF6), activating 
the serine/threonine-protein kinase (TBK1) and inhibitor of κB kinase (IKK) and 
stimulating nuclear factor κ enhancer light chains of activated B cells (NF-κB), IFN 
regulatory factor (IRF) 3, and cytokine secretion. In addition, TRAF6 also interacts 
with RIP, which stimulates the transforming growth factor beta-activated kinase 1 
(TAK-1) complex and promotes the activation of NF-κB and mitogen-activated pro-
tein kinase (MAPK) (Hemmi et al. 2002; Kawasaki and Kawai 2014). During TLR7 
engagement, MyD88 is recruited and forms a complex with IL-1 receptor- associated 
kinases 1 and 4 (IRAK1 and IRAK4), TRAF3, and TRAF6. These complexes stim-
ulate MAPK, IKK, and TBK, which activate and promote the nuclear translocation 
of activator protein 1, NF-κB, IRF3, and IRF7 transcription factors, resulting in 
induction of IFN-I, pro-inflammatory cytokine, and chemokine expression 
(Fig. 17.1.3) (Hemmi et al. 2002; Lin et al. 2010; von Bernuth et al. 2012; Zhou 
et al. 2013; Kawasaki and Kawai 2014). Therefore, activation of TLR3 or TLR7 
promotes the secretion of IFNs and pro-inflammatory cytokines. Activation of 
TLR3 and TLR7 is involved in the immune response against flaviviruses; these 
proteins recognize dsRNA- and ssRNA-containing uridine-rich motifs, respectively. 
However, highly ordered structures containing viral RNA enhance TLR7 responses 
to ssRNA (Diebold et al. 2004; Lund et al. 2004; Wang et al. 2006). Along with RLS 
stimulation, the TLR pathway leads to a multivalent signalling cascade culminating 
in the production of IFN-α/β and inflammatory cytokines, which in turn triggers the 
maturation of DCs and the establishment of an antiviral response (Severa and 
Fitzgerald 2007). Therefore, the engagement of different TLRs is dependent on the 
specific viral infection. (Fig. 17.3).

Both TLR3 and TLR7 have been shown to be involved in sensing DENV. When 
human monocytes are infected with DENV and TLR3 is silenced, the response to 
DENV infection decreases (Tsai et al. 2009). Another study demonstrated that when 
TLR3 is overexpressed, production of copious amounts of cytokines is triggered, 
inhibiting DENV replication (16). Furthermore, TLR7-specific inhibitors reduce 
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IFN-α/β production in plasmacytoid DCs (pDCs) in response to DENV (Wang et al. 
2006). Additionally, the detection of DENV by TLR7 is thought to be coupled to 
viral fusion and uncoating, since TLR7 signalling and viral entry into the cells 
require acidification of the endocytic vesicles (Tsai et al. 2009).

TLR3 and TLR7 have also been shown to be associated with WNV recognition. 
Experimental evidence has shown that TLR3 is essential for WNV penetration into 
the brain and for the induced inflammatory response. TLR7 and TLR3 contribute to 
antiviral responses to WNV, although the specific roles of these pathways in WNV- 
mediated pathogenesis remain elusive (Wang et al. 2004; Daffis et al. 2008; Welte 
et al. 2009).

Reduced levels of cytokine production in response to YFV-17D were observed 
in DCs recovered from single deletions of MyD88, TLR2, TLR7, or TLR9 in mice. 
In addition, TLR8 has been shown to provide a robust response to YFV-17D in 
human fibroblasts, suggesting that this TLR is also capable of detecting YFV 
(Querec et al. 2006).

During ZIKV infection, upregulation of TLR3, but not TLR7, is observed in 
human fibroblasts (Hamel et  al. 2015). Another study demonstrated that ZIKV 

Fig. 17.3 Schematic showing the TLRs involved in flavivirus detection. TLR3 and TLR7/8 
located in endosomal compartment detect viral dsRNA and ssRNA. TLR3 in turn phosphorylates 
and activates IRF3/7 through TRIF-TRAF3/TBK1/IKK kinase complex. Activated IRFs then drive 
the transcription of type I interferon genes. TLR7/8 through MyD88 activates NF-κB through the 
IRAKs-TRAF6-IKK pathway, which subsequently drives the expression of pro-inflammatory 
cytokines
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reduces the growth of cerebral organoids from human embryonic stem cells, by 
targeting neural progenitors. In addition, ZIKV was shown to activate the TLR3- 
mediated innate immune response, leading to deregulation of a network of 41 genes 
involved in neurogenesis, axon guidance, apoptosis, and differentiation (Dang et al. 
2016).

Studies of JEV have demonstrated induced neuroinflammation and lethality via 
triggering of TLR3 and TLR4 signalling pathways (Han et al. 2014). In contrast, in 
another study, enhancement of JEV replication was observed in TLR3-gene-
silenced, JEV-infected Neuro2a cells, suggesting that TLR3 serves a protective role 
against JEV (Fadnis et al. 2013). The role of TLR7 in the mouse brain during JEV 
infection was also demonstrated. Significant decreases in IFN-α and antiviral pro-
tein levels were also observed in TLR7-knockout mice and were accompanied by 
increased viral loads in the brain. TLR7 promotes IFN-I production and generation 
of the antiviral cellular state, contributing to the protective effects of the systemic 
response to infection following JEV infection (Nazmi et al. 2014a, b).

In summary, multiple PRRs are involved in initiation of the antiviral response to 
most flaviviruses; however, the pathways engaged during the infection are virus- 
dependent pathways.

 Cytosolic Receptor RLR Family and Flaviviral Infections

The helicase family of enzymes plays many roles in cellular RNA metabolism and 
is therefore a ubiquitous protein expressed in many cells. These molecules bind to 
or remodel RNA or ribonucleoprotein (RNPs) complexes in an ATP- dependent 
manner. Among these, RLRs are soluble cytoplasmic receptors involved in viral 
recognition. Currently, three members of this family, i.e. retinoic acid- inducible 
gene I (RIG-I), melanoma differentiation-associated gene 5 (MDA5), and labora-
tory of genetics and physiology 2 (LGP2), have been characterized (Yoneyama 
et al. 2005).

Multiple lines of evidence have suggested that both RIG-I and MDA5 mediate 
the host’s intracellular response to viral infection and are the two crucial innate 
immune receptors that bind specifically to dsRNA in the cytosol (Rawling and Pyle 
2014). RIG-I, MDA5, and LGP2 share molecular and structural architecture, includ-
ing two caspase-activation recruitment domains (CARDs). CARDs are located in 
tandem in the protein N-terminus and are critical for the interaction of the protein 
with the adaptor molecule mitochondrial antiviral signalling protein (which is 
known with the three names, MAVS, VISA, IPS-1). Furthermore, RIG-I and MDA5 
contain a centrally located DExD/H motif helicase domain, which contains two 
RecA-like domains (Hel1 and Hel2). This helicase domain binds to dsRNA and 
contributes to ATP hydrolysis and RNA binding (Jiang et  al. 2011) (Fig.  17.4). 
Additionally, both RIG-I and LGP2 contain a repressor domain that blocks signal-
ling in the absence of ligand binding (5). Interestingly, RLR receptors can distin-
guish dsRNA bearing an uncapped 5′-triphosphate end (5′-ppp) that is at least 20-nt 
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long, via their RNA- binding domain. In contrast, MDA5 recognizes long dsRNA 
that lacks the uncapped triphosphate terminus (Hornung et al. 2006). Additionally, 
recent studies have suggested that LGP2 binds to blunt-ended dsRNA of different 
lengths (Li et al. 2009, Bruns and Horvath 2015). (Fig. 17.4).

Although the cytoplasmic molecules RIG-I and MDA5 are involved in sensing 
flaviviral genomic RNA, RIG-I was more frequently reported to be responsible 
for the recognition of the Flavivirus genus. Interestingly, flaviviruses, such as 
DENV and WNV, are sensed by both MDA5 and RIG-I. Initial studies showing 
the role of RIG helicases in the recognition of RNA viruses were published by 
Kato et al. (2006).

In hepatocytes infected with DENV, TLR3 synergises with RIG-I and MDA5 to 
induce IFN expressions. Moreover, in RIG-I- and MDA5-knock down Huh7 cells, 
the intracellular RNA virus sensors RIG-I, MDA5, and TLR3 are activated upon 
DENV infection, modulating the host antiviral defence system (Nasirudeen et al. 
2011). Furthermore, both cytoplasmic (RIG-I and MDA5) and vesicular (TLR3) 
PRRs are upregulated during ZIKV infection and may play a synergistic role in 
enhancing the antiviral response to ZIKV infection (Hamel et al. 2015). RIG-I has 
been described to be essential for the production of IFNs in response to different 

Fig. 17.4 RIG-I and MDA5 serve as cytosolic sensors and detect flavivirus dsRNA. RIG-I or 
MDA5 further activates TRAF3/TBK1/IKK kinase complex through RIG-I or MDA5/IPS-1/
STING complex, which subsequently promotes the activation of NF-κB and phosphorylation of 
IRF3/7. Activated NF-κB and IRF3/7 translocate to the nucleus and induce the production of inter-
ferons and pro-inflammatory cytokines
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RNA viruses, including JEV. Many studies have suggested that RIG-I and MDA5 
recognize different RNA viruses and are critical for host antiviral responses. 
Additionally, both RIG-I and MDA5 have been shown to be responsible for the 
induction of IFN, operating in synergy to establish an antiviral cellular state and 
mediate an IFN amplification loop that supports expression of immune effector 
genes during WNV infection (Fredericksen et al. 2008). The RIG-I molecule signal-
ling pathway is involved in initiating the antiviral state against JEV, triggering the 
production of IFN-I and pro-inflamatory response (Chang et al. 2006; Kato et al. 
2006; Nazmi et al. 2014a, b).

Interestingly, both RIG-I and MDA5 have been implicated in sensing and 
responding to flavivirus infection. An issue that must be elucidated is whether each 
RLR molecule is redundant or working at different moments and with different 
antiviral programme during flavivirus infection (Suthar et al. 2013).

 NLR Molecules

NLR family members identify intracellular danger-associated molecular patterns 
(DAMPs) and PAMPs (Meunier and Broz 2017). Structurally, the members of the 
NLR family are multidomain proteins composed of a common central NOD domain, 
C-terminal LRRs, and N-terminal CARD or pyrin (PYD) domains. LRRs play a 
crucial role in ligand sensing and autoregulation processes that initiate NLR signal-
ling, whereas the CARD and PYD domains mediate homotypic protein-protein 
interactions for downstream signalling.

NLRs recognize microbial products or intracellular signals, triggering the 
recruitment of a molecular platform as a signalling complex, e.g. inflammasomes 
and NOD signalosomes. These complexes promote the secretion of pro- inflammatory 
cytokines, including IL-1β, IL-18, and IL-33 (Shrivastava et al. 2016).

NLR family members can be classified into three subfamilies (NOD, NLRP, and 
IPAF) based on the sequences of their NACHT domains (Lupfer and Kanneganti 
2013). However, few studies have investigated the involvement of NLRs in flavivi-
ral infection (Suthar et  al. 2013; Nazmi et  al. 2014a, b). Studies performed in 
humans infected with WNV and DENV have shown elevated systemic IL-1β levels, 
suggesting that the viral infection activates inflammasome signalling (Ramos et al. 
2012). Furthermore, caspase-1 activity and subsequent IL-1β production were identi-
fied in different cellular models of DENV, ZIKV, WNV, and JEV infections (Kumar 
et al. 2016; Wu et al. 2017). However, the exact activation signal that promotes 
the production of IL-1β during NLRP3 activation is not well understood. Future 
studies are needed to determine the role, if any, of viral proteins or  virus- induced 
cell stress signals in triggering the activation of the NLRP3 inflammasome during 
flavivirus infection (Fig. 17.5).
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 Cyclic GMP-AMP Synthetase (cGAS) Is Involved in Flavivirus 
Sensing

Canonical molecules, such as TLR, MDA, RIG-I, and NLR, are responsible for 
sensing the presence of RNA viruses. However, DNA sensors, such as cGAS, have 
also been identified. cGAS is a member of the nucleotidyl transferase family that, 
once activated, produces the secondary messenger cyclic di-GMP-AMP (cGMP- 
AMP), which in turn activates the adaptor protein stimulator of IFN gene protein 
(STING) (Caiet al. 2014). This protein activates TBK1 (Kato et al. 2006), which 
phosphorylates IRF3 and activates NF-κB to transcriptionally induce IFN-I (Yie 
et  al. 1997). IRF3 binds to IFN-stimulated response elements (ISREs) to induce 
additional antiviral genes. The two main kinases responsible for IRF3 activation, 
IKKε and TBK1, which are involved in both RLR and cGAS-STING pathways, are 
also targeted by Flavivirus (Yie et al. 1997). STING serves as both a PRR for cyclic 
dinucleotides and an adaptor for PRRs of cytoplasmic dsDNA (Cai et al. 2014).

cGAS is involve in flavivirus recognition; the DNA sensor mediates an antiviral 
response, inhibiting viral replication (van Gent and Gack 2017). The early work of 
(Schoggins et al. 2014) provided insights into the role of cGAS in sensing positive 

Fig. 17.5 NLR activation by Flavivirus families. Flavivirus RNA sensing together with other 
stress signals (K+ efflux, ROS, increased Ca++ and/or H+, released cathepsin B) activates inflam-
masome complex, inducing the activation of caspase-1 activation, which further cleaves zymogen 
pro-IL-1β and pro-IL-18 secretion into mature IL-1β and IL-18, respectively
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ssRNA. WNV-infected cGAS-deficient mice showed higher infection and mortality 
rates than wild-type mice. Moreover, (Aguirre and Fernandez-Sesma 2017) showed 
that DENV2 induces cGAS signalling, leading to increased production of IFN-I and 
consequently controlling the propagation of DENV in the cell monolayer. However, 
the mechanisms involved in ssRNA virus recognition may be indirect, e.g. through 
mitochondrial DNA that is released in the cytosol to activate cGAS during DENV 
infection (Sun et al. 2017).

 IFN-I and Induction of the Antiviral State

 Activation of IFN Signalling by Flaviviruses

Once the viruses are detected by different PRRs, an immunological alert is mounted 
to initiate the antiviral state. This occurs via the secretion of cytokines, such as IFN, 
secreted by the infected cells or through paracrine effects, to protect other cells. 
IFNs stimulate uninfected cells to produce proteins that inhibit the replication of 
various types of viruses, including flaviviruses. Rapid detection of viral infection 
and induction of the innate antiviral response are crucial for the resolution of infec-
tion. IFNs can be divided into three groups, namely, types I, II, and III, according to 
their amino acid sequence and receptors (Goodbourn et al. 2000).

IFN-I (αβ) is a key element of the innate immune response and is induced directly 
in response to viral infections. IFN-III (λ) comprises IFN-λ1, IFN-λ2, and IFN-λ3, 
which are also referred to as IL-29, IL-28A, and IL-28B, respectively. The IFN-I 
response could limit viral replication through different mechanisms, such as restrict-
ing the spread of progeny viruses to neighbouring cells, reducing the overall viral 
replication or both (Shresta et al. 2006).

The timing of the IFN response is crucial in the control of flaviviruses. 
Pretreatment of DENV-infected cells with IFN-I exerts protective effects, and the 
resulting viral titre is low; the same treatment after the infection did not confer effi-
cient protection against the virus (Diamond and Harris 2001). Furthermore, IFNAR- 
deficient (AG-129) or STAT-deficient mouse models revealed the essential role of 
IFN-I against infection, e.g. with WNV, DENV, YFV, and ZIKV (Shresta et  al. 
2006; Ashour et al. 2010; Tripathi et al. 2017) (Fig. 17.5).

IFN-α/β and IFN-λ constitute the first line of defence against flaviviruses. The 
signalling cascade is initiated when IFN binds to an IFN receptor (IFNAR). The 
IFN-α/β receptor is composed of two major subunits, IFNAR1 and IFNAR2, which 
are produced in all nucleated cells (de Weerd and Nguyen 2012). Each of these 
receptor subunits interacts with a member of the JAK family. Prior to stimulation, 
the cytoplasmic domains of IFNAR1 and IFNAR2 are associated with the Janus 
tyrosine kinase Tyk2 (Velazquez et  al. 1992; Colamonici et  al. 1994) and JAK1 
(Silvennoinen et  al. 1993; Novick et  al. 1994), respectively. IFNAR2 is also 
associated with STAT2 (Wen et al. 1995; Goodbourn et al. 2000; Murray 2007). 
Upon IFN-α/β binding, IFNAR1 and IFNAR2 associate, facilitating the trans- 
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phosphorylation and activation of Tyk2 and JAK1 (Ihle 1995; Platanias 2003). Tyk2 
then phosphorylates tyrosine 466 of IFNAR1 (Velazquez et  al. 1992), creating a 
new docking site for STAT2 through the latter’s SH2 domain (Darnell et al. 1994, 
1997). STAT2 is next phosphorylated by Tyk2 at tyrosine 690. The phosphorylated 
STAT1/STAT2 heterodimers dissociate from the receptor and are translocated to the 
nucleus, where they associate with the DNA-binding protein p48 or IRF9 (Darnell 
Jr 1997; Platanias 2003) to form a ternary complex called IFN-stimulated gene 
(ISG) factor (ISGF) 3, which binds ISREs of the IFN-α-/IFN-β-responsive genes 
(Levy et al. 1989; Fu et al. 1990).

Optimal induction of the IFN-β gene requires binding of a c-Jun/ATF-2 heterodi-
mer to its promoter, as well as the enhancer region located immediately upstream of 
the core promoter (Panne et al. 2004). The IRF3, NF-κB, and c-Jun/ATF-2 com-
plexes assemble at the promoter in a cooperative manner to form the so-called 
enhanceosome; formation of this complex is aided by the high-mobility group 
(HMG) chromatin-associated protein HMGI (Y), also known as HMGA (Yie et al. 
1997).

In general, ssRNA viruses are highly sensitive to the antiviral effects of IFN-I, 
which is part of the overall innate immune response, evoked to effectively block 
early virus replication; hence, IFN induces a generalized antiviral state.

After the flaviviral RNA is recognized by RIG-I and MDA5 PRRs, these mole-
cules change conformation to associate with a promoter stimulator 1 molecule and 
initiate signal transduction to activate the transcription factors IRF3 and NF-κB, 
consequently inducing the synthesis of IFNs. The production of IFN during viral 
infection leads to the induction of at least three transcription factors (IRF1, IRF7, 
and IRF9) (Wathelet et al. 1998). Binding of secreted IFN to its receptor stimulates 
the JAK/STAT signalling pathway in target cells, leading to transcriptional activa-
tion of numerous ISGs. Most ISG products, including PKR, 2′5′-oligoadenylate 
synthetase (OAS) (Tanaka et al. 2004), virus inhibitory protein, and ER-associated, 
IFN-inducible (viperin) protein (Helbig et al. 2013), are able to interfere with viral 
infections.

PKR is one of the most extensively studied ISGs. Analysis of PKR amino acid 
sequences from different species has revealed a common regulatory domain in the 
N-terminal region and a dsRNA-binding motif (dsRBM) (Weber et al. 2006). PKR 
induces translational arrest to prevent production of proteins required for the assem-
bly of new viral particles, thus limiting viral spread. PKR is initially activated by the 
interaction of dsRNA (and other specific types of RNA) with the binding motif on 
PKR (Sadler and Williams 2007). Activated PKR phosphorylates the only substrate 
known thus far: eukaryotic initiation factor α (eIF2α) (Sadler and Williams 2007). 
Phosphorylated eIF2α prevents the recycling of GDP to GTP by the guanine nucleo-
tide exchange factor eIF2B, resulting in global inhibition of protein synthesis 
(Samuel 1993). Furthermore, PKR promotes mRNP aggregation induced by G3BP 
protein (Li et al. 2013; Tsai and Lloyd 2014). Li et al. showed that silencing of PKR 
in A549 cells infected with DENV provokes a decrease in IFN-β at the translational 
level (Li et al. 2013). Additionally, PKR and RNase L are important effector mole-
cules that protect mice against WNV (Samuel et al. 2006).
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 IFN-Induced OAS

The OAS family of proteins includes OAS1, OAS2, OAS3, and OAS-like (OASL) 
protein. This family is regulated by both IFN-I and IFN-II and includes proteins that 
are critical for the immune response to viral infection. The antiviral mechanism of 
OAS is modulated in two ways. First, OAS3 protein binds dsRNA and is activated 
to produce 2′,5′-oligoadenylate, leading to the activation of a latent form of RNase 
L, which degrades cellular and viral RNAs (Tanaka et al. 2004, Silverman 2007, 
Zhu et al. 2014). The second antiviral mechanism is stimulated by these cleavage 
products, which activate RIG-I and MDA5 (Zhu et al. 2014). Interestingly, replica-
tion of JEV in vitro is inhibited by porcine OASL (Zheng et al. 2016). Furthermore, 
the isoforms OAS1 p42/p46 and OAS3 p100 are likely to contribute to the host 
defence against DENV infection and play a role in determining the outcomes of 
DENV infection severity.

 Viperin

Viperin has a molecular weight of 42 kDa. The protein possesses three domains: an 
N-terminal amphipathic α-helix, which enables its localization in the ER and in lipid 
droplets (Hinson and Cresswell 2009), a central radical SAM domain, and a C-terminal 
domain with unknown function. Viperin possesses multiple activities, e.g. immuno-
regulatory effects in the production of type I IFN. Moreover, viperin is involved in 
intracellular signalling and has broad antiviral activity in pDCs (Seo et al. 2011).

Viperin plays an antiviral role against some flaviviruses, e.g. WNV and 
DENV.  Additionally, viperin restricts WNV infection in a tissue- and cell-type- 
specific manner. Although the antiviral mechanism of viperin is not clear (Duschene 
and Broderick 2010), available experimental evidence suggests that this protein 
binds to the enzyme farnesyl diphosphate synthase, which is involved in cholesterol 
biosynthesis; cholesterol, in turn, is a key component of lipid droplets and lipid 
rafts, where replication and assembly occur (Zhang et  al. 2000, Ono and Freed 
2005). Furthermore, JEV-infected cells show upregulation of viperin mRNA (Chan 
et al. 2008). Interestingly, viperin possesses a central radical SAM, which is associ-
ated with strong antiviral effects against TBEV (Upadhyay et  al. 2014); the 
C-terminal viperin domain has the ability to interact with nonstructural proteins, 
such as NS3, of DENV (Fukasawa 2010; Wang et al. 2012; Helbig et al. 2013).

 IFN-Inducible Transmembrane (IFITMs) Proteins

IFITMs are involved in the inhibition of early flaviviral replication. At least three 
human IFITM proteins have been identified (IFITM1, IFITM2, and IFITM3). The 
first two are expressed ubiquitously in humans; their expression is induced by both 
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IFN-I and IFN-II (REF). The hallmark of this protein group is the prevention of 
infection before a virus traverses the lipid bilayer of the cell. IFITMs inhibit the 
replication of all flaviviruses tested to date, including WNV, DENV, and ZIKV 
(Jiang et al. 2010; Savidis et al. 2016). Recently, (Savidis et al. 2016) showed that 
IFITMs strongly block ZIKV replication. Additionally, IFITM3 can prevent ZIKV- 
induced cell death.

ISG15 is a pleiotropic molecule that acts as both a cytokine and protein modifier. 
This molecule can be covalently conjugated to different proteins in a manner similar 
to that of ubiquitin, causing protein degradation (Hishiki et al. 2014). In the case of 
DENV, the NS3 and NS5 proteins are subjected to ISGylation, which suppresses 
DENV particle release. Additionally, ISGylation also affects WNV (Hermann and 
Bogunovic 2017).

 Inhibition of IFN Signalling and Evasion of Host Signalling 
by Flavivirus Proteins

IFN-I proteins are the most effective molecules involved in the antiviral response of 
the innate immune system; however, viruses have developed specific strategies to 
evade this response in order to establish an infection in the host.

Members of the Flaviviridae family are prominent IFN-I inhibitors. The inhi-
bition takes place at the level of IFN production and secretion, inhibition of IFN 
binding to receptors by competition, inhibition or proteolysis of activators of the 
JAK/STAT signalling pathway, or inhibition of proteins with antiviral activity and 
products of the transcription of ISGs (Haller et al. 2006; Taylor and Mossman 2013; 
Ma and Suthar 2015). Other mechanisms, dependent on the accumulation of subge-
nomic flaviviral RNA, have also been reported (Schuessler et al. 2012; Bidet et al. 
2014; Manokaran et al. 2015); however, these mechanisms are beyond the scope of 
this chapter.

Interestingly, most of the known strategies are dependent on nonstructural pro-
teins, suggesting that the viral genome has to be transcribed and translated, with the 
polyprotein processed into individual proteins to counteract IFN-I activity.

Multiple flaviviral nonstructural proteins, including NS2A, NS4A, NS4B, and 
NS5 (Ma and Suthar 2015), have been shown to act as IFN-I inhibitors. However, 
NS5 is the most prominent effector involved in inhibition of IFN-I activity. This 
protein may block IFN-I production and effectors via different pathways, depending 
on the flavivirus. This variability in NS5 evasion strategies is counterintuitive con-
sidering the high homology of the MTase and RdRp domains in the different mem-
bers of the Flavivirus genus.

In the context of DENV infection, the JAK/STAT pathway is inhibited by 
phosphorylation of Tyk2, STAT1, and STAT2 (Ho et al. 2005; Jones et al. 2005). 
Thus, DENV NS5 facilitates the ubiquitination of STAT2, directing it to undergo 
proteasome degradation. The interaction between dengue NS5 and STAT2 was 
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proven to be functional since the ISG transcription activity was also blocked in IFN 
reporter model under the control of IFN-sensitive response elements (ISRE) in vitro 
(Ashour et al. 2009). Furthermore, the effect of DENV NS5 on STAT2 is dependent 
on the complete proteolytic maturation of the N-terminus (NS5 region) of the poly-
protein accomplished by the viral protease NS2B/NS3 (Ashour et al. 2009; Mazzon 
et al. 2009). This strategy is supported by the interaction of the first amino acids of 
DENV NS5 with N-recognin 4 (UBR4), an E3 ubiquitin ligase, acting as a bridge 
between STAT2 and the ubiquitination machinery inducing the degradation of 
STAT2/NS5 complex (Morrison et al. 2013). It is well known that flaviviral NS5 is 
a multifunctional protein of the viral replication cycle, suggesting a fine balance 
between the amount of NS5 designated for the replication complex, for the nuclear 
localization, and serving as an IFN-I antagonist. The plasticity of DENV NS5 
implies the temporal nature of NS5 allocation in the infected cell, participating in 
innate immune evasion depending on the balance between viral resources and mod-
ulation of the immune response and manipulating the cell machinery to achieve 
productive infection.

ZIKV NS5 also targets STAT2 for proteasomal degradation; however, the mech-
anism of STAT2 degradation is not dependent on the proteolytic maturation of the 
N-terminus of NS5, and UBR4 does not seem to be involved (Grant et al. 2016; 
Kumar et al. 2016). Nevertheless, it is highly probable that STAT2 is ubiquitinated 
by E3 ubiquitinase and directed for proteasomal degradation. In contrast, the NS5 
protein of Spondweni virus, which is closely related to ZIKV, does not inhibit the 
activation of STAT1 or STAT2 after IFN-I treatment; instead, this protein seems to 
inhibit IFN-I activity at the transcription level of the ISRE-dependent genes (Grant 
et al. 2016). The molecular mechanisms through which transcription is inhibited 
remain to be elucidated; however, the overlapping of the two functions of NS5, i.e. 
nuclear localization and IFN-I antagonism, is important to the function of flavivirus 
throughout the replication cycle.

YFV NS5 also targets the JAK/STAT signalling pathway, albeit in an induc-
ible manner. The N-terminus of YFV NS5 is ubiquitinated by TRIM23, inducing 
its binding to STAT2 after IFN-I stimulation. This association does not induce 
degradation by the proteasome; instead, the NS5-STAT2 complex inhibits the 
binding of ISGF3 to the promoters of ISGs (Laurent-Rolle et  al. 2014). The 
mechanism of inhibition by YFV NS5 is interesting since TRIM23 contributes to 
Sendai virus infection-triggered NF-κB and IRF3 activation by targeting NF-κB 
essential modulator (NEMO) (Arimoto et  al. 2010). In contrast, proteins that 
contribute to the antiviral innate immune response are hijacked by YFV NS5, 
resulting in antagonism.

Other Aedes-borne flaviviruses, such as Yokose (YOKV), Iguape (IGUV), and 
Usutu (USUV) viruses, also utilize their NS5 proteins to block the JAK/STAT sig-
nalling pathway. Current evidence has suggested that these NS5 proteins inhibit the 
phosphorylation of STAT1 and STAT2 (Grant et al. 2016). USUV and YOKV NS5 
proteins prevent STAT1/2 nuclear translocation after IFN treatment; in contrast, the 
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expression of IGUV NS5 protein does not prevent IFN-mediated translocation of 
STAT1 or STAT2 (Grant et al. 2016). The mechanism of this inhibition of phos-
phorylation and nuclear translocation is still unknown; more experiments in infec-
tion models are needed to identify the interactions between specific host proteins 
and viral NS5 (Fig. 17.6).

Tick-borne flaviviruses include 12 recognized species that are divided into two 
groups, the mammalian tick-borne virus group and the seabird tick-borne virus 
group (Grard et al. 2007). The first evidence for the role of flaviviral NS5 as an 
IFN-I antagonist was reported for Langat virus (LGTV) (Best et al. 2005). Infection 
with LGTV inhibited the transcription from IFN-α- and IFN-γ-responsive promot-
ers in reporter assays. Furthermore, in infected human cells, inhibition of JAK1 and 
Tyk2 phosphorylation during IFN-α stimulation and inhibition of JAK1 phosphory-
lation following IFN-γ stimulation were observed without direct interactions 
between these kinases and LGTV NS5 (Best et al. 2005). Additionally, the loss of 
IFNAR1 but not IFNAR2 expression in LGTV monocyte-derived DCs was observed 
(Best et  al. 2005). Inhibition of the expression of IFNAR1/IFNAR2  in LGTV-
infected cells seems to be associated with the interaction with hScrib, a membrane 
protein that belongs to the LAP, LRR, and PSD/Dlg/ZO-1 family (Werme et  al. 
2008), and with the interaction with the host protein prolidase (PEPD), a metabolic 
enzyme belonging to the metalloproteinase family responsible for the hydrolysis of 
imidodipeptides containing C-terminal proline or hydroxyproline residues required 
for the glycosylation of IFNAR1. This inhibition of IFNAR1 expression depends on 
the interaction of NS5 with PEPD during WNV infection (Lubick et  al. 2015). 
WNV is transmitted by the Culex mosquito and shares a vector with JEV. For both 
viruses, evasion of the IFN-I signalling pathway increases their fitness and virulence 
(Keller et al. 2006; Liang et al. 2009). Although NS5 proteins from both viruses act 
as IFN-I antagonists, the mechanisms differ. For WNV, as mentioned before, the 
proposed mechanism involves the inhibition of the glycosylation of IFNAR1 
through interaction with PEPD. In contrast, in JEV-infected cells, IFNAR1/IFNAR 
2 expression is not affected; instead, the JEV NS5 IFN-antagonizing activity 
involves protein tyrosine phosphatases, as the IFN-antagonizing activity can be 
pharmacologically inhibited by sodium orthovanadate (Lin et al. 2006). Inhibition 
of the translocation of STAT1 by JEV NS5 also correlates with the downregulation 
of calreticulin in neuroblastoma cells (Yang et al. 2013).

All available evidence suggests a dynamic host-pathogen interaction between 
NS5 and the infected cell. The regulation and temporality of IFN-I signalling 
 antagonism, which modulate the multiple functions of NS5 during the viral cycle, 
are unknown; however, the plasticity of this nonstructural protein renders the virus 
adaptable to different microenvironments. The mechanisms that regulate the activa-
tion of the diverse functions of flaviviral NS5 in different lineages of immune cells 
or haematopoietic cells remain unclear. Despite this, it is possible that the IFN- 
antagonizing effect of NS5 may be inducible depending on the abundance of the 
protein, which is dependent on the permissiveness and susceptibility of the cells 
(Fig. 17.6).
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Fig. 17.6 Mechanisms of evasion of the immune response by flaviviruses. Schematic represen-
tation of the mechanisms utilized by different flaviviruses to inhibit the immune response. Upon 
binding of type I interferon to its receptor, both subunits, IFNAR1 and IFNAR2, recruit JAK1 and 
Tyk2 and phosphorylate them. NS4B of WNV inhibits both phosphorylations, whereas NS5 of 
JEV inhibits Tyk2 phosphorylation. Phosphorylation of JAK1 and Tyk2 induces binding of STAT1 
and STAT2, and these are phosphorylated by JAK1 and Tyk2. STAT1 phosphorylation is inhibited 
by DENV NS2A, NS4A, and NS4B, as well as YFV NS4B and WNV NS4B and NS5. STAT2 is a 
target for proteasomal degradation by NS5 of DENV, YFV, and ZKV, but this effect is dependent 
on different host factors, DENV NS5 targets STAT2  in the presence of UBR4, YFV targets 
STAT2  in the presence of TRIM23, and ZIKV host factor has not been yet determined. RIG-I 
helicase is translocated to the mitochondria in the presence of 14–3-3ε chaperone. This transloca-
tion is inhibited by the binding of the NS3-NS2B complex of DENV and WNV. RIG-I binds to 
IPS-1, and IPS-1 activates IKKε, which phosphorylates TBK1 and, together, phosphorylates IRF3 
and IRF7. The NS3-NS2B complex inhibits IKKε and prevents TBK1 phosphorylation. DENV 
NS2A, NS4A, and NS4B and WNV NS4B inhibit TBK1 phosphorylation. The NS3-NS2B com-
plex of DENV cleaves STING and inhibits the cGAS pathway. NS5 of WNV and LGTV binds to 
PEPD and inhibits IFNAR1 maturation and expression. Once phosphorylated, STAT1 and STAT2 
recruit IRF9 and together translocate to the nucleus to bind to ISRE9. Host cellular proteins are 
represented in grey, whereas viral proteins are represented in different colours depending on the 
flavivirus: DENV in turquoise, YFV in red, WNV in orange, JEV in green, ZKV in purple, and 
LGTV in blue. Viral proteins from different flaviviruses that share the same function are depicted 
in split colours. Continuous black lines represent the normal pathway, and dashed lines represent 
the effect of flaviviral proteins, whereas short red lines represent inhibition. Phosphorylation is 
represented as a star

L. Cedillo-Barrón et al.



431

 Other Flaviviral Proteins with IFN-I Antagonist Activity

Other flaviviral proteins have also been described as IFN-I antagonists, either in the 
context of infection or exogenously expressed in the absence of virus. Flavivirus 
proteins other than NS5 and with IFN-I antagonistic activity may play a redundant 
role to ensure the inhibition of IFN-I antiviral activity. The mechanisms through 
which the remaining NS proteins block the IFN signalling pathway are also diverse.

Multiple DENV NS proteins act as IFN antagonists and seem to work synergis-
tically. For example, NS4B blocks the IFN-induced signal transduction cascade 
by interfering with STAT1 phosphorylation; this mechanism is also used by 
KUNV NS2A, NS2B, NS3, NS4A, and NS4B (Liu et al. 2005). NS4A and NS2A 
also block IFN signalling; the cumulative effect of DENV NS4B, NS4A, and 
NS2A completely inhibits IFN signalling. The polyprotein of DENV needs to be 
cleaved between NS4A and NS4B in order for these proteins to exert IFN-
antagonizing effects, suggesting the need for polyprotein translation (Munoz-
Jordan et  al. 2003; Munoz-Jordan et  al. 2005). In addition to this antagonistic 
activity, DENV NS2A and NS4B inhibit TBK1 and IRF3 phosphorylation, sug-
gesting that regulation occurs at the level of TBK1 complex activation. In this 
study, serotype-specific antagonistic activity was also described; NS4A protein 
from DENV1, but not DENV2 or DENV4, uniquely inhibits TBK1-directed 
IFN-β transcription (Dalrymple et al. 2015). Additionally, DENV NS2B/3 serine 
protease plays an important role, blocking the protein kinase domain of the IKKε 
kinase and inhibiting nuclear translocation and phosphorylation of IRF3 (Anglero-
Rodriguez et al. 2014). DENV NS2B/3 also cleaves the human mediator of IRF3 
activation, blocking its association with TBK1 and preventing the phosphoryla-
tion of IRF3 (Yu et al. 2012).
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