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Preface 

The field of virology originates from the discoveries made by microbiologists, veteri-
narians, and physicians. For at least the first half of the XX century, virology focused 
on understanding a pathogen and the disease it causes. Furthermore, studying viruses 
has led us to a deep understanding of cellular and molecular biology at such degree 
that it would be impossible to think of modern cellular and molecular biology without 
virology. However, virologists, chemists, biochemists, and physicists realized that 
virions could have high-order symmetry and thus could be treated as physical objects. 
The success of W. M. Stanley in crystalizing tobacco mosaic virus opened the door to 
the study of virion symmetry and assembly, and it could be considered the beginning 
of the field of physical virology. Then, this field started to grow when J. B. Bancroft 
showed that the plant virus cowpea chlorotic mottle virus could be reconstituted from 
its purified components (i.e., capsid protein and RNA). 

A long time has passed since the key experiments of Stanley and Bancroft, and 
the field of physical virology has evolved into a multidisciplinary science where 
physicians, experimental and theoretical physicists, chemists, virologists, structural 
biologists, and engineers have come together to study viruses as biological entities, 
physical objects, and as tools for biomedicine and nanotechnology. This book has 
tried to combine the experience of senior and junior independent researchers that are 
leaders in different areas of physical virology. 

RNA was considered for a long time just as a messenger molecule; however, 
RNA viruses use this molecule as a genome, and thus, its role during assembly is 
far more complicated than a passive cargo. Chapters 1 and 2 focus on theoretical 
approaches to understanding viral RNAs and assembly. In Chap. 1, Vaupotic and 
co-workers explain how the viral RNA is a branched polymer and how this feature 
has tremendous consequences on the length of the packaged viral genome and on 
virions assembly. Chapter 2 by Cruz-Leon and co-workers focuses on atom and 
coarse-grained simulations to understand the viral RNA and the assembly process. 
Duran-Meza and co-workers show in Chap. 3 how the length of the genomic RNA 
controls the assembly process, and Stockley and Twarock explain the implications 
of the role of the cis-acting RNA sequences during assembly and infection.

v
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The assembly and disassembly of virions is a necessary process of the viral 
infectious cycle. Chapters 5 through 9 focus on how artificial viruses and virus-
like particles (VLPs) can be assembled. Chapter 5, by Moreno-Gutierrez and co-
workers, explains how artificial viruses can be assembled by following well-defined 
rules. Hegawama et al., in Chap. 6, cover the self-assembly of VLPs to create 
hierarchical 3D materials. Chapter 7 by Cadena-Lopez and co-workers focuses on 
understanding the assembly of highly pathogenic viruses by producing VLPs in 
mammalian cultures. Thiede et al. analyze in Chap. 8 how norovirus capsid can alter 
its shape when interacting with metal ions and other molecules. Finally, in Chap. 9, 
Azad and co-workers discuss how different viruses can disassemble. 

Viruses can also be seen as physical objects; thus, their physical properties can be 
linked to their biological activity. In Chaps. 10 and 11, Rodriguez-Espinosa and co-
workers and M. G. Mateu, respectively, present analyses by atomic force microscopy 
to understand the mechanical properties of virions and correlate them with their 
biological functions. Luque et al., in Chap. 12, explain how cryo-electron microscopy 
and tomography can be used to understand the architecture of viruses. 

Finally, the last two chapters focus on using viruses as therapeutic and diagnostic 
tools. C. Catalano, in Chap. 13, describes the potential application of the bacte-
riophage lambda as a tool for the targeted delivery of therapeutics and for vaccine 
development. In Chap. 14, S. Chaturvedi explains the novel concept of therapeutic 
interfering particles that were initially developed against SARS-CoV-2. 

We greatly appreciate the tremendous amount of work done by all authors to 
assemble this book, and we apologize for any omissions. Unfortunately, it is impos-
sible to edit a book that showcases all the areas and key works on physical virology. 
Nonetheless, this edition has brought together scientists with different backgrounds 
that push the limits of their respective areas and aims to explain the present and future 
of this field. 

San Luis Potosí, Mexico Prof. Mauricio Comas-Garcia, Ph.D. 
Prof. Sergio Rosales-Mendoza, Ph.D.
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Chapter 1 
Viral RNA as a Branched Polymer 

Domen Vaupotič, Angelo Rosa, Rudolf Podgornik, Luca Tubiana, 
and Anže Božič 

Abstract Myriad viruses use positive-strand RNA molecules as their genomes. Far 
from being only a repository of genetic material, viral RNA performs numerous other 
functions mediated by its physical structure and chemical properties. In this chapter, 
we focus on its structure and discuss how long RNA molecules can be treated as 
branched polymers through planar graphs. We describe the major results that can 
be obtained by this approach, in particular the observation that viral RNA genomes 
have a characteristic compactness that sets them aside from similar random RNAs. 
We also discuss how different parameters used in the current RNA folding software 
influence the resulting structures and how they can be related to experimentally 
observable quantities. Finally, we show how the connection to branched polymers 
can be extended to take advantage of known results from polymer physics and can 
be further moulded to include additional interactions, such as excluded volume or 
electrostatics. 

Keywords +ssRNA viruses · RNA secondary structure · Branched polymers ·
Scaling exponents · Graph theory 
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Introduction 

RNA is an incredibly versatile biological macromolecule: not only does it act as a 
messenger between the DNA genome and the protein product, but it also assumes 
various roles in the form of transfer RNA, ribosomal RNA, microRNA, guide RNA, 
and long non-coding RNA, to name just a few [ 1, 2]. Its function is carried out 
both on the level of its primary sequence of nucleotides and by the local and global 
structures that are formed when the constituent nucleotides form base pairs with each 
other [ 3, 4]. Many RNA structures are thus involved in translational control, RNA 
localization, gene regulation, RNA stability, and more [ 5]. RNA structure folding is 
hierarchical, with the formation of base pairs—described by secondary structure— 
dominating the contribution to the folding energy and leading into its embedding 
in three-dimensional space, described by tertiary structure [ 6, 7]. In spite of recent 
improvements in the prediction of the tertiary structure of RNA molecules, it remains 
restricted to relatively short, individual sequences [ 8– 10]. It is therefore of great 
advantage that RNA structure and its function can often be understood well by 
modelling it on the level of secondary structure, which can be further complemented 
by experimental methods such as SHAPE and its derivations [ 11– 13]. 

In a large number of bacterial, plant, animal, and human viruses, positive-strand 
RNA (+ssRNA) takes on the role of their genomes [ 14]. Far from simply coding for 
the protein products, both local structural elements as well as long-range structural 
interactions in the genomes of +ssRNA viruses are involved in many fundamen-
tal viral processes such as virus disassembly, translation, genome replication, and 
packaging, and are thus in general important for viral fitness [ 15– 18]. In particu-
lar, the genomes self-assemble together with capsid proteins to form a functional 
virion in an interplay of RNA sequence, length, and structure, further influenced by 
environmental variables such as pH and salt concentration [ 19– 22]. For instance, in 
certain viruses, local structural elements called packaging signals—typically one or 
several hairpin loops with a more or less defined structure and nucleotide pattern— 
are responsible for specific interactions with the capsid proteins, initiating assembly 
through several possible pathways [ 22– 24]. 

At the same time, non-specific electrostatic interactions between highly negatively 
charged RNA and positively charged domains of capsid proteins dominate the self-
assembly of many +ssRNA viruses [ 25, 26]. Here, a number of experiments have 
demonstrated that viral capsids can assemble not only with their native RNA genomes 
but also with non-cognate RNA genomes of other viruses, other RNA molecules, and 
even linear polyelectrolytes [ 27, 28]. Success of the self-assembly and the resulting 
capsid(-like) structure, however, both depend on the length and structure of the cargo 
as well as on environmental variables [ 29– 31]. Varying the salt concentration of the 
solution, for instance, changes the strength of RNA-protein interaction [ 32], and 
varying the strength of the interaction between RNA and an adsorbing substrate 
can change the latter’s preference for adsorbing either single- or double-stranded 
RNA [ 33].
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The branching structure of viral RNA, in particular, plays an important role in 
RNA-capsid interaction and virus assembly. Experiments have demonstrated that 
RNA structure and topology influence both packaging efficiency and the resulting 
capsid size and shape [ 29, 30, 34], while theoretical studies have shown that the 
degree of branching can greatly increase the amount of RNA that can be packaged into 
a capsid [ 35, 36]. Moreover, branching patterns of different RNAs have been shown 
to influence their size [ 37, 38], with genomes of +ssRNA viruses with icosahedral 
capsids being significantly more compact compared to those with helical capsids [ 39, 
40]—with the former capsid type providing more severe spatial restrictions than the 
latter. This characteristic compactness appears to be a global structural property, 
and while even .. ∼5.% of synonymous mutations were shown to destroy it [ 40], the 
question remains of where in the genome sequence these topological and structural 
properties are encoded [41]. Understanding the topological properties of the genomes 
of +ssRNA viruses is thus essential to understand their ability to self-assemble and 
consequently to design strategies to modify or interfere with their function [ 42]. 

In this chapter, we describe how the secondary structure of viral RNA can be 
mapped to a branched polymer, which properties can be extracted, what are some 
of the major results that can be obtained using this approach, and some pitfalls to 
be considered. To this purpose, we first introduce the main properties of branched 
polymers and demonstrate how RNA can be treated as one by being mapped onto a 
graph. We then describe some of the topological and structural properties that can 
be gleaned from this approach. Next, we illustrate this approach on random RNA 
sequences of different length and nucleotide composition, which provides a baseline 
for comparison of different biological RNAs. Focusing on the genomes of +ssRNA 
viruses, we explore the differences among them by comparing them to random RNAs 
as well as shuffled versions of themselves. We also show how model parameters used 
in the prediction of RNA secondary structure—specifically, multiloop energy and 
maximum base pair span—influence these predictions. Lastly, we briefly overview 
the field-theoretical description of RNA as a branched polymer, which makes use 
of the derived topological parameters and allows for a self-consistent inclusion of 
additional short- and long-range interactions in the analysis of interactions between 
the RNA genome and the capsid proteins. 

RNA as a Branched Polymer 

Secondary Structure of RNA as a Graph 

Secondary structure prediction 
Description of RNA structure on the intermediate level of its secondary structure 
forms a conceptually important step and explains the dominant part of the free energy 
of structure formation [ 43]. Modelling RNA on this level allows for analysis of large 
numbers of very long RNA sequences—which would be prohibitively expensive
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to model on the level of their tertiary structure—while retaining the majority of the 
pertinent information about its local and global structure resulting from base-pairing. 
Numerous software packages exist for the prediction of RNA secondary structure, the 
most popular ones being ViennaRNA [ 44] and RNAstructure [ 45], based on energy 
models of base-pairing, and CONTRAfold [ 46] and EternaFold [ 47], which learn 
model parameters using stochastic context-free grammar. All of these algorithms 
necessarily come with limitations [ 47– 49], but due to the complexity of structure 
prediction for long RNA molecules, they remain the tool of choice for studies of 
+ssRNA viral genomes, which can range anywhere from.. ∼1000–.30,000 nt in length 
(section “Branching Properties of Viral RNAs”). While some of the uncertainty in 
the prediction of RNA secondary structure can be alleviated by taking into account 
experimental data [ 12], such data is not widely available for most viral genomes. 

Since the energy landscape of RNA structures is very shallow, predicting only 
the minimum free energy structure is typically insufficient, as the RNA can sample 
different conformations and several functional structures can co-exist in vivo [ 50]. 
The benefit of using energy-based folding algorithms for the prediction of secondary 
structure is that they enable generation and sampling of thermal ensembles of rep-
resentative structures at a given temperature [ 51]. In the examples presented in this 
chapter, we use ViennaRNA v2.4 [ 44] to predict thermal ensembles of .500 struc-
tures at.T = 37◦ C for each RNA sequence and denote any quantity.O averaged over 
this thermal ensemble of structures by .<O>. As we show later on, this sample size 
produces sufficient statistics for each quantity we consider. 

RNA as a graph 
The idea that the complexity of base pairs and sequence-structure patterns in a folded 
RNA sequence can be reduced by mapping its secondary structure onto a graph is 
not new (Ref. [ 52] provides a detailed overview of the topic). In the absence of 
pseudoknots—a typical simplification which drastically reduces the computational 
complexity of structure prediction—the secondary structure can be described as a 
planar tree (Fig. 1.1). The simplest way to construct such a tree is by mapping double-
stranded regions (base pairs) to edges with weights corresponding to the stem lengths, 
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Fig. 1.1 Mapping (a part of) RNA secondary structure onto a planar tree. Double-stranded (base-
paired) regions are mapped to graph edges, weighted with the stem length, while single-stranded 
regions are mapped to graph nodes
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while single-stranded regions (unpaired nucleotides) are mapped to nodes connecting 
the edges. In the rest of the chapter, when we will refer to RNA trees, we will have 
in mind this procedure. This mapping is independent of the base-pairing model used 
to predict the structure—apart from the assumption of the absence of pseudoknots— 
and we discuss some differences that arise from using different model parameters in 
section “Influence of Model Parameters”. 

Once RNA secondary structure is mapped onto a tree composed of .N + 1 nodes 
.vi ∈ V, .i = 0, . . . , N , connected by .N (undirected) edges .ei = (v j , vk) ∈ E with 
weights (stem lengths) . bi , it is possible to derive various parameters describing its 
topology and structure [ 53– 55], including: 

• The distribution of ladder distances .p( ), where the ladder distance . (vi , v j ) is 
defined as the shortest path between a pair of nodes.vi and. v j . The most important 
derived measures are the maximum ladder distance (MLD), 

.MLD = max
vi ,v j∈V

 (vi , v j ), (1.1) 

corresponding to the diameter of the graph, and the average ladder distance (ALD), 

.ALD = 1

(N + 1)N

∑

vi /=v j∈V
 (vi , v j ), (1.2) 

and its related quantity, the Wiener index .W =∑
vi /=v j∈V  (vi , v j ). • The distribution of branch weights .p(Nbr), obtained by cutting the expanded tree 

at each edge and taking the smaller of the two total weights of the resulting trees. 
• The distribution of node degrees .p(di ), indicating the presence of multiloops 
(nodes of degree .di  3), with the total number of nodes with degree . k given 
by .Dk . Some derived quantities are, e.g., Zagreb indices .M1 =∑

vi∈V d2
i and 

.M2 =∑
(vi ,v j )∈E did j . 

• The Laplacian spectrum, the eigenvalues .λi of the Laplacian matrix .L = D− A, 
where .D is the matrix of node degrees and . A is the node adjacency matrix. The 
second smallest eigenvalue .λ2  1 describes the connectivity of the graph, with 
larger values indicating better connectivity or a more star-like structure. 

These quantities have the ability to distinguish, to various extents, between poly-
mers with different types of tree topology, as illustrated in Fig. 1.2. Figure 1.3 further 
illustrates some of these quantities on an example of a (uniformly) random RNA 
sequence, .Nnt = 2700 nt in length. From the distribution of node degrees (panel 
(b)), one can for instance determine the Zagreb indices of the RNA tree, and from 
the distribution of ladder distances (panel (e)), one can determine both the MLD and 
the ALD. Panels (f) and (g) further show thermal ensemble distributions of MLD and 
the total number of base pairs . B, demonstrating that their averages are well-defined 
quantities. As we will see in the following, combining different topological proper-
ties of RNA graphs with statistical mechanics of branched polymers can be used to 
gain insight into their physical properties.
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Fig. 1.2 Illustration of some topological quantities described in the main text: maximum (MLD) 
and average ladder distance (ALD), second Laplacian eigenvalue . λ2, and Zagreb indices .M1 and 
.M2. The values of these quantities are shown for three different types of polymers—linear, branched, 
and star polymer—all of them having the same total number of monomers.N and unit edge weight 
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Fig. 1.3 Topological properties of RNA as a graph. a Representative secondary structure of a 
random RNA (.Nnt = 2700 nt), overlaid with its graph representation. b–e Distributions of node 
degrees. di , edge weights. bi , branch weights.Nbr, and path lengths. (vi , v j ) for the RNA structure 
shown in panel a. Also shown are the values of.M1 and.M2,. λ2,MLD, and  ALD.  f–g Distributions of 
the total number of base pairs. B and of MLD for.500 structures of the same RNA sequence drawn 
from a thermal ensemble. Also shown are the values of the thermal averages and their standard 
deviation
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Properties of Branched Polymers 

Statistical mechanics of polymers is a very powerful theoretical tool with wide 
applications across biophysics, including, for instance, the scaling laws in the large-
scale eukaryotic chromosome organization [ 56] and liquid-liquid phase separation 
in cells [ 57]. An important conceptual peculiarity of systems of branched polymers 
(trees)—such as RNA—concerns the necessity to distinguish between annealed (or, 
randomly branching) [  58] and quenched (or, randomly branched) polymers [ 59]. 
Quenched trees are those whose topology of branches (tree connectivity) is fixed 
during the process of chemical synthesis and does not change afterwards. In con-
trast, the topology of annealed trees is not fixed at synthesis but instead can vary, 
typically in response to interactions (e.g., in the case of viral RNA, with capsid 
proteins) and/or changes in external conditions, and may fluctuate due to thermal 
motion. The class of annealed trees is particularly important as it is likely the most 
relevant for RNA molecules [ 60]. 

Scaling exponents 
A physical description of polymer conformations has to be formulated by adopting the 
probabilistic language of statistical mechanics. In particular, since the total number 
of accessible conformations of a polymer chain increases exponentially with the 
number .N of bonds (edges) [ 61], polymers are best described in terms of averages 
of corresponding observables. 

The most distinct feature of a polymer conformation is its linear size, which can 
be expressed in terms of the radius of gyration, defined as 

.R2
g ≡

1

N

N∑

i=1
(ri − rcm)2, (1.3) 

where .ri is the spatial coordinate of the .i-th monomer and .rcm ≡ N−1
∑N

i=1 ri is 
the centre-of-mass of the chain. The characteristic mean polymer size (i.e., its mean 
gyration radius) is given by the square root of the statistical average of Eq. (1.3) over 
the ensemble of all accessible conformations, 

.<Rg(N )> ≡
/
<R2

g> ≈ bN ν . (1.4) 

The quantity. b is the mean bond length, while the scaling exponent. ν is a fundamental 
parameter which—as we will shortly see—depends on several factors, particularly 
on monomer-monomer interactions [ 62]. While many fundamental works in polymer 
physics have dealt with determining the exponent . ν for various polymer ensembles, 
exact values are known only for a very few cases [ 60]. In most—and often the most 
relevant—cases, approximate (albeit accurate) results can be obtained by computa-
tionally extensive numerical methods or sophisticated mathematical tools [ 60]. The 
values of . ν for polymer ensembles most relevant in the context of RNA are shown 
in Table 1.1; for other contexts, see the review by Everaers et al. [ 60].
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Table 1.1 Best known values for scaling exponents of common polymer models in three dimensions 

Polymer 
model 

.ν .ρ .ε .νFlory .ρFlory References 

Ideal linear .1/2 .1 .1 .1/2 .1 [ 63] 

Self-
avoiding 
linear 

.0.5877 .1 .1 .3/5 .1 [ 64] 

Ideal 
branching 

.1/4 .1/2 .1/2 .1/4 .1/2 [ 63] 

Self-
avoiding 
branching 

.1/2 .0.654 .0.651 .7/13 .9/13 [ 65, 66] 

Here, the “ideal” and “self-avoiding” refer to either a complete neglect or inclusion of excluded-
volume effects, respectively (cf. Flory theory in section “Properties of Branched Polymers”). The 
values shown as fractions are exact, while others are approximate (obtained either from numerical 
simulations or by analytical methods) 

While the exponent . ν is sufficient to understand the physical properties of lin-
ear polymers (see Fig. 1.2), to completely understand an ensemble of branching 
polymers, such as viral RNAs, it is also necessary to characterize the topology of 
branching (or, equivalently, the tree connectivity) [  60]. This is a particularly central 
problem for RNA secondary structure, since its mean gyration radius (Eq. 1.4) and 
hence the exponent . ν are not easily accessible. 

The problem of characterizing the connectivity of various ensembles of branching 
polymers has been theoretically addressed numerous times [ 66– 68]. In the context of 
RNA, it is useful to introduce as a proper measure of chain connectivity the ensemble 
average of either the MLD or the ALD (Eqs. 1.1 and 1.2) as a function of the number 
of monomers . N , 

.<MLD(N )> ∼ <ALD(N )> ∼ bN ρ, (1.5) 

both of which account for the average length of linear paths on the tree. While 
originally defined for characterizing the connectivity and introduced independently 
from. ν, the exponent . ρ in Eq. (1.5) is related to it, and consequently also provides a 
fundamental insight into RNA folding in physical space. 

Last but not least, we can also consider the average branch weight [ 66]: 

.<Nbr(N )> ∼ N ε, (1.6) 

which is defined as the average weight of the smallest of the two sub-trees obtained 
by systematically removing—one at time—the edges connecting two neighbouring 
nodes of the original tree [ 67]. Note that while the two scaling exponents . ρ and . ε
describe very different quantities, they are not independent from each other. In fact, 
the relation 

.ε = ρ (1.7)
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is expected to hold for randomly branching polymers in general [ 66]. Equation (1.7) 
is particularly appealing because it can be used to support a posteriori the initial 
hypothesis that RNA behaves as a randomly branching polymer: In fact, it is “suffi-
cient” to measure.<ALD> and.<Nbr> as a function of.N and compare the estimates for 
the corresponding scaling exponents. Table 1.1 again summarizes the known values 
of . ρ and . ε for selected polymer ensembles. 

Even the simplest theory of branching polymers thus has to deal with the three 
distinct observables introduced in Eqs. (1.4)–(1.6). Since we are primarily interested 
in the secondary structure of random and viral RNAs, we will focus on topological 
observables such as .<MLD> and .<Nbr>. Nonetheless, we will show that this has 
important consequences for how RNA molecules fold in space, i.e., on the average 
molecular size as given by .<Rg>. 
Flory theory 
Exact values for the scaling exponents. ν and. ρ are known only in few special polymer 
cases. In this respect, Flory theories of polymers [ 60, 62, 69] provide a simple 
framework for first—and yet remarkably accurate—approximations of both. ν and. ρ. 
Flory theory is formulated in terms of a balance between (i) an entropic (elastic) term, 
given by a sum of two contributions coming from the classical entropy of swelling 
(.Fsw) and the entropy of reconfiguration of the tree architecture (.Ftree) due to swelling 
and interaction, and (ii) an interaction term (.Finter) arising from monomer-monomer 
collisions. Taken together, the Flory free energy (in units of .β−1 = kBT ) reads [ 60, 
62, 69]: 

. F = Fsw(N , <Rg>, <ALD>)+ Ftree(N , <ALD>)+ Finter(N , <Rg>)
= <Rg>2
<ALD>b +

<ALD>2
Nb2

+ υ2 N 2

<Rg>3 , (1.8) 

where .υ2 ∼ b3 is on the order of the second virial coefficient [ 60], accounting for 
the excluded-volume interaction between any two monomers. Although physically 
appealing, this representation of the free energy is itself an approximation, since the 
terms in the free energy are not independent from one another. Nonetheless, Flory 
theories turn out to be quite accurate [ 60, 62, 69]. 

A key feature of the free energy in Eq. (1.8) is that the interaction term does not 
depend on.<ALD>, which likely remains valid even in other ensembles with different 
forms of interaction energy .Finter [ 60]. Consequently, we can balance the first two 
terms without worrying about the third, and connect .<Rg>, .<ALD> and . N : 

.<ALD> ∼ b1/3N 1/3<Rg>2/3, (1.9) 

or, conversely (see Eqs. 1.4 and 1.5), 

.ρ = 1+ 2ν

3
⇐⇒ ν = 3ρ − 1

2
. (1.10)
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By reinserting Eq. 1.10 into Eq. (1.8) and balancing the remaining terms, we finally 
get the estimates for. ν and. ρ shown in Table 1.1, which, when compared to the exact 
ones, are remarkably accurate. In general, the relation between. ν and. ρ in Eq. (1.10) 
has been compared in various ensembles of randomly branching polymers and has 
been found to be very accurate in all cases [ 60]. Its practical implications are quite 
remarkable, as it allows us to connect branching (. ρ) to  .3D conformations (. ν) by  
determining either of the two exponents in terms of the other. In the context of RNA, 
this relation is particularly useful, since we can determine . ρ from the topological 
properties of its structure and extract . ν afterwards. 

Branching Properties of Viral RNAs 

Random RNAs 

Unlike viral RNA genomes which have a well-defined sequence length, random 
RNAs can be used to generate sequences of (in principle) arbitrary length and 
nucleotide composition. This enables one to explore how their topological prop-
erties change with both length and composition and in this way obtain different 
scaling relationships (section “Properties of Branched Polymers”). It is important to 
note here that RNA sequence length .Nnt is, on average, directly proportional to the 
tree size .N of its structure, and the two quantities can be used interchangeably. 

Figure 1.4 shows some examples of scaling laws for uniformly random RNA 
sequences, . f (A) = f (C) = f (U) = f (G) = 0.25, where . f (n) is the frequency of 
a nucleotide in the sequence. While some properties, such as.<MLD> and.<Nbr>, follow 
a scaling law with a well-defined exponent, others, such as the ratio of the number of 
degree. 1 nodes (leaves of the tree—corresponding to hairpin configurations of RNA) 
and degree . 3 nodes, .D1/D3, tend towards a constant value. The scaling exponents 
are of course asymptotic properties valid for large RNA structures, as seen in the 
insets in panels (a) and (b) of Fig. 1.4, which show how the fitted values of exponents 
change as shorter sequences are progressively removed from the fit. 

Nucleotide composition can vary significantly between different viral species (and 
biological RNAs in general) [ 70, 71], affecting their properties. Still, changing the 
composition of random RNA sequences mainly influences the prefactor of the. <MLD>
scaling law (Fig. 1.5a) and only minimally its exponent (Fig. 1.5b), even when their 
composition deviates significantly from a uniformly random one, as evaluated by the 
Euclidean distance .δ2 =∑

n∈{A,C,G,U}[ f (n)− 0.25]2. The decrease in the prefactor 
appears to be related to a decrease in the base pair percentage .2B/Nnt (Fig. 1.5c), 
which is perhaps unsurprising, as this leads to a smaller size of the RNA graph.N at 
the same sequence length .Nnt.
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Viral RNAs 

Random RNA sequences show what we can expect of biological and viral RNAs in 
general [ 72, 73]. An important example of this is the compactness of the viral RNA 
folds as captured by its proxy measure, the MLD (cf. section “Properties of Branched 
Polymers”). As already mentioned, the MLD of the genomes of +ssRNA viruses with 
icosahedral capsids, which need to pack the genome into a comparatively small vol-
ume, was found to be significantly smaller compared to random RNA sequences of 
viral-like composition [ 39, 40]. On the other hand, the MLD of genomes of viruses 
with helical capsids, which can in principle extend indefinitely, was indistinguish-
able from that of random RNAs. Figure 1.6a demonstrates these differences on an 
extended set of.. ∼1500 genomes of +ssRNA viruses from different families, obtained 
from the Virus Metadata Resource of ICTV [ 74], highlighted by capsid type. 

Such an analysis opens up the possibility of comparing other topological proper-
ties of compact and non-compact viruses, as illustrated in panels (b)–(d) of Fig. 1.6 
for genomes of beet virus Q (BVQ) and blueberry shock virus (BlShV), which are 
of comparable length but significantly less and more compact than random RNA, 
respectively (Fig. 1.6a). The second Laplacian eigenvalue, for instance, identifies the 
compact genome of BlShV as more star-like (cf. Fig. 1.2), but even more interesting 
is that the genome of BlShV forms more base pairs compared to the genome of 
BVQ and is at the same time located lower than the scaling law for uniformly ran-
dom RNAs. This is in direct contrast to observations in random RNAs with different 
nucleotide composition, where the scaling prefactor was reduced for those RNAs 
which form fewer base pairs (Fig. 1.5), and indicates that the compactness of viral 
RNAs goes beyond simple differences in nucleotide composition. 

Difference in a quantity.O between viral and random RNAs can also be evaluated 
through the .Z -score, 

.Z = <O>viral − <O>random
σ(O)random . (1.11) 

As Fig. 1.6e shows, this allows to study the properties of different sets of genomes, in 
this case grouped by viral family. It is immediately obvious that genomes in certain 
families are overall more compact than what would be expected of similar random 
RNAs, while the compactness of genomes in other viral families is indistinguishable 
from random RNAs. At the same time, there is also quite some degree of variation 
within viral families. Importantly, the difference in compactness typically persists no 
matter whether the genome .<MLD> is compared to random RNA with a nucleotide 
composition similar to the one of the genome or to a uniformly random RNA, as 
indicated by the arrows in Fig. 1.6b. (Notable exception are Tymoviridae, which 
have a significantly different composition [ 39, 40].) This implies that the difference 
in nucleotide composition of various +ssRNA genomes does not suffice to explain 
the resulting differences in their compactness as measured by the .<MLD>.
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.k-let shuffle of viral genomes 
Both mononucleotide and dinucleotide frequencies of viral RNA genomes exhibit 
biases among different viral species [ 70, 75], even if they share the same host [ 76]. 
These biases are reflected in other properties—for instance, dinucleotide frequencies 
at codon position 2–3 were shown to explain the majority of codon usage bias [ 77]. 
Studies have made it clear that nucleotide composition alone does not suffice to 
explain the observed differences in the .<MLD> of viral genomes [ 39, 40] (see also 
Fig. 1.6), which is further supported by computational observations that synonymous 
mutations preserving both mononucleotide and dinucleotide frequencies easily erase 
their characteristic compactness [ 40, 41]. 

One can thus take a step further and compare instead the topological properties 
of viral RNAs with their shuffled versions which conserve higher-order nucleotide
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200 

300 

400

 M
LD

 
(a) 

BlShV 
shuffled BlShV 

(b) 

BVQ 
shuffled BVQ 

1 2 3 4 5 6 7 8 9 10 11 12 13 
k 

0.0 
0.5 
1.0 

id
en

tit
y

(c) 

1 2 3 4 5 6 7 8 9  10  11  12  13  
k 

(d) 

Fig. 1.7 .<MLD> of shuffled sequences of a BlShV and b BVQ genomes with preserved .k-let 
frequencies and c and d their corresponding sequence identities. The genomes of these two viruses 
are more and less compact than comparable random RNA, respectively (Fig. 1.6a). The distributions 
represent sequence ensembles, with .200 shuffled sequences used where possible (i.e., except for 
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frequencies of the original genomes. This can be achieved by using a .k-let preserv-
ing shuffling algorithm, such as implemented by uShuffle [ 78], to shuffle the original 
genome sequences while exactly preserving.k-let nucleotide frequencies. This means 
that for.k = 1we preserve mononucleotide frequencies (nucleotide composition), for 
.k = 2 we preserve dinucleotide frequencies, and so on. Of course, as . k increases, 
the number of possible shuffled sequences decreases. In the examples of BVQ and 
BlShV, there are still .∼ 103–.104 possible shuffled sequences available for .k = 10, 
while the count drastically drops for .k = 11 where only . 10 different shuffled 
sequences exist (Fig. 1.7). For the non-compact genome of BVQ, .k-let shuffling 
does not produce drastic changes and the .<MLD> of the shuffled sequences is com-
parable to that of random RNA for all possible values of . k (Fig. 1.7b). On the other 
hand, for the compact genome of BlShV, there is a drastic change in the range of 
.k = 8–.10. For lower values of. k, the shuffle completely destroys the compactness of 
the genome, as was previously seen for .k = 1 and .k = 2 [ 39– 41]. For .k = 9, how-
ever, the .<MLD> remains close to the compactness of the original genome, and for 
.k = 10 it is indistinguishable from it. There thus appears to be a particular length 
scale (.k ≈ 10) at which shuffling the compact viral genomes while preserving their 
.k-let nucleotide frequency also preserves their compactness. This observation could 
hold important clues to the question of where at the sequence level the genome 
compactness is encoded, but of course needs to be explored more carefully.
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Influence of Model Parameters 

RNA secondary structure treated as a branched polymer provides a lot of information 
about the topological and structural nature of +ssRNA viral genomes and random 
RNAs alike. The inability to exactly predict the base pair patterns in a folded RNA 
sequence, however, can lead to differences in the predicted topology of the secondary 
structure, with consequences also for the subsequent tertiary structure prediction [79]. 
While prediction of thermal structure ensembles necessitates the use of energy-based 
models, there is nonetheless a wide variety of model parameters that can influence 
the resulting predicted structures. We will briefly comment on the effect that two of 
the most important ones—namely, energy of multiloop formation and the maximum 
allowed base pair span—have on the topological measures of secondary structure of 
viral RNA genomes. 

Multiloop Energy Models 

Energy-based folding algorithms predict both the minimum free energy fold of an 
RNA sequence as well as its pairing probability matrix, from which an ensemble of 
thermal folds can be obtained. These algorithms typically use a nearest neighbour 
energy model that breaks down the energy of an RNA structure into a sum of ener-
gies of its constituent loops. Commonly used sets of energy parameters are based 
on measurements provided by Turner [ 80], with two particular sets of parameters— 
Turner1999 and Turner2004—used as a basis by different versions of the most pop-
ular energy-based folding software such as ViennaRNA and RNAstructure. Several 
efforts have also been made to improve on these parameter sets by using various 
computational optimization techniques [ 81, 82]. 

Among the numerous energy parameters involved in structure prediction, mul-
tiloop energies are the least accurately known [ 83], even though occurrences of 
multiloops of degree .10 or higher are not uncommon in various RNAs [ 84]. Since 
allowing for an arbitrary size of a multiloop increases the computational complex-
ity of structure prediction, earliest energy-based structure prediction models simply 
neglected multiloop contributions to the energy [ 85]. Most of the current structure 
prediction software assumes that the energy of a multiloop depends only on the 
amount of enclosed base pairs (number of branches) and the number of unpaired 
nucleotides in it, and uses a linear model of the form 

.Emultiloop = E0 + Ebr × [branches] + Eun × [unpaired nucleotides], (1.12) 

where.E0 is the energy contribution for multiloop initiation, and.Ebr and.Eun are the 
energy contributions for each enclosed base pair and unpaired nucleotide, respec-
tively. While this form has been chosen mostly for its computational simplicity,
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Table 1.2 Comparison of different energy parameters for the linear multiloop energy model 
(Eq. 1.12) used in prediction of RNA secondary structure 

Energy model .E0 .Eun .Ebr References 

Turner1999 10.1 .−0.3 .−0.3 [ 80] 

Turner2004 9.25 .N A .0.63 [ 80] 

ViennaRNA 
(.< v2.0) 

3.4 .0.0 .0.4 [ 44] 

ViennaRNA 
(v2.0. +) 

9.3 .0.0 .−0.9 [ 44] 

RNAstructure 9.3 .0.0 .−0.6 [ 45] 

Andronescu2007 4.4 .0.04 .0.03 [ 81] 

Langdon2018 9.3 .0.0 .−0.8 [ 82] 

improved models of multiloop energy that have been proposed seemingly do not 
lead to improved multiloop predictions compared to the linear one [ 86, 87]. 

Table 1.2 gives an overview of some of the most commonly used energy parameters 
for the linear multiloop model (Eq. 1.12). A notable difference between the models 
lies not only in the magnitude but in the sign of the parameter.Ebr which controls the 
number of branches stemming from the multiloop. Earlier versions of ViennaRNA 
(until v2.0), for instance, used a positive value of this parameter, penalizing high-
degree nodes, while the latest versions of the software use a negative value, promoting 
high-degree nodes. 

These differences will of course reflect in the predicted structures of long RNAs 
and their topological properties. Since the different energy models in Table 1.2 also 
differ in other aspects, it is easiest to compare multiloop energy parameters by mod-
ifying only the multiloop parameters in the current parameter set used by Vien-
naRNA (v2.4) with the ones from older versions (.< v2.0), resulting in a modified 
set of parameters ViennaRNA-mod. Differences in their predictions are illustrated in 
Fig. 1.8. The opposite signs of the parameter.Ebr clearly lead to very different distri-
butions of node degrees in the genome of BlShV, with the modified set of parameters 
predicting far fewer multiloops (.D 3). Interestingly enough, however, the different 
multiloop energy parameters do not seem to lead to a different scaling behaviour of 
the.<MLD> of uniformly random RNA (Fig. 1.8c), as the exponent . ρ becomes indis-
tinguishable between the two cases in the asymptotic limit of long sequences. On 
the other hand, the ratio of the number of degree. 1 and degree. 3 nodes is completely 
different (Fig. 1.8d). The choice of the multiloop energy parameters can thus lead 
to important differences in the predicted RNA topology [ 86, 88], which needs to 
be taken into account when comparing results obtained by existing studies on the 
branching properties of viral RNAs [ 37– 40] that use different versions of folding 
software and thus potentially different energy models.
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Fig. 1.8 Number of nodes of different degrees.<Di > in the BlShV genome obtained using the energy 
model in ViennaRNA (v2.4) with either a default multiloop energy parameters orb multiloop energy 
parameters from older versions of ViennaRNA (.< v2.0). For the values of these parameters, see 
Table 1.2. Note the logarithmic scale in the histograms. Each panel also shows an example structure 
of the genome. Scaling of c .<MLD> and d the ratio of the number of degree . 1 and degree . 3 nodes 
.<D1/D3>with the sequence length of uniformly random RNA as predicted by the two different sets 
of multiloop energy parameters 

Maximum Base Pair Span 

Parts of the folding process in very long RNA molecules (i.e., over several hundred 
nucleotides in length) are influenced by various factors such as co-transcriptional 
folding and the presence of other molecules in the cell [ 89, 90]. Consequently, the 
accuracy of RNA secondary structure prediction in general decreases with the span 
of a base pair—the length of the nucleotide sequence between two paired bases [ 91]. 
This effect can be incorporated in the folding prediction by restricting the maxi-
mum allowed base pair span [ 44, 91], which not only tends to yield more plausible 
local structure predictions but also drastically increases the computational efficiency. 
While restrictions on the maximum base pair span in the range of.200–.600 nt are often 
made to improve the prediction of local structural elements [ 92, 93], this can neglect
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Fig. 1.9 a Representative structures of BlShV genome with different maximum base pair restric-
tions, indicated with each structure. b Distributions of base pair spans in the thermal ensemble of 
BlShV genome structures with different maximum base pair span restrictions (marked by vertical 
bars). c .<MLD> of the BlShV genome as a function of the maximum base pair span restriction. d–f 
Same as panels a–c but for the BVQ genome 

long-range base pairing and global structure which have been shown to be important 
in numerous +ssRNA genomes, including that of SARS-CoV-2 [ 17, 94, 95]. 

It is therefore natural to wonder to what extent restricting the maximum allowed 
base pair span influences the topological properties of the structure of viral RNAs. As 
panels (c) and (f) of Fig. 1.9 show, restricting the maximum base pair span to.. ∼1000– 
.2000 nt slightly changes the .<MLD>, regardless of whether the original genome 
belongs to a compact class or not, as long-range base pairs are progressively removed
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from the global structure (panels (b) and (e)). However, when the maximum base 
pair span is restricted to ..  1000 nt, .<MLD> starts to decrease drastically. Inspection 
of the resulting structures (panels (a) and (d)) shows that significant maximum base 
pair span restrictions eventually result in RNA topology becoming more star-like 
because the individual hairpins are effectively being “strung” on a backbone of 
single-stranded RNA. This leads to a decrease in .<MLD> which by definition does 
not take into account single-stranded regions of RNA (section “Secondary Structure 
of RNA as a Graph”), and could consequently affect the results showing that viral 
RNAs are more compact than random ones (section “Branching Properties of Viral 
RNAs”). From a topological and structural perspective, imposing a drastic restriction 
on the maximum base pair span in RNA would thus not only require a redefinition 
of the MLD but perhaps even a different mapping of its secondary structure onto a 
graph. 

Field-Theoretical Description of Viral RNA as a Branched 
Polymer 

RNA branching is also intimately connected with long-range interactions, such as 
electrostatic self-interaction and interactions between the RNA and capsid proteins. 
Since the strength of RNA self-interaction (base-pairing) is relatively weak and may 
easily be affected by either thermal fluctuations or electrostatic interactions [ 25], 
annealed branched polymers present a viable coarse-grained model system. Here, 
one starts with the grand canonical partition function [ 96] 

. (K , fe, fb; V ) =
∑

N ,Ne,Nb

K N f Ne
e f Nb

b  (N , Ne, Nb; V ) (1.13) 

where.K are bonds (edges), and. fe and. fb are end- and branch point fugacities of the 
annealed polymer (with hairpins counted as the end points, cf. section “Secondary 
Structure of RNA as a Graph”). Branch points (nodes) of high degree (.di > 3) can be 
considered as combinations of branch points of degree. 3 and thus need not be treated 
separately in this description. The function. (N , Ne, Nb; V ) is the number of ways 
to arrange .N bonds, .Ne end points, and .Nb branch points on a lattice of volume . V . 

The grand canonical partition function can be obtained in the .n → 0 limit of the 
partition function of an .O(n) model of a magnet [ 97] as a functional integral over a 
continuous field . [ 58] 

. (K , fe, fb; V )  
 

D[ ]e−βF0[ψ], (1.14) 

with the square of . proportional to the monomer density. The saddle-point (mean-
field) free energy .F0—in absence of electrostatic interactions—is then
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.βF0[ ] =
 

V

d3r

[
a2

6
|∇ |2 + 1

2
υ 4 − 1√

a3

(
fe + a3

6
fb 

3

)]
, (1.15) 

where . a is the statistical step length (Kuhn length; for RNA, .. ∼1 nm) and . υ is the 
(repulsive) short-range excluded volume interaction term. Branch point and end point 
terms proportional to.  and. 3 are negative (attractive), therefore increasing the local 
monomer density. The annealed numbers of end- (.Ne) and branch points (.Nb) of the  
RNA (corresponding to .D1 and .D 3 in the graph representation, respectively) are 
related to the fugacities . fe and . fb by [ 58] 

.Ne = − fe
∂βF0

∂ fe
and Nb = − fb

∂βF0

∂ fb
. (1.16) 

If the total number of monomers is fixed, the number of end points for a single 
RNA molecule with no closed loops depends on the number of branch points as 
.Ne = Nb + 2, meaning that . fe is not a free parameter. The polymer is linear if 
. fb = 0, and the number of branch points increases with . fb. 

On this level of the description of RNA branching, long-range interactions can 
be straightforwardly implemented by adding additional terms to the free energy 
functional (Eq. 1.15), depending on local interaction fields and couplings with the 
. field [ 35, 36, 98]. The free energy for, e.g., electrostatic interactions described by 
electrostatic potential field . would read 

.βF = βF0[ ] + βF[ ] + βτ
 

V

d3r   2 , (1.17) 

with .τ being the charge per monomer and .βF[ ] the electrostatic interaction 
term [ 99], which can also describe the interactions between the genome and the 
capsid proteins. On the other hand, non-electrostatic interactions implied by pack-
aging signals require a modified approach [100]. 

Modifying the topology of the genome by varying the fugacities. fe and. fb allows 
to use this methodology to simulate systems of viral RNAs with a fixed number 
of end- and branch points. This coarse-grained description of branching is comple-
mentary to the methodology based on explicit planar tree structure [ 42] and can, for 
instance, differentiate between the encapsulation behavior of RNA1 of brome mosaic 
virus (BMV) that has .65 branch points and of RNA1 of cowpea chlorotic mottle 
virus (CCMV) with .60.5 branch points—correctly confirming that BMV RNA1 is 
preferentially packaged over CCMV RNA1 by the CCMV capsid protein [ 35]. Fur-
thermore, the straightforward implementation of electrostatic interactions on top of 
RNA topology is probably the most important forte of this methodology and allows 
one to assess the role of electrostatics in spontaneous co-assembly of the negatively 
charged genome and positively charged capsid proteins. Using this approach, it has 
been demonstrated that branching in fact allows viruses to maximize the amount 
of encapsulated genome and makes assembly more efficient [ 35], implies negative
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osmotic pressures across the capsid wall [ 36], and can explain the effect of number 
and location of charges in the capsid protein tails [101]. 

While the field-theoretical annealed-branching description is without doubt heav-
ily coarse-grained, it not only provides an approximate implementation of topology, 
but also readily incorporates short- and long-range interactions on a level amenable 
to analytical calculations. Different approaches of standard polymer theory can then 
be transplanted into the statistical mechanics of RNA providing further insight into 
the coupling between topology and virion self-assembly. 

Conclusions 

Mapping RNA secondary structure onto a graph enables its description as a branched 
polymer and a subsequent study of its topological properties (e.g., MLD and node 
degree distribution; section “RNA as a Branched Polymer”). This, in turn, can be 
connected to the physical properties of the RNA, such as its size as given by its 
radius of gyration. This approach also provides insight into how RNA structure 
compares to other types of branched polymers in terms of, for instance, their scaling 
exponents. Branching properties of RNA also allow comparison of +ssRNA genomes 
of different viral families, both among themselves and with random RNA of similar 
length and composition (section “Branching Properties of Viral RNAs”). Such an 
analysis reveals the unusual compactness of genomes from certain viral families and 
may eventually provide an answer to the question of where in the sequence of viral 
RNA its physical compactness is encoded. 

Describing RNA as a graph and in this way treating it as a branched polymer is, 
of course, an approximation. This description is made on the topological level of 
the RNA secondary structure, itself deriving from an energy-based base pair pre-
diction, and thus depends on the model parameters used in it (section “Influence 
of Model Parameters”). Secondary structure prediction furthermore remains agnos-
tic to steric interactions between different parts of the RNA, long-range interactions 
such as electrostatics, and other tertiary interactions. Some of these effects can, how-
ever, be included on a coarse-grained level by treating the branching RNA structure 
with a field-theoretical description, enabling, for instance, a coupling between topo-
logical parameters (such as node degree distribution) and electrostatic interactions 
(section “Field-theoretical Description of Viral RNA as a Branched Polymer”). 

Predictions obtained by treating viral RNA as a branched polymer can, to an extent, 
be verified experimentally, for instance by measuring its radius of gyration by gel 
electrophoresis [ 37] or by determining the distributions of node degrees and segment 
lengths from 2D projections of viral RNA molecules imaged by cryo-EM [ 37, 102]. 
Properly designed experiments on long RNA molecules of different lengths could 
thus, in principle, be compared with the predictions given by different multiloop 
energy models and in this way help determine the most appropriate model. Lastly, 
treating RNA as a graph and being able to understand how its sequence leads to 
its topological and structural properties can be beneficial not only in the ability to
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interfere with the function of viral genomes but also in the design of RNA molecules 
with specific topology for use in nanomedicine and synthetic biology [ 52, 103, 104]. 
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88. Poznanović S, Barrera-Cruz F, Kirkpatrick A, Ielusic M, Heitsch C (2020) The challenge of 
RNA branching prediction: a parametric analysis of multiloop initiation under thermodynamic 
optimization. J Struct Biol 210:107475 

89. Amman F, Bernhart SH, Doose G, Hofacker IL, Qin J, Stadler PF, Will S (2013) The trou-
ble with long-range base pairs in RNA folding. In: Brazilian symposium on bioinformatics. 
Springer, Berlin, pp 1–11 

90. Pyle AM, Schlick T (2016) Challenges in RNA structural modeling and design. J Mol Biol 
428:733 

91. Lorenz R, Stadler PF (2020) RNA secondary structures with limited base pair span: exact 
backtracking and an application. Genes 12:14 

92. Archer EJ, Simpson MA, Watts NJ, O’Kane R, Wang B, Erie DA, McPherson A, Weeks KM 
(2013) Long-range architecture in a viral RNA genome. Biochemistry 52:3182–3190 

93. Lan TC, Allan MF, Malsick LE, Woo JZ, Zhu C, Zhang F, Khandwala S, Nyeo SS, Sun Y, 
Guo JU et al (2022) Secondary structural ensembles of the SARS-CoV-2 RNA genome in 
infected cells. Nat Comm 13:1–14 

94. Simmonds P, Tuplin A, Evans DJ (2004) Detection of genome-scale ordered RNA structure 
(GORS) in genomes of positive-stranded RNA viruses: implications for virus evolution and 
host persistence. RNA 10:1337–1351 

95. Cao C, Cai Z, Xiao X, Rao J, Chen J, Hu N, Yang M, Xing X, Wang Y, Li M et al (2021) The 
architecture of the SARS-CoV-2 RNA genome inside virion. Nat Comm 12:1–14



26 D. Vaupotič et al.

96. Lubensky TC, Isaacson J (1979) Statistics of lattice animals and dilute branched polymers. 
Phys Rev A 20:2130–2146 

97. Lubensky TC, Isaacson J (1972) Statistics of lattice animals and dilute branched polymers. 
Phys Lett A 38:339–340 

98. Li S, Erdemci-Tandogan G, Wagner J, van der Schoot P, Zandi R (2017) Impact of a nonuni-
form charge distribution on virus assembly. Phys Rev E 96:22401 

99. Šiber A, Podgornik R (2008) Nonspecific interactions in spontaneous assembly of empty 
versus functional single-stranded RNA viruses. Phys Rev E 78:051915 

100. Huang C, Podgornik R, Man X (2021) Selective adsorption of confined polymers: self-
consistent field theory studies. Macromolecules 54:9602–9608 

101. Dong Y, Li S, Zandi R (2020) Effect of the charge distribution of virus coat proteins on the 
length of packaged RNAs. Phys Rev E 102:062423 

102. Garmann RF, Gopal A, Athavale SS, Knobler CM, Gelbart WM, Harvey SC (2015) Visualizing 
the global secondary structure of a viral RNA genome with cryo-electron microscopy. RNA 
21:877–886 

103. Jain S, Tao Y, Schlick T (2020) Inverse folding with RNA-As-Graphs produces a large pool 
of candidate sequences with target topologies. J Struct Biol 209:107438 

104. Geary C, Grossi G, McRae EK, Rothemund PW, Andersen ES (2021) RNA origami design 
tools enable cotranscriptional folding of kilobase-sized nanoscaffolds. Nat Chem 13:549–558



Chapter 2 
RNA Multiscale Simulations 
as an Interplay of Electrostatic, 
Mechanical Properties, and Structures 
Inside Viruses 

Sergio Cruz-León, Salvatore Assenza, Simón Poblete, and Horacio V. Guzman 

Abstract RNA is a functionally rich biomolecule with multiple hierarchical struc-
tures that emerge from phenomena occurring at different temporal and spatial scales. 
Multiscale simulations of RNA, including all-atom simulations, coarse-grained 
strategies, and continuum models, have enabled the quantification of electrostatic 
and mechanical interactions at the nanometer scale, providing physical insights and 
systematic interpretation of experiments. In this chapter, we present recent method-
ological developments, parametrization details, and applications for the study of 
nucleic acids at different scales. In particular, we explore RNA interactions with 
ions, substrates and virus capsids, compare RNA and DNA properties, and describe 
how these methods could contribute to the reconstruction of virus genome structures. 
Finally, we discuss future developments and challenges in this rapidly evolving field. 

S. Cruz-León 
Department of Theoretical Biophysics, Max Planck Institute of Biophysics, Max-von-Laue-Str. 3, 
60438 Frankfurt am Main, Germany 
e-mail: sergio.cruz@biophys.mpg.de 

S. Assenza 
Departamento de Física Teórica de la Materia Condensada, Universidad Autónoma de Madrid, 
28049 Madrid, Spain 
e-mail: salvatore.assenza@uam.es 

Condensed Matter Physics Center (IFIMAC), Universidad Autónoma de Madrid, 28049 Madrid, 
Spain 

Instituto Nicolás Cabrera, Universidad Autónoma de Madrid, 28049 Madrid, Spain 

S. Poblete 
Instituto de Ciencias Físicas y Matemáticas, Universidad Austral de Chile, 5090000 Valdivia, 
Chile 
e-mail: spoblete@dlab.cl 

Computational Biology Lab, Fundación Ciencia & Vida, 7780272 Santiago, Chile 

H. V. Guzman (B) 
Department of Theoretical Physics, Jožef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia 
e-mail: horacio.guzman@uam.es 

Departamento de Física Teórica de la Materia Condensada, Universidad Autónoma de Madrid, 
28049 Madrid, Spain 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
M. Comas-Garcia and S. Rosales-Mendoza (eds.), Physical Virology, Springer Series 
in Biophysics 24, https://doi.org/10.1007/978-3-031-36815-8_2 

27

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-36815-8_2&domain=pdf
sergio.cruz@biophys.mpg.de
 854 34067 a 854 34067 a
 
mailto:sergio.cruz@biophys.mpg.de
salvatore.assenza@uam.es
 854 39159 a 854 39159
a
 
mailto:salvatore.assenza@uam.es
spoblete@dlab.cl
 854
48900 a 854 48900 a
 
mailto:spoblete@dlab.cl
horacio.guzman@uam.es
 854
54656 a 854 54656 a
 
mailto:horacio.guzman@uam.es
https://doi.org/10.1007/978-3-031-36815-8_2
https://doi.org/10.1007/978-3-031-36815-8_2
https://doi.org/10.1007/978-3-031-36815-8_2
https://doi.org/10.1007/978-3-031-36815-8_2
https://doi.org/10.1007/978-3-031-36815-8_2
https://doi.org/10.1007/978-3-031-36815-8_2
https://doi.org/10.1007/978-3-031-36815-8_2
https://doi.org/10.1007/978-3-031-36815-8_2
https://doi.org/10.1007/978-3-031-36815-8_2
https://doi.org/10.1007/978-3-031-36815-8_2
https://doi.org/10.1007/978-3-031-36815-8_2


28 S. Cruz-León et al.

Introduction 

RNA research is thriving in physical virology. Several packing mechanisms of a few 
counted viruses and emerging functions of RNA structure inside virus shells have 
been already elucidated [ 1]. However, the assembly of RNA viruses is complex and 
involves the interaction between the genome and the capsid proteins. RNA viruses 
typically have genomes of several thousands of nucleobases, highly charged, struc-
turally complex, and densely packed within the virion. Understanding the physics of 
viral RNA requires addressing diverse phenomena that occur on different temporal 
and spatial scales. In this chapter, we will show recent advances in the multiscale 
modeling of RNA. We will start by discussing the importance of electrostatic effects 
(Section “The Importance of RNA Electrostatic Interactions”). On the one hand, we 
will use continuum theories to describe the interaction of RNA with surfaces and 
the impact of nucleic acid secondary structure. On the other hand, we will describe 
electrostatics from the detailed insight of atomistic simulations. The simulations 
provide access to the thermodynamics and kinetics that govern interactions between 
RNA and its environment. In section “RNA Mechanical Properties”, we focus on the 
elastic properties of nucleic acids. We review the experimental and computational 
methods to determine these properties and show advances in all-atom and coarse-
grained models for an accurate description of the mechanical complexity of nucleic 
acids. In section “RNA Genome 3D Reconstruction”, we offer algorithms that allow 
the assembly of the RNA tertiary structure using fragments. Finally, we discuss cur-
rent challenges and the future role of realistic multiscale modeling in advancing our 
understanding of RNA biophysics. 

The Importance of RNA Electrostatic Interactions 

Electrostatic interactions are often prescribed as one of the generators, or the most 
important one in virus capsids [ 2], as well as full virion assembly [ 3]. The precise 
number of charges carried by the proteins and genome of virions depend strongly on 
the solution conditions and structural distribution of dissociable groups on the regions 
close to the solvent accessible surface. A major part of the volume of the virion is 
composed of DNA or RNA, which are macro-ions that carry massive amounts of 
charge, one phosphate group (negative charge) per nucleotide. Consequently, nucleic 
acids form an ionic atmosphere composed of excess of cations and depletion of anions 
around that also screen the electrostatic interactions. Without the ionic atmosphere, 
the confinement inside the viral capsid, folding, and function of nucleic acids would 
involve crossing enormous electrostatic barriers [ 4]. At physiological conditions, the 
ionic atmosphere for RNA viruses is commonly located close to the proteinaceous 
capsid, which also converges with the concept of neutral total charge inside the capsid 
required for spontaneous assembly [ 5].
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The ionic atmosphere around nucleic acids is divided into diffusive and associ-
ated ions [ 6]. On the one hand, diffusive ions refer to a significant accumulation 
of mobile cations (and depletion of anions) around the polyelectrolyte determined 
largely by long range electrostatics. The diffusive layer contains the majority of the 
interacting ions, contributes significantly to the thermodynamic stability of DNA 
and RNA secondary structures [ 6, 7], and regulates the adsorption of RNA to sub-
strates [ 8] (Section “Capsid Proteins and RNA-substrate Interactions with Coarse– 
Grained and Continuum Models”). On the other hand, the associated ions bind in 
specific sites of nucleic acids [ 7, 9]. Their effects strongly depend on the ion type 
and its understanding requires an atomistic level of description (Section “Ion-spe-
cific Effects in RNA Systems”). Associated ions induce conformational changes and 
affect the stability, melting temperature, folding kinetics, and biological activity of 
DNA and RNA (see reference [ 9] for an overview). 

Furthermore, ions screen electrostatics, stabilize DNA and RNA and can be 
responsible for large conformational changes [ 10], such as the compactness of the 
genome inside a virus capsid. They can induce bending [ 11, 12], over- and under-
winding [ 13– 15], stabilize tertiary structures and assist the catalytic activity of RNAs 
[ 6, 7, 16, 17]. Therefore, to understand nucleic acids, sophisticated knowledge and 
modeling of the ions around them is crucial [ 4]. From the protein side, it is also 
crucial to understand the molecular and even atomistic identity [ 18], as well as the 
charged states [ 1]. 

Given the scales of virus genome, providing insight into the interpretation of 
electrostatics phenomenology requires an integrative multiscale approach. Atom-
istic simulations can provide a high level of detail but are limited to short time- and 
length scales. On the other hand, coarse-grained (CG) simulations or continuous 
models allow us to access larger systems, but their insight is more limited. For exam-
ple, the SARS-CoV-2 reaches 30 kb and several millions of residues [ 19, 20]. The 
sampling of a system like SARS-CoV-2 in all-atom simulations is still computation-
ally prohibitive. Here, coarse-grained methods have the opportunity of mediating 
between all-atom and continuum approaches [ 21, 22]. However, an integrative CG 
model for both proteins and RNA with tuned electrostatics is still a challenging 
topic [ 8, 23– 25]. From a continuum Poisson-Boltzmann approach the ionic clouds 
surrounding RNA molecules have been also observed [ 9, 26]. Although continuous 
models may overlook associative ions at atomistic scale, they still provide grosso 
modo insight. Understanding viral electrostatics requires feedback loops between 
different modeling methods at different scales. 

Capsid Proteins and RNA-Substrate Interactions 
with Coarse-Grained and Continuum Models 

Recent research results show the electrostatic interactions of a nanoprobe with the 
proteins inside and at the surface of a Zika Virus capsid described as a function of
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the distance, molecular charge identity and variations of ionic strength [ 18]. RNA as 
flexible molecules go through structural changes to adsorb onto substrates. The prob-
lem of how the secondary structure regulates the adsorption mechanisms of RNA is 
unsolved from a generalized perspective. Here, we take a major step in its solution by 
creating a multiscale method, based on electrostatic Debye-Hückel theory, to calcu-
late the adsorption free energies between archetypical RNA fragments and structure-
less flat substrates. The resulting model, taking into account with existing secondary 
structures obtained from chemical probing experiments, predicts the adsorption free 
energies and connects to RNA 3D structure [ 27, 28]. The latter modulates the inter-
action regimes, for “more or less” sounds colloquial. Better: “moderately” efficient 
adsorption. This works sets the stage for tackling RNA interactions to proteinaceous 
substrates, such as virus capsids and the effects those substrates may have on the 
elemental RNA secondary structure and vice versa. 

Localized Proteinaceous Capsid Electrostatic Interactions in Variable 
Salinity Environments 

A continuum description of electrostatic interactions is crucial for understanding 
function and phenomenology in biological systems. In particular, the interactions 
generated at the atomistic and molecular resolutions are of predominant interest 
for non-enveloped and enveloped viruses [ 1, 29– 35]. For a few decades, the phys-
ical virology community has employed diverse experimental techniques, like force 
microscopy, to learn more about the mechanical and electrostatic properties of 
biomacromolecular systems [ 36– 46]. However, the amount of viruses that are elec-
trostatically characterized at the nanoscale are scarce [ 18, 38]. The most recent 
computational model [ 18] tackles the electrostatic force arising from the interaction 
between a nanoprobe and the virus capsid via Poisson-Boltzmann calculations. 

There are several ways to calculate the electrostatic forces using Poisson-
Boltzmann [ 47]. Here, the total force . F is decomposed as, 

.F =
 
 

 
ρ f E− 1

2
E2∇ − 1

2
 κ2φ2∇λ

 
d = Fqf + Fdb + Fib. (2.1) 

where.ρ f is the charge distribution in the solute,. E the electric field, and. λ a unit step 
function that is 1 in . w (the region containing the solvent-water) and 0 elsewhere, .  
is the dielectric constant,. κ is the inverse of the Debye length and. φ is the electrostatic 
potential. The first term .Fqf corresponds to the force on the solute’s charges, then 
.Fdb corresponds to the pressure due to the dielectric jump on the interface, and the 
final term .Fib arises from the sudden jump in ionic concentration on the molecular 
surface. More details on the derivation of equations and definition of variables are 
contained elsewhere [ 18]. 

Figure 2.1 shows the interaction force (force magnitude normalized by the total 
magnitude.F̄qf), indicating that the atoms located closer to the tip are also concentrat-
ing most of the contribution to the total force (blue atoms in Fig. 2.1c and d). Note that
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the nanoprobe approaches from the right end in the x-axis. From the experimental 
AFM viewpoint, the dependence on the distance is a well-known observable of the 
sensed molecular interactions. In order to cover this aspect from the theoretical per-
spective, we analyzed the atoms corresponding to each amino acid based on 5 Å thick 
slices (normal to the.x-direction), which resembles the tip-capsid distance in a similar 
form as AFM ’force tomography’ or subsurface imaging [ 48]. Note that Fig. 2.1c and 
d differ only in the amount of ionic concentration in the solvent, namely, 20mM driv-
ing stronger electrostatic interactions and 150mM, which is rather screening most of 
the ions. The contribution of the atoms from specific amino acids is reflected in the 
force tomography profiles in Fig. 2.1a, b. In Fig. 2.1a, we identify 5 amino acids that 
are more sensitive to the nanoprobe, namely, LYS, ASP, GLU, ARG and ILE. Those 
amino acids have different net charges depending on the pH of the medium where 
they are located, whereby Fig. 2.1a shows that for LYS and ARG the interactions 
are attractive, while for both ASP and GLU are of repulsive nature. Nonetheless, the 
ILE residues are much more sensitive to the slice where they are located. At pH 7, 
ILE is an uncharged residue, however if it is sliced by the tomography-type analysis 
(the whole amino acid is distributed across several slices), the sensed polarity by the 
nanoprobe depends on the exact charges of the atoms of the specific slice (Fig. 2.1a). 
This explains the observed transitions from repulsive to attractive interactions and 
vice versa. Interestingly, the same quantification was performed for the higher salt 
concentration force, namely 150 mM (Fig. 2.1b). Here the amino acids with higher 
contribution to the force have changed drastically in order and also in species, as it 
is the case for LYS, THR and SER. 

In summary of this subsection, we showed that a simple electrostatic model based 
on the Poisson-Boltzmann equation provides useful insights of fine-grain mecha-
nisms in the interaction between an AFM tip and a virus capsid. In particular, we 
demonstrate that the electrostatic force originated from a proteinaceous capsid and 
detected by a nanoprobe depends on both the precise distribution and identity of 
charges inside the amino acids and the tip-capsid distance. The research highlights 
the strong locality of the total interaction force with the amino acids as it approaches 
the nanoprobe. These results also suggest that the protein shell may shield the RNA 
genome inside the capsid at higher ionic concentrations. However, further verifica-
tion, of the interaction between the RNA and the capsid of the virus is currently 
investigated [ 1]. As a consequence, the electrostatic component of the force requires 
higher levels of resolution when modeling and interpreting heterogeneous surfaces, 
like the ones of virus capsids. 

RNA Adsorption onto Flat Substrates 

Molecular simulations have offered important insights into the adsorption of semi-
flexible macromolecules to a molecular substrate [ 49– 52], while the adsorption of 
macromolecules with either double-stranded or quenched internal structure onto a 
molecular substrate remains much less understood. The latter problem is particularly
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Fig. 2.1 a The top left panel shows the x-component of the interaction force (normalized) on atoms 
that belong to the 5 amino acids that contribute the most to the force (LYS, ASP, GLU, ARG, and 
ILE, in that order) on 5 Å-thick slices. As reference, we show the Zika capsid structure in the 
background, and the AFM tip, which is placed 2 Å away. b A similar plot as (a) with a remarking 
difference, now the ionic concentration is 150 mM and hence the indentity of the top 5 amino acids 
drastically changes in order and species (GLU, ASP, LYS, THR, and SER, in that order). c Relative 
magnitude of.F̄q f on atoms located in a 5 Å slice centered at the. z = 0 Å plane at ionic concentration 
is 20 mM and d 150 mM. Source Figure reproduced from [ 18] with licence CC-BY 3.0 

relevant in the context of RNA-virus assembly phenomena [ 1, 3, 22, 53– 57], where 
the soft and malleable RNA structure can respond to the adsorption process. 

To investigate the general role of RNA secondary structure in adsorption pro-
cesses, we model the substrate as a flat, featureless surface. Excluding topographical 
and molecular features of the substrate, such a scenario allows us to isolate the influ-
ence of the RNA secondary structure in its adsorption. The employed RNA model 
for unstructured fragments is similar to a single chain bead-spring polymer while 
the structured RNA uses a tractable CG scheme [ 58]. We model the attraction of the 
RNA phosphate groups to the adsorbing substrate by a Debye-Hückel-like interaction 
potential, which can be rationalized as stemming from the electrostatic interactions 
between the dissociated RNA phosphates and the substrate charges [ 59]. Combined 
with a generic short-range repulsive term [ 8], the surface potential acting on the RNA 
assumes the form,
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Fig. 2.2 a Adsorption free energy as a function of the substrate attraction strength,.εsurf/kBT , for  
RNA fragments S1-wiss and S1-noss. For a weak attraction of.εsurf/kBT = 0.44, we show simula-
tion snapshots of the (ii) unstructured and (iii) structured fragments. The illustrated interface layer 
is a schematic definition of a distance slightly thicker than the diameter of phosphates. b Adsorption 
free energy.Fm as a function of the substrate attraction strength.εsurf for RNA fragments S2-wiss and 
S2-noss. Snapshots of (ii) unstructured and (iii) structured fragments at .εsurf = 0.44 kBT . Source 
Figure reproduced from [ 8] with licence CC-BY 4.0 

.Usurf(z) = εr

 
λr

z

 9

− εsurf exp

 
− z

λD

 
, (2.2) 

where . z is the distance to the surface, .εr = 1 .kBT , .λr = 0.1 nm is the distance of 
activation of the repulsive Lennard-Jones term (well below the size of the RNA 
phosphates .≈ 0.3 nm, as defined in our model) and .λD = 1 nm, considering RNA 
under typical physiological conditions as described in Refs. [ 60, 61]. The strength of 
the attractive potential, .εsurf, is varied in the range between .0.44 .kBT and .1.78.kBT , 
which are also observed experimentally for nucleic acid packaging [ 62].
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Figure 2.2a shows the adsorption free energy .Fm (minimum of the PMF) as 
a function of the surface attraction strength .εsurf, for both structured (wiss) and 
unstructured (noss) RNA systems. The tackled fragment is system 1 (S1), a 22 
nucleotide RNA hairpin, with the following secondary structure ((.(((((......))))).)). 
Two regimes are identifiable: the first for .εsurf < 0.89 kBT , where the fragment 
with secondary structure adsorbs more strongly than the unstructured one (regime 
I), while for .εsurf > 0.89 kBT , the unstructured fragment is the one exhibiting a 
stronger adsorption free energy (regime II). An intriguing question is how general 
is the existence of the two adsorption regimes. To provide a rough answer, we per-
formed simulations using a different type of attractive potentials [ 8]. Moreover, we 
studied another archetypical RNA fragment of the STMV shape secondary struc-
tures [ 63]. System 2 (S2) contains 40 nucleotides and a slightly lower base-pair frac-
tion (((((...((.(((((......))))).)).....))))), namely .63% (S1), .60% (S2). This brings into 
play the shifting of the cross-over point to the right, which remarks the sensitivity of 
the molecule during the adsorption phenomena (as shown in Fig. 2.2b). 

Our results, which indicate a selectivity in adsorption between single- and double-
stranded regions of RNA, underline the importance of RNA structure in regulating its 
adsorption to various substrates. We expect that the selective adsorption of one RNA 
structure over the other could be experimentally controlled by tuning the interaction 
strength, for instance, by changing the salt concentration, salt type or pH. Moreover, 
the lower interaction free energies of unstructured RNAs compared to structured 
double-stranded ones at high attractions, suggest that possibly highly attractive sur-
faces may promote the unfolding of a double-stranded RNA structure. 

RNA Electrostatics at the Atomic Level: The Importance 
of the Details 

At the molecular level, the interaction between RNA and the surrounding ions and 
water completely determines the electrostatics. All-atom molecular dynamics simu-
lation (MD) is a powerful computational technique that allows investigating physical 
systems with molecular resolution. MD is a “computational microscope” [ 64], and 
it is well suited to study RNA electrostatics because MD can account for the identity 
of ions, the critical role of water, the internal flexibility of nucleic acids, and the 
effect of the many-body problem with the required spatial and time resolution. MD 
has been successfully used in modeling many biological systems atom-by-atom. 
Recently and thanks to the effort of the community, MD models has proven also 
powerful in quantitatively reproducing the conformations dynamics and mechanical 
response of DNA and RNA [ 15, 65– 71] (see section “RNA Mechanical Properties”). 
This section shows how MD provides molecular insight into the interactions of RNA 
with ions. This atomic view is essential to understand complex processes such as 
RNA packaging into viruses because ions can modify the physical and chemical 
properties of RNA and modulate its interaction with other molecules.
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Ion-Specific Effects in RNA Systems 

Multiple physical and chemical properties of RNA systems depend on the ion type 
present in the solution. In this section, we study the thermodynamics and kinetics 
of ion binding in specific sites of nucleic acids [ 7, 9] using an atomistic description. 
We used MD simulations using recently improved models [ 65, 71– 74] combined 
with enhanced sampling techniques to investigate the interactions of eight mono-
and divalent cations with the main binding sites of RNA [ 9]. The main binding sites 
on RNA correspond to the backbone (non-bridging oxygen atoms of the phosphate 
groups: atoms O1P and O2P) and nucleobase (atoms N7 and O6) binding sites. 
Using a dinucleotide (snapshots in Fig. 2.3), we investigated the binding mechanism, 
affinities, and exchange rates of .Li+, .Na+, .K+, .Cs+, .Mg2+, .Ca2+, .Sr2+, and . Ba2+
to understand the molecular origin of ion-specific effects on RNA. 

Figure 2.3 shows the free energy profiles.F(r) for the metal cations as a function of 
the distance to the backbone (Fig. 2.3a) and nucleobase binding sites (Fig. 2.3b, c). 1

In all cases, the free energy profiles exhibit two stable states separated by an energetic 
barrier that shows a common binding mechanism. The first minimum is an inner-
sphere interaction where a partially dehydrated cation is in direct contact with the 
binding site (snapshots (i)). The second minimum is an outer-shell contact, where a 
fully hydrated ion interacts with the RNA site mediated by a water molecule (snap-
shots (o)). Therefore, ion-water interactions strongly influence ion binding to RNA. 

The free energy profiles show opposing trends for binding affinities. First, at the 
backbone binding site, the first minimum in F(r) gets deeper with decreasing ion 
diameter (Fig. 2.3a). The depth of the first minimum indicates that ions with higher 
charge density (such as.Li+ or.Mg2+) interact stronger with the non-bridging oxygen 
atoms of the RNA backbone (O1P and O2P) and, consequently, have a higher binding 
affinity. This effect helps explaining changes in free energies [ 16, 71, 73] and nicely 
correlates with the ability of ions like .Ca2+ and .Mg2+ to stabilize RNA structures 
[ 7, 9, 75]. The trend is completely reversed for the nucleobase binding site N7. At the 
N7 site, ions with low charge density are preferred, which provides further evidence 
for the discussion on the binding of .Mg2+ in nucleic acids [ 76]. 

Finally, the binding kinetics is also affected by ion type and RNA binding site. For 
example, at the backbone binding site, the energetic barrier separating the two stable 
states increases with decreasing ion diameter, therefore slowing exchange kinetics. 
We determined that ion-binding lifetimes span more than five orders of magnitude, 
from picoseconds for .Cs+ up to hundreds of nanoseconds for .Ca2+ [ 9, 71]. 

Overall, the results from the dinucleotide reveal notorious ion-specific effects and 
a high selectivity of RNA binding sites. The site-specific affinities and the vast time-
scale involved provide a microscopic explanation of the ion-specific effects observed 
in multiple macroscopic RNA properties. For example, the results from Fig. 2.3 help 
us to understand the central role of ion type in RNA folding stability and kinetics. 
RNA stability is largely determined by the binding affinity of the ions. On the other

1 Details on the free energy profiles calculations can be found in Ref. [ 9]. 
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Fig. 2.3 Free energy profiles .F(r) for the binding of metal cations as a function of the distance 
to the O2P atom in the backbone binding site (a),  and to the  N7  (b) and the O6 binding site in the 
nucleobase (c). Simulation snapshots for inner-sphere (i) and outer-sphere (o) conformation at the 
different ion binding sites (bottom). The arrows indicate at which separation the snapshots were 
taken. For clarity, only water molecules in the first hydration shell of the cation are shown. Source 
Figure reproduced from [ 9] with licence CC-BY 4.0 

hand, RNA folding times depend on binding kinetics, and therefore is affected by 
lifetimes on ion-binding. However, although conceptually useful, the dinucleotide 
results are limited when one tries to understand the complex structural landscape of 
nucleic acids. Consequently, in the following section, we use atomistic simulations 
to quantify the effects of ions in the more structurally complex nucleic acids. 

Electrostatics Around DNA and RNA Duplexes 

Ion distributions and nucleic acid structure are intertwined: ion distributions modify 
the nucleic acid structure [ 13– 15]; conversely, nucleic acid structure modifies ion 
distributions [ 77]. In this section, we use MD simulations to show how the ion 
distributions, and consequently the electrostatics around dsDNA and dsRNA, change 
depending on ion type and the nucleic acid type. We focus on duplexes because they 
are the main form of DNA and the most common secondary fragment for RNA. For 
example, the crystal structure of the Satellite Tobacco Mosaic Virus reveals up to 
60.% of the genome folded into helices [ 78].
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Fig. 2.4 Ion distribution and excess of monovalent cations around DNA and RNA. a, e Simulation 
snapshots. Backbone atoms are indicated in yellow and blue for DNA and RNA, respectively. The 
most frequent ion binding sites are highlighted: red (O1P, O2P, and O6 atoms) and blue (N7 atoms). 
b, d Top view of the untwisted helicoidal ion concentration obtained with the software canion [ 79, 
80]. In this representation, the upper-left and lower-right corners correspond to the minor and major 
grooves as indicated by the superimposed molecular schemes of cytosine-guanine (bottom). In these 
schemes the most frequent ion binding sites are labeled. The dotted concentric circles indicate the 
distance to the center of the helix (radius in Å). c Ion concentration profiles .c+ as function of the 
distance . r for DNA (solid line) and RNA (dashed line). Concentration profiles for DNA are filled 
for clarity. Source Figure reproduced from Ref. [ 77] with licence CC-BY 4.0 

Figure 2.4 shows the ion distributions obtained from extensive unrestrained sim-
ulations of 33-base pairs (bp) DNA and 33-bp RNA duplexes in their B-helix and A-
helix topologies, respectively (see details in Ref. [ 77]). To allow the identification 
and comparison of specific nucleic acid volumes such as the major groove, minor 
groove, and the non-bridging oxygen atoms in the phosphate groups along the back-
bone, we used the curvilinear helicoidal coordinate system introduced by Lavery 
et al. [ 79] (Fig. 2.4b, d).
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The distributions of all the cations can be divided into two regimes: long and 
short distances from the surface of the DNA (Fig. 2.4c). Far away from the nucleic 
acid surface, the cylindrical cations concentration decay towards the bulk value, as 
predicted by classical mean-field theories [ 81, 82] (see also section “Introduction”). 
However, at short distances from the DNA helix (.r  15 Å), the ion distributions 
are highly structured and unique for each ion type and nucleic acid type. The ion 
distributions close to the nucleic acid surface emerge from the direct interactions 
of the ions with the binding sites at the nucleic acids, as described in the previous 
section. 

High and low charge density cations preferentially interact with the backbone and 
the nucleobase binding sites of nucleic acids, respectively. For example, all DNA 
profiles in Fig. 2.4 have a local maximum at the position of the backbone binding 
sites.r ≈ 11− 13 Å, i.e., all the cations interact at the backbone of DNA. In addition, 
this peak is prominently higher for ions with high charge density, e.g.,.Li+ compared 
to ions with intermediate or lower charge density, such as.K+ or.Cs+. In contrast, the 
innermost peaks (.r < 10 Å), corresponding to the interaction with the nucleobases 
at the minor and major grooves (see Fig. 2.4b), increase with decreasing ion charge 
density (.Li+ < Na+ < K+ < Cs+). 

The simulations reveal that despite having helices with equal total charge and 
analogous sequences the ionic distributions depend both on ion type and the type of 
nucleic acid. Each cation type follows a distinct distribution when interacting with 
DNA or RNA. Simultaneously, for all ions, the ionic distribution around DNA is 
notably different from the distribution of the same ion around RNA. In DNA, which 
is normally a B-helix, ions are distributed between the major groove, the minor 
groove, and the backbone, whereas RNA, which typically is an A-helix, always 
favors ion localization in the major groove. As expected from the dinucleotide results 
(Section “Ion-specific Effects in RNA Systems”), ions with high charge density inter-
act strongly with the nucleic acid backbone, whereas ions with low density interact 
with nucleobases. The ion-site affinities explain the preferential distributions around 
DNA because in the B-helix the binding sites are spatially segregated. However, in 
the case of RNA, the interactions between the individual binding site and ions are 
insufficient to describe the results. We need to consider the topology of RNA. The 
A-helix points the backbone binding sites toward the interior of the major groove, 
where the nucleobase binding sites are also located. 

In summary, we used MD simulations and recent development in atomic models 
[ 65, 71– 74] to quantify, in detail, the interaction of ions with nucleic acid binding sites 
[ 9, 71, 77]. The simulations showed high selectivity of ion binding to nucleic acids. 
Taken together, this detailed study allows us to understand a variety of experiments, 
to visualize how ions change the electrostatic environment around nucleic acids, and 
with it, the RNA properties and its interactions with other molecules.
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RNA Mechanical Properties 

The mechanical properties of nucleic acids play a key role for their functioning in 
vivo as they affect e.g. the affinity of binding proteins [ 83] or the packaging of genetic 
material in viral capsids. Experimental and simulation works have outlined a rich 
landscape for the elastic response of nucleic acids, unveiling a similar behavior of 
RNA and DNA in some properties, yet also showing marked differences in several 
other features. The current knowledge of nucleic-acids elasticity is mostly oriented 
towards duplexes. Several notable exceptions include experiments on single-stranded 
nucleic acids [ 84– 93], which have highlighted a pronounced higher flexibility when 
compared to their double-stranded counterparts. Recent simulations [ 94, 95] and 
theory [ 90, 93, 96] have also provided fresh insights, although overall the state of 
the art is not as developed as for double-stranded nucleic acids, which will be the 
focus of the present section. 

Local Elasticity: Base-Pair-Step Parameters 

A powerful insight on molecular flexibility can be obtained by the study of fluctu-
ations, since more rigid molecules are characterized by weaker thermally-induced 
conformational fluctuations. Based on this, atomistic simulations demonstrated that 
for various angular degrees of freedom double-stranded RNA (dsRNA) is stiffer than 
double-stranded DNA (dsDNA), including e.g. the sugar pucker and the glycosidic 
angle [ 97]. Nevertheless, later simulation work has shown that the relative flexibil-
ity between dsDNA and dsRNA depends on the particular mechanical stress begin 
considered, as well as the scale at which it is being applied [ 98, 99]. In order to char-
acterize the flexibility of nucleic acids, one has first to introduce suitable theoretical 
frameworks, which we rapidly describe in this section. 

In complex molecules such as nucleic acids, the conformational state is usually 
characterized by introducing multiple variables which are significantly coupled with 
each other [ 99, 100]. Considering a perturbative approach, the elastic energy .U is 
harmonic around the ground state [101]: 

.U (q) = 1

2
∆qK∆qT . (2.3) 

In the previous formula, .q = {q1, . . . , qN } is a vector containing the .N conforma-
tional variables; .∆q = q− q0, where .q0 contains corresponds to the minimum-
energy state; the apex. 

T indicates transposition; and.K is the stiffness matrix, where 
the diagonal elements are the elastic constants associated to the various modes and 
the off-diagonal elements are the coupling constants. Application of the equipartition 
theorem to this quadratic energy leads to 

.K = kBT V−1 , (2.4)
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where.kBT is the thermal energy and. V is the covariance matrix, with elements. Vi j =
<∆qi∆q j > and .<· · · > denoting thermal averaging. The previous formula provides a 
handy method to determine the stiffness matrix .K based on the knowledge of . q, 
acquired from different replicas of the system or measuring the same thermally-
equilibrated sample at different times. 

A popular choice to characterize local elasticity of duplexes is provided by the 
base-pair-step parameters [ 99, 101], which give the relative position (shift, slide, 
rise) and orientation (tilt, roll, twist) between the planes of consecutive base pairs. 
By setting .q = {shift, slide, rise, tilt, roll, twist}, the local elasticity of dsDNA and 
dsRNA has been assessed by database analysis of crystal structures [ 99, 101] as well  
as by atomistic simulations [ 99]. This analysis has shown that, on average, dsRNA 
is more rigid than dsDNA at the local level. Yet, there is a wide variability according 
to sequence, which can be exploited to easily device dsRNA molecules which are 
actually softer than dsDNA with the same sequence. Moreover, even for the same 
sequence, the relative flexibility of dsRNA and dsDNA sometimes depends on the 
particular conformational feature being addressed. For instance, for the base-pair 
step CG, dsRNA is stiffer than dsDNA for the slide, but it is softer for the rise [ 99]. 

Global Elasticity: Elastic Rod Model 

For global features, a nucleic acid is usually ascribed to a homogeneous, continu-
ous rod characterized by stretch, twist, and bend deformations. For molecules up to 
tens of base pairs, the bending fluctuations of dsRNA and dsDNA can be neglected. 
Moreover, also for long molecules (as the ones considered in single-molecule experi-
ments) the bending effects can be uncoupled from the other elastic modes when large 
pulling forces are considered [102]. By focusing on stretch and twist conformational 
changes, one thus chooses .q = {L , θ} in Eq. (2.3), with . L and . θ being the overall 
contour length and torsion, respectively. In this case, Eq. (2.3) is usually written in 
the form 

.U (L , θ) = 1

2

S

L0
∆L2 + 1

2

C

L0
∆θ2 + g

L0
∆L∆θ , (2.5) 

where .L0 is the equilibrium value for the contour length, .∆L and .∆θ are the devi-
ations for contour length and torsion, while the elastic constants .S,C and . g are 
the stretch modulus, the twist modulus and the twist-stretch coupling, respectively. 
Equation (2.5) characterizes the energy of the so-called elastic rod model. Based on 
Eqs. (2.4) and (2.5), one can obtain the elastic constants from the fluctuations of . L
and . θ . An alternative route consists in applying a force . f and/or a torque . τ , and 
minimize the total energy .U − f∆L − τ∆θ . Thanks to the formulas obtained, fit 
of the curves giving .<∆L> and .<∆θ> as a function of . f and . τ enables computing 
the elastic constants. This approach implicitly assumes that the elastic constants are 
independent of the applied mechanical stress.
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Table 2.1 Collection of elastic constants obtained in the literature for dsDNA and dsRNA 

Experiments 

S (pN) C (pN. ·nm. 2) g (pN. ·nm) 

dsDNA 900–1400 390–460 . −120 to. −90 
Refs. [ 11, 12, 
104, 105] 

Refs. [ 11, 
100, 
106–108] 

Refs. [ 11, 
100, 102, 
109] 

dsRNA 350 to 700 400 50 

Refs. [ 11, 12] Refs. [ 11] Refs. [ 11] 

Atomistic simulations 

Modification S (pN) C (pN. ·nm. 2) g (pN. ·nm) Ref. 

dsDNA bsc0 1300 300 . −220 [ 66] 

bsc1 1000 to 
1500 

200 to 400 . −140 [ 65, 68] 

OL15 1700 to 
1800 

400 to 500 N.A. [ 70, 110] 

dsRNA bsc0+.χOL3 500 to 600 300 80 to 140 [ 66] 

Coarse-grained Simulations (MADna [111]) 

S (pN) C (pN. ·nm. 2) g (pN. ·nm) 

dsDNA 1000 400 . −120 

The values of .S,C and . g obtained in single-molecule experiments are recapitu-
lated in Table 2.1 top. While the twist response is similar for both duplexes, dsRNA is 
significantly softer than dsDNA for stretching. This is in contrast with the elasticity 
at the local level, where on average dsRNA was found to be stiffer, and provides 
a further example of the dependence of the relative flexibility between dsRNA and 
dsDNA on the deformation mode under consideration [ 99]. A remarkable qualita-
tive difference between dsDNA and dsRNA emerges in the twist-stretch coupling, 
which has opposite sign for the two molecules [ 11]. This implies that, upon pulling, 
dsRNA relaxes its torsional state, while dsDNA overwinds. The sequence depen-
dence of the elastic constants has hitherto not been experimentally characterized in 
detail, although it has been shown that dsDNA rich in A-tracts is generally stiffer 
than a random sequence [103]. Finally, it has been reported that for both dsRNA and 
dsDNA the stretching modulus increases with the ionic strength of the embedding 
solution, i.e. when the effect of electrostatics is weakened [ 12, 104]. 

Atomistic simulations have provided a fundamental contribution to the micro-
scopic understanding of nucleic-acids elasticity. Indeed, the experimental results for 
.S,C and. g were reproduced with good accuracy by all-atom simulations performed 
on short sequences (Table 2.1 center). The simulations captured quantitatively the 
stretching modulus and, although with large variability, the twist modulus. More-
over, they correctly account for the opposite sign of. g. A microscopic analysis of the 
simulations enabled to ascribe this qualitative difference to the different sugar pucker
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induced by the presence or absence of the hydroxyl group in the ribose [ 66]. Quan-
titatively, the magnitude of . g is overestimated by the simulations [ 66, 68], although 
this can be partially ascribed to finite-size effects introduced by the short length of 
the simulated molecules (. ∼20 base pairs) [111]. 

In order to simulate nucleic acids at larger scales, due to computational limits 
one needs to introduce coarse-grained descriptions. In this regard, until recently the 
mechanics of dsDNA was not satisfactorily captured by existing models, either due 
to the lack of sequence dependence or to the overestimation of the elastic constants 
[111–113]. Moreover, the sign of . g was not captured, indicating inherent limits in 
the qualitative assessment of dsDNA mechanics. The accuracy of atomistic sim-
ulations has recently enabled the development of MADna, a sequence-dependent 
model focused on the conformational and mechanical properties of dsDNA, and 
entirely parameterized from atomistic simulations [111]. Despite its coarse-grained 
nature, MADna quantitatively reproduces the main sequence-dependent conforma-
tional and elastic properties obtained in atomistic simulations and experiments (see 
Table 2.1 bottom for average elastic constants). Moreover, it also accurately cap-
tures the sequence-dependent helical pitch as obtained from cyclization experiments 
[114], as well as the pronounced stiffness of A-tracts [103]. The development of 
coarse-grained models for the elasticity of dsRNA is still in its infancy, in compari-
son to dsDNA. At present, there is only a report of the stretch modulus for one such 
model, showing that . S is significantly underestimated [115]. Given the importance 
of nucleic-acids elasticity, there is clearly a great need for further development of 
dsRNA models. 

Global Elasticity: Persistence Length 

For longer molecules, also thermally-induced bending has to be taken into account. 
In this regard, it is customary to resort to the tools provided by polymer theory. 
The self-correlation of the tangent vectors . t̂ along the chain is predicted to decay 
exponentially with the contour length .∆s separating the points under inspection 
[116]: .<t̂(s) · t̂(s +∆s)> = exp(−∆s/ l p), where the persistence length .l p gives the 
length scale of thermally-induced bending fluctuations. Experimental imaging via 
Atomic-Force Microscopy can be used to determine the correlation function, from 
which the value of .l p can be extracted [117]. Moreover, the wormlike chain model 
provides a handy formula for the response of the chain to a pulling force . f [118]. 
Based on either of these approaches, experiments showed that .l p = 45− 55 nm for 
dsDNA [ 11, 12, 104, 105, 110, 117], while .l p = 57− 63 nm for dsRNA [ 11, 12, 
119]. Therefore, dsRNA is stiffer than dsDNA when it comes to global bending. 
Moreover, at low pulling forces (. f < 1 pN) the coupling between bending and twist 
results in an effective smaller twist modulus [120, 121], while for both dsDNA and 
dsRNA the persistence length decreases with the ionic strength of the solution [ 12, 
104, 105]. Finally, cyclization experiments on short dsDNA fragments of repeating 
patterns investigated the sequence dependence of the persistence length [114].
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Atomistic simulations for dsDNA based on AMBER force fields account with 
good accuracy for the experimental results. Particularly, it was found that. l p = 43−
51 nm for parm99+bsc0 [122],.l p = 40− 60 nm for parm99+bsc1 [ 65, 110, 123] and 
.l p  60 nm for parm99+OL15 [110]. In the case of dsRNA, it was estimated that 
.l p = 70− 80 nm for bsc0 [ 99] and bsc0+.χOL3 [123]. Hence, all-atom simulations 
capture the relative bending flexibility of dsDNA and dsRNA, although slightly 
overestimating the quantitative estimations. 

At the coarse-grained level, several models give a correct estimation of .l p for 
dsDNA [ 94, 111–113, 124–126], yet in various cases the parameters of the models 
were tuned for its optimization [112, 113, 124]. Notably, the TIS and 3SPN models 
capture the decrease of .l p with the ionic strength [ 94, 112]. As for the sequence 
dependence, the best performance has been shown for MADna and cgDNA [111, 
126], which accurately account for the values of .l p obtained by cyclization exper-
iments [114]. Finally, both MADna and oxDNA capture the effect of twist-bend 
coupling [111, 127]. In the case of dsRNA, there are only few works estimating 
.l p for coarse-grained models. Its value is usually underestimated [115, 128, 129], 
although a suitable parameterization of the MARTINI model can reproduce the cor-
rect result [128]. 

Force Dependence of Elastic Constants 

Experimental evidence has pointed out that the elastic constants of nucleic acids 
depend on the pulling force . f . For instance, stretched dsDNA overwinds until 
. f  35 pN (which implies .g < 0), while it underwinds for larger forces (.g > 0) 
[100, 102]. On this matter, atomistic simulations have provided unique fundamental 
insight. However, a theoretical challenge first needed to be overcome, since neither of 
the approaches presented above is suitable to study stress-dependent elasticity: fitting 
full stress-dependent curves impedes by construction to extract the stress dependence 
of constants, while the formula for fluctuations (Eq. 2.4) is valid only for harmonic 
energies, which are perturbed by the linear terms in which the force or torque appear. 
In this regard, at a general level the energy can be written as [130] 

.U (q) = 1

2
∆qK∆qT − γ · q , (2.6) 

where .γ is a vector containing the mechanical stresses associated to the various 
deformation modes. For instance, for.q = {L , θ} one has.γ = { f, τ }, where. f is the 
pulling force and . τ the applied torque. Application of the generalized equipartition 
theorem gives [130] 

.K = kBT V−1 + V−1 , (2.7) 

where . i j = <∆qi >γ j . This approach was employed [130] to analyze the atomistic 
simulations from Refs. [ 66, 131, 132], where various dsDNA and dsRNA molecules
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with heterogeneous sequences were pulled with forces up to 20 pN. It was found 
that the stretching modulus of dsDNA increases with force, while that of dsRNA 
decreases. This unexpected result was rationalized by observing the opposite change 
in slide upon pulling the two molecules, which induces a strengthening and weaken-
ing of stacking interactions for dsDNA and dsRNA, respectively [130]. In contrast, 
the twist modulus was found to decrease for both kinds of duplexes. This behavior 
was ascribed to the progressive alignment of the normals to the base planes with 
the helical axis at increasing forces, which eventually identifies local torsion with 
the helical twist. A toy model based on this conjecture was capable of quantitatively 
reproducing the results for dsDNA without any fitting parameters, supporting this 
physical picture [130]. Finally, it was also found that, when considered with sign, . g
increases with force. Since for dsDNA .g < 0 at low forces, this is in line with the 
experimental observations that for strong enough pulling the sign is reverted. All in 
all, these results add a further layer of complexity to the already rich landscape of 
nucleic-acids elasticity, where microscopic changes in the chemical structure result 
in strikingly different macroscopic mechanic behavior. 

RNA Genome 3D Reconstruction 

The assembly process in RNA viruses is a complex phenomenon which involves a 
cooperative interplay between the genome and the capsid proteins [ 1]. Consequently, 
the packaged structure of RNA in the virus’ interior is of fundamental importance 
for its stability, and can shed light into the details of the assembly or disassembly 
processes [133]. As we saw in the sections above, mean-field theoretical approaches 
have pointed out the effect of persistence length, secondary structure, branching 
degree and electric charge into the assembly/disassembly of the packaged structure 
[134–137]. Other authors have stressed the importance of sequence-specific interac-
tions between the genome and the capsid proteins, whose identification can lead to a 
sequential description of the assembly process [133]. A systematic and concrete pic-
ture of the geometrical conformation of the genome inside the virus can complement 
these results and be used for generating practical, all-atom intraviral RNA confor-
mations. In fact, many experimentally determined structures contain some RNA 
fragments resolved, which have been used for proposing 3D models [138]. Such 
is the case of Satellite Tobacco Mosaic Virus (STMV) [ 78], Bacteriophage MS2 
virus [139] and Cowpea Chlorotic Mottle Virus [140], among others. The case of 
STMV is of particular interest, since its crystal structure contains 30 double helices 
which comprise around 60% of its genome, although it lacks specificity about its 
sequence. It is therefore a good starting point for testing the 3D reconstruction in 
two aspects: a full model based in the secondary structure, and another one which 
considers the geometrical restraints imposed by the experimental crystallographic 
data of the STMV [ 27]. Given the size of the RNA involved, it is recommended to 
work, in an initial phase, with simpler descriptions. Coarse-grained models [ 69] offer
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a good trade-off between accuracy and efficiency, and can help to distinguish realistic 
models from spurious assemblies with clashes or unfeasible topological artifacts. 

Fragment Assembly 

Several well-established approaches generate three-dimensional RNA models from 
the assembly of experimentally determined fragments. Knowing the secondary struc-
ture, radius of gyration or tertiary contacts greatly helps to distinguish the most 
suitable structures among the large number of possibilities given a specific scoring 
function [141–146]. Inside the virus, the RNA might adopt non-trivial conformations 
mainly due to the confinement and the interaction with the capsid proteins, so the 
use of experimentally determined fragments could be too restrictive. We have then 
generated fragments of the secondary structure elements, hairpins, stems, and junc-
tions, through on-the-fly short coarse-grained simulations using secondary structure 
restraints [ 27, 58]. Figure 2.5 shows an example on a fragment of STMV. Stems and 
hairpins are generated and later assembled with their closest junction, which is sam-
pled from a simulation where the energy function contains only secondary structure 
and radius of gyration restraints, excluded volume and backbone connectivity. The 
conformation of the junctions can be sampled by performing several independent 
short simulations, in order to obtain a wide number of different geometries. After the 
assembly process, it is likely that the proximity of the assembled fragments will pro-
duce clashes between coarse-grained beads or, even worse, entanglements between 
the loops, stems, and junctions. These issues are circumvented by energy minimiza-
tion and identifying and removing the links between the loops. The detection of these 
artifacts can be performed by known methods [147], and their removal can be done 
by applying repulsive energy terms on virtual sites situated at specific points of the 
loops, as illustrated in Fig. 2.5d [  27, 148]. 

In a later step, the generated structures can be submitted to external forces which 
confine them to a spherical domain. Nevertheless, the structure might have additional 
restraints coming from the experimental data and must be treated in a specific way. 

eRMSD Restraints 

The imposition of geometric restraints requires a parameter to compare the structural 
differences between a given structure and a template. The eRMSD distance [149] 
is our choice since it is a specific metric for dealing with nucleic acids, taking into 
account the difference of the spatial arrangements of the nucleobases belonging to 
two structures. For this aim, it defines a local reference frame on each nucleobase, 
which is situated at the center of mass of their C2, C4 and C6 atoms. For each pair 
of bases . i and . j , the vector joining their centroids in the local reference frame of 
nucleobase . i is denoted by .ri j , which is rescaled in order to take into account the
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Fig. 2.5 Assembly process illustrated for nucleotides 330–575 of STMV, a in virio secondary 
structure. b Two loops containing hairpins are folded separately and attached to a junction, gen-
erated independently. c The procedure is repeated in another junction. In this case, the assembled 
fragments exhibit clashes and are entangled in a non-trivial manner. d Zoom of the entanglement, in 
backbone (left) and secondary structure (right) representation: each fragment forms a ring by join-
ing the phosphate and sugar groups, closed by canonical base pairs. The rings are represented in the 
unrefined (top) and refined (bottom) conformations. e The whole structure is assembled, following 
energy minimization and removal of clashes and links between secondary structure elements [ 27] 

nucleobase shape, by defining.r̃i j = (rx/a, ry/a, rz/b), with.a = 5 Å and.b = 3 Å. 
The eRMSD between two structures . α and . β composed by .N nucleotides is given 
by 

. eRMSDαβ =
/

1

N

∑
i /= j

(
G(rαi j )−G(rβi j )

)
,

where .G(r) is a four-dimensional vector which satisfies . |G(r̃α)−G(r̃β)| ≈ |r̃α −
r̃β | for .r̃α, r̃β << Dc and .|G(r̃α)−G(r̃β)| = 0 for .r̃α, r̃β > Dc, with .Dc a dimen-
sionless cutoff. The eRMSD restraint is defined as a harmonic potential energy term 
of the form 

. U ({rα}, {rβ}) = 1

2
K (eRMSDαβ)

2

where .K is a constant with units of energy. The energy is imposed on a set of 
nucleotides with respect to its template, which can also be used for imposing sec-
ondary structure restraints. In our case, we have tested it on a set of double helices 
defined from the secondary structure proposed by Weeks and co-workers [ 63]. We 
took nucleotides 772–897, as illustrated in Fig. 2.6a, and chose five stems around a 
five-fold symmetry axis from PDB 4OQ9 (Fig. 2.6b) for defining two templates: one 
where the hairpins point outwards (case A, Fig. 2.6c) and another where they point 
inwards (case B, Fig. 2.6d). An initial condition can be easily generated using the 
procedure described in the previous section. The eRMSD restraints can be applied on 
any representation of RNA which is able to define the orientation of the nucleobases. 
In the present case, we have employed the SPQR coarse-grained model [ 58], which
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Fig. 2.6 Five consecutive hairpin loops are mapped according to different templates. a Secondary 
structure of the fragment. b Template taken from PDB structure. c Case A, after simulation d Case 
B, after simulation. Source Figure reproduced from [ 27] with licence CC-BY 4.0 

has this feature incorporated into its code. The model represents each nucleotide by 
a triangular nucleobase and two beads for the sugar and phosphate group. 

The value of the eRMSD and backbone energy are good descriptors of the suit-
ability of the proposed configurations, as shown in Fig. 2.7. After running 3 short 
independent Monte Carlo simulations for each case, we see that these parameters 
can blindly distinguish that case A is more stable and favorable than case B, and 
therefore, selected for backmapping into atomistic detail. The procedure could be 
iterated over the rest of the structure in order to obtain a reduced set of possible 
conformations of the whole arrangement of the STMV genome inside the virus. 

Discussion and Prospective Methods 

The studies described in the previous sections outline the exquisite multiscale nature 
of RNA physics. The assembly of a viral capsid, as well as a virion requires to con-
sider electrostatic interactions, determining feasible conformations of the genome
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Fig. 2.7 a eRMSD between the 5 stems and their templates. b Backbone energy for both 
conformations as a function of MC sweep. Source Figure reproduced from [ 27] with licence 
CC-BY 4.0 

and their effects on the nanomechanical stability of the capsid and genome itself. 
Here, we have shown the potential of atomistic, coarse-grained simulations and 
continuum models for modeling RNA and its interactions at different spatial and 
temporal scales. Still, there are several challenges ahead for RNA physics virol-
ogy. Determining the folding of RNA and its dynamics within the virus remains 
a challenging open problem.Experimental techniques such as NMR, CryoEM, or 
recently CryoET have had dramatic progress recently and now allow us to visualize 
the nanoscopic details of the interior of the virions [150]. However, the ‘dynamic 
structure’ of RNA is commonly difficult to efficiently sample by pure experiments 
[151, 152]. Hence, high-resolution experiments are complemented with computa-
tional models. For example, computational approaches were used to refine 3D RNA 
reconstructions with additional restraints on tertiary contacts given by SAXS exper-
iments [148, 153]. Furthermore, based on chemical probing and CryoEM, it was 
possible to reconstruct the frameshift stimulating element from SARS-CoV-2 all the 
way down to atomistic resolution [ 24]. Likewise, a general solution remains out of 
reach. However, after the astonishing success of Alphafold for protein folding [154] 
and similar developments for RNA [ 25, 155], machine learning-based methods hold 
a great promise for solving RNA folding. 

Realistic models of whole virus dynamics require physics-informed models. Yet, a 
current problem with multiscale approaches is that they remain largely disconnected. 
No integrative model takes also into account detailed electrostatics and mechanical 
properties of both RNA and the proteins forming the non-enveloped viruses. The 
mechanics of RNA is vital for its packaging in a confined medium such as a viral 
capsid, yet scalable computational approaches focused on this feature are still at their 
infancy. 

Similarly, electrostatics is central for the assembly, disassembly and stability of 
virus capsids [ 2], and virion assembly [ 3]. However, it remains unclear which is the 
required precision to describe the interactions between RNA and capsid-proteins, ions 
and short range interactions. Recent research has used free energy profiles extracted 
from atomic calculations as effective interactions in coarse-grained models [156] and 
also multiscale [ 8]. Similar approaches are already under discussion [ 1], which could
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include important interactions towards single amino-acids in proteins [ 18], water or 
surfaces into multiscale simulations [157]. In any case, there is little doubt that the 
exceptional challenge posed by RNA organization within viruses will be overcome 
only via a synergistic approach complementing computational approaches at multiple 
scales with the growing amount of experimental knowledge. 

The integrative approach is complex itself, nonetheless, current developments to 
discern between molecular interactions can be used to test physical assumptions, 
guide the interpretation of experiments and possibly the direction of new experi-
ments. Finally, a robust parametrization of the underlying RNA-protein molecular 
interactions (mechanical and electrostatics) would consequently permit the modifi-
cation and/or control the capsid status from assembly to disassembly or vice versa, 
which are awaited features for the next generation of Virus-like Particles (VLPs) 
nanomedicine applications. 
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Chapter 3 
The In Vitro Packaging of “Overlong” 
RNA by Spherical Virus-Like Particles 

Ana Luisa Duran-Meza, Abigail G. Chapman, Cheylene R. Tanimoto, 
Charles M. Knobler, and William M. Gelbart 

Abstract Of the myriad viruses, very few have been shown to be capable of self-
assembly in vitro from purified components into infectious virus particles. One of 
these is Cowpea Chlorotic Mottle Virus (CCMV), an unenveloped spherical plant 
virus whose capsid self-assembles around its RNA genome without a packaging 
signal. While heterologous RNA, not just cognate viral RNA, can be packaged into 
individual CCMV virus-like particles (VLPs), the RNA needs to fall within a certain 
range of lengths. If it is too short, it is packaged into particles smaller than wild 
type, or with two or more RNAs per capsid. If the RNA is too long, multiple capsids 
assemble around one RNA, and the RNA associated with these multiplet structures 
is not as RNase resistant. Further, as shown in the present work, 4200 nt appears 
to be the limiting length of RNA that can be packaged into single RNase-resistant 
CCMV VLPs. We explore the extent to which “overlong” RNA can be packaged 
more efficiently upon the addition of spermine, a polyvalent cation whose increasing 
concentration has been shown to compactify RNA. Finally, we show that the capsid 
protein of Brome Mosaic Virus (BMV), a bromovirus closely related to CCMV, also 
gives rise to multiplets when it is self-assembled with the same “overlong” RNA 
constructs, but with different distributions of multiplets. 

Keywords Virus-like particles · In vitro assembly · Capsid multiplets ·
RNase-resistant capsid packaging · Spermine compaction 

Introduction 

The capacity for in vitro self-assembly of viruses from their purified constituents— 
shown by the icosahedral plant viruses CCMV (cowpea chlorotic mottle virus) and 
BMV (brome mosaic virus), bacteriophage MS2, and the rod-like TMV (Tobacco 
Mosaic Virus)—makes them highly promising platforms for biomedical applications,
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among them vaccines and gene delivery [1]. Their utility depends on the ability of 
the capsid proteins of these ssRNA viruses to assemble in vitro around heterologous 
RNAs, forming virus-like particles (VLPs) of high stability, which: protect the RNA 
against attack by RNase; are capable of delivering their contents to the ribosomal 
(translational) machinery; and are free of biological contaminants that might arise 
from assembly in bacterial or yeast cells. Once formed, the VLPs may be functional-
ized by chemically linking proteins to them that recognize specific cells and enhance 
uptake [2, 3]. 

While the packaging capacity of these VLPs is not a major issue in determining 
their suitability for delivering cargos of small molecules such as miRNAs or mRNAs 
that code for short protein sequences, the maximum length of RNA that can be 
packaged in spherical capsids is a limiting factor to their employment for delivering 
constructs such as self-replicating RNAs (replicons) that code for a replicase and a 
gene of interest [4], because the strongly preferred curvature (radius) of the capsid 
protein dictates the volume available to packaged RNA. This is not a limitation for 
TMV whose genomic RNA is 6400 nt long, and whose cylindrical VLPs can accom-
modate any length of heterologous RNA because the capsid length is simply propor-
tional to RNA length and its curvature is independent of its length. But faithful and 
efficient TMV VLP assembly requires that the RNA includes an origin-of-assembly 
(OAS) sequence to initiate packaging [5]. While a terminal TLS-like sequence has 
been identified for the packaging of BMV RNAs [6] a packaging signal has not been 
found for CCMV assembly [7] and heterologous RNAs lacking a TLS have been 
packaged without difficulty [8]. The packaging of RNA in capsids formed in vitro 
from MS2 CP (in the absence of the maturation protein that breaks symmetry and 
ensures infectivity in the wt virus) depends on the presence of a pac site, a 19-base 
stem loop that initiates packaging [9], and in vitro packaging of heterologous RNA 
in MS2 as long as 3000 nt requires the presence of multiple pac sites [10]. 

CCMV and BMV have capsids with Caspar-Klug triangulation numbers T = 3, 
composed of 180 proteins. While all RNA viruses with this same capsid structure 
have essentially identical outer diameters of ~30 nm, their nucleotide content varies 
significantly. Wild-type CCMV and BMV capsids contain ~3000 nt of ssRNA. In 
contrast, Cucumber Mosaic Virus (CMV), Bacteriophage MS2, Turnip Crinkle Virus 
(TCV), Turnip Yellow Mosaic Virus (TYMV), and NoroVirus (NoV), all with T = 3 
capsids and approximately 30-nm diameters, have genomes with lengths 3300, 3569, 
4034, 6400 and 7600 nt, respectively. The remarkably long genomes for TYMV and 
NoV are attributable to the presence in their capsids of agents that act to condense 
the RNA, such as the polyamine spermidine in the case of TYMV [11] and small 
basic proteins in the case of NoV [12]. Their RNAs otherwise appear to lack the high 
degree of branching that results in compaction [13, 14]. 

In the case of CCMV and BMV the major driving force for the packaging of RNA 
is the electrostatic interaction between the negatively charged phosphate backbone 
and the positively-charged N-terminus of the CP. Direct evidence for this non-specific 
interaction is found in self-assembly studies with mutant CCMV CPs in which the 
number of N-terminal cationic residues is successively decreased and shown to lead 
to decreasing lengths of RNA being packaged [15]. Further evidence comes from
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the cryoelectron microscopy structural study by Beren et al. [16] of BMV virions in 
which the RNA is shown in high-resolution reconstructions to be highly disordered, 
in contrast to what is found, for example, in wt MS2 where the multiple packaging 
signals and interaction of the RNA ends with the maturation protein enforce a single 
well-defined structure [17]. The lack of any specific structure for the packaged RNA 
in BMV (and, presumably, CCMV) accounts for their ability to package (each indi-
vidually) a broad range of RNAs—notably, the three very different molecules making 
up their genome, as well as heterologous RNAs. 

It would appear then, from the standpoint solely of volume constraints, that CCMV 
and BMV should be capable of packaging RNAs with lengths well in excess of the 
3000 nt found in the wild type. What then is their packaging limit? One might assume 
that this could be simply determined by a series of experiments in which assemblies 
with increasingly long RNAs are carried out until a limit is reached beyond which 
the RNAs are not packaged. However, it has been shown that attempts to package 
RNA longer than 3000 nt by CCMV CP leads to “multiplet” structures in which a 
single RNA is shared by two or more capsids [8]. Multiplets formed by CCMV CP 
and several heterologous “overlong” RNAs have also been observed in assemblies 
of homopolymeric polyU and CCMV CP [18], for a conjugated polyelectrolyte and 
CCMV CP [19], and for packaging by SV40 CP of RNA [20] and polystyrene 
sulfonate [21]. The existence of doublet structures has also been found by Elrad and 
Hagan [22] in molecular dynamics simulations of the packaging of long polymers 
by capsid protein in their coarse-grained modelling of virus-particle-like assembly 
[23]. 

To determine the packaging limit by experiment therefore requires analyses of the 
multiplet distributions as RNA length is increased. This is the strategy we employ 
here to determine the efficiency of packaging and maximum length of RNA that can 
be packaged by CCMV and BMV. In previous studies we examined the formation 
of multiplets in CCMV assemblies with CP purified from virus-infected plants, and 
in the present work we find the same multiplet distribution using CP expressed in 
E. coli (a protein source that is more readily scaled up). Further, by analyzing the 
RNA extracted from assembly mixes before and after RNase treatment, using RNA 
molecules with lengths up to 6400 nt, we observe that CCMV CP is unable to package 
RNA longer than 4200 nt in single capsids. The same in vitro-packaging-length limit 
is found for the CP from the closely related bromovirus BMV, but with a different 
distribution of singlets, doublets, triplets, and quadruplets. 

If the amount of RNA that can be packaged is set by the volume and effective 
charge of the RNA, then the addition of compactifying (e.g., polyvalent cationic) 
agents would be expected to increase the packaging limit. Indeed, the compaction of 
TYMV RNA by polyamines has been demonstrated by their effect on the sedimen-
tation rate, which is inversely proportional to the RNA hydrodynamic radius. The 
addition of 0.1 mM spermine resulted in a 40% decrease in the radius while addition 
of bis(3-aminopropyl amine) led to a 25% decrease [24]. More recently, fluores-
cence correlation spectroscopy determinations [25] of the effect of the addition of 
1 mM spermine to MS2 RNA showed a 50% decrease in its hydrodynamic radius. 
Finally, recent dynamic light scattering measurements on a broad range of lengths
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and sequences of RNA molecules, as a function of increasing spermine concentra-
tions, have established a continuous (saturating at 50%) decrease in hydrodynamic 
radius in all cases [26]. Consistent with these results we report here the extent to 
which RNA compaction by polyvalent cations affects the efficiency of packaging of 
“overlong” RNA by CCMV and BMV capsid protein. We find that both the number 
of singlet particles and the packaged-length limit can indeed be enhanced by sper-
mine. But the effect is small, and increasing the polyamine concentration eventually 
results in RNA aggregation, which limits the extent to which spermine can enhance 
the relative number of singlets or the length of RNA packaged into RNase-resistant 
singlets. 

Results 

To generate a wide range of lengths and sequences of RNA molecules, BMV RNA1 
(3234 nt), NOV-EYFP (4196 nt), NOV-R.Luc (4413 nt), NOV-STING* (4638 nt), 
and TMV (6395 nt) were prepared by in vitro transcription of T7 DNA plasmids, 
and SIN-19 (8985 nt) and FL-SIN (11,703 nt) from SP6 plasmids (Thermo Fisher, 
USA), and all of the RNAs were purified with an RNEasy Mini Kit (Qiagen, DEU). 
Recombinant capsid proteins were grown in ampicillin-chloramphenicol-resistant 
cells of E. coli strain Rosetta 2 BL21, and in vitro reconstitutions of VLPs were 
carried out using our published protocols [8]. RNA was extracted from VLPs with a 
QIAamp Viral Mini Kit (Qiagen DEU) following the manufacturer’s specifications. 
To assess VLPs for RNA protection they were mixed with RNaseA at a ratio of 
0.1 g RNase A:1 g RNA, and incubated at 4 °C for 1 h. Digestion of RNA was 
stopped by the addition of RNase inhibitor and the sample was washed through a 
100 kDa MW-cutoff Amicon filter to purify the remaining RNase-resistant VLPs. 

Multiplet VLP Products Are Observed for RNAs Longer Than 3000 nt 

Using a Tecnai G2 TF20 electron microscope (FEI, USA), assembly mix samples 
were prepared and imaged with negative stain as reported elsewhere [8, 18]. Electron 
micrographs were manually analyzed to count the number of singlets, doublets, 
triplets, and higher-order multiplets in each of the images acquired; ImageJ (US 
National Institutes of Health) was used to measure the geometric mean of orthogonal 
measurements of the diameter of the particles. 

First we confirmed that bacterial-expressed capsid proteins give rise to VLP multi-
plet distributions similar to those found earlier [8] for infected-plant-derived proteins, 
when self-assembled with RNAs of different lengths. When 3200 nt RNA is pack-
aged by CCMV CP, mostly singlet VLPs are formed (see Fig. 3.1a). Assemblies with 
4200 nt RNA (Fig. 3.1b) contain some multiplet particles—mostly doublets—where 
one RNA is shared by two or more capsids. Packaging of 6400 nt-RNA (Fig. 3.1c) 
leads to a mixture of singlet, doublet, triplet, and higher-order multiplet particles, but 
again mostly doublets. The histogram of sizes of singlets in Fig. 3.1d is consistent 
with that measured in the earlier experiments conducted with plant-derived CCMV
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CP and heterologous RNA [8]. The size distributions of singlet particles—measured 
for each of the multiplet assemblies associated with the three different RNA lengths— 
have widths of several nm, centered around 29–31 nm. Slightly larger singlet sizes 
are observed (Fig. 3.1d) for the longer-RNA (4200 and 6400 nt, versus 3200 nt) 
assemblies. 

This is consistent with the fact that the longer RNA samples include a signifi-
cant number of shorter, prematurely-terminated, transcripts and degradation prod-
ucts, as seen in Fig. 3.2. More explicitly, the 4200 and 6400 nt samples include 
RNA lengths in the range 3200–4200 nt that are short enough to be self-assembled 
into single T = 3 capsids but that result in capsids that are less stable and less 
ordered—and hence somewhat larger—than those for 3200 nt-RNA, the length 
preferred by CCMV CP.

As suggested by studies that demonstrated no structural difference between 
recombinant CP expressed in E. coli and wt CP derived from plants [27], we observe 
that the measured multiplet distribution (see Fig. 3.3) is the same as reported earlier 
[8] for these RNA + CCMV CP assembly mixes, even though plant-derived CP is 
used in the latter case and recombinant CP in the former. For a 3200 nt RNA, 85% 
of the particles are singlets; for 4200 nt RNA, 65% of particles are singlets, and the 
rest are mostly doublets; and for 6400 nt RNA, 32% appear to be singlets while 56% 
percent are doublet particles. Upon serial dilution of the assembly mix, the multiplet

Fig. 3.1 Characterization of CCMV VLPs assembled with different lengths of RNA. Negative-stain 
electron micrographs of self-assembly mixes involving CCMV CP and: ~3200 nt-long RNA (a), 
~4200 nt-long RNA (b), and ~6400 nt-long RNA (c). d shows the singlet capsid-size-distribution 
plots measured for each of these self-assemblies before RNase treatment 
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Fig. 3.2 In vitro transcribed RNAs of increasing length. Agarose gel (0.83%) showing different-
length RNA transcript products. Lane 1: 3234 nt RNA, Lane 2: 4413 nt RNA, Lane 3: 4638 nt RNA, 
Lane 4: 6395 nt RNA, Lane 5: 8985 nt RNA, Lane 6: 11703 nt RNA. 1 µg of RNA  was mixed  
with RNA loading dye and denatured by heating to 65 °C at a rate of 1 °C per sec, holding at 65 °C 
for 10 min, then cooling to 4 °C at a rate of 1 °C per sec. The gel was run at 100 V for 1.5 h, and 
visualized with GelRed

particles continue to be observed and the distribution remains unaltered, indicating 
that they are not a result of particle crowding or aggregation. Assembly of overlong 
RNAs into VLPs with BMV CP also results in multiplets, but gives rise to distribu-
tions that contain significantly larger fractions of higher-order multiplets than in the 
case of CCMV.

Importantly, as discussed below, most of the singlets that appear in the 4200 nt-
RNA assemblies, and all of the singlets observed in the 6400 nt-RNA case, contain 
RNA molecules shorter than 4200 and 6400 nt, respectively. These shorter RNAs 
arise as premature transcripts and hydrolysis degradation products of the in vitro 
transcribed RNAs. As seen in Fig. 3.2, an agarose gel analysis of RNA molecules 
with lengths ranging from ~3200 to ~12000 nt, each lane shows a strong band (the 
corresponding full-length transcript) accompanied by broad streaks associated with 
faster-running, shorter, premature transcripts and degradation products. As discussed 
below in the context of Figs. 3.4 and 3.5, it is these shorter RNAs—up to lengths 
of 4200 nt—that are packaged into singlets when transcripts of RNAs longer than 
3200 nt are mixed with CCMV CP under assembly conditions.
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Fig. 3.3 Characterizing CCMV and BMV VLP particles by negative-stain EM. Counts of the 
frequency of singlets, doublets, triplets, quadruplets and larger particles in samples of CCMV and 
BMV VLP assemblies (before RNase treatment)

Fig. 3.4 6400 nt RNA in CCMV VLPs. a Negative-stain electron micrograph of CCMV VLPs 
assembled with in vitro transcribed TMV-(6400 nt-)RNA, showing singlet, doublet and triplet 
particles. b 0.83% agarose gel. Lane 1: in vitro transcribed 6400 nt RNA. Lane 2: RNA extracted 
from CCMV-VLPs assembled with 6400 nt RNA. Lane 3: RNA extracted from RNase-treated 
CCMV-VLPs assembled from 6400 nt RNA. Lane 4: RNA Ladder
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Fig. 3.5 4200 nt RNA in CCMV VLPs. a Negative-stain electron micrograph of 4200 nt-RNA 
CCMV-VLPs, showing singlet, doublet and triplet particles. b 0.83% agarose gel. Lane 1: RNA 
extracted from CCMV-VLPs assembled with 4200 nt-RNA. Lane 2: RNA extracted from RNase-
treated CCMV-VLPs assembled with 4200 nt-RNA. Lane 3: in vitro transcribed 4200 nt RNA, Lane 
4: RNA Ladder 

After RNase A Treatment, Only Singlet VLPs Are Observed 

When treated with RNase, all multiplet VLPs become sets of singlets, as evidenced by 
electron micrographs (not shown), i.e., no doublets, triplets, or quadruplets remain, 
from which we conclude that the multiplets are not RNase resistant: the portions of 
the RNA connecting the capsids are not protected. However, the singlets remaining 
after disassembly of multiplets are RNAase resistant (see Fig. 3.4b and discussion 
below), evidence that after disassembly of multiplets the capsids are intact. 

RNAs Longer Than 4200 nt Cannot Be Packaged into RNase-Resistant Singlets 

To show in particular that 6400 nt RNA cannot be packaged into singlet CCMV 
VLPs, we extracted RNA from samples of 6400 nt-RNA CCMV-VLPs before and 
after their treatment with RNase. Recall that assemblies of this length of RNA with 
CCMV CP result predominantly in doublets, but also in a significant number of 
singlet VLPs; see Figs. 3.1c and 3.4a. Lane 1 of Fig. 3.4b, loaded with in vitro-
transcribed 6400 nt RNA, features a strong band where expected (see RNA ladder 
in lane 4), but also a smear of shorter lengths down to ~2000 nt. The RNA extracted 
from VLPs assembled with this in vitro transcribed RNA and CCMV CP is run 
in lane 2 and shows a weak band at 6400 nt along with, again, a smear of shorter 
lengths down to ~2000 nt. Lane 3 contains the RNA extracted from the assembly 
mix after RNase treatment. Most significantly, no band in this lane is present 
at 6400 nt and the shorter-length smear begins at ~4000 nt and runs down to 
~2000 nt, from which it can be concluded that no RNAs longer than ~4000 nt 
were packaged into singlet VLPs. Rather, the predominant doublet VLPs involve 
the sharing by two capsids of > 4000 nt-long RNAs that are digested into smaller
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molecules upon RNase treatment. The strong signal in lane 3 from RNAs around 
3000 nt in length (the average size of CCMV viral RNA) is consistent with these 
molecules being the ones that are preferentially packaged into singlet VLPs and 
hence RNase-resistant. 

4200 nt RNA Can Be Packaged by CCMV CP, but Inefficiently 

To establish whether it is possible to package 4200 nt RNA in CCMV VLP singlets, 
we assembled in vitro-transcribed 4200 nt RNA with CCMV CP and extracted the 
RNA from the resulting VLPs before and after treatment with RNase. The typical 
structures that are found when packaging the 4200 nt RNA are shown in Fig. 3.5a. 
The agarose gels in Fig. 3.5b show in vitro-transcribed 4200 nt RNA along with 
shorter transcript RNA (lane 3). Lane 1 in the agarose gel shown in Fig. 3.5b contains 
RNA extracted from 4200 nt-RNA CCMV-VLPs before RNase treatment, and lane 
2 contains RNA extracted from RNase-treated 4200 nt-RNA CCMV-VLP samples. 
The in vitro-transcribed RNA used in these self-assemblies is run in lane 3, showing 
a strong band at 4200 nt corresponding to the full-length RNA transcript—but also 
showing a significant amount of faster-running shorter RNA that arises from hydrol-
ysis degradation and premature transcripts. From the relatively weak 4200 nt band 
in lane 2 (involving the RNA extracted from RNase-treated VLP assemblies), along 
with the accompanying RNA intensity there associated with faster-running shorter 
RNA, we conclude that only a small percentage of the full-length RNA has been 
packaged into RNase-resistant singlets, i.e., most of the singlets observed for assem-
blies with in vitro-transcribed 4200 nt RNA correspond to the packaging of shorter 
RNA. By comparing the intensity profile in lane 1 (involving the RNA extracted from 
VLP assemblies that have not been treated with RNase) with the profile in lane 3 
(in vitro-transcribed RNA), we conclude further that the full-length RNA packaged 
in multiplets has been cleaved by RNase to give the bands at shorter lengths in lane 
2 which also include contributions from direct packaging of the shorter transcripts 
in the 4200 nt-RNA sample. 

Size Differences in Doublet Pairs Suggest Preference for Packaging 3000– 
4000 nt RNA 

It had been noted earlier [17] that while the diameters of capsids contained within 
doublets and triplets for assemblies of 9000 nt RNA are most likely to be closely 
similar, the distribution of size differences has a half-width of about 5 nm and differ-
ences as large as 10 nm are observed. As shown in Fig. 3.6, we have found this as 
well for the doublets formed in capsids assembled around 6400 nt RNA. Similarly, 
the largest size differences observed for the assemblies around 3200 and 4200 nt 
RNA are also as large as 10 nm, and the maxima in the distributions occur at around 
5 nm. These results are consistent with the strong preference of CCMV for packaging 
3000–4000 nt of RNA, which can be achieved in triplets or doublets for 9000 nt-
RNA assemblies and in doublets for a 6400 nt RNA. For the 3200 and 4200 nt RNA 
assemblies, however, size differences in doublets must necessarily be larger in order 
to accommodate cargo sizes compatible with T = 2– and T = 1–sized capsids.
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Fig. 3.6 Distribution of size differences between particles in doublets, for assemblies of CCMV 
CP with 3200, 4200, and 6400 nt RNA 

Spermine Has a Small Enhancing Effect on Packaging 

The ability of the polyamine spermine to compactify RNAs has been demonstrated 
for a variety of molecules [24, 25]. The control parameter is the ratio of total cationic 
(spermine) charge to total anionic (nucleotide/phosphate) charge, with each spermine 
having a +4 charge and each RNA nucleotide corresponding to a −1 charge from the 
phosphate backbone. In the case of the 4196 nt RNA, for example, the compaction 
by spermine is clear from the fact that RNA samples incubated (at room temperature 
for 30 min) at different spermine:RNA ratios are seen to run progressively faster 
in an agarose gel (not shown) as spermine concentration is increased, even though 
the effective charge on the RNA is decreased; for charge ratios above 1, however, 
the spermine also aggregates the RNA. Continuous compaction of the RNA with 
increasing cationic:anionic charge ratio is documented more directly and systemat-
ically by dynamic light scattering measurements [26], suggesting that there should 
be a corresponding effect of spermine on the distribution of multiplets in overlong-
RNA assemblies and on the maximum length that can be packaged in RNase-resistant 
singlets. 

Particle counts of VLPs made with spermine-compacted RNA show (Fig. 3.7) 
that for a 4200 nt RNA at a spermine:RNA charge ratio of 0.25:1 there is a 10% 
increase in the number of singlet particles observed. In assemblies at charge ratios of 
0.5:1 and 0.75:1 there is no further increase in singlets; rather, at these higher charge 
ratios there is an increase in the number of aggregated RNAs and hence higher-
order multiplets. For all of these experiments spermine was stored in degassed water 
overlaid with argon gas and frozen at −80 °C until used. Frozen RNA was thawed 
on ice and thermally denatured by heating to 90 °C at a rate of 1 °C s−1, holding at
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Fig. 3.7 Effect of spermine on RNA and its packaging by CCMV CP 

90 °C for 1 s, then cooling to 4 °C at a rate of 1 °C s−1. Thermally denaturing and 
slowly cooling the RNA allows for disruption of any duplexes formed between RNA 
molecules in the freezing process and for refolding of the RNA. The RNA was then 
mixed with spermine at a specified charge ratio and incubated at 4 °C for 30 min. 

Fraction of singlets (blue), doublets (red), triplets (grey), quadruplets (green) and 
larger particles (light blue) in samples of CCMV VLP particles formed from 4200 nt 
RNA compacted with spermine at different charge ratios. 

That the spermine does not prevent the full-length of 4200 nt RNA from being 
packaged by singlet CCMV VLPs is confirmed by extracting the RNA from a CP 
assembly carried out for a 0.25:1 spermine:RNA ratio and running it in a gel (not 
shown).
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Conclusions/Perspectives 

An examination of the distribution of multiplets formed when RNA longer than 
3000 nt is mixed under assembly conditions with recombinant CCMV CP has shown 
that there is a limit to the length of RNA that can be packaged into a single, RNase-
resistant, capsid. Consistent with results obtained previously for infected-plant-
derived CCMV CP, the frequency of doublet and higher-order multiplets increases 
with increasing length of RNA. 

More explicitly, with gel electrophoresis analyses of RNA extracted from RNase-
treated assembly mixes, we have shown that CCMV CP cannot form VLPs that 
protect a significant fraction of RNA longer than about 4200 nt. In particular, gels 
of RNA extracted from CCMV VLPs indicate that in an assembly mix of CP and 
6400 nt RNA there are no capsids containing RNAs longer than 4200 nt that are RNase 
resistant. This suggests that the majority of the singlets observed in EM contain only 
fragments shorter than 4200 nt, which are a natural result of in vitro RNA transcription 
of the 6400 nt-TMV-RNA. Multiplets also occur when recombinant CP of BMV is 
used to package long RNA. 

As remarked in the Introduction, the compaction of viral-genome-length RNA 
by polyamines has been demonstrated by several different techniques, including 
sedimentation velocity measurements [24], fluorescence correlation spectroscopy 
[25], and dynamic light scattering [26]. We find that this effect of spermine can be 
used to improve the packaging efficiency of “overlong” RNA by CCMV and BMV 
capsid protein, e.g., the number of RNase-resistant singlet particles can be increased 
when RNA is incubated with spermine prior to assembly. However, this effect is 
small, and introducing spermine also results in RNA aggregation at spermine:RNA 
charge ratios greater than one, thereby limiting increase in the number of singlets. 

Our work establishes the inability of CCMV or BMV CP to package RNA longer 
than 4200 nt into particles which are resistant to RNase. In doing so, we highlight 
the strongly-evolved preference of CCMV to form T = 3 particles. The formation of 
multiplets is evidence of the dominant role of the spontaneous curvature of the CP in 
the assembly of VLPs of flexible anionic polymers such as RNA in determining the 
diameter of the capsids. In contradistinction, as in the case of charged nanoemulsion 
particles [28] that are incompressible, multiplets cannot form and the size of the 
capsid therefore must increase to accommodate increasing size of the cargo. The 
larger fraction of multiplets in the assemblies with BMV as compared to CCMV 
is likely attributable to the lower positive charge on the N-termini of the capsid 
protein (+9 for BMV rather than +10 for CCMV) resulting in a greater degree of 
overcharging of the RNA compared to that of the CP and therefore a smaller amount 
of RNA that can be stabilized by a single capsid. Moreover, electrophoretic mobility 
measurements show that at the pH of assembly, 4.5, the magnitude of the charge 
on CCMV capsids is about twice that on BMV capsids [29], making assembly of 
capsids into multiplets more difficult. 

These observations demonstrate both the promise and limitations of CCMV and 
BMV VLPs as gene-delivery platforms. The in vitro self assembly provides highly
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monodisperse and pure VLPs in good yields with easily obtained recombinant CP. 
However, these positive features come with the disadvantage of a major length restric-
tion of 4200 nt in packaging capacity, which with the use of spermine may be only 
modestly increased. If, for example, the aim is to deliver self-amplifying RNA, the 
gene of interest must be genetically fused to an RNA-dependent-RNA-polymerase 
replicase, the shortest of which (that for the Nodamura virus) is 3000 nt long, thereby 
limiting the length of the gene of interest to only 1200 nt. If one wishes to retain the 
advantages of in vitro self assembly, then, the choice for packaging of longer RNA is 
TMV CP, despite the necessity of employing RNA constructs that encode an origin 
of assembly sequence (OAS) [30]. Here, in contrast to the situation with spherical 
viruses, the highly-evolved preference of capsid protein to form a hollow cylinder 
with fixed inner and outer radii can be satisfied by any length of RNA because the 
capsid curvature is independent of length. 
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Chapter 4 
The Multiple Regulatory Roles 
of Single-Stranded RNA Viral Genomes 
in Virion Formation and Infection 

Peter G. Stockley and Reidun Twarock 

Abstract We describe our discovery, recent findings, and potential implications, of 
previously unsuspected roles of viral genomes in assembly regulation and infection. 
For a range of viral pathogens, including those that infect people, we have shown that 
assembly depends on multiple RNA-coat protein interactions. Spontaneous release 
of these constraints during assembly may also contribute to viral infectivity. These 
properties of viral genomes are conserved across strain variants and are therefore 
currently unexploited potential targets for directly-acting anti-viral drugs. Further-
more, grafting RNA assembly signals onto non-viral RNAs confers cognate pack-
aging properties with appropriate coat proteins and is opening up an era of bespoke 
designer viral vectors. 

Keywords RNA packaging signals (PSs) · Viral genome-directed assembly ·
Co-operativity and Hamiltonian paths · Molecular frustration · Conserved 
anti-viral drug targets 

Introduction 

Viral pathogens are astonishing in their ubiquity, using virtually all known cell types 
and organisms as hosts. Double-stranded (ds) DNA bacteriophages in the oceans are 
thought to be the most numerous biological objects on the planet [11, 36]. Their 
predation of planktonic organisms causes carbon to fall to the ocean depths, and 
may well regulate the natural carbon cycle, emphasizing their importance. Frequent 
viral infections have driven the development of the various immune systems in the
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biosphere, including the CRISPR gene editing system of bacteria [18]. Viral infec-
tions also play roles in gene transfers, e.g. the potential reuse of a gene(s) acquired 
from a retrovirus by placental mammals [64]. Indeed, large portions of the human 
genome seem to harbor inactivated retroviruses attesting to our long association with 
them and hinting at an eventual genetic solution to the challenges of infection. 

Obviously, modern viruses can be deadly, as annual influenza epidemics [62] and 
the recent coronaviral (Covid-19) pandemic illustrate [6]. At the time of writing, 
the latter is thought to be responsible for >7 million human deaths. This figure is 
expected to climb sharply despite worldwide vaccination campaigns. It has however 
had the benefit of catapulting vaccine design and manufacture into the modern era 
[55]. It also reveals one of the challenges in modern medicine, namely the dearth of 
directly-acting anti-viral drugs (DAAs). This is worrying since vaccine campaigns 
for Covid-19 have been both exhaustive and expensive, yet they have exposed exten-
sive vaccine hesitancy in populations across the world [49]. Zoonotic viral transfers 
into the ever-expanding human population, coupled to the consequences of climate 
change, are more likely to occur. DAAs that can be administered to people already 
infected with viral pathogens are therefore urgently needed. Two such DAAs that 
inhibit the actions of the surface glycoproteins from influenza virus, namely hemag-
glutinin and neuraminidase [58], are extremely inhibitory but are held in reserve 
from the clinic to avoid the evolution of resistance mutations that might limit their 
effectiveness during a flu pandemic. DAAs have, however, been assets in the world-
wide HIV & HCV epidemics. A triple drug cocktail of inhibitors directed against 
the HIV viral polymerase, its protease and integrase, leads to effective “cures” for 
patients who tolerate this dosing regime [23]. For HCV elimination, it appears that 
protease inhibitors are sufficient for the same outcome [31]. However, for most 
viruses, effective DAAs are not yet available and novel anti-viral approaches are 
urgently required. 

Given this history, the evolutionarily conserved mechanisms regulating virion 
assembly, and potentially infection, described here offer a range of currently 
unexploited targets for the development of DAAs against common human pathogens. 

The Discovery of RNA Packaging Signal (PS)-Mediated 
Assembly 

The earliest molecular biologists realised that viral particles represent simple systems 
in which to probe the relationship of nucleic acid base sequences to the amino acid 
sequences of virally-encoded proteins [15]. The simplest such viruses build capsids 
based on icosahedral geometry [8], extending this principle to allow larger structures 
to be built from more subunits, thus reducing the amount of genetic information 
needed to specify capsid building blocks—coat proteins (CPs). This idea of “quasi-
equivalence” describes the architecture of many simple viruses, including human 
pathogens, predicting the surface layouts of many viral shells. It has been further
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refined [34, 59, 60], leading to a classification of virus architecture that also includes 
outliers to Caspar and Klug’s theory. 

One such quasi-equivalent viral protein shell is the T = 3 casing of bacterio-
phage MS2 [40] that in principle contains 180 CP subunits organized as 90 dimers 
surrounding 3569 nts of ssRNA (Fig. 4.1a). Assembly of this particle was believed 
to initiate via a sequence-specific interaction between the genome (gRNA) and a CP 
dimer that occurs at a 19 nt long stem-loop (TR) within the gRNA [39]. Uhlenbeck 
and his colleagues carried out ground-breaking structure–activity measurements of 
this RNA–protein recognition in vitro showing that the identity of only 3 nucleotides 
(the adenines at local positions –4, −10, and the uridine at −5) within this 19 nt 
long stem-loop were critical for complex formation [32]. We extended this work 
using direct chemical synthesis of variant TRs to probe the roles of the various 
nucleotide functional groups [56]. Subsequently, we showed that this complex trig-
gers in vitro assembly of a T = 3 virus-like particle provided that the TR oligo 
is available in sub-stoichiometric amounts compared to the CP dimer [53]. The 
origin of this requirement is due to a TR-induced conformational change within 
a CP dimer (Fig. 4.1b), locking it into an asymmetric CP conformation able to 
occupy the 60 A/B quasi-conformer positions within the CP shell [63]. CP dimers 
without a bound TR remain symmetrical and occupy the 30 C/C positions completing 
the virion. Normal mode analysis of the CP dimer in isolation and in complex with 
TR are consistent with the sequence determinants required for this allosteric switch 
(from a symmetric C/C to an asymmetric A/B dimer) being minimal [19]. This result 
suggests that many other stem-loops (SLs) across the gRNA could also potentially 
trigger this switch.

When the technique of Selective Evolution of Ligands by Exponential Enrich-
ment (SELEX) is used to identify RNA oligonucleotides that bind to the MS2 CP 
dimer, TR and several single nucleotide variants of it are found in the selected pool 
[30]. One of these has a higher affinity for the dimer than TR but does not appear 
in the natural gRNA sequence. These other variants are all of lower affinity than 
TR. This result is consistent with SLs other than TR in the phage gRNA being able 
to trigger CP dimer conformational switching. There are >100 SLs within the MS2 
genome that encompass the sequence criteria identified by SELEX, i.e. that could 
in principle bind to the CP dimer. Since conformer switching results in formation of 
an A/B dimer only a maximum of 60 of these SLs can actually act as PSs, consis-
tent with there being 60 A/B positions in the capsid shell. The relative positions 
of the RNA binding sites at the inner capsid surface impose geometric constraints 
on the potential SLs within the gRNA that could function as PSs. We introduced 
a novel data analysis method, Hamiltonian Paths Analysis (HPA) [20–22, 61] that 
combines these geometric constraints with a bioinformatics analysis of the viral 
genome in order to locate putative PSs in the genomic sequence. HPA is rooted in 
mathematical models of virus architecture that indicate the positions of the RNA-CP 
contacts [20, 35] (Fig. 4.2a). Connecting points corresponding to PS binding sites 
on neighbouring CP dimers by an edge, results in a polyhedral shell. Enumerating 
the vertices of this polyhedron in the order in which putative PSs, in the 5'–3' direc-
tion in the linear genomic sequence make contacts to these sites, defines a path on 
this polyhedron. If all these vertices are visited, i.e., if all 60 contacts are made, the
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Fig. 4.1 The molecular architecture of bacteriophage MS2. a Structure of the bacteriophage particle 
determined by X-ray crystallography at atomic resolution (3.3 Å). The particle appears as a symmet-
rical T = 3 capsid composed entirely of 180 coat protein subunits, in the form of 90 non-covalent 
dimers, distinguished by their two distinct conformations. A/B & C/C dimers are identical except in 
the loop of polypeptide (38 amino acids out of 129 total) that connects the F & G β-strands. A-type 
loops are extended whereas B-type loops are folded back towards the main body of the subunit 
and are associated with a conserved amino acid (Pro72) adopting the rarer cis configuration. C/C 
dimers are identical in conformation and both FG-loops adopt an extended conformation that differs 
in detail with that of the A-subunit. See cartoons between a and b panels for more detail. A/B & C/ 
C-dimers are orientated such that their extended FG-loops interdigitate at particle threefold axes, 
whereas B-type loops occupy the spatially more restricted 5-folds. There is no electron density in 
this structure for the MS2 gRNA (adapted from Chandler-Bostock et al. [10]). b The 19-nt hairpin 
TR from the gRNA, a packaging signal, triggers the conformational switch from a C/C to and A/ 
B dimer (adapted from Dykeman et al. [19]). c Shows the chemical details of the non-covalent 
recognition of TR by the MS2 CP dimer. Dashed lines indicate the positions of hydrogen bonds

result is called a Hamiltonian path (Fig. 4.2b). However, it is not strictly required 
for all contacts to be formed as these constraints can also be applied locally. Note, 
the gRNA extends towards the particle interior in between PS binding sites. Using 
this idea as a constraint, we were able to predict the PSs of bacteriophage MS2 [20] 
(Fig. 4.2c). More recent, high-resolution, asymmetric cryo-EM reconstruction [16] 
or X-ray footprinting [10] identifies 15–23 PSs bound to the CP shell, which are all 
contained in our ensemble of predicted PSs. The reconstruction also identifies many 
SLs in the gRNA in proximity with the capsid shell beyond the 15 that are firmly 
bound according to the cryo-EM reconstruction (Fig. 4.2d). It is tempting to assume 
these acted as PSs during the assembly process, but subsequently dissociated from 
the CP shell.
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Fig. 4.2 Geometric constraints on genome organisation in viral capsids. a Affine extended symme-
tries model virus architecture at different radial levels simultaneously, here shown for bacteriophage 
MS2. Vertices map around capsid (grey) and packaged gRNA (radially coloured). There are vertices 
that mark the contacts between stem-loops in the gRNA (see also Fig. 4.2d) and CP, shown in 
magnification (adapted from Keef et al. [35]). b The distances between these vertices can be used 
as constraints on genome sequence analysis to identify packaging signals. Connecting vertices 
corresponding to neighbouring PSs in the gRNA defines a self-avoiding path on a polyhedral shell, 
called a Hamiltonian path, and this data analysis methods has therefore been called Hamiltonian 
Paths Analysis (HPA) (Adapted from Twarock et al. [61]). c HPA identified PSs in the MS2 gRNA, 
shown here as dots colour-coded according to their affinities and stabilities with reference to the 
gRNA secondary structure, and as lines with reference to a gene map (adapted from Twarock et al. 
[61]). d A high resolution asymmetric cryo-electron microscopy reconstruction identifies 15 PSs 
(boxed in c) and contains further density in proximity to the capsid shell that could correspond to 
stem-loops that transiently acted as PSs, validating HPA predictions. In contrast to the structure in 
Fig. 4.1a it contains the single copy Maturation Protein (MP, shown here as a grey space filling 
model), which replaces a CP dimer at a two-fold axis in the protein shell, and also reveals density 
for the 3569 nts long gRNA (shown here as a gold space filling model; other colours in the shell 
are the same as those in Fig. 4.1a) (Adapted from Dai et al. [16]) 

The Packaging Signal (PS)-Mediated Assembly Mechanism 

In order to better understand how PSs function collectively in promoting virus 
assembly across a range of viral families, we are carrying out an interdisciplinary 
work program aimed at probing the different roles PSs can play in viral assembly 
and infectivity. 

Specificity, Co-operativity and Compaction 

Satellite Tobacco Necrosis Virus (STNV), so called because its gRNA codes only for 
the CP subunit that forms a protective T = 1 shell of 60 copies around it, has been used
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as a simple model for these studies [38]. SELEX experiments [7] identified an STNV 
CP-binding aptamer whose sequence matches a SL within the 5' UTR of its 1239 nt 
long gRNA. Other SLs with similar loop sequences/motifs (-A.X.X.A-) also occur 
across the gRNA. In order to examine the specificity and co-operativity of CP-binding 
to RNA the MS2 and STNV viral gRNAs were fluorescently-end-labelled. This 
allowed us to monitor their assembly behavior in vitro using single-molecule fluo-
rescence correlation spectroscopy (smFCS) [2, 3, 54]. This technique allows the time-
dependent, hydrodynamic radius (Rh) of a fluorescently-labelled species in solution 
to be determined. At nanomolar concentrations of gRNA, multiple measurements 
are made for a focused volume (roughly a nanolitre) every 30 s, and the averaged Rh 

versus time plot calculated. At nanomolar concentrations this volume contains, on 
average 1 or 0 labelled species, i.e. it reports the properties of single molecules (sm). 
The resulting smFCS plots for STNV and MS2 gRNAs are shown in Fig. 4.3a. As the 
CP-free gRNAs are titrated by CPs purified from either of the two viruses, differing 
behavior occurs. When the gRNA binds to its cognate CPs there is a rapid (seconds) 
drop in its Rh value of ~30–40%. This compares to no change or a slight increase in Rh 

for the corresponding non-cognate interactions. Negative-stain electron micrographs 
(nsEM) of these samples show that, close to the point of maximal Rh decline, cognate 
interactions lead to formation of CP-gRNA complexes with the expected curvature 
of their final VLP. Eventually virus-like particles (VLPs) resembling the respective 
native virions are produced. In other words, in vitro reassembly at these low concen-
trations shows evidence of sequence-specificity with respect to gRNA encapsidation 
(Fig. 4.3b). The kinetics of such assembly is dependent on the sequences within the 
gRNAs (Fig. 4.3c, d). It appears that multiple TR-like sequences in MS2, and their 
equivalents in STNV, are binding to cognate CPs, facilitating their assembly into 
defined capsids. An MS2 CP variant that binds TR normally but is unable to make 
the CP-CP contacts required to form such a capsid fails to induce the collapse of the 
gRNA in these experiments. This confirms that collapse is a consequence of forming 
both RNA-CP and CP-CP interactions. These experiments demonstrate that PSs have 
specificity for their cognate protein partner, and that PS-CP contacts act together, i.e. 
collectively, in promoting compaction of the gRNAs. The need for such compaction 
can be seen in Fig. 4.3b where the dashed horizontal line indicates the Rh value of 
the final STNV virion. Clearly the CP-free gRNA is much larger than this in these 
solution conditions, so its collapse is an essential aspect of virion assembly.

PS Affinity Distribution is Important for Selective and Efficient 
Genome Packaging 

MS2 gRNA PSs vary around the TR consensus sequence/structure motif, and there-
fore have a wide range of stabilities. In addition, their affinities for CP dimers are 
all lower than that of TR. Using stochastic modelling of virus assembly dynamics
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Fig. 4.3 Evidence of ssRNA genome packaging specificity from single-molecule studies. a CPs 
from bacteriophage MS2 bind to its own gRNA (fluorescently-labelled; red line) preferentially 
causing the Rh to collapse, whilst the gRNA of STNV (salmon coloured) is unaffected. b Conversely 
STNV CPs bind its gRNA (salmon coloured) causing it to collapse, whilst the MS2 RNA (green) 
binds CPs non-specifically creating an aggregate. Dashed black line represents the Rh value of the 
STNV virion revealing that its gRNA must collapse for assembly of the T = 1 capsid to occur. 
c Cartoon of panels showing the interpretation of these behaviours. High-affinity MS2 CP-binding 
sites in the gRNA bind CP in such a way that they favour additional subunits binding, leading to 
collapse in the size of the RNA. Negative stain EMs just following the collapse or after some time 
imply that the collapsed state is the direct precursor of the T = 3 capsid formed. Cartoons are 
colour-coded for the stages of the reaction above (adapted from Borodavka et al. [2])

[21], we demonstrated that this affinity variation is essential for the assembly mech-
anism. Using a dodecahedral model virus assembled from 12 pentagonal units that 
each have one RNA binding site (Fig. 4.4a), we computed capsid yield for different 
affinity distributions along the model genomic RNA. Whilst equal affinities across the 
genome resulted in the same outcome irrespective of whether the affinities were weak 
or strong, different ways of alternating strong and weak signals resulted in widely 
different outcomes (Fig. 4.4b). This suggests that PS affinities/stabilities have been
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tuned by evolution to optimize genome packaging and virus assembly efficiency. 
However, even the best performing distribution amongst 30 k randomly generated 
sequences is only efficient if assembly takes place in the presence of a protein 
ramp, i.e. if protein subunit concentration builds as gradually as in a viral infec-
tion (Fig. 4.4c). Indeed, the protein ramp mimics the situation in the viral life-cycle, 
in which assembly takes place while viral CPs are still being synthesized. Addition of 
a full aliquot of CP subunits at the start of the simulation results in a reduced capsid 
yield, because the site of assembly nucleation on the genomic RNA is less well-
defined in that case (Fig. 4.4d), reflecting the outcome of some experiments. These 
results suggest that PS-mediated assembly is best observed at low protein concen-
trations, and could be masked at higher protein concentrations, perhaps explaining 
why it has long been overlooked. In the presence of the protein ramp, genome orga-
nization within the particle is much more restricted than its absence. In particular 
under these circumstances of the protein ramp the number of distinct Hamiltonian 
paths, representing different organizations of the viral RNA, is dramatically reduced 
to only a small number of geometrically similar paths/configurations (Fig. 4.4d). 

Fig. 4.4 A computational model of virus assembly reveals molecular features of the packaging 
signal-mediated assembly mechanism. a Assembly of 12 pentagons into a dodecahedral model 
capsid via a Gillespie algorithm based on the following reactions: each pentagonal unit can bind to 
and unbind from one of the 12 RNA PSs (shown as colour-coded beads according to their affinity; 
green high, blue intermediate, red low). b Simulations of virus assembly around 2000 copies of 
model gRNAs (i.e., strings of coloured beads) results in different assembly yields for distinct config-
urations (left). Strings with homogeneous affinities perform identically irrespective of the strengths 
of the interactions (right), demonstrating that variation in affinities across the gRNA is essential for 
the mechanism. c In the presence of the protein ramp (left), i.e., if protein concentration is increased 
gradually as in a real viral infection, nucleation is more localised, contributing to increased yields. 
d The protein ramp also dramatically reduces the spectrum of distinct gRNA configurations (or, 
Hamiltonian paths) within the particle, resulting in a more defined gRNA organisation (part a, b, 
and d are adapted from Dykeman et al. [21])
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These features can also be observed experimentally, e.g. during in vitro reassembly 
of STNV (Fig. 4.5a). Use of RNA SELEX [28] identifies an aptamer sequence with 
a perfect match to a unique 14 nts long site within the >1 kb gRNA. This sequence 
can form a SL, which sequence variants suggest is the conformation bound by the 
cognate CP with high affinity. Presumably this is the highest affinity for CP within 
the cognate gRNA. This PS, termed PS3, is located toward the 5'-end of the gRNA 
and is flanked on either side by two additional PS-like sequences that can also form 
SLs. These five PS sites (PSs1-5) overlap part of the 5' UTR of the gRNA and the 
start codon of the CP open reading frame. We have studied their collective properties 
as part of a 127 nts ssRNA fragment [46] (Fig. 4.5b). CP binding to this fragment is 
sequence-specific and highly co-operative, causing the fragment Rh value to collapse 
as CPs bind. This mimics the collapse seen, on a larger scale, when the entire gRNA 
is used as the assembly cargo. 

Within this genome fragment co-operativity depends on the presence of a CP-
recognition sequence (-A.X.X.A-) within each PS loop and the relative nucleotide 
spacing between them. Sequence changes that increase or decrease the SL folding 
propensity have similar impacts on reassembly with both the 127-mer and the full-
length gRNA (Patel et al. [44]). The more stable PS folds within the 5' gRNA frag-
ment impart significantly faster assembly kinetics on full-length gRNAs, implying 
that assembly initiation is regulated by the PS SLs within the shorter fragment. There

Fig. 4.5 Unpicking the genome sequences regulating assembly in a model virus. a STNV CP 
monomers bind packaging signals in the form of SLs within the gRNA creating CP trimers, 20 of 
which form the shell of the T = 1 capsid. The PSs are all SLs with loop sequences based around 
an—A.X.X.A-CP-recognition sequence (red) which occurs in their loops. There is co-operative 
binding to groups of PSs, at least towards the 5' end of the gRNA where assembly is thought to 
initiate. Each PS differs in intrinsic affinity due to its folding propensity, CP-recognition motif 
homology and relative spacing in the gRNA. b Assembly substrates used to probe the sequence 
features governing assembly, including folding propensity. These were then used in smFCS plots 
revealing the consequences of their mutations (adapted from Patel et al. [44]) 
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are 25 additional PS-like sites located across nucleotides 128–1239 in the gRNA. 
Experiments where full-length gRNA, mutated to lack PS sites (i.e. in which the 
CP-recognition sequence of each of these SLs is mutated to remove -A.X.X.A-), 
competes directly for in vitro reassembly (binding CP subunits) with the wild-type 
gRNA, or equivalent gRNA fragments lacking some or all of these non-initiation 
PSs, confirm that: (i) assembly is sequence-specific, (ii) the 5' 5 × PSs are important 
for initiation, and (iii) that the additional PS-sites also contribute to assembly effi-
ciency. Strikingly, moving the 5' assembly initiation sequence (127-mer) from the 
5' to the 3'-end of the wild-type gRNA sequence creates a losing competitor against 
wild-type gRNA [66]. Thus, the natural sequence order of PS sites 5' to 3' defines the 
successful Hamiltonian path(s) in this case. Note, all of these results were obtained 
at low (nM) reagent concentrations. The observed packaging specificity in vitro 
disappears as these concentrations are raised, presumably because at higher concen-
trations electrostatic interactions predominate and overwhelm sequence-specificity 
[28]. This also appears to explain the outcomes when CP and gRNA are artificially 
over-expressed in vivo [37]. 

The Multiple Roles of PSs During Assembly 

It is known from genome sequencing that many ssRNA virions contain the expected 
cognate gRNA cargo at close to 100% occupancy, implying a high degree of pack-
aging specificity in vivo. As explained for STNV above, genomic RNAs displaying 
multiple PS-like sites across their length account for this specificity since few, if any, 
cellular RNAs will share a similar pattern of cognate CP-binding sites. The redun-
dancy of multiple PSs moreover provides a resilience for this assembly mechanism 
against errors in replication created by the viral RNA polymerases, which are known 
to be very error-prone. This in turn is part of the biology of this class of virus since 
it allows them to exploit and adapt rapidly to new evolutionary niches. Note, the 
replication template (negative-sense strand) is the same length and net charge as the 
viral gRNA and is very likely to have a similar secondary structure. Complemen-
tary base pairing during replication, however, prevents presentation of cognate CP 
recognition sites, consistent with the non-appearance of this strand in virion samples. 
Many additional features encompassed within viral gRNAs, such as end to end base 
pairing, also contribute to their ability to be assembly substrates. Parsing these so 
that their individual effects can be seen in isolation is non-trivial. 

Virion assembly in eukaryotic cells is thought to occur within “viral factories” 
where viral genomes are also being replicated [43]. Although such sites are not 
thought to be bounded by membranes, cognate gRNA-CP interactions might be the 
expected consequence of this sequestration. However, the viral factory idea does not 
explain the presence and functions of multiple PS sites within many viral genomes 
that clearly confer sequence-specific assembly to gRNAs and their fragments in vitro. 
Nor does it account for the many other roles gRNAs play in regulating virion 
assembly. As discussed above, PS affinities for CP along a gRNA vary in sequence
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and folding propensity, allowing evolution to direct assembly along a small subset 
of the geometrically possible assembly pathways, encoded by the limited number 
of Hamiltonian paths along which PS-CP contacts prefer to form, rapidly giving 
rise to the final virion. The fact that genome packaging specificity is not the only 
benefit from a PS-mediated assembly mechanism can also be seen from experiments 
with STNV where insights on the PS-mediated assembly mechanism were used to 
enhance packaging efficiency by changing the stability of PSs in a cassette at the 
5' end. Enhancing the stability of the 5 PSs in the first 127 nts increases packaging 
efficiency in vitro compared with the wild-type genome, clearly demonstrating that 
the benefits of the mechanism are more subtle than simply providing specificity. 

The importance of PSs can also be seen by comparing virion assembly kinetics 
in the presence and absence of gRNA. For example, in vitro reassembly studies 
of MS2 show that both CP dimers and CP dimer-TR complexes are stable in the 
absence of each other. However, mixing them gives rise to a rapid assembly process 
in which it is possible to detect, using mass spectrometry (MS), potential inter-
mediates in the formation of the T = 3 virion [53]. At room temperature in vitro 
phage assembly is a rapid process, consistent with the known biology of infection. 
Phage added to pili-bearing bacterial cells in culture at 37 ºC, cause lysis due to 
infection in ~10 min. Given that this period includes initial internalization of the 
gRNA, phage gene expression and gRNA replication, followed by phage assembly, 
all before the phage-encoded lysis protein acts, it follows that all these processes 
must be rapid. This is consistent with in vitro studies of assembly which is rapid 
in mixtures of gRNA or its PS-containing fragments, and CPs. This contrasts with 
assembly of CP alone, which is very slow (>days) and mostly incomplete. These 
results reveal one aspect of the roles of PSs (regulation of assembly kinetics) within 
the gRNA. MS and NMR suggest that the non-assembling states of CP dimers alone 
or their complexes with TR are due to them primarily representing just one type 
of protein conformer/tile needed to make the MS2 capsid. TR-bound CP dimers 
are of the A/B type whilst RNA-free CP dimers are C/C type. Thus, we would expect 
that as well as TR, 59 additional TR-like stem-loops act as PSs throughout the MS2 
gRNA, favouring formation of the necessary 60 A/B tiles in a T = 3 particle. We 
have seen similar increases in the assembly tendency of HBV core protein and the 
STNV CP in the presence of their cognate gRNAs, or sub-fragments [48]. In those 
cases, it is clear that PSs within the gRNA have at least one function, namely an 
electrostatic role that results in screening similarly charged regions of the respective 
CPs from each other. This creates assembly-competent capsomers of the respective 
virion/nucleocapsids.
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PS-Mediated Assembly is Widespread, and Its Molecular 
Hallmarks Are Conserved Within Viral Families 

RNA bacteriophages are model systems for studying assembly mechanisms that 
occur in more complex forms in wider families of viruses. By using interdisciplinary 
approaches, and expanding our repertoire of data analysis methods (e.g., Bernoulli 
plot analysis of SELEX data [52]), we have demonstrated that several viral families 
regulate their virion assembly mechanisms similarly. This includes the two distinct 
clades of Picornaviridae [9, 52], see Fig. 4.6a, b. One group that cleaves their VP0 
subunits into VP2 & VP4 represent the mainstream viruses, such as poliovirus and 
human rhinovirus. We demonstrated that both the amino acids corresponding to 
the PS binding sites on the CP subunits and the molecular determinants of the PSs 
are highly conserved in the viral family, suggesting that PSs could serve as broad-
spectrum anti-viral targets. The other group of Picornaviridae, include the Pare-
choviruses which are a major cause of infant sepsis, which is currently untreatable 
and often rapidly fatal. Other Picornaviral infections include life-threating infec-
tions of humans and livestock. Formation of the nucleocapsid (NCP) of the pseudo-
retrovirus Hepatitis B Virus (HBV) is also regulated by PS-core protein contacts 
from its pre-genomic RNA (Fig. 4.6c), the first substrate packaged, that is copied 
into ssDNA and then dsDNA by an encapsidated polymerase. HBV is a major human 
pathogen and is the principal cause of liver cancer and cirrhosis worldwide, resulting 
in ~1 million deaths annually [65]. These occur despite the existence of an effective 
vaccine that is not universally deployed. There are thought to be >400 million people 
infected with HBV due to events that occurred before the production of the vaccine, 
and because of new infections that arise from the vertical transmission from mother 
to off-spring.

Other research groups have also identified similar mechanisms involved in virion 
assembly, e.g. in the alphaviruses [4, 5]. These pathogens are carried by biting insects 
(mosquitoes) and can cause partial paralysis, and even death of their human hosts. 
Their geographic spread is increasing because of climate change and greater human 
interaction. Beyond virology, the Hilvert group in Zurich showed that a bacterial 
enzyme cage (Fig. 4.7a), engineered to bind and encapsidate its own mRNA, encap-
sidates significantly more mRNA when subjected to rounds of artificial evolution 
[57] (Fig. 4.7b). In collaboration, we showed that this follows acquisition of more 
“PS-like” sites in its mRNA cargo (Fig. 4.7c), implying that there are significant 
“benefits” to RNAs carrying such signals. The frequency, scope, and advantages of 
the PS-mediated assembly mechanism in natural viruses is consistent with such an 
interpretation.
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Fig. 4.6 Packaging signals occur widely in viral pathogens. a Ordered fragments of genomic RNA 
are present in the X-ray structure of Human Parecho virus and are sequence-specifically bound 
by CPs (top and middle panels); a model for formation of such structures via an assemblysome. 
[Adapted from [52] Nature Comms. 8:5]. b Differing parts of the picornaviral gRNA form sequence-
specific contacts from SL PSs to the VP2 subunits in the more mainstream family members, EV-E 
in this case. (adapted from Chandler-Bostock et al. [9]). c Hepatitis B Virus forms an initial T = 
4 nucleocapsid composed of a single core protein (Cp) around a single-stranded pgRNA copy of 
its genome. SELEX against the Cp identifies highly conserved sites in known HBV genomes, each 
of which can form an SL (top) with the highlighted red sequences as the Cp recognition motif 
(middle). Individual PS sites trigger sequence-specific association of HBV Cp dimers leading to 
formation of a T = 4 shell in vitro (bottom) (adapted from Patel et al. [48])

PS-Mediated Assembly as a Drug Target 

Where we have analysed it, PSs and their recognition sites on cognate CPs are 
evolutionarily conserved across strain variants (e.g. Fig. 4.8b). This hints that they 
comprise a currently untapped potential anti-viral drug target, a directly-acting 
anti-viral (DAA). In order to assess the consequences of such targeting, we have 
mutated three of the most conserved PS sites within the HBV pre-genomic ssRNA 
[47]. Mutation of their Cp recognition sequences has a highly deleterious effect 
on in vitro reassembly at low concentrations. The largest effects occur with muta-
tion of the recognition site in the dominant (“best”) PS. All three highly conserved 
PS sites, however, make positive contributions to assembly efficiency. These muta-
tions change very few nucleotides within a total of ~3200 but reduce reassembly 
efficiency by >90%. The fact that these sequence-specific effects are seen with a 
pgRNA of the same length as the wild-type genome are further confirmation that 
there is sequence-specificity in pgRNA encapsidation. Although favorable electro-
static interactions occur between the negatively charged pgRNA and the arginine-rich 
domains at the C-terminus of the Cp, these are not the primary driving force behind 
NCP assembly. Care needs to be used in interpreting such in vitro results, which 
can be misleading. For instance, the HBV pgRNA is effectively circularized by base
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Fig. 4.7 Packaging signal-mediated assembly in a nonviral system. a Directed evolution of a bacte-
rial enzyme that is engineered to package its own coding sequence (mRNA) results in the emergence 
of larger particle structures (e.g., a particle made of 180 proteins, top, and of 240 proteins, bottom). 
b During later rounds of directed evolution, particle size no longer increases, whilst packaging effi-
ciency of full-length mRNA increases dramatically (in the step from NC3 to NC4). c This increase 
has been explained by the emergence of a cassette of four packaging signals, that have been iden-
tified using the X-ray Synchrotron Footprinting (XRF) method (all parts adapted from Tetter et al. 
[57])

pairing between complementary terminal sequences. Sequence variants ablating this 
interaction increase the pgRNA Rh value (~40%) and reduce encapsidation effi-
ciency, showing that compaction is an important additional feature. Replacement 
of HBV sequences with “non-specific” non-viral sequences can also inadvertently 
add exogenous PS sites, since these comprise minimalistic secondary structures, e.g. 
SLs.

An oligonucleotide encompassing the highest affinity PS site within the HBV 
pgRNA was therefore used as a selection target for a library of small molecular 
weight, drug-like ligands (Fig. 4.8a). This screen identified a range of compounds 
having affinities in the nanomolar range for both the PS1 selection target and the 
other HBV PSs, confirming that they have partially conserved features. Addition 
of these high-affinity, small molecular weight ligands to in vitro reassembly reac-
tions results in significant decreases in assembly efficiency around the wild-type 
pgRNA [45], confirming that RNA PS sites can act as targets of DAAs. The dispersed 
and co-operative nature of PS sites also confounds many simple mutational experi-
ments, since within a gRNA, deletions and substitutions can disrupt dominant folding 
patterns creating PSs that were naturally absent. Additionally, mutation of individual 
or a few PS sites can be misleading about their importance in natural assembly, where 
co-operativity is essential. In several cases, the structures of CP-binding sites for PSs
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Fig. 4.8 Packaging signal-mediated assembly as a drug target. Small molecular weight compounds 
binding to PS1 of the Hepatitis B virus pgRNA have been identified (top) and shown to ablate 
virus assembly in vitro (bottom) (adapted from Patel et al. [45]). a The SELEX library used for 
the identification of packaging signals in the Parechovirus HPeV1 also identifies similar PSs in 
other strains, including the evolutionarily most distal HPeV3. Analysis of genomic fragments in 
HPeV3 with similarity to the selected library (Bernoulli peaks, middle) reveal stem-loops with the 
same molecular characteristics as the HPeV1 PSs. The PSs corresponding to the five highest peaks 
are shown colour-coded according to nucleotides (G = green; U = black; A = red; C = blue). 
b Mathematical infection models have been used to compare the impact of different treatment 
strategies on viral load (magenta), the numbers of uninfected (red) and infected (green) cells, and 
immune cells (blue). The impact of two known virus inhibitors (Daclatasvir and Sofosbuvir), and 
of a PS-binding drug are compared. The rate of drug escape (pie chart) is lowest for the PS-binding 
drug (adapted from Bingham et al. [1])

are known at high-resolution and these would also represent potential sites for the 
development of DAAs. These observations are important because modelling the 
consequences of antiviral therapy directed against PSs reveals a lower propensity for 
eliciting drug resistance than other forms of anti-viral therapy currently used in the 
clinic [1] consistent with this being a promising route for exploitation (Fig. 4.8c). 

PSs in Viral Infection—Molecular Frustration Within Viral 
Protein Shells 

PS-CP contacts in gRNAs can be thought of as a form of molecular Velcro, where 
each partner hook is only attracted to its cognate opposite eye. However, if there are 
up to 60 PS sites per gRNA, as we believe to be the case in MS2, the consequence 
of these many interactions between the gRNA and the protein shell might be such a 
stable virion that it may counteract genome release, preventing infection of another 
host cell. How then might gRNAs escape the clutches of their CP shells?
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We have made insights into this problem for the specialized case of the RNA 
bacteriophage MS2. Given that many of the features of the PS-mediated assembly 
mechanism were first identified and characterised in that system, it is appropriate to 
observe its infectivity mechanism, and how its PSs may contribute to that process. It is 
important to note that in contrast to many viral CPs, MS2 together with its close family 
member bacteriophage Qβ, has a CP architecture that lacks flexible tails of polypep-
tide. Often such tails are rich in basic amino acids and help to neutralize the charges 
on the phosphates of encapsidated gRNAs. They are also flexible allowing contacts 
to occur to PS sites in their natural, non-identical contexts. This flexibility may 
also explain why to date the majority of packaged gRNA has been visualised using 
asymmetric cryo-EM reconstructions of the RNA phages only. Viruses with flexible 
structural elements in their CPs at most show ordered density for their genomes in 
close contact with the protein shell [9, 33, 52], i.e. at PS-binding sites. Even in those 
cases the resolution is often not good enough for modelling defined sequences. 

For MS2, we have a range of crystal structures defining its T = 3 shell of identical 
CP subunits at atomic resolution. However, the act of crystallization results in aver-
aging of the sample orientation, and processing of the X-ray diffraction data further 
assumes that the object has icosahedral symmetry. These assumptions turn out to 
be misleading with respect to the true architecture of the phage particle. Infection 
occurs in bacteria carrying an F pilus, hence the “male-specific, fraction 2” (MS2) 
name. Phage particles bind to these pili using a surface accessible maturation protein 
(MP), which we deduced previously must sit along one of the phage twofold axes 
[17]. Asymmetric cryo-EM structures of this particle have transformed our view of 
this structure, resolving its biology at the atomic level. On each phage particle one 
C/C lattice position in the protein shell is occupied by the single copy MP, which 
in turn is bound to a specific gRNA sequence adjacent to its 3'-end. The remaining 
89 CP dimers are arranged as 60 A/B “tiles” and 29 C/C “tiles”. In an asymmetric 
reconstruction, determined with a very large dataset of >300 k MS2 particles [16], 
multiple sequence-specific contacts with these CP dimers are seen as expected for a 
structure that assembles via PS-mediated assembly. This includes the TR stem-loop 
as one of 15 PS sites bound to CP dimers (Fig. 4.2d). In addition, other portions of 
the gRNA encompass folded stem-loops in proximity to the inner capsid surface. 
Their positions suggest that they could correspond to PSs that have released their 
contacts to the CP shell, i.e. PS that have been bound to CP only transiently during 
assembly. 

This is a complex topic because it requires us to grapple with one of the funda-
mental assumptions in virology, namely that every viral particle is identical. In a struc-
tural sense many virions appear identical in crystallographic and cryo-EM structures. 
From these structures we get an image of virions as static, closed arrays composed 
of multiple, identical CPs. How then is infection achieved? In order to address this 
question, we have determined the secondary structure of the MS2 gRNA as transcript 
and within an infectious particle. This can currently only be achieved using RNA 
footprinting. Initially we used lead ions, which diffuse into the virion via pores at the 
fivefold axes, to investigate the gRNA structure adjacent to the TR PS. Complexation 
with Pb2+ ions leads to nucleotide cleavage which is secondary structure dependent,
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e.g. an SL, or intermolecular contact, e.g. to a CP dimer from a PS. These studies 
confirm that PS-like sequences adjacent to TR are bound by CP subunits [50, 51]. 

We recently, however, extended these studies to cover the entire gRNA secondary 
structure, both as transcript and as gRNA within infectious phage, using X-ray RNA 
footprinting (XRF) [10]. This approach produces modifications because the X-ray 
photons photolyse solvent water molecules even in frozen samples creating hydroxyl 
radicals in situ adjacent to nucleotide sugar residues. This allows modifications to be 
tightly controlled by using pre-frozen samples that cannot undergo conformational 
change post-modification. Frozen samples are then warmed in the absence of the 
cleavage moiety. Modified sugars undergo chemical rearrangement and hydrolysis 
of the phosphodiester chain leading to cleavage at the adjacent phosphodiester. The 
degree of modification at each phosphodiester is determined by capillary sequencing. 
We developed a purpose-designed suite of algorithms to process these data and 
imported them as constraints into the S-fold algorithm to predict gRNA secondary 
structures. Akin to other foot-printing approaches, benchmarking against a known set 
of secondary structure elements is required. We used TR and one of its neighbouring 
PSs for this purpose. Differential modification of the PS-CP recognition motif in the 
same PS-like stem-loops, present in both transcript and encapsidated gRNA, allowed 
us to identify PSs in contact with CP subunits in phage particles unambiguously. XRF 
identifies 31 PSs in contact with capsid in the infectious phage. These include the 15 
PSs encompassing TR, that were previously determined via the highest resolution, 
asymmetric cryo-EM structure to contact the protein shell. An additional 34 unbound 
SLs, each with the molecular characteristics of a PS, are also predicted to be present, 
presumably corresponding to the SLs seen in proximity to the inner capsid surface via 
cryo-EM. Cryo-EM particle datasets are repeatedly winnowed by software to achieve 
the highest resolution structure. It is possible therefore that PSs that are bound only 
transiently are not detected in contact with the capsid shell. In a similar caveat, our 
XRF data were obtained on a sample of infectious phage. This sample could contain 
non-infectious particles. The resultant data are therefore of necessity an average 
of the entire sample, and we assume provide a realistic picture of a bacteriophage 
preparation. 

Neither cryo-EM nor XRF can determine whether a particular phage particle is 
infectious. However, their combination leads to the conclusion that not all PSs remain 
bound by the CP shell. Interestingly, the positions of the bound sites in the capsid 
shell are not random. Many of the unbound PS sites occur towards the 3'-end of the 
gRNA, whilst many bound sites surround the CP dimer in contact with TR. This 
suggests that the CPs in contact with TR and its neighbours, together with the MP, 
form a highly stabilized region of the phage particle, consistent with a proposed role 
in assembly (Fig. 4.9a). Since the MP contacts occur to CP dimers that form part of 
differing pentameric facets of the T = 3 shell, it is possible that nucleation at these 
sites defines particle geometry, committing to the formation of a T = 3 shell during 
assembly. Defining capsid morphology is yet another regulatory role for the PSs. 
Subsequent phage infection then occurs via attachment of the MP protein to the F 
pilus of a bacterium which occasionally is internalized, drawing the bound phage 
and its genome towards the pilus extrusion machinery. The MP-gRNA contact seems
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to remain as the gRNA gets extruded, with the gRNA entering the cell in the 3'–5'
orientation, i.e. effectively backing into the cell.

This infection mechanism requires the capsid to release MP and its attached 
gRNA region at the start of an infection. Facilitating the first steps in this process 
CPs ascribed to the group of transient PSs, i.e. those that are not in contact with the 
CP shell in the mature phage, cluster at one side of gRNA next to the MP (magenta in 
Fig. 4.9b). This removes barriers to partial disruption of the capsid, i.e. the free energy 
of PS-CP contacts, facilitating its coordinated extrusion at the start of the infection 
(Fig. 4.9c). This is important for the downstream processing of the genome. At some 
point a cellular protease cleaves the MP into two fragments presumably freeing the 3'
end for cell entry and subsequent replication/gene expression. The first complete gene 
to enter the cell by this mechanism is the replicase, which cannot be translationally 
repressed because existing CP subunits are excluded from the infected cell. The 
replicase then has access to its 3' gRNA binding site in the UTR and is free to copy 
the genome, potentially also facilitating extraction of the gRNA from its capsid and 
internalizing it into the cell. 

In addition, dissociation of a PS from a CP dimer creates a conformational 
anomaly. The conformation of CP dimers in solution is normally determined by 
binding RNA SLs (PSs) leading to a preferred asymmetry in the conformations of 
the two loops of polypeptide connecting the F & G β-strands in the globular fold 
of each subunit (i.e. creating an A/B dimer). These loops are symmetrical in the 
absence of RNA, so PS dissociation in a capsid leads to a dimer having a conforma-
tional preference that is C/C, but in the phage particle adopting such a conformation 
would destabilize protein–protein interactions in the CP shell and presumably is 
resisted by other CP subunits. The coexistence of energetically similar, mutually 
exclusive states has been described as “molecular frustration” [24–27, 29], and it is 
thought to contribute to their biological functions. Here, gRNA conformations with 
PS-CP contacts present, and absent to enable gRNA reconfiguration within the capsid 
to rearrange, are such molecularly frustrated states. Reversion to the “preferred” A/ 
B conformer in a pentameric facet to relieve local strain in the CP lattice would 
destabilize phage shells. This favors disassembly, and its immediate consequence, 
namely infection. This inference suggests that viral gRNAs play critical roles in 
virion biology from assembly to infection. 

Conclusions 

Many major human pathogens have ssRNA genomes and assemble isometric virions 
using instructions inherent within their gRNAs that require cognate RNA-CP 
contacts. The rapid artificial evolution of similar interfaces between an RNA cargo 
and its encapsidating protein shell implies that there are considerable advantages 
for such regulation. These CP-gRNA contacts play multiple roles in assembly and 
potentially also in infection. Where we have looked across strain variants, the gRNA 
components of this assembly regulation are conserved implying that they, as well
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Fig. 4.9 Molecular frustration within a capsid protein layer could facilitate infection. a MS2 bacte-
riophage CP dimers bind to the highest affinity PS, the TR translation operator, and its two neigh-
bouring PSs located within the gRNA. The single copy MP also binds a specific site close to the 3'
end of the gRNA, forming an extending assembly initiation complex. b Some of the PS-CP contacts 
are transient. CP dimers shown in magenta are not in contact with a PS, but RNA density in their 
vicinity and results from XRF suggest that these contacts could have played a role during virion 
assembly. c MP binds the cellular receptor a pilus extrusion pore and leads the gRNA into its inner 
channel allowing the 3' end of the gRNA, which encompasses the PSs that dissociate in the mature 
phage, to enter the bacterial cell easily. A cluster of CP unbound from PSs close to MP suggests 
that the loss of PS contacts at specific CP positions could contribute to genome release (adapted 
from Chandler-Bostock et al. [10])
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as their binding sites on viral CPs, represent untapped potential DAA targets. Some 
of the mechanistic assembly features enabled by PSs have been probed in detail in 
model and pathogenic viruses. In contrast to RNA phages where the CPs are entirely 
globular, many viral CPs have what have been termed “intrinsically unstructured” 
regions that contribute to gRNA contacts in a flexible way obscuring their presence. 
More complex virions, such as the Human Immunodeficiency Virus [12–14], and 
pleiotropic ones including Covid-19 [41], may also harbor similar RNA-CP contacts 
required to regulate their assembly. Similar PS-mediated contacts could also underlie 
the assembly and functioning of ssDNA viruses such as Adeno-associated Virus 
(AAV), which is a major gene therapy vector [67]. 

Perspectives 

Since the earliest structural studies of relatively simple viruses in the middle of 
the last century, virions have been described as “a piece of bad news” in the form 
of their genomes “wrapped on a protective protein shell” [42]. It might be more 
accurate to describe the shell as a genome coating whose formation is regulated 
by the internal nucleic acid, facilitating its efficient transfer from one infected cell 
to another. Clearly, understanding the features that regulate virion assembly and 
uncoating is important to enable us to make use of a major facet of viral lifecycles, 
namely their cellular tropism. This would enable us to move genetic cargoes into 
and out of particular cell types at will, a goal of modern genetic medicine. We have 
recently shown that assembly features from natural genomes can be transplanted into 
potentially therapeutic mRNAs improving the ability of the latter to act as assembly 
substrates for the original viral CPs, i.e. this transplantation enhances aspects of 
their regulation of assembly. The fact that such transfer is possible reconfirms the 
important properties of these genomic sites. Their relative evolutionary conservation 
also suggests that despite advances in vaccine production, that are extensions of 
work pioneered in the west by Jesty & Jenner starting in the 1700s, DAAs need more 
attention. Treating an infected patient with a drug that directly interferes with highly 
conserved aspects of viral assembly and infection would have huge potential benefits 
for the patient, and significantly reduce their ability to spread infection. After all, 
infectious virions have had a long time to come to terms with, and get around, the 
human immune system whilst at least one of their cognate assembly mechanisms 
has remained hidden until now.
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Chapter 5 
Creating Artificial Viruses Using 
Self-assembled Proteins and Polypeptides 

David Silverio Moreno-Gutierrez, Ximena del Toro Rios, 
and Armando Hernandez-Garcia 

Abstract Viruses are extraordinary entities that have inspired biomolecular engi-
neers to craft artificial versions of them. Recently, multiple efforts have been made 
to design a minimalistic, programmable, safer, and engineerable virus-like entity. 
This has opened the field of viromimetics, which aims to design or engineer macro-
molecules able to self-assemble into nanoparticles and to recreate viral properties. 
Using peptides, polypeptides, and proteins as building blocks, several strategies have 
been implemented to develop artificial viruses. Inspired in the way of how naturally 
occurring viral coat proteins work, peptides and polypeptides have been designed to 
mimic structural and functional properties of simple coat proteins. Other groups have 
repurposed protein cages or evolve them to display virus-like properties. These arti-
ficial virus-like entities are being applied for gene and drug delivery, antigen display, 
vaccine design, and also as a way to understand the fundamental nature of viruses. 

Keywords Viromimetics · Protein polymers · Protein engineering · Viral 
capsids · Viral coat proteins · Viral assembly 

Introduction 

Viruses are remarkable entities that have triggered our curiosity and imagination 
during decades. Generally, they are particles smaller than microorganisms that are 
widely distributed in nature and can infect all domains of life: Bacteria, Archaea 
and Eukarya. The origin of viruses is in dispute [1]. Some people point out that they 
existed since the early stages of life, whereas others suggest that they are genetic 
mobile elements that appeared after life emerged on earth. In any case, viruses are a 
continuous source of inspiration for bionanotechnology [2]. 

Fundamental research about viruses has contributed to understand that the proper-
ties required for a functional viral particle are found in the structural components that
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form the virions [3–5]. This has led to ask if it is possible to create an artificial virus or 
a some kind of synthetic virus-like capsid [6–8]. In the recent years, several research 
groups have been working towards the aim of creating synthetic virus-like capsids. 
They have been designing peptides, proteins and other (macro)molecules that could 
mimic a virus to some extent. This has created the novel area of viromimetics [9–11]. 

In this chapter, we will discuss what viromimetics is and how research groups 
have implemented it through the design and engineering of peptide and protein-
based materials. Particularly, we will focus on the strategies that have been applied 
to imitate key aspects of the viral coat proteins using non-viral peptides, polypeptides, 
and proteins. We will start with a historical perspective to visualize how basic virology 
has assisted to bring us closer to engineer a truly artificial counterpart of a natural 
virus. 

Historical Perspective 

Viruses have been studied during more than 100 years [12]. This has shown us 
that the virosphere, the pool of all viruses found in nature, is incredibly diverse 
Fig. 5.1. Until recently, we have started to understand in striking detail some of 
the fundamental molecular and physical mechanisms of a narrow portion of the 
virosphere. The Tobacco Mosaic Virus (TMV), like other plant viruses, is one of 
the simplest viruses existing in nature. TMV is one of the most studied viruses 
since the dawn of the virology [12]. TMV was firstly studied by Adolf Mayer in 
1886 [13] and later by Dmitri Ivanovski in 1889 [14]. These initial studies lead to 
Martinus Beijerinck to propose in 1898 the existence of a biological entity smaller 
than bacteria, which he named as “contagium vivum fluidum” or “virus” [15, 16]. 
Later on, TMV played a crucial role to establish the foundations of virology by 
serving as a model system to address key questions about the biological and physical 
nature of viruses [17]. All this led to understand key aspects about viruses: viral 
coating, capsid architecture, assembly and disassembly mechanisms, replication of 
viruses, budding, release from cells, and others [4]. As new viruses were being 
discovered and studied, they enriched the initial knowledge about viruses.

The accumulation of knowledge in virology allowed the engineering of viruses and 
their technological application [18]. One great example of virus engineering are the 
virus-like particles (VLPs), which are created by the remotion of the genome from the 
interior of viral particles. These emptied virions can be filled up with foreign nucleic 
acids or any other molecule, or just used as templates. VLPs are commonly used as 
gene delivery vectors [19, 20] and carriers of small drugs, but can also encapsulate 
proteins, metals, polymers, nanoparticles, and others. This capacity to wrap and 
deliver a wide range of cargos has made VLPs workhorses for bionanotechnology 
[2, 21, 22]. With the arrival of novel molecular biology tools, it was possible to 
engineer capsid proteins and the inner and outer surfaces of viral particles. This 
quickly benefited the creation of the field of “synthetic virology” [21] which aims
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Fig. 5.1 Virosphere shows a large diversity in composition, size, shape, and molecular design. 
a Tobacco Mosaic Virus (TMV) (PDB: 2TMV). b Cowpea chlorotic mottle virus (CCMV) (PDB: 
1ZA7). c ZikaVirus (PDB: 5IRE). d Adeno-associated virus (AAV) (PDB: 7RWL). e Polyoma virus 
(PDB: 5FUA). f Ebolavirus (PDB: 5Z9W). g T7 bacteriophage (PDB head: 2XVR & tail: 6R21)

to create more efficient versions of VLPs for various applications in biotechnology, 
biomedicine, material sciences and other disciplines [18]. 

The recognition of inherent limitations in the applicability of natural and engi-
neered VLPs motivated the idea of creating an “artificial virus”. The term “syn-
thetic virus-like gene-transfer system” was first mentioned in the 90s [7, 23] and 
was proposed for achieving highly efficient non-viral gene therapy. In this report, 
a short peptide sequence derived from a virus coat protein was incorporated into 
polylysine-DNA complexes and helped to disrupt cell endosomes and promote the 
gene transfer. After this, other groups started to mimic functionalities of real viruses 
in their DNA-polymer complexes by incorporating functional viral sequences into 
non-viral gene transfer agents [24, 25]. With the time, and upon the observed success, 
research groups stepped away from using viral parts and tried to recreate viruses using 
non-viral macromolecules. 

What is a Virus? 

To understand how a virus can be physically imitated, first we need to specify what 
a virus is. Looking at the virosphere [26], we can conclude that all viruses are 
obligate intracellular parasites that have been fine-tuned by evolution to deliver their 
genomes (DNA or RNA) into host cells (infect) and replicate by hijacking the cellular 
machinery to make new copies of their genome and structural components. In order 
to replicate and create new fully functional viral particles, multiple steps of the so-
called viral cycle are required to be accomplished (Fig. 5.2). The steps in the viral 
cycle include: (i) survival intra-organism circulation and reaching the target tissue
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Fig. 5.2 Idealized viral cycle showing various of the required steps that a virus needs to infect a 
host cell and replicate 

(for plant and animal viruses), (ii) attachment and binding to the target cell, (iii) 
permitting cell entry, (iv) endosomal escape, (v) transportation along the cell in the 
cytoplasm, might be directed to the nucleus, (vi) disassembly and genome releasing, 
(vii) expression of the non-structural and structural protein components and synthesis 
of new genome copies (molecular replication), (viii) genome packing and assembly 
of the new viral particles, and (ix) particle release from the cell. 

The virosphere also shows how diverse and distinctive viruses can be in terms of 
their physical and chemical features (size, shape, architecture, composition, design, 
and functionality of the viral components) (Fig. 5.1). In physical terms, viruses are 
nanosized particles with a nucleic acid molecule (RNA or DNA) in their interior. 
In chemical terms, viruses are composed, at least, by a protein with self-assembly 
capabilities, which encapsulates a genetic cargo into a highly organized and regular 
coating lattice [3, 27–32] (Fig. 5.3). The viral coating forms nanoparticles that are, 
strikingly, very regular in shape, size, composition, and assembly mechanism and 
have determining consequences in the practical application of viruses or VLPs [29, 
33]. Also, they served as a source of inspiration for designing and engineering an 
artificial virus-like counterpart.
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Fig. 5.3 RNA viruses are composed at least by a viral coat protein that self-assembles into nano-
sized capsids which encapsulate a nucleic acid molecule. Viral nanoparticles (top) and coat proteins 
(bottom) of a CCMV (PDB: 1ZA7), b TMV (PDB: 2TMV) and c AAV-2 (PDB: 1LP3). Viral coat 
proteins determine many viral properties such as self-assembly, organization, shape, size, among 
others 

Size 

Viral particles span a wide range of sizes that can go from just a few to hundreds of 
nanometers (10–1200 nm). For example, icosahedral plant and mammalian viruses 
such as cowpea chlorotic mottle virus (CCMV), adeno associated virus (AAV) and 
adeno virus (AdV) have capsids with 24–28 [34, 35], 25 [36], and 70–100 nm in 
diameter [37], respectively. TMV and the animal-infective Ebola virus have an elon-
gated rod-shaped capsid with dimensions of 15–18 × 280–300 [5, 38] and 80 × 
600–1400 [39, 40] nm, for diameter and length, respectively. 

Shape 

Among all the variety of viral morphologies, the icosahedral and cylindrical (elon-
gated rod-like particles) ones are the most representative and common. However, 
geometries different from the icosahedral and cylinders are also found. The poxvirus 
Vaccinia virus (VV) has bricked-shaped enveloped particles with a length, width 
and thickness of roughly 220–450, 140–260 and 140–260 nm, respectively [41]. 
The lentivirus human immunodeficiency virus (HIV) has a conical capsid enveloped 
into a spherical particle of about 100 nm in diameter [42, 43]. The herpesvirus has 
a unique structure made up of four-layered nanoparticles with a total diameter of 
∼ 210 nm [44, 45]. Its core contains the dsDNA, followed by an icosahedral capsid 
of 125 nm, then a proteinaceous irregular matrix called tegument, and finally a lipid 
bilayer.
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Composition 

The capsids of the simplest viruses, such as TMV and other RNA plant viruses, only 
need of a single type of protein to encapsulate their genome. In contrast, viruses such 
as AAV and AdV have capsids composed by several types of proteins. Furthermore, 
other viruses have a more complex composition. Some wrap their capsids in a lipidic 
membrane constituted by components derived from the host cell where the virus is 
produced (e.g., Ebola and HIV). 

Why to Design an Artificial Virus? 

The interest to design an artificial version of a virus is mostly motivated by technolog-
ical reasons, however designing an artificial virus also aims to answer fundamental 
scientific questions. Regarding the latter, the designing of an artificial version of a 
virus could be a way to discover novel and important properties or features of viruses. 
Also, artificial viruses could work as model systems to prove and test our current 
knowledge about viruses. The engineering of a molecule that could imitate a viral 
coat protein could be used to confirm how viral coat proteins work and how viruses, or 
at least simplified versions of them, are formed and have emerged, perhaps shedding 
some light into their origins. For example, nucleocapsids optimized by evolution 
in laboratory support the hypothesis that ancient viruses may have emerged from 
sub-cellular protein compartments and help to understand evolutionary assembly 
pathways [46, 47]. 

From a technological standpoint, the engineering of artificial viruses could over-
come fundamental limitations that have been found in natural VLPs and lead to 
the development of more applicable artificial viruses. If we could artificially imitate 
the molecular mechanisms that make viruses to have a higher success rate of cargo 
delivery, then, we could develop efficient delivery systems. Also, an artificial VLP 
made of simpler building blocks could be easier to tune its physical, chemical, and 
biological properties. The generation of better and programmable genetic carriers 
can be achieved by creating a simplified artificial virus-like entity that incorporates 
the versatile and fine control mechanisms that viruses exert to enter the cells and 
replicate. The latter idea is very relevant considering that there is still an unmet 
demand of efficient carriers for attending genetic diseases. As we will see later, there 
are already several remarkable examples of how it is possible to design artificial 
virus-like coatings and how could they be developed into fully artificial viruses.
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Viral Coat Proteins 

Intensive virology research, especially on TMV and other simple plant RNA viruses, 
has made clear that the coat protein is the minimal component that carries the basic 
functionalities of a virus [3, 5, 28, 32, 48–51] (Fig. 5.3). The coat protein is respon-
sible for the most commonly recognized property of viral capsids: to encapsulate the 
genome into a nanoparticle and protect it from environmental degradation. The capsid 
is a physical barrier between the viral genome and the environment and ultimately 
contributes to determine the fate, interactions, and stability of the viral particles. The 
physicochemical properties of the assembled viral particles such as shape, size, and 
surface charge are encoded in the coat protein. Eventually, the coat proteins partic-
ipate in the release of the genome into the cytoplasm for its later expression and 
synthesis of new copies of the structural proteins and the genome itself. 

Packaging and Condensing Its Genome 

The viral coat proteins play the main role during the recognition and assembly 
into functional viral nanoparticles of the newly synthetized genome copies [3, 48, 
52]. During this process, electrostatic interactions between the genome and capsid 
proteins are the main forces that drive the assembly [53–55]. Many viral capsids have 
cationic residues at their inner surface to efficiently condense their genomes inside 
them [54, 56]. The charge neutralization helps to reduce the repulsion between the 
negatively charges of the phosphate backbone of the nucleic acids during packaging. 
For some viruses, the interactions between capsid proteins and the genome can be 
sequence-specific and might be crucial at the time of assembly. Moreover, viruses 
have many ways to pack their nucleic acids into the capsids. While some of them 
might need the viral genome to template the assembly, other pack their genome in 
pre-formed capsids [57]. The latter involves the intervention of specialized enzymes 
that actively select the viral genomes and introduce them into the capsids [37]. 

Surface Zeta Potential 

The surface charge or zeta potential of viral nanoparticles is related the coat protein 
in simple viruses [58]. This is an important factor that affects the colloidal stability, 
biodistribution, and the ability to evade immune system recognition by viruses [59]. 
The general dividing line between stable and unstable particles in suspension is 
generally taken at either +30 or −30 mV of zeta potential [60, 61]. Generally, 
particles positively charged externally are internalized faster by cells, however it 
is also correlated with a higher cytotoxicity [62]. Therefore, many viruses have 
evolved to have a negative external surface in physiological conditions [58]. In fact,
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enveloped viruses have a negatively charge surface because the lipidic envelope is 
derived from the negatively charged cellular membrane. Although the overall surface 
charge of a virus might be negative, cationic regions are still present in the ligands 
or glycoproteins used for cell attachment and entry. This localized cationic charge 
density have major implications in viral tropism [59, 63, 64]. 

What is Viromimetics? 

The accumulation of fundamental knowledge about the molecular footprint of viruses 
and the successfully engineering of VLPs has led to ask if is possible to design an 
artificial virus. In this respect, basic research about viruses and VLPs has contributed 
to understand that the properties required for a minimally functional virus-like entity 
are molecularly encoded, fundamentally, in the viral coat. This has been supported by 
the observation that polyplexes deploying components taken from viral coats have 
enhanced delivery capabilities. Therefore, the answer to the question necessarily 
involves at least the design or engineering of a (macro)molecule able to imitate the 
basic properties of viral coat proteins [6]. Following this, VLPs cannot be considered 
as artificial versions of viruses because they are viruses that have been emptied of their 
genomes (hollow viral capsids). A truly viromimetic entity requires to be fabricated, 
completely or to a large extend, with non-viral components exhibiting properties 
associated to the virosphere [65]. 

Viromimetics can be defined as the scientific efforts aiming to design or engi-
neer (macro)molecules mimicking physical and functional properties of viruses. To 
better understand this definition, we can refer to definitions of related concepts. A 
“viromimetic structure” has been defined as “a system that emulates very well the 
structural and functional properties of natural viruses from the aspects of capsid 
formation, genome package and gene transfection” [66]. Likewise, “virus-inspired 
nanosystem” has been defined as the one that “simulates the original composition 
and topological structure of viruses but have editable properties” [11]. 

The central idea of all the definitions about viromimetics is the capability to design 
components that mimic or emulate viral-like properties. A viromimetic entity needs 
to display shape, size, surface organization, self-assembly, particle stability among 
other properties, similar than viruses. Besides the physical properties, it also needs to 
have functional viral properties such as specific cell entry, disassembly, subcellular 
localization, and distribution, and, ultimately, make more copies of itself. Further-
more, other desirable feature of a viromimetic system is that it must be engineerable 
and allow its programming and tuning. 

In a technological and practical context, artificial viruses could help to over-
come the low transfection efficiencies inherent to the current non-viral gene delivery 
systems. In this sense, virus-like nanostructures built by viromimetics aim to maxi-
mize their transfection and delivery capabilities of gene-based drugs for achieving 
a desired therapeutic effect. So far, most of the efforts in viromimetics have 
been focused on attending limiting functional factors of available vectors for gene
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delivery. For example, increasing and promoting cell entry [67–69], targeted delivery 
[70–73], endosomal escape [7, 69, 74–76] and responsive delivery [66, 77]. However, 
viromimetics is also addressing physical and chemical properties [65, 78–80] such 
disassembly capabilities [77] and nuclear import of the cargo [73], with the aim 
of enhancing the efficiency of artificial virus-like vectors while also boosting their 
specificity and safety. 

To date, there are just a few examples that greatly mimic virus-like assemblies, 
properties and structures [65, 81, 82] (mainly with spherical shapes in range of 
sizes in the sub-micron scale). However, most of them still lack of robust functional 
properties and thus, their transfection and delivery efficiencies are low or have not 
been tested yet. Even so, they are promising starting points for building systems with 
cumulative viral properties and for creating streamlined genetic vectors. 

How Can We Fully Imitate a Virus? 

The answer to this question passes through the design or engineering of a 
(macro)molecule that is able to (i) encapsulate DNA/RNA into nanoparticles, (ii) 
enter cells and, importantly, (iii) replicate their components and assemble inside of 
cells. Many groups have reported molecules forming virus-like capsids, however, 
none have been demonstrated that after uptake by a cell, they could generate new 
particles (replicate) inside the cell, and thus they cannot complete the whole viral 
cycle described above. 

Some of the reported viral-inspired molecules have severe inherent restrictions 
to ultimately replicate and, thus, fully imitate a virus. Some examples of the type 
molecules are: dendrimers [83], “classic” polymers [84–86], lipids [87, 88], inorganic 
nanoparticles [89, 90], metal organic frameworks [91] and hybrids [7, 86, 90, 92–97]. 
Indeed, there are remarkable examples of lipids and polymers that form complexes 
with nucleic acids and efficiently enter cells and deliver their cargo. However, due to 
their chemical nature, they cannot be synthesized from the universal genetic code; 
thus, they cannot ultimately replicate inside a cell. Likewise for other inorganic 
and organic materials (e.g., dendrimers, carbon nanotubes, etcetera). Even DNA 
nanoparticles that have achieved strong cell transfection [98] cannot replicate inside 
a cell because they are made of single stranded DNA and require non-biological 
temperatures to be formed. 

Since synthesis of amino acid chains can be encoded genetically, proteins and 
(poly)peptides are the most viable option for developing a fully artificial virus. 
This redraws the original question into how to imitate a virus using proteins and 
(poly)peptides. Indeed, already have been reported virus-like nanostructures based 
on proteins [69–71, 75, 76, 82, 99–104], polypeptides [65, 68, 70, 72, 73, 80, 105, 
106] and peptides [66, 68, 107, 108]. Taking this into consideration, the question of 
how to imitate a virus can be simplified by restating the question as the following: 
how can we design a protein or (poly)peptide containing the minimal distinctive viral 
features?
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Mimicking Strategies 

Several approaches have been evaluated to design a peptide, polypeptide or protein 
that mimics physical features and functional properties of viruses. The most common 
strategy has been to put together functional peptide sequences [27, 65, 66, 80, 82, 
100, 104]. This modular approach can be exploited to append all the required func-
tionalities (encoded in various peptide sequences) needed to obtain a minimal virus-
like coat [65, 66, 74]. By appending novel peptide sequences rationally designed, 
the final sequence increases its complexity. This approach has proved to be simple 
and effective. Inspired by the coat protein of the TMV, the most common molec-
ular design incorporates at least three functionalities into the final sequence: (i) 
nucleic acid binding, (ii) particle self-assembly, and (iii) colloidal stability [65] 
(Fig. 5.4). 

Besides using peptide sequences, a different approach uses proteins. A common 
strategy uses protein cages, which already form structures similar to a virus coat 
[82], and repurpose them to package and deliver nucleic acids [99, 104], via domain 
addition or mutagenesis. In contrast to the previous approach, proteins that display 
viral functionalities can be computationally designed from scratch [77, 99, 102, 104, 
109–111]. In order to create virus-like structures, this approach has to deal with the 
hard problem of the protein folding. Perhaps advanced algorithms such as AlphaFold 
[112] will allow protein designers to move forward enough to be able to design novel 
virus-like proteins from scratch.

a b 

90o 90o 
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Fig. 5.4 Viral coat protein  from  TMV.  a Protein sub-unit of TMV carry both structural and biolog-
ical functionalities. Each circle indicates regions involved in colloidal stability (blue), self-assembly 
(purple) and RNA binding (red). b Lateral view from the TMV assembly highlighting three stacked 
protein sub-units. c Different views of the protein–protein interaction in the viral assembly 
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Nucleic Acid Binding 

Nucleic acid binding represents the most basic function of a virus-like particle 
[3, 48, 51, 52, 113]. The most common way that viruses bind and pack their genome 
is through electrostatic interactions of cationic amino acids (arginine, lysine and histi-
dine) [53, 55]. Many viromimetic strategies incorporate long stretches of cationic 
amino acids in the polypeptide chain to achieve DNA or RNA binding [65, 66, 
68, 75, 80, 100, 114]. Although using electrostatic interactions is a very ubiquitous 
strategy, it presents several limitations. Firstly, they lack specificity for particular 
sequences of DNA/RNA or even for nucleic acids at all. This means that the artifi-
cial viral coat molecule won’t be able to encapsulate efficiently the intended DNA 
or RNA in the presence of other polyelectrolytes, heavily limiting their capacity to 
replicate inside a cell [115, 116]. If the interest is just to use it as delivery system, 
this approach is enough (although large stretches of cationic amino acids could 
be toxic to cells [117]). However, using peptides with specific binding affinity for 
DNA/RNA sequences could offer the possibility to achieve a replicative virus-like 
particle [74, 118–120]. This is because after new copies of the genome and the struc-
tural components have been made, they can assemble together into new functional 
particles. 

Particle Self-assembly 

The viromimetic protein needs to encapsulate its genome in some kind of complex or 
particle in order to provide protection and enter the target cell [3, 30, 32, 121, 122]. 
The protein needs to establish interactions with other protein units to self-assemble 
into particles. The common way to achieve this has been by using hydrophobic 
sequences [30, 50, 122]. The utilization of sequences rich in nonpolar amino acids 
permit aggregation and self-assembly [65, 66, 68, 73, 75, 123–126], and depending 
on the kind of self-assembly process, the resultant nanoparticle could be highly 
regular and organized. 

Colloidal Stability 

A third functionality minimally required is the colloidal stability of the assembled 
particles between the protein and the nucleic acid [65, 73, 123, 127–129]. The formed 
virus-like nanoparticles need to be stable enough to remain soluble in aqueous solu-
tion and in presence of other components, otherwise they will precipitate and won’t 
be functional.
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Other Functionalities 

It is clear that a fully viromimetic protein needs to achieve more functionalities to 
complete the whole viral cycle previously depicted [27, 64, 130–132] (Fig. 5.2). 
So far, there are very limited examples of proteins designed or engineered to carry 
advanced tasks. We believe that in the near future there will be more reports into 
mimicking further steps of the viral cycle. 

Viromimetics with Peptides and Polypeptides 

The peptides were one of the first building blocks used in viromimetics because 
of their short length and sequence simplicity (Fig. 5.5). The first viral-mimicking 
peptides were rationally designed based on the prediction of structure and func-
tion from scratch using bottom-up and modular approaches. Spurred by the need of 
achieving efficient gene delivery vectors, many designed peptides aimed to provide 
efficient nucleic acid complexation, cellular uptake, and the release of the genetic 
cargo inside targeted cells. However, other viral properties, such as replication, 
needed for a larger imitation of viral properties have not been explored yet. The 
physicochemical properties of the amino acid repertory have played a critical role in 
the attempt to mimic basic functionalities of the simplest viral coat proteins (nucleic 
acid binding, self-assembly and colloidal stability) (Fig. 5.5a). In this sense, cationic 
amino acids are chosen for nucleic acid binding, while amphipathic sequences are 
used for self-assembly and colloidal stability.

The “KALA” peptide (WEAKLAKALAKALAKHLAKALAKALKACEA) was 
the first synthetically designed sequence that enabled the condensation of DNA [134]. 
This peptide forms an α-helix secondary structure which exposes cationic lysines on 
one side and nonpolar leucines on the other. The amphipathic nature is the main 
driving force for self-assembly and colloidal stability in the KALA peptide. The 
solubility at physiological pH is enhanced by the presence of one glutamic acid 
residue at each end of the helix. Moreover, the lysine-rich regions are responsible for 
electrostatic interactions with the DNA. Further modifications have been made and 
have resulted in the RALA and GALA versions of the peptide. They have improved 
endosomal escape, biocompatibility, stimulus responsive disassembly and overall, 
higher transfection efficiency [68, 76]. There are other examples of peptides that 
have used other types of cationic-rich sequences for nucleic acid binding. Some 
examples include poly-lysine, arginine-rich peptides and even some natural binding 
domains from proteins such as histones [74, 101, 135, 136]. For self-assembly, α-
helical coiled coils, silk-like, and elastin-like sequences have provided the amphi-
pathic nature needed, and can also show responsive properties [73, 105, 106, 109]. 
Moreover, multifunctional peptides have been obtained by the addition of amino acid 
residues for cell targeting, nuclear localization, membrane fusion (cationic residues 
such as histidine, which promote the proton sponge effect for endosomal escape),
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a 

b 

Fig. 5.5 Examples of modular peptides and polypeptides designed for gene delivery and viral 
mimicking. a Examples of peptides modularly designed using different blocks with specific 
viromimetic functions that self-assemble with nucleic acids into virus-like particles. The func-
tion of each block is color coded. MPG: cell penetrating peptide derived from HIV GP41 Protein. 
SV40: nuclear localization signal from Simian Virus 40. H1: histone 1 DNA binding domain. 
H5WYG: fusogenic peptide derived from influenza virus. GP41: HIV GP41 derived fusogenic 
peptide. GALA: fusogenic peptide. H2A: histone 2 DNA binding domain. CS: cleavage site of 
cathepsin D protease. HER2: synthetic peptide targeting HER2 receptor. LLO: endosomolytic pore-
forming protein Listeriolysin O. PN: protamine DNA condensing peptide. TAT: HIV TAT derived 
peptide. Mu: DNA binding domain. AF: affibody ZHER2 towards HER2 receptor (references: [70, 
74, 75, 101, 120, 133]). b Modular design of viromimetic polypeptide CSB. CSB polypeptide is a de 
novo designed TMV-inspired coat protein that assembles with DNA into rod-like nanoparticles [65] 
(top). Substitution of the DNA binding “B” block by a dimerization domain FRB heterodimerizes 
with a dCas12a-FBKP in presence of rapamycin. This complex recognizes specific sequences on 
DNA to initiate assembly [47] (bottom)

and responsivity to environmental stimuli, which allow the disassembly of peptide 
aggregates in specific physicochemical conditions such as potential redox and the 
presence of specific proteases [68, 70, 74, 75, 101, 120, 133]. 

Given the fact that the examples of peptides mentioned here were designed for 
nucleic acid delivery purposes rather than viral mimicry, little attention has been 
paid to other important viral properties. The design of peptides intended for use 
as truly viral mimetic vectors needs to assure that they recognize specific nucleic 
acid sequences and package them in an ordered structure. Until recently, viral 
mimicking based on polypeptides has adopted a more comprehensive design to 
address these aspects. One example is the control of the size and shape of the nanopar-
ticle by modulating the strength and length of the hydrophilic vs hydrophobic blocks 
[136–138]. More recently, inspired by the functional design of the TMV coat protein, 
a modular triblock polypeptide called “CSB” was rationally designed by playing with 
the length of the colloidal, assembly and DNA binding modules [65] (Fig. 5.5b). The
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polypeptide CSB forms rod-shaped nanostructures with colloidal stability (“C”), self-
assembly (“S”) and nucleic acid interaction (“B”) properties. This is one of the first 
examples of a designed artificial nucleocapsid containing one genome per particle. 
CSB was later modified to allow the nucleation of its assembly at specific nucleic 
acid sequences. This was achieved by substituting the dodecalysine “B” block for 
an inactivated form of the CRISPR-Cas system [47]. This is an example of how to 
program a versatile polypeptide system to encapsulate genomes in a specific manner 
and further engineer it into a more complete form of artificial virus. 

Viromimetics with Proteins 

Another fruitful approach to mimic the structural properties of viral capsids uses 
non-viral proteins as base. A straightforward way to obtain an artificial virus 
is to take available natural proteins that already self-assemble into nanometric 
compartments or cages and turn them into virus-like particles using protein engi-
neering methodologies [139] (Fig. 5.6). Proteins have been conferred with nucleic 
acid binding by making their inner surface more cationic or by the conjuga-
tion with nucleic acid binding domains. Moreover, protein particles have been 
further engineered to protect and specifically encapsulate its own genome through 
in vitro directed evolution [46, 103, 139] (Fig. 5.6a). Examples of natural protein 
cages are ferritin, heat shock proteins, encapsulins and other bacterial enzymes 
that naturally form icosahedral nanoparticles similar to viruses [69, 77, 140]. 
However, some limitations of these protein nanocages includes their high level of 
porosity.

Another approach is to de novo design proteins that self-assemble into nanocages 
or compartments. In this approach, the icosahedral structure of viral capsids has been 
imitated using non-viral proteins, of any kind, that were designed from scratch to form 
dimeric, trimeric or pentameric building blocks [141, 142] (Fig. 5.6b). One can play 
with the symmetry of the building blocks and fuse them into a specific and oriented 
fashion, so they can spontaneously self-assemble into icosahedral nanostructures. 
Following this strategy, have been designed symmetrical macromolecular hollow 
icosahedral cages composed of 120 protein subunits with size of 24–40 nm [142]. 
In a similar fashion, it was designed a 30 nm particle by fusing three non-viral 
components (a pentamer, a trimer and a dimer) into a single chimeric protein to yield 
a 60-subunits icosahedral cage [141]. Other artificial nanocages have been engineered 
to display stimulus responsive disassembly to changes in the pH or as an allosteric 
effect [110, 111]. Moreover, they also have been subject to in vitro directed evolution 
to form particles that are able to encapsulate its own RNA genome [82], in spite, the 
protein nanoparticle interacts with nucleic acids in an electrostatic non-specific way. 

Although there are a few extraordinary successful examples of virus-like 
protein nanocages designed from scratch, this approach requires high computational 
resources, and the rate of success is still modest. In the last decade, the report of 
designed nanostructures related to artificial viruses has increased. So far, many viral 
properties such as a highly ordered structure, self-assembly, nucleic acid binding,
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Fig. 5.6 Examples of viromimetic particles based on natural multimeric proteins. a In vitro evolu-
tion of a bacterial enzymatic nano-capsule into an artificial nucleocapsid able to encapsulate its 
own genome. Four rounds of in vitro evolution were done. Each structure moving to the head 
(left to right) of the black arrow represents the particles obtained after each round of evolution 
[103]. b Building of a nucleocapsid using pentameric and trimeric proteins as building blocks. The 
design is based on the icosahedral geometry considering the fivefold and three-fold symmetry axis. 
Pentameric and trimeric domains serve as building blocks that are fused into a single that its able 
to self-assembly into icosahedral particles. This example was also subject to in vitro evolution to 
be able to encapsulate its own genome [82]

specific genome recognition, cell targeting, endosomal escape, and “smart” disas-
sembly have been successfully imitated, but combining all of them into a single struc-
ture is still challenging. To address this challenge effectively in the field of protein 
design, it is required to combine cutting edge technologies in protein engineering and 
structural biology. Tools like in silico structure prediction, high throughput cloning, 
expression, and purification, are needed to increase the rate of success of all these 
protein designs. In the years to come, more complex and sophisticated designs will 
emerge that will resemble more closely viral particles and that could be defined with 
certainty as artificial viruses.
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Perspectives for Viromimetics 

The creation of the frontier discipline of viromimetics has benefited from the combi-
nation of fundamental knowledge obtained from virology and the technological appli-
cation of viruses. Important advances in the understanding of virus mechanisms to 
assemble, to deliver their genome and to interact with host cells, have given new 
perspectives of how to engineer or design de novo non-viral peptides, polypeptides, 
and proteins to form artificial VLPs. This has led viromimetics to achieve important 
milestones in the recent years. Viromimetics has succeeded in the creation of several 
nanoparticles displaying properties that closely reassemble viruses. However, to keep 
moving forward, viromimetics will have to keep looking closely into what viruses are 
doing and find ways to implement those natural strategies into their building blocks. 
Viromimetics will have to establish compelling strategies and clear designing rules 
inspired in viruses to keep advancing the field. Besides this, it is needed to find ways 
to combine multiple advanced viral features into a single building block or into a 
single carrier. 

Viromimetics has the capability to generate uniform gene carriers with predictable 
surface properties and transfection capabilities, enhancing the delivery efficiency of 
therapeutics and imaging agents, among others. Thus, it is expected that the virus-
like particles created following viromimetic principles will have a huge impact in the 
field of gene delivery and in other practical applications. Exploitation of sophisticate 
viral mechanisms could open new opportunities to maximize their efficiency and 
therapeutical effects. The latter is truth if advanced viral properties, such as dynamic 
and stimulus-responsive oligonucleotide release, programmable targeting and even 
replication, are carefully crafted into the artificial viral particles. Other strategies that 
can be exploited are the use of proteins to stabilize the initially formed nanoparticle, 
like the cementing protein IIIA of AdV linking several coat proteins [143]. 

It has become clear that engineering artificial viruses that incorporate molecular 
strategies taken from viruses has led to increase their delivery capabilities. However, 
in the future molecular evolution of peptide- or protein-based artificial viruses can 
be used to create novel properties. Darwinian evolution has driven viruses to trans-
fect host cells with their DNA or RNA genome with high efficiency. Using this 
approach, it could be possible to evolve genetically encoded replicative artificial 
viral coat proteins to form particles that show high transfection efficiencies in specific 
tissues or environmental conditions, or to surpass physiological barriers such as the 
brain blood barrier. In this sense, viromimetics offers exciting possibilities to “maxi-
mize” desirable properties for technological applications. In the coming years, many 
important milestones will be achieved that will put us close to obtain truly artifi-
cial viruses that could be used for many biotechnological, biomedical, and material 
science applications. 
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Chapter 6 
Construction of Higher-Order 
VLP-Based Materials and Their Effect 
on Diffusion and Partitioning 

Nathasha D. Hewagama, Pawel Kraj, and Trevor Douglas 

Abstract In spite of their role as harmful infectious entities, viruses have gained a 
significant research attention as they can be exploited as nanomaterials for biotech-
nology. The self-assembly of viral structural proteins give rise to diverse, robust, 
well-defined virus-like particle (VLP) architectures that can be manipulated for mate-
rial synthesis. They have been explored to impart functionality creating biomimetic 
nanoreactors, as well as modular units in building three-dimensional (3D) hierar-
chical assemblies. These supramolecular structures exhibit collective properties and 
behaviors beyond single particles, including porosity and net surface charge, that 
can be exploited to tune the diffusion and partitioning of reaction components and 
thereby control biochemical processes. In this review, we focus on the use of VLPs 
as building blocks for hierarchical 3D materials, molecular diffusion and partitioning 
within the VLPs and VLP-derived 3D assemblies. 
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Overview 

Viruses 

Viruses and virus-like elements are by far the most abundant biological entities on 
the planet [47]. They are ubiquitous submicroscopic infectious agents that thrive and 
multiply on living host cells, across all domains of life. They comprise either (or 
both) a proteinaceous or lipid-based shell, a capsid, enclosing and protecting their 
genetic material, either DNA or RNA. These invisible invaders can cause deadly 
diseases [17], including human immunodeficiency virus-acquired immunodeficiency 
syndrome (HIV-AIDS), Ebola virus disease, smallpox, and severe acute respiratory 
syndrome (SARS) among many others, altering the environment we live in continu-
ously. Even though viruses have been traditionally recognized as harmful entities due 
to their role as infectious agents [23], studies of viruses have historically provided 
valuable insights into understanding biochemical processes [30]. 

Viruses and Virus-Like Particles (VLPs) in Biotechnology 

In a new paradigm viruses have emerged as useful synthetic nanoplatforms for a 
range of hard and soft materials applications within material science and medicine 
[12, 18, 20, 21, 61], rather than purely agents of disease. From a material science 
point of view, they are a remarkable class of building blocks with diverse shapes and 
sizes and an inspiration for creating a wide variety of functional biomimetic materials 
at a range of length scales when they are utilized as non-infectious shells [3, 8, 80, 
91, 94]. Viral structural proteins can be utilized to self-assemble non-infectious shell 
structures, or virus-like particles (VLPs), that are nearly identical to the native virus 
structures but devoid of genetic material [3, 21, 29]. Protein cage architectures found 
in nature, including VLPs, inspire the design and synthesis of novel materials by 
taking advantage of their biocompatibility, conformational flexibility, homogeneity, 
symmetry, and our synthetic ability to fine-tune the structure and function [3, 36, 84, 
85]. Because of these inherent properties of VLPs, they have found application in a 
range of fields including drug delivery, catalysis, immunology, biotechnology, and 
energy [8, 61, 77, 79, 96]. 

Virus capsids are macromolecular containers, where the interior, exterior, and 
the interface between the capsid subunits provide interfaces for a range of synthetic 
manipulations without losing the cage-like architecture [21]. The interior of the 
VLPs has been utilized to encapsulate a range of guest molecules via numerous 
encapsulation strategies [9, 16, 22, 27, 66, 69, 70]. One example is the use of VLPs as 
nanoreactor vessels by encapsulating enzymes, or even multiple enzymes catalyzing 
reaction cascades [9, 26, 35, 65]. The cage interior has been utilized not only to 
explore catalysis by enclosing the enzymes in confined environments but also as 
a recovery vessel for sequestering and solubilizing proteins, which can otherwise
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become aggregated and inactivated [71]. Cargo protection and stability are two other 
phenomena that are offered through encapsulation inside the VLP cages. 

The exterior surfaces are often used by viruses to display certain functionalities 
required for the host cell-specific targeting and avoidance of host defense mecha-
nisms [3, 21]. Inspired by these designs, the particles derived from bacteriophage 
P22, MS2, and Cowpea mosaic virus (CPMV) with decorated exterior surfaces have 
been used as potential tools for therapeutic delivery [11, 28, 45, 86]. Multivalent 
and highly symmetric presentations of fusion moieties can be obtained using a 
variety of methods, including genetic modifications and covalent or non-covalent 
conjugations. Modifying the exterior surfaces of the particle also plays an impor-
tant role in constructing higher-order cage assemblies and the fabrication of bulk 
three-dimensional (3D) materials [2, 3, 10, 83, 88, 91]. 

Understanding the protein–protein interactions at the subunit interfaces provides 
insight for the design of materials [48, 62] taking advantage of the structural 
symmetry and dynamics of these cage-like structures including the assembly of 
subunits into particles and the pleomorphism of capsids. Baker and coworkers have 
demonstrated the construction of such particle systems by combining computational 
simulations and genetic constructions [4, 38, 39]. The accuracy and control of such 
designs in creating highly ordered and homogenous protein cage-like nanostructures 
could shape the future of custom-designed advanced materials with a broad-spectrum 
of applications. 

The protein cages derived from VLPs serve as ideal robust macromolecular 
templates for crafting bioinspired and biomimetic materials across multiple length-
scales. In this review, we focus on the 3D higher-order structures derived from the 
assembly of multiple VLPs, the diffusion of molecules across the pores of the parti-
cles and the channels within the VLP assemblies, and the partitioning of reaction 
components and their impact on the functionality of the VLP-derived materials. 

Higher-Order Structures Derived from VLPs 

Biological Composites 

Self-assembly of molecular building blocks over multiple length scales gives rise to 
diverse hierarchically organized biomaterials with complex structural and functional 
properties found throughout living systems [76]. In determining bulk material prop-
erties, structural hierarchy serves as an important factor as the molecular building 
blocks can endow collective properties and behaviors in the assembled structure 
that are beyond the individual units [3, 90]. Nature provides many examples which 
exhibit this hierarchical phenomenon. Nacreous shells made of calcium carbonate 
and protein, bone and teeth made of hydroxyapatite and collagen, and bamboo 
made of cellulose fibers embedded in a lignin matrix, are some classic examples 
of high-performance biological composite structures with hierarchical organization
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and collective properties beyond those of the individual components. The assem-
bled structures possess advanced mechanical properties like stiffness, strength, and 
toughness, which are poorly seen in their building block components [6, 54]. Many 
studies have been dedicated to understanding the underlying design principles of 
these hierarchical composite structures and implementing them to develop better 
biomimetic materials and devices. 

VLPs as Building Blocks for Synthetic Hierarchical 
Assemblies 

Viruses are a unique class of naturally occurring supramolecular structures, which 
are self-assembled from a limited number of subunit macromolecular building blocks 
generating highly organized architectures. VLPs, having cage-like structures, are an 
excellent choice as modular building blocks in constructing higher-order architec-
tures as they offer unique advantages. They are chemically and mechanically robust 
structures. Genetic programmability of proteins, and therefore homogeneity of the 
expressed cages, is a critical feature of a building block component in constructing 
higher-order structures and facilitates the formation of materials with long-range 
order. Moreover, the ability to encapsulate a wide range of functional foreign cargoes 
in these cages can be implemented in creating functionalized bulk materials. The 
interparticle interactions can be tuned by genetic and chemical modifications on the 
exterior surface of these cages to control the assembly of individual cages into hier-
archically ordered structures [3, 88–90]. Building synthetic hierarchical structures 
from VLPs is not exclusively an artificial process but can be viewed as an inspiration 
from the natural viral particle assemblies seen in viral factories; a step in the virus 
life cycle where virus components are densely accumulated in a certain area inside 
host cells with high local concentrations, sometimes creating paracrystalline arrays 
of virions, during viral replication and assembly [68, 75]. 

When designing higher-order superlattices from nanoparticle building blocks, it is 
important to balance and optimize both attractive and repulsive interactions between 
the system components; interparticle interactions that are too strong could lead to 
disordered gel-like aggregates while interactions that are too weak might fail to 
produce any assemblies [43, 97]. Different types of driving forces in the presence of 
various co-crystallization agents have been used to construct supramolecular assem-
blies from VLPs [40]. Using physical interactions such as complementary electro-
static interactions between the building block components is one of the well-studied 
driving forces. Covalent or non-covalent linkers also can facilitate the formation of 
higher-order assemblies by bridging the particles with tunable interaction strengths, 
geometries, linker lengths, and flexibilities to design superlattice structures with 
desired properties [90]. 

Spherical VLPs derived from cowpea chlorotic mottle virus (CCMV), Qβ, MS2, 
and P22 as well as anisotropic rod-shaped particles, including tobacco mosaic virus
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(TMV), and M13 bacteriophage have been used as modular units to construct higher-
order structures. Two-dimensional (2D) assemblies of VLPs have been demonstrated 
with several types of particles, including CPMV, turnip yellow mosaic virus (TYMV) 
through enhancing electrostatically induced interfacial adsorption onto oppositely 
charged lipid monolayers [25, 37], and Qβ, MS2 through convective assembly gener-
ating highly ordered close-packed 2D lattice monolayers onto solid substrates [1]. 
Moreover, the crystallization of P22 VLPs into 2D arrays was obtained on a posi-
tively charged lipid monolayer at the water–air interface, where the assembly of 
the particles was primarily dependent on the interparticle interactions at the exterior 
surfaces regardless the encapsulated cargo or the morphology of the capsid [98]. 

Fabricating 3D higher-order structures from VLP cages is an active area of 
research. Particles derived from CCMV VLPs having negatively charged exterior 
surfaces have been arranged into crystalline 3D structures using modified oppositely 
charged gold nanoparticles where the interparticle interactions were controlled by 
changing the ionic strength and the pH of the medium [43]. In addition, electrostatic 
complexation of CCMV particles into 3D structures has been reported with positively 
charged polypeptides [41], polymers [42], dendrons [44], amphiphilic dendrimers 
[64], and proteins [56] often resulting in ordered packing of the assembly compo-
nents (Fig. 6.1a, b). Crystallization of wild-type Simian virus 40 nanoparticles with 
divalent Mg2+ cations into bcc crystal structures is another example of using electro-
static interactions to govern the higher-order VLP assembly process. Temperature-
dependent, complementary oligonucleotide-directed assembly has been demon-
strated with CPMV [87]. The sequence-dependent nucleotide base-pairing allows an 
effective strategy to control the interparticle interactions, which has also been utilized 
in assembling Qβ cages into 3D lattices using gold nanoparticles by decorating 
their surfaces with DNA [15]. Significant work has been done on exploring the 3D 
assembly of P22 particles which will be discussed in detail in section “Hierarchical 
3D Structures Derived from P22 VLPs”. 

Other than spherical VLPs, rodlike particles, including TMV and M13 have been 
used to construct both 2D and 3D complex structures via several strategies such as 
depletion forces [49, 52, 53], electrostatics [55, 57, 58], and metal ion coordina-
tion [50, 51, 67, 78]. Altogether, this illustrates the diversity of the VLP cages and 
the availability of various assembling techniques in tailoring complex higher-order 
materials with preferred structural and functional properties. 

Hierarchical 3D Structures Derived from P22 VLPs 

The P22 VLP is a versatile nanocontainer for encapsulating cargoes including 
enzymes that catalyze single or multiple chemical transformations, thus creating 
a synthetic nanoreactor. Several studies have been committed to combining the role 
of P22 VLP as a nanoreactor and a modular unit to build higher-order 3D superlattices 
via several different techniques. These techniques direct the assembly of particles 
into ordered or disordered 3D materials, which can be exploited to understand the 
impact of the complex structure on properties like molecular diffusion, partitioning,
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and enzyme activity. Electrostatic linkers, including charged dendrimers and poly-
mers, or protein linkers, such as modified ditopic linkers derived from capsid exte-
rior decoration protein (Dec), and coiled-coil peptide motifs have been successfully 
used to fabricate 3D materials from P22 particles. Dec-Dec ditopic protein linkers 
bind to the symmetry-specific sites on the exterior of the expanded and wiffleball 
morphologies of P22, and the addition of Dec-Dec linkers to P22 has resulted in the 
formation of unstructured disordered P22 assemblies in the absence of templating 
agents like dendrimers (Fig. 6.1c) [63, 90]. A stimuli-responsive 3D material has 
been constructed by decorating the P22 surface with spider silk (Ss) proteins using 
Dec-Ss protein fusions, where the hierarchical assembly of capsids was reversible 
and dependent on the pH of the solution due to the dimerization of Ss proteins
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◄Fig. 6.1 Higher-order 3D assemblies derived from VLPs. a VLPs derived from CCMV form 3D 
crystal structures with avidin, dendrimers, and gold nanoparticles (AuNP). Left: 2D scattering 
patterns of binary assemblies, CCMV-avidin and CCMV-PAMAM G6 dendrimers forming bcc and 
fcc ordered structures, respectively. Right: Crystal structure models for the binary CCMV-avidin, 
CCMV-PAMAM G6, and CCMV-AuNP assemblies. Figure modified from [56] with permission 
from Springer Nature. Copyright 2014. b Complexation of negatively charged CCMV VLPs with 
supercharged cationic polypeptide fused with GFP forming ordered crystal structures. Figure repro-
duced from [41]. Copyright 2018 American Chemical Society. c Assembly of P22 VLPs into 
disordered PMF with Dec-Dec ditopic linkers (i) or ordered arrays templated with dendrimers (ii). 
Increase of ionic strength causes the dissociation of VLPs and dendrimers due to charge screening. 
The addition of Dec-Dec linkers to the P22 ordered arrays locks the particles in place (iii), from 
which the dendrimers dissociate as the ionic strength increases, leaving the ordered PMF structure 
remaining intact. Figure adapted with permission from [63]. Copyright 2018 American Chemical 
Society. d (i) Decoration of P22 VLP exterior surface with Dec-Spider silk protein fusions (ii) 
to assemble a higher-order VLP material with response to pH. The assembly can be controlled in 
response to the ionic strength of the solution with superpositive GFP. Figure adapted with permission 
from [2]. Copyright 2018 American Chemical Society. e The roles of P22 particle as a nanoreactor 
and an assembly unit to build higher-order structures are combined to create a catalytic superlattice. 
Two different populations of VLPs, separately encapsulated with ketoisovalerate decarboxylase 
(KivD) and alcohol dehydrogenase A (AdhA) enzymes are assembled into an fcc ordered lattice, 
catalyzing the two-step reaction for isobutanol synthesis. Figure reprinted with permission from 
[91]. Copyright 2018 American Chemical Society. f (i) Starting with a mixed population of P22 VLP 
variants, each population carrying a different surface charge, they can be assembled into ordered 
core–shell structures in the presence of G6 dendrimers by gradual modulation of the ionic strength of 
the solution, as shown in this schematic. (ii) Each variant shows a different assembly behavior with 
dendrimers at various ionic conditions monitored by the optical density at 800 nm. Each P22 variant 
has a threshold ionic strength (It) above which they do not assemble (iii) Super-resolution fluo-
rescence micrographs of the VLP arrays with increasing number of shell layers after each dialysis 
step performed to lower the ionic strength below the It of each variant when started with a mixture 
of P22 variants. P22-EEE2 and P22-K2 variants are labeled with Alexa-488 fluorescent dye; P22-
E2 and P22-Q2 variants are labeled with Texas Red and CF405M fluorescent dyes, respectively. 
Figure adapted with permission from [88]. Copyright 2022 American Chemical Society. g Two 
P22 capsid variants with surface exposed three heptad complementary coiled-coil peptide motifs 
assemble into 3D structures due to the formation of antiparallel coiled-coil heterodimers which can 
be examined by the light scattering to monitor the assembly. Figure reprinted with permission from 
[83]. Copyright 2013 American Chemical Society 

below a certain pH causing the capsids to assemble (Fig. 6.1d). The addition of posi-
tively supercharged GFP to this system facilitated the control of the assembly and 
disassembly in response to the ionic strength of the medium [2].

When mixed with oppositely charged polyamidoamine (PAMAM) G6 
dendrimers, the negatively charged wild-type P22 particles assemble into a kineti-
cally trapped mostly amorphous aggregate, possibly due to the strong electrostatic 
attractions. Exterior modification of P22 capsids with certain peptides can tune the 
capsid surface charge in a refined approach to building VLP-dependent ordered 3D 
structures. Thus, a P22 variant decorated with small peptide repeats on the exte-
rior surface leads to formation of an ordered superlattice structure when mixed with 
G6 dendrimers; the fused peptides could provide sterically repulsive interactions 
between particles refining the assembly to achieve an energetically more favored 
ordered structure [91]. Fusing the C-terminus of the P22 coat protein (CP) with
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specific peptide sequences generates P22 VLP variants with different surface charges 
where the magnitude of the charge can be modulated by the peptide sequence fused 
to the CP. Using this approach, negatively charged P22 particles have been assem-
bled into 3D ordered arrays (with face-centered cubic packing) in the presence of 
oppositely charged G6 dendrimers, where the assembly exhibits a sharp dependence 
on the ionic strength of the solution; this behavior has been effectively modeled [10]. 
The higher-order assembly of particles is independent of the encapsulated cargo but 
rather determined by the nature of the capsid exterior. P22 particles are proven to 
be a versatile platform for encapsulating a library of functional cargoes via self-
assembly processes. Therefore, this modular assembly approach of particles, with 
encapsulated cargoes of choice, into higher-order structures provides the opportu-
nity to design functional 3D materials. To demonstrate functionality in these P22-
derived supramolecular structures, enzymes performing a two-step reaction for the 
synthesis of isobutanol have been incorporated (Fig. 6.1e) [91]. When mixed with G6 
dendrimers, P22 variants with different surface charges exhibit different assembly 
behaviors in response to changes in the ionic strength of the solution. Starting from a 
mixed population of capsid variants, this ionic strength-dependent assembly behavior 
of capsids has been used to create ordered core–shell structures of VLPs (up to four 
layers) by tuning the electrostatic interactions between the capsids and linkers by a 
gradual lowering of the ionic strength of the solution (Fig. 6.1f) [88]. This method 
allows for control over the spatial arrangement of individual P22 particles (therefore 
the encapsulated cargo) within the lattice, which is a great challenge in many other 
synthetic systems. 

P22 VLPs have been assembled into ordered protein macromolecular frame-
works (PMFs) by combining both PAMAM dendrimer- and ditopic Dec-Dec linker-
mediated assembly concepts [63]. Dendrimers template the ordered lattice and Dec-
Dec linkers lock the ordered lattice in place, whereupon the dendrimers can be 
removed leaving highly charged PMF (Fig. 6.1c). P22 VLP nanoreactors have been 
used to fabricate these ordered functional PMFs with enhanced catalytic properties 
[82], which will be discussed in detail in section “Partitioning Within Hierarchically 
Assembled 3D VLP-Based Materials”. 

The use of complementary electrostatics to create P22 hierarchical structures has 
also been demonstrated with cationic polyallylamine polymers to make functional 
P22 clusters [46]. The attachment of complementary coiled-coil peptide motifs to the 
capsid exterior serves as another technique to bridge between P22 capsids creating 
higher-order structures [83]. Fusion of the C-terminus of the P22 CP with three 
repeats of either E-coil (VAALEKE) or K-coil (VAALKEK) peptide sequences has 
facilitated the 3D assembly of the two P22 variants where the assembly is held 
together by the heterodimeric E/K-coiled-coil motifs on the capsid surface (Fig. 6.1g). 
This serves as another method to control the position of the particles (thus, potentially 
the encapsulated cargo of choice) relative to each other in the 3D space. 

The availability of multiple methods to assemble P22 particles into 3D hierarchical 
structures with desired structural order and functionality holds the potential of using 
P22 nanoparticle building blocks for constructing advanced catalytic bulk materials 
designed for specific applications. 3D structures derived from P22 VLPs offer a
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versatile platform to gain useful insights into how molecules partition, retain, diffuse, 
and undergo chemical transformations in regard to the complex structure, as both the 
spatial position of the particles and their packing can be controlled to form ordered 
or disordered assemblies. 

Diffusion in Hierarchically Ordered Protein Materials 

Diffusion is the thermally induced motion of particles in a fluid and originates from 
fluctuations present in chemical systems. Diffusion is the ensemble result of Brow-
nian motion, which is the consequence of collisions between molecules, the shape 
and size of those molecules, and the effects of intermolecular interactions with their 
environment. Because all chemical systems involve some movement of molecules, 
diffusion is a major driving force for chemical transformations. 

Because the proximity of reaction components is a critical part of any chemical 
reaction, diffusion is an important factor in chemical processes. Models of single 
enzyme reactions depict substrate binding to an enzyme, its chemical transformation, 
and the release of a product from the enzyme active site. In multistep enzyme reaction 
models, such as the majority of biochemical processes, the release of the product 
from the first enzyme is followed its diffusion to the active site of the next enzyme 
in the pathway. As diffusion is a rapid process and enzymatic pathways only need 
to be as fast as required for the host organism, there is no evolutionary pressure 
for post-turnover sequestration of most enzyme products [5]. Exceptions arise in 
pathways where an intermediate product is unstable, or where its escape would lead 
to unfavorable chemical consequences [32]. In these pathways enzymes have evolved 
substrate channeling, the transfer of the product of the first enzyme to the active site 
of the second without the reentry of the substrate into bulk solution. 

Co-localization of Enzymes Does Not Inherently Offer 
Catalytic Enhancement 

Recent advancements in enzyme immobilization have led to the inducement of 
substrate channeling in enzyme pathways which do not normally exhibit this behavior 
[13, 24]. In these cases, the rate of reaction can be enhanced through the enforcement 
of close proximity between the enzyme active sites in the pathway. Because VLPs can 
be designed to co-encapsulate multiple enzymes in a sequential multistep pathway 
and these enzymes are constrained within a small space, it has been suggested that 
the close proximity of the encapsulated enzymes may increase the rate of the encap-
sulated pathway in comparison to the same enzymes free in solution, though this has 
not been conclusively demonstrated. Substrate channeling between enzymes requires
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that the enzyme active sites are both in close proximity and oriented toward each other 
[7], factors which have not yet been incorporated into VLP nanoreactor systems. 

Several multi-step reaction pathways have been encapsulated within VLPs. The 
cleavage of lactose into galactose and glucose, catalyzed by the β-galactosidase CelB, 
and subsequent phosphorylation of the glucose product by glucokinase (GLUK) 
is one example (Fig. 6.2a) [74]. Through fusion of one or both enzymes to the 
scaffolding protein (SP) of P22, VLPs with co-encapsulated CelB and GLUK (CelB-
GLUK-P22) or separate VLPs each with only one of these enzymes encapsulated 
(CelB-P22 and GLUK-P22) can be synthesized. Enzyme kinetics experiments show 
no difference in production of glucose-6-phosphate between the CelB-GLUK-P22 
and a mixture of CelB-P22 and GluK-P22, indicating that there is no enhancement 
of the rate of the reaction pathway conferred purely by colocalization of the two 
catalysts. A model of the system suggests that for catalytic enhancement to occur, 
the KM should be much higher and the Vmax much lower for the first enzyme in 
the pathway than for the second [7]. As diffusion is a rapid process, escape of the 
product of the initial reaction from the capsid is therefore highly likely. The escape 
of intermediate species has been confirmed in studies of a bifunctional glutathione 
biosynthesis enzyme encapsulated within P22 VLPs [95] and a reaction pathway 
encapsulated within CCMV VLPs [9].

Intermediate molecules escape from the interior of VLPs to the surrounding envi-
ronment. Individual VLPs are surrounded by solvent molecules, with low concen-
trations of enzyme near each VLP. As a result, molecules diffusing out of the VLP 
immediately enter the bulk solution. In VLP systems assembled into higher-order 
assemblies the distance between VLPs is much shorter (in P22 PMFs, about 8 nm 
between particles), and molecules diffusing out of a VLP are more likely to encounter 
a neighboring VLP. The packing of VLPs in a 3D assembly generates a region of high 
enzyme concentration which occupies a volume equivalent to hundreds or thousands 
of VLPs. The release of a substrate into an area of high enzyme concentration could 
potentially lead to catalytic enhancement due to the increased likelihood of collision 
with an enzyme. 

Higher-order assemblies of VLPs provide regions of high enzyme concentration 
by constraining many copies of an enzyme within one material. In studies of enzyme 
activity, materials co-assembled from individual P22 VLPs with separately encap-
sulated ketoisovalerate dehydrogenase (KivD-P22) and alcohol dehydrogenase A 
(AdhA-P22) show the same kinetic parameters as the enzyme encapsulated P22 
particles free in solution (Figs. 6.1e and 6.2b) [91]. As a result, even the formation 
of regions of high catalyst concentration through concentration of the enzymes into 
assembled materials does not induce substrate channeling and acceleration of the 
reaction rate.
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Fig. 6.2 Small molecule diffusion between reaction components. a The use of P22 VLPs to create 
a synthetic metabolon by encapsulating a fusion of two enzymes involved in lactose metabolism. 
(i) Reaction scheme: CelB enzyme catalyzes the hydrolysis of lactose, generating galactose and 
glucose. Glucose acts as a substrate for the second enzyme, GLUK, which phosphorylates glucose 
into glucose-6-phosphate (G6P). (ii) Activity evaluation of P22 capsids co-encapsulated with CelB 
and GLUK (CelB-GLUK-P22) for the conversion of lactose to G6P in comparison to singly encapsu-
lated capsids (CelB-P22 and GLUK-P22 at a 1:1 ratio between CelB and GLUK). Observed overall 
turnover rates for the co-encapsulated and singly encapsulated enzyme systems suggests that there 
was no channeling advantage in the co-encapsulated system. Figure adapted with permission from 
[74]. Copyright 2014 American Chemical Society. b A catalytic superlattice co-assembled from 
two populations of P22 VLPs separately encapsulated with KivD and AdhA enzymes catalyzing 
sequential reactions. (i) KivD catalyzes the conversion of α-Ketoisovalerate to isobutyraldehyde, 
and AdhA catalyzes the reduction of isobutyraldehyde to isobutanol using NADH. Reaction progress 
in terms of isobutyraldehyde and isobutanol production (measured by gas chromatography-mass 
spectrometry) and NADH consumption (measured by UV–Vis spectroscopy) with a mixture of free 
nanoreactors, co-assembled nanoreactor superlattices (ii–iv), and condensed superlattices (v–vii). 
Figure adapted with permission from [91]. Copyright 2018 American Chemical Society

Catalytic Advantages from Protein Framework Materials 

While the assembly of VLPs with encapsulated enzymes does not confer direct 
enhancement of enzymatic catalytic activity, the properties of the assembled material 
can be used to enhance overall catalytic activity. The interior volume of VLPs, and 
thus the local concentration and solvation of cargo enzymes within the VLPs, does 
not change when the heterogeneous VLP phase is dispersed or condensed. Also, 
single VLPs or soluble proteins require large amounts of solvation, limiting the 
practical amount that can be dispersed in solution. As a result, assembled VLPs can be 
concentrated into a much smaller volume than free VLPs (or unencapsulated enzyme) 
[63, 91]. The condensed material allows for usage of the same amounts of catalyst 
and substrate in much lower volumes, allowing for acceleration of the reaction rate 
through high concentration (Fig. 6.2b). This condensed form additionally avoids
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problems with enzyme solubility and recoverability common in enzyme catalysis and 
is an example of an indirect way of increasing catalytic efficiency upon incorporation 
into a higher-order material. 

The organization of VLPs into a 3D structure introduces an interstitial space 
entered by substrates as they transit through the material. While macromolecular 
concentration inside VLPs and in the assembly as a whole is very high, the intersti-
tial space between VLPs is less occupied. This space has been exploited in assem-
blies prepared from lumazine synthase, a non-viral protein cage derived from Aquifex 
aeolicus (AaLS) [14]. AaLS cages can be assembled into clusters through the surface 
presentation of proteins which dimerize in presence of a small molecule. The cage 
surface can be used to also present an active enzyme (β-lactamase), which is incor-
porated into the space between assembled cages. The clusters can be grown in layers 
deposited on a surface with high or low loading of β-lactamase into the space between 
cages. Interestingly, the reaction rate per enzyme is higher when the enzyme loading 
is low. In the high loading condition, the authors suggest that the interstitial space 
is blocked by the enzymes, inhibiting access to enzymes deep in the material. This 
result shows the potential of not only assembling VLPs into a material, but also 
of using the material to gain access to another way of modifying collective VLP 
behavior. 

While diffusion itself is largely uninhibited within VLP-based materials, the emer-
gent properties of these materials allow for the restriction of molecules through other 
means. For example, the co-localization of many VLPs causes the accumulation of 
negative charge, leading to the transit of molecules such as super positively charged 
GFP into but not out of the material [2]. Molecules exhibiting this behavior can be 
said to “partition” into the material. This partitioning is the subject of intense interest 
in the field. 

Partitioning 

The effective localization of molecules requires forces that can overcome molecular 
diffusion, which tends to drive the system towards a mixed homogeneous state. 
Local concentration of a species can be maintained and differentiated from the bulk 
medium by concentrating the species but also by excluding certain species. Molecular 
partitioning is thus a mechanism for discrimination that relies on selective exclusion 
(depletion) or the localization (concentration) of certain molecules. 

Control over the movement and localization of molecules within porous mate-
rials structures is a key component to their functionality. Thus membranes, with 
pores of defined size, can selectively allow the passage of some molecules across 
the membrane while blocking the passage of others. This is the basis of a dialysis 
membrane that allows the passage to small molecules while selectively blocking 
molecules larger than the pore size. Porous gel filtration chromatography resins 
allow small molecules to access pores and voids within the material thus providing a 
more tortuous and longer path through the material than molecules that are too large
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to enter the pores; this difference in pathlength provides the basis for an effective 
separation based on size. Porous materials, both natural and synthetically derived, 
have found application in petroleum cracking [31], gas storage [60], and separations 
[19, 93]. 

Direct intermolecular interactions play a key role in the process of partitioning 
but other factors including shape, size and charge also play extremely impor-
tant roles in effective molecular discrimination resulting in spatial segregation of 
molecules. While intermolecular interactions have a large impact on the diffusion of 
small molecules, these effects are magnified when we consider the interactions of 
small molecules with extended 3D materials. Individual intermolecular interactions 
based on electrostatics become significantly enhanced in the interaction of charged 
molecules with charged surfaces or when confined between charged surfaces where 
they experience strong electrostatic fields. The behavior of ions in the vicinity of 
charged surfaces can be described through the double layer theory [33]; where an 
accumulation of ions at the surface, due to electrostatic interactions, falls off exponen-
tially over a few nm from the surface (Debye length) until bulk concentration of the 
ions is achieved. The electrostatic interaction can also be effectively screened through 
increased ionic strength effectively decreasing the Debye length and minimizing the 
concentration difference of ions at the surface layer and the bulk. 

Molecular Partitioning in Individual VLPs 

The localization of species within individual VLPs has been of interest for a few 
decades. Early efforts for the selective entrapment of cargo species within a VLP 
included the selective nucleation and growth of low solubility nanoparticle crystals 
within a preformed empty CCMV VLP architecture. Similarly, polymer entrapment 
using complementary electrostatic interactions was also demonstrated using either 
a preformed empty capsid or by a self-assembly mechanism resulting in polymer 
entrapped within the VLP [20, 34]. 

Electrostatic interactions between the coat protein and a scaffold protein or SP-
cargo fusions during VLP self-assembly of bacteriophage P22 also drives encapsu-
lation or a wide range of gene products [35, 69, 72, 73]. This electrostatic based 
encapsulation has been shown effective in the packaging or partitioning of many 
cargo species within a wide range of VLP systems. Other approaches have relied on 
stronger interactions between the capsid and the cargo. Thus, polymers have been 
grown selectively on the interior of the P22 capsid through covalent attachment of an 
ATRP polymer initiation site [59]. Small molecules are routinely attached via cova-
lent interactions to the interior of VLP capsids effectively localizing them as cargo 
on the VLP interior [3]. Also, attachment of metal binding sites to the interior has 
allowed the controlled growth of metal coordination polymers within the P22 capsid 
[92]. All these strategies effectively create a ‘ship in a bottle’ where the cargo is held 
within the assembled capsid, either through strong interactions with the capsid or
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because the pores in the assembled capsid are too small to allow passage, and the 
cargo therefore cannot equilibrate with the bulk solution. 

Partitioning Within Hierarchically Assembled 3D VLP-Based 
Materials 

Spatial partitioning is important in biology, which can be seen reflected in the range 
of subcellular compartments, often with highly specialized function, within an other-
wise chaotic cellular environment. VLPs have emerged as useful biomimetic mate-
rials for the synthetic recapitulation of confined, specialized, nanoscale compart-
ments. VLPs which sequester enzyme catalysts, have also importantly been used 
as building blocks in the construction of highly selective 3D framework materials 
[82]. The VLP-based 3D materials are a separate phase where the interstitial spaces 
between the VLP particles are filled with surrounding solution and provide molecular 
pathways for the diffusion of small molecules into and out of the framework. 

Hierarchically assembled VLP-based materials can be formed through surface 
modification of individual VLPs to create individuals with complementary interac-
tions. Thus, early work on attachment of complementary ssDNA to the surface of 
CPMV resulted in the mass assembly of particles through complementary dsDNA 
formation [87]. Similarly, decoration of the exterior surface of P22 with a spider 
silk protein that dimerized upon changes in pH resulted in reversible mass particle 
assembly upon acidification (Fig. 6.3a) [2]. The resulting VLP-based material was 
highly negatively charged and when incubated with a superpositive GFP showed 
a significant accumulation (partitioning) of the GFP within the P22-Ss array. In 
contrast, there was no discernible interaction between individual P22-Ss and the 
superpositive GFP in solution; the collective behavior was different than individual 
behavior and could potentially be used to engineer new functionality into these 
materials.

VLPs can be formed into ordered crystalline arrays based on charge complemen-
tary templating with a charged macromolecule/nanoparticle and are formed and held 
together through electrostatic interactions. At high ionic strength these interactions 
can be screened/disrupted and the arrays disassemble [10, 88, 91]. However, when 
the initially formed arrays are locked in place, as demonstrated with the addition 
of ditopic Dec-Dec molecules, the arrays are stable to high ionic strength and the 
templating macromolecule can be removed to leave the stable PMFs [63]. These 
ordered PMF arrays carry a high (net negative) surface charge making them ideal 
candidates for controlled molecular partitioning. 

Using molecular partitioning within PMFs a significant enhancement of catalytic 
properties could be demonstrated which were a result of the collective properties of 
VLPs within the material and were quite different from the behavior of individual 
VLPs free in solution. Due to the relatively large inter-particle distances (i.e. porosity)
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a b 

Fig. 6.3 Partitioning in VLP-derived higher-order 3D assemblies. a (i) P22 VLPs decorated with 
Dec-Spider silk protein fusions assemble into higher-order structures mediated by pH. (ii) Lowering 
the salt concentration results in the interaction between superpositive GFP and the particles, thereby 
allowing the Dec-Ss and GFP mediated 3D assembly. (iii) Alternatively, when the salt concentration 
is decreased first, superpositive GFP guides the electrostatically driven 3D assembly of particles, 
followed by (iv) the Ss protein mediated interparticle interactions in response to pH. Supercharged 
GFP shows no significant interaction with the individual particles at high salt conditions, yet they 
are colocalized into the Ss protein mediated 3D assemblies at the same ionic strength, possibly due 
to the increased local negative charge in the assembly compared to the free particles. Figure adapted 
with permission from [2]. Copyright 2018 American Chemical Society. b Enhancement of catalytic 
activity due to charged substrate partitioning into PMF derived from P22 VLP nanoreactors. (i) 
Positive, neutral, and negatively charged substrates interact differently with the highly negatively 
charged PMF. (ii) The catalytic turnover is highest with the positively charged substrates as they 
accumulate in the PFM. In contrast, the negatively charged substrates are excluded from the PMF, 
resulting in a negligible activity. This electrostatically driven partitioning of substrates, thus the 
observed catalytic activities are dependent on the ionic strength of the medium; it is more pronounced 
under low salt (LS) conditions and less significant under high salt (HS) and intermediate salt (IS) 
conditions. Figure adapted with permission from [82]. Copyright 2021 American Chemical Society

and high charge density of the porous framework, multiply-charged cationic macro-
molecules were selectively partitioned into the negatively charged PMF material. In 
contrast, negatively charged macromolecules were excluded from the PMF lattice 
[82]. This behavior is different from individual VLPs, which do not possess high 
enough charge density to accumulate or exclude these charged macromolecules from 
their vicinity. This collective effect is similar to that described above for the accumu-
lation of supercharged GFP++ within a P22 assembly but no discernible interaction 
with the individual P22s. 

Using the porosity and high charge density of the framework, assembled from 
active enzyme encapsulated P22 building blocks, charged substrates could be parti-
tioned within the PMF at concentrations that far exceeded the bulk concentration 
(Fig. 6.3b). When these charged molecules were small enough to traverse the pore 
of individual P22 building blocks, and could access the encapsulated enzyme, this 
resulted in a significant enhancement of overall catalytic activity. The effect was even 
more pronounced when comparing the positively charged and negatively charged 
substrates because while the positively charge molecules were partitioned into the
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PMF and subsequently turned over, the negatively charged substrates were effectively 
excluded from the PMF and could never access the encapsulated enzyme. Thus, the 
molecular discrimination based on electrostatic partitioning was further enhanced 
by the selective catalytic turnover of the positively charged small-molecule enzyme 
substrate [81, 82]. 

The PMF versatility lies in the ability to incorporate functionality through the 
encapsulation of selective enzymes within individual P22 VLPs, while their assembly 
into 3D materials results in an interstitial space, porosity, and surface charge in the 
PMF that allows diffusion and provides selective partitioning based on molecular 
size and charge. 

Conclusions 

The use of VLP nanocontainers to design and develop bioinspired materials over 
a wide range of length scales is an emerging area of research. The vast diversity 
and synthetic potential of VLPs have made them useful platforms in many fields, 
including catalysis, immunology, and medicine. They are naturally occurring hierar-
chical structures, self-assembled from a limited number of macromolecular building 
blocks. VLPs serve as a modular unit to build higher-order 3D VLP assemblies via 
various techniques where the packing order and the spatial position of these parti-
cles in the 3D material can be controlled. VLPs can be repurposed as catalytically 
active nanoreactors, and this allows for the design and construction of a wide range of 
functional materials. Hierarchically complex structures assembled with VLPs exhibit 
emergent properties, including porosity and surface charge effects, that are different 
from individual particles. These properties have the potential to alter the localiza-
tion, diffusion rates and paths of molecules, which can be exploited to alter chemical 
processes and design advanced functional biomaterials. 

Perspectives 

As small molecule diffusion is a rapid process, and controlling their movement and 
localization benefits functionality. 3D assembly of VLPs gives rise to hierarchically 
organized structures in which the order and the spatial arrangement of capsids can 
be controlled. Surface charge and porosity are two emergent properties that appear 
in the VLP-based hierarchical systems that provide means to tune chemical transfor-
mations by imposing forces on molecular diffusion and partitioning. Even though 
there are a limited number of studies, these properties can be explored strategi-
cally to develop novel biomaterials with advanced features such as tunable catalytic 
efficiency, selectivity, and heterogeneous catalysis.
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VLPs are building blocks for modular material assembly across multiple length 
scales. These building blocks in the 3D material are held together by tunable inter-
actions between the system components, thus allows for orchestrating controlled 
assembly and disassembly of the particles. We envision that this concept can be 
extended to replace parts of the 3D material with different types of VLP building 
blocks embedded with different functionalities, by design, which would reshape the 
VLP-based biomaterial designs. 
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Chapter 7 
Assembly of Coronaviruses 
and CoV-Like-Particles 

Denisse Cadena-López, Maria Villalba-Nieto, Fernanda Campos-Melendez, 
Sergio Rosales-Mendoza, and Mauricio Comas-Garcia 

Abstract Developing SARS-CoV-2 virus-like particles assembly (VLPs) systems 
is fundamental to understanding the biophysical principles of assembly and applying 
them in the biomedical and biotechnology fields. However, given that SARS-CoV-
2 virions are enveloped, and the four structural proteins interact with each other 
at the viral membrane, the in vitro assembly of these VLPs from recombinant and 
purified proteins is extremely challenging. The current assembly systems are based 
on the co-transfection of cultured cells with multiple plasmids. One problem with this 
approach is that not all cells produce all the structural proteins. Furthermore, the yield 
of assembly and the morphology of the VLPs seems to depend on the type of cells 
used. Also, the fusion of tag proteins with structural proteins can affect the biological 
activity of the VLPs. Despite these problems, the production of Coronavirus VLPs 
has been crucial to understanding the minimal requirements for assembly and RNA 
packaging. Nonetheless, further studies are required to optimize these systems to 
increase the yield of assembly and the homogeneity of the VLPs. This optimization 
would allow an understanding of the specific interaction that gives rise to the assembly 
and selective packaging of the genomic RNA. 
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Introduction 

Coronaviruses (CoVs) are a group of positive-sense single-stranded RNA viruses 
with the largest genome known for an RNA virus. These viruses belong to the 
Nidovirales order, Coronaviridae family, and Orthocoronavirinae subfamily, which 
is divided into four genera (alpha, beta, gamma, and deltacoronavirus). The genera 
Betacoronavirus includes a series of mild to non-pathogenic (e.g., OC43 and HKU1) 
and highly pathogenic human viruses (e.g., SARS-CoV, MERS-CoV, and SARS-
CoV-2), as well as animal viruses (e.g., Bovine coronavirus, mouse hepatitis virus, 
and several bat coronaviruses [55]. 

The study of the assembly of CoVs virus-like particles (VLPs) is fundamental 
to understanding the physical principles governing virion assembly and multiple 
aspects of the viral cycle. Furthermore, understanding these principles is critical to 
developing efficient systems for producing VLPs and making viable their exploitation 
in biomedical and/or biotechnological applications. 

In general, CoVs virions contain at least four structural proteins: spike (S), 
envelope (E), membrane (M), and nucleocapsid (N). This is the case for most 
Betacoronaviruses (e.g., SARS-CoV-2); however, there are virions from other CoVs 
(e.g., Bovine coronavirus (BCV), infectious bronchitis virus (IBV), and murine 
hepatitis virus (MHV)) that can contain other proteins like hemagglutinin-esterases 
[28, 57, 63]. CoV assembly of CoVs occurs at the Golgi apparatus and the ER-Golgi 
intermediate compartment (ERGIC) [51], where the virion's cell-derived membrane 
is acquired. It is important to point out that given that these virions are enveloped 
and that this lipid bilayer is key for the interaction between the structural proteins, 
the in vitro assembly of CoVs VLPs from reconstituted and purified components 
is extremely challenging. One of the reasons is that, except for the N protein, the 
other structural components are highly hydrophobic membrane proteins, whose 
purification is difficult [51]. Furthermore, the in vitro assembly of this type of VLPs 
using purified recombinant proteins would require using liposomes containing all 
the structural proteins in the appropriate proportions. Nonetheless, the study of the 
assembly process for CoVs VLPs can be performed by either understanding in detail 
the physicochemical properties of the structural proteins or following the assembly 
process in cultured cells. These are one of the few reasons why this chapter focuses on 
the efforts to assemble SARS-CoV and SARS-CoV-2 VLPs by transfecting cultured 
cells rather than on the in vitro assembly of VLPs with pure recombinant proteins. 

Virion Structure and the Interactions Among Structural 
Proteins 

In this section, we describe the virion content of a typical CoV and summarize some 
of the interactions among the structural proteins. Unlike most virions that package 
a (+)ssRNA genome, the viral particle of CoV does not assemble into symmetrical
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capsids (i.e., neither icosahedral nor helical). Instead, the CoV virion is pleomorphic 
and contains a variable number of viral proteins: on average, there are about 1000 
trimers of the S protein; 2000, 20, and 1000 copies of the M, E, and E proteins, 
respectively; and one copy of the full-length genomic RNA [46]. 

The spike is a trimeric, transmembranal, and highly glycosylated protein respon-
sible for virion entry and tropism [22, 58]. This protein interacts with the receptor 
(e.g., ACE-2) and co-receptors (e.g., TMRPSS2) and gives the “corona” shape char-
acteristic of these viruses [25]. In infected cells, the S protein can be found in the 
plasma membrane, the Golgi apparatus, and the ERGIC [29, 30, 35]. This protein is 
highly immunogenic; thus, it has been used as the main target antigenic for vaccine 
development [6] and isolate therapeutic antibodies [1, 2, 65]. The S protein can be 
divided into several structural features: the receptor binding domain (RBD), the trans-
membranal and cytoplasmic domains, the S1 and S2 subunits, and the fusion peptide 
[12, 27]. These subunits and peptide are the product of posttranslational modifica-
tions by cellular proteases that can occur either during the secretory pathway of the 
S protein and/or the egress of the virion from the producer cell or during viral entry 
[21]. Figure 7.1 shows a Cryo-EM reconstruction of a SARS-CoV-2 virion. This 
data shows that the RBD can be either in an “Up” or “Down” conformation [60]. 
Furthermore, unlike many enveloped (+)ssRNA viruses, the number and distribution 
of the S protein at the surface of the virion are highly heterogenous [27, 60]. It also 
shows that within in trimeric spike, only on Receptor-binding domain (RBD) is in the 
up conformation and that not all timers have an RBD up conformation. This might 
reflect a weak interaction between the spike and membrane proteins. 

Fig. 7.1 a Cryo-EM reconstruction of a SARS-CoV-2 virion. The trimeric S protein that has the 
three Receptor-binding domains (RBD) is shown in pink, the trimers with one RBD in the up 
conformation are shown in red. This reconstruction shows that not all the trimeric spikes have 
an RBD in the up conformation. The ribonucleoprotein complexes are shown in yellow. These 
reconstruction shows that the spike proteins are randomly distributed. b Comparison of the trimeric 
spikes when the RBD is either in the down or up conformation. This figure was modified from [60]
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The nucleocapsid (N) protein is key for genome packaging because it interacts 
with the genomic RNA (gRNA) and the M protein [38, 40]. Unlike most (+)ssRNA 
viruses, the CoVs RNA-binding protein (N) does not have a disordered and highly 
basic N-terminal domain that interacts with the genomic RNA [14, 26]. Furthermore, 
in most icosahedral (+)ssRNA viruses, the regions of the capsid protein responsible 
for RNA–protein and protein–protein interactions are located in different domains 
and interfaces; however, in CoVs the N protein can use the same domain for N-RNA 
and N–N interactions [14]. 

Figure 7.2 shows a schematic representation of the common features found in 
a Betacoronavirus N protein. The RNA binding region (N-RBD) is highly ordered 
and is located at the N-terminal domain (N-NTD), whereas the nucleocapsid protein 
dimerization domain is located at the C-terminus (N-CTD), and both domains are 
linked to each other by a highly disordered serine-rich region [19, 47]. This serine-rich 
region can also interact with nucleic acids. The interaction between N proteins and 
binding to the viral RNA is complex; it involves electrostatic and non-electrostatic 
interactions between the RNA and N-NTD, and N-CTD. For example, it has been 
shown that the C-CTD can also bind to nucleic acids in vitro with a similar affinity 
as the N-NTD [5, 31, 62]. The structural data suggest that there could be multiple 
RNA binding sites (i.e., RNA binding sites 1 and 2 (N-RBD1 and 2)) [4, 46]. The 
tyrosine 109 located at the N-NTD is key for RNA binding specificity [24], although 
the contribution of this amino acid to packaging selectivity during assembly is yet 
to be determined. The interactions that result in packaging and assembly are also 
complex because the N protein is highly dynamic. For example, the N-RBD has at 
least three conformations that coexist with each other [14]. This domain establishes 
attractive interactions with the N-NTD and repulsive interactions with the N-CTD 
[14]. Also, the N-NTD can form transient α-helices that contribute to both N–N and 
N-RNA interactions [14]. Altogether, this data indicates that RNA-N binding and 
multimerization of N on the gRNA is a complex process. As will be explained later, 
these interactions result in interesting physical phenomena that could contribute to 
a decrease in the overall size of the ribonucleic complex so that it can be packaged.

Molecular Dynamic (MD) simulations of SARS-CoV-2 have shown that RNA 
packaging may require multimerization of the N protein, which results in “conden-
sation” of the viral RNA [33] (see Fig.  7.3). By condensation, we do not mean the 
“classical condensation” phenomena observed with DNA [44], but a reduction of the 
overall size of the RNA [10]). Also, it has been shown that the interaction between 
the RNA and N protein leads to a liquid–liquid phase separation (LLPS) [24, 46], 
which is responsible for this “condensation” phenomenon. The RNA-driven LLPS 
phenomenon is specific for the 5' and 3' ends and double-stranded regions of the 
SARS-CoV-2 gRNA. In particular, the first 500 nucleotides of the 5'-end are essen-
tial for LLPS. Roden and co-workers proposed that this condensation might not be 
related to a direct interaction between the N protein and the Packaging Signal (PS), 
but it might contribute to the decrease of the overall size of the RNA [46]. This obser-
vation is consistent with the MD from Liu and Zandi, who reported that condensation 
of the gRNA is essential for the budding of the nucleocapsid complex into the vesi-
cles that contain the M protein [33]. A surprising result is that the N-RBD2 stabilizes
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high-oligomeric order states during this phase separation by selective binding to 
dsRNA regions [46]. In other words, the N-RBD2 was thought to mediate binding 
to the nucleic acid, but it also contributes to the assembly of the ribonucleoprotein 
complex. 

Fig. 7.2 a Architecture of the functional and structural domains of the SARS-CoV-2 N protein. The 
N-RBD and dimerization domains are well ordered structures, while the NTD, CTD, and serine-
rich linker (LINK) are disordered. b Structure of the RNA binding domain (PDB: 6yi3) colored 
according to its electrostatic surface potential. c Structure of the N-dimerization domain (PDB: 
6yun) colored according to its electrostatic surface potential. This figure was modified from Cubuk 
et al. [14]

Fig. 7.3 Molecular dynamic simulation of a branched RNA interacting with the N protein. Under 
a regime of weak RNA-N protein interactions the overall shape and size of the viral barely changes. 
However, when RNA-N protein interactions are strong the degree of branching decreases and thus 
the RNA is condensed. This figure was modified from Li and Zandi [33]
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On the one hand, as mentioned before, the selective interaction between N and 
RNA has been associated with Tyrosine 109. On the other hand, while the LLPS 
phenomena might not directly contribute to selective packaging, mutations at the tyro-
sine 109 result in ds-RNA containing-droplets with altered morphology and complete 
inhibition of condensation of a 5'-end containing RNA. Furthermore, Iserman and 
collaborators showed that the N droplets’ physical properties depend on the RNA 
sequence [24]. This is because the oligomeric state of N within these N-RNA droplets 
depends on the RNA nature. Overall, the results from Roden et al. and Iserman 
et al. suggest that the N protein could contribute in vivo to selective packaging by 
phase-separation of the gRNA from the rest of the viral (i.e., (−)ssRNA and nested 
subgenomic RNAs) and cellular RNAs [24, 46] (see Fig.  7.4). Nonetheless, there 
are still several questions about how this protein multimerizes, binds to RNA, and 
contributes to viral assembly. Most importantly, it is not known how the ribonucleo-
protein complexes and the N liquid droplets interact with the M protein so that they are 
selectively packaged during assembly. Interestingly, unlike most (+)ssRNA viruses, 
the assembly of SARS-CoV-2 VLPs in cultured cells can occur in the absence of the 
N protein and, thus, of RNA. Nonetheless, as explained here, assembly efficiency 
increases with the presence of the N protein and the gRNA [50].

The M protein is a transmembranal protein essential for assembly, and it is the 
most abundant protein in the virion [64]. This protein recruits (or interacts with) 
the other three structural proteins [16–18, 40, 41, 50] (see Fig.  7.5). In most CoVs, 
M interacts with the ribonucleoprotein complex and promotes the packaging of the 
genomic RNA; for example, in MHV, the strength of the interaction between the M 
protein and ribonucleoprotein complex depends on the presence of the PS [38–41]. 
This evidence has led to a model where the PS induces a conformational change 
in N that results in stronger M–N interaction than when N is bound to other RNA 
sequences.

Zhang et al. showed that the intravirion surface of the SARS-CoV-2M protein is 
highly basic and that mutations in this region result in impaired binding to the N 
protein [64]. On the one hand, the incorporation of the E protein into de virion is 
mediated by the interaction of the C-termini of the M and E proteins [11, 34]. On the 
other hand, the M-S interaction occurs between the amphipathic domain of M and 
the cytoplasmic domain of S [54]. For SARS-CoV, the specific interaction between 
S and M is mediated by the tyrosine 195 from the M protein, which is located at M-
CTD [54]. Although it has been proposed that the ORF3a protein evolved from the 
M protein, the latter does not have the characteristic ion channel activity associated 
with the former [43]. The main hypothesis is that M changes the curvature of the 
membranes in the ERGIC to allow virion assembly [33]. Also, it is possible that 
multimerization of the M protein is one of the driving forces for virion assembly; 
however, by itself is not sufficient for efficient virion assembly [33]. 

The E protein is thought to be essential for particle infectivity. It regulates the 
localization and maturation of the S protein in the Golgi apparatus [3]; however, its 
role during assembly is not clear. Also, it has been proposed that this protein can be 
an ion channel [48, 49] and thus it might mediate a pH-induced virion maturation 
during the egress through the ERGIC, exosomes, and lysosomes. Nonetheless, as it
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Fig. 7.4 The interaction between the RNA and the N protein results in a liquid–liquid phase tran-
sition. The interaction between the N protein and the RNA depends on specific sequence that are 
primarily located at the 5' and 3' ends and in double-stranded RNA regions. The selective LLPS 
of the genomic RNA results in the condensation of this molecule and it could segregate it from 
the subgenomic viral RNAs and host RNAs. The condensation of the genomic RNA could lead to 
selective packaging of the SARS-CoV-2 genome. This figure obtained from [24]
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Fig. 7.5 Schematic representation of the protein–protein interaction at the viral membrane. The M 
protein forms tetramers (brown) that interact through the CTD with the CTD of the E protein (red). 
The E protein forms ion channels. The spike protein (yellow) assembles into trimers and in average 
only one RBD is in the up conformation (light yellow). The cytoplasmic domain of S interacts with 
the CTD of the M protein. The genomic RNA is bound to the N protein; the light gray represents the 
N-CTD, which is responsible for N–N interactions; while the light blue is the N-NTD that drives 
the interaction with the genome. The green circles represent the N protein that interacts with the 
packaging signal

will be explained in the following sections, there is assembly and release of SARS-
CoV-2 VLPs in the absence of E protein. However, when these VLPs package an 
mRNA that encodes for a reporter gene, the absence of this protein results in the null 
expression of the reporter gene [53]. This particular result suggests that the absence of 
this protein alters the assembly of defective particles and/or the disassembly process. 

The Genomic RNA and Its Role in Assembly 

The genomic RNA (gRNA) is not required for VLP assembly; as it will be explained 
in the following section the assembly of CoV VLPs can proceed in the absence 
of any RNA by not co-expressing N along with S and M. In other words, the co-
expression of the M and S proteins in cultured cells is sufficient for the assembly 
of VLPs. This characteristic makes CoVs unique among (+)ssRNA viruses; when 
assembled in vitro or cultured cells, the overwhelming majority of (+)ssRNA viruses
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require RNA [8]. Nonetheless, this requirement can be omitted by replacing the 
RNA-binding domain of the proteins that interact with the gRNA [13] or by in vitro  
assembly under conditions that screen the electrostatic repulsion of the N-terminal 
domain of the CP [32]. However, as will be explained in the following section, the 
assembly of “empty” VLPs can be achieved for CoV by omitting co-expressing the 
N protein. 

In the case of SARS-CoV-2, Syed and collaborators showed that a sequence 
between nucleotides 20,080 and 22,222 (T20) is selectively packaged when 
compared to equal-length fragments of the gRNA [53]. Interestingly, when this 
sequence was further delimited to nucleotides 20,080 and 21,171 (PS9), the pack-
aging efficiency increased by twofold with respect to T20 [53] (see Fig.  7.6). It is not 
clear why PS9 has a higher packaging efficiency than T20, but it is possible that the 
deletion of the last 1051 nucleotides stabilizes a structure that specifically interacts 
with the N protein.

On the one hand, the study from Syed and co-workers is consistent with findings 
on SARS-CoV, MERS-CoV, MHV, and Bovine coronavirus (BCV), where the PSs 
are also located at the 3' end of the ORF1ab [7, 20, 23, 36, 41]. On the other hand, 
the PS from these four viruses has been delimited to shorter sequences (less than 
200 nts) than PS9. This suggests that the minimal SARS-CoV-2 PS could be located 
somewhere within PS9. It is worth mentioning that unlike in the case of SARS-
CoV-2, the determination of the MHV PS reported by Molenkamp and Spaan was 
performed using head-to-head competition experiments [36]. This approach has been 
shown to be extremely useful in other viruses, such as cowpea chlorotic mottle virus 
[9] and HIV-1 [10]; thus, it eliminates artifacts produced by non-specific interactions. 
Therefore, in the case of SARS-CoV-2, it is possible that if the packaging efficiencies 
of T20 or PS9 are compared against other segments by co-transfections, the selectivity 
of these two sequences could be much higher than the twofold difference that was 
originally estimated. However, carrying out head-to-head competition in cultured 
cells is not trivial; one needs to be sure that all the cells that produce VLPs are 
transcribing both competitor RNAs. This problem could be solved by having plasmids 
with multiple Pol-II transcription and termination signals. 

The mechanism by which the interaction between the PS-N complex and the 
M protein results in selective packaging of the SARS-CoV-2 has not been solved. 
Nonetheless, studies with other CoVs shed some light on this process. Narayanan 
and Makino showed for the case of MHV that there is a significant difference when 
N binds to RNAs not containing the packaging signal compared to those bearing it 
[41]. It turns out that MHV N protein can bind to viral and non-viral RNAs that do 
not contain the PS and these interactions result in the assembly of ribonucleoprotein 
complexes. However, M selectively interacts with N when the RNA contains the 
PS. This specific interaction results in efficient RNA packaging. These observations 
suggest that the strength of the vRNA-N interaction depends on the presence of the 
PS. Furthermore, it was also shown that interaction between MHV N and M proteins 
is mediated by RNA [40]. These data suggest, at least of MHV, that the interaction 
between the RNA and N could result in either an allosteric change that enhanced 
binding of the ribonucleoprotein complex to M or that the direct interaction between
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Fig. 7.6 RNA packaging by SARS-CoV-2 VLPs. a Screening of the SARS-CoV-2 of a cis-acting 
sequence that is selectively packaged by the VLPs (packaging signal or PS) by co-transfecting three 
plasmids that code for the structural proteins with a plasmid where the luciferase sequence is fused 
at the 3' end with a segment of the viral genome. b Luciferase expression allows to determine the 
segment of the viral genome that is preferentially packaged by the VLPs. Fragment 20 (T20) had 
the highest expression among the initial 28 candidates. c Heatmap visualization of the data from 
B showing the location of each segment within the genome. d The PS was further delimited by 
generating shorter RNA segments. e Heatmap of the data from d. f Flow cytometry data of the 
percentage of positive cells in entry assays using the VLPs that packaged an mRNA of GFP that is 
3' end fused to PS9. Figure modified from [53]
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M and N is mediated by RNA (the inner surface of the M protein is basic). It is 
important to mention that the MD simulations for the assembly of SARS-CoV-2 
from Li and Roya support both models [33]. However, for SARS-CoV-2, it is still 
not clear how the PS promotes selective packaging in CoVs. 

There are two main possible scenarios. In the first case, the binding of PS to N 
results in an allosteric change in the N protein that enhances the binding of the entire 
ribonucleoprotein complex to M. In the second scenario, the PS could lower the 
activation energy of the assembly process and thus the advantage could be governed 
by kinetics and not thermodynamics. A kinetic solution to this problem has been 
recently addressed by de Bruijn and collaborators for the assembly of a “linear” 
virus [15]. Given the fact that the assembly ribonucleoprotein SARS-CoV-2 and the 
role of the PS in the formation of this complex could be explained by the kinetic 
approach from de Bruijn and collaborators. 

In the following section, we will discuss different experimental approaches that 
have been developed to understand the assembly of SARS-CoV and SARS-CoV-2 
VLPs in cultured cells. 

The Assembly of SARS-CoV and SARS-CoV-2 VLPs 
in Cultured Cells 

SARS-CoV and SARS-CoV-2 VLPs can be assembled by co-transfecting Vero E6 
and HEK-2943T cells. Siu and collaborators transfected cells with plasmids coding 
for SARS-CoV E, M, and N proteins [50]. The assembly of VLPs was monitored by 
Western blot and negative staining transmission electron microscopy. The presence 
of M, E, and N was analyzed by Western blots using specific antibodies against M and 
E, whereas antibodies identified N against a fused flag tag. Importantly, to increase 
the assembly yield, the M and E proteins were subcloned into a single plasmid (M − 
E). Siu et al. determined which proteins are required to assemble and release VLPs 
by co-transfected cells with N, M, M − E, M + N, or M − E + N. The cell culture 
medium was harvested at 24 and 48 h post-transfection (h.p.t), and the VLPs were 
purified by ultracentrifugation in a 20% sucrose cushion. However, even though the E 
protein is in the same plasmid as M, its expression is only noticeable only at 48 h.p.t. 

On the one hand, at 24 h.p.t., the VLPs were only detected when all three proteins 
were co-expressed. On the other hand, at 48 h.p.t., all transfection combinations yield 
the release of some sort of extracellular vesicles. Nonetheless, based on the Western 
blot, the highest (qualitative) yield of the assembly was achieved by co-transfecting 
cells with M − E + N. Unfortunately, because these VLPs are missing the S protein, 
it was not possible to determine the structure of the secreted vesicles. To solve this 
problem, they co-transfected cells with M-E, N, and S. From this data is clear that 
the VLPs are not homogenous in composition and that only fractions 9–11 contained 
the highest amount of the four proteins. As expected, the purified VLPs from this 
co-transfection have the characteristic morphology of CoVs.
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Vannema and co-workers studied the release of MHV-A59 S and M in OST7-1 
cells [56]. They found that when these cells are co-trasfected with either M or S, 
neither protein is secreted into the media and that the release of uncleaved S and M 
requires the co-transfection with E, M, and S. The inhibition of N-glycosylation of S 
results in the aggregation of this protein in the ER; thus this protein is not incorporated 
into the VLPs. These findings are consistent with previous studies that showed that 
the M/S complexes are assembled in the pre-Golgi compartment when M is still 
unglycosylated [42]. On the one hand, in the absence of the membrane, protein S 
accumulates at the plasma membrane rather than at the Golgi apparatus. On the other 
hand, the intracellular localization of M is independent of S [42]. Finally, they found 
that M and S are incorporated into the virion at different rates; M is immediately 
incorporated, while S associates slowly. 

Nakauchi and collaborators produced SARS-CoV VLPs by transfecting HEK-
293T cells [37]. The genes for S, M, E, and N were subcloned into four different 
mammalian expression vectors. These cells were transfected with different combi-
nations of these plasmids (i.e., M + E + S + N, M + E + N, M + S + N, M 
+ N, M, and N) and the assembly of VLPs was confirmed by thin-section electron 
micrographs, immunoprecipitation, and ELISAs (with antibodies either against N or 
S). In addition, the culture media was analyzed by immunoprecipitation and ELISA 
to determine if the structural proteins were secreted. Co-transfections with a plasmid 
that produced an RNA containing the SARS-CoV packaging signal (PS) were also 
performed. Figure 7.7a shows that co-transfection of the plasmids coding for M, 
N, and a PS-containing RNA is sufficient to release VLPs that contain N. In other 
words, the presence of E and S does not affect the presence of N of M-induced vesi-
cles, suggesting that Spike is not required for vesicle release. Interestingly, Fig. 7.7b 
demonstrates, based on ELISAs with antibodies that recognize S rather than M, that 
the co-expression of M and S is not sufficient to efficiently release VLPs or vesicles 
containing both proteins. This data shows that the presence of N is required for the 
efficient incorporation of S into VLPs and that E is dispensable for assembly.

To demonstrate a direct interaction between M and N, Nakauchi et al. carried 
out immunoprecipitation assays [37]. The co-expression of M and N in any of the 
combinations led to the immunoprecipitation of both proteins. It is important to point 
out that they showed that the antibodies used to precipitate M and N do not cross-
react with each other. Interestingly, the ratio of extracellular N was 2.3–3 times higher 
when co-expressed with M than when expressed alone. This suggests that N can be 
secreted in some sort of secretory vesicles in the absence of M. Altogether, their 
results indicate that the co-expression of the SARS-CoV structural proteins could 
result in a heterogenous mixture of VLPs and secretory vesicles containing the viral 
proteins. 

Plescia et al. and Swann et al. reported the assembly of SARS CoV-2 VLPs by 
co-expressing M, N, and E [45, 52]. In both cases, they transfected HEK-293T with 
plasmids driven by the CMV promoter. However, Plescia and co-workers fused the 
E protein with a 3xFlag, while Swann and co-workers did not fuse the viral proteins 
with any tags. While the presence of only three of the four structural proteins of 
SARS-CoV-2 seems to be the minimal system for the assembly of VLPs, Plescia
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Fig. 7.7 Interaction between N and M proteins in HEK-293T cells. a ELISA to detect the N protein 
in the supernatant of cell transfected with N, M + N, E + N, S + N, M + E + N, M + S + N, E + 
S + N, or M + E + S + N. The ratio of extracellular N to the total N was calculated and normalized 
to cells only transfected with N. This data shows that the presence of the M is fundamental to 
enrich the supernatant with VLPs that contain the N protein. Also, it shows that the presence of 
E a S and dispensable for the assembly of particles that contain M and N. b ELISA to detect the 
S protein in the supernatant of cells transfected with the same plasmid combination as in a. The  
ratio of extracellular S to the total S was calculated and normalized to cells only transfected with 
S. This data shows that M and N are required for the efficient incorporation of S into VLPs. Figure 
modified from Nakauchi et al. [37]

et al. suggested that the expression of M + N + E + S is the most efficient SARS-
CoV-2 system for VLP production. This is in accordance with the data for SARS-CoV 
[37, 50]. 

The main problem for studying of SARS-CoV-2 VLPs assembly is the requirement 
of co-transfecting cultured cells with four or more plasmids. Hence, there has been 
an effort to generate polycistronic plasmids [53, 61]. The specific characteristics of 
the plasmids depend on the applications intended for the VLPs. For example, VLPs 
used for neutralization assays require the co-expression of a reporter gene that can be 
packaged by the VLPs [53]. Also, VLPs used for vaccines may require modifications 
in the S protein to increase its stability [61]. 

Once the plasmids encoding the structural proteins are obtained, these are 
expressed by transient co-transfection. The most used host for expressing VLPs 
are HEK-293T cells; however, Vero E6 and Expi293 cell assembly has also been 
reported [59, 61]. Transfection reagent/DNA and a molar ratio of the plasmids are 
key variables that must be considered and optimized for each system. Xu et al. found 
that an 8:6:8:3 molar ratio for S, M, E, and N plasmids were optimal for assem-
bling SARS CoV-2 VLPs. Sometimes these proteins are fused to flags. Syed and 
co-workers reported that mass ratios of CoV-2-N (0.67), CoV-2-M-IRES-E (0.33), 
CoV-2-S (0.0016), and Luc-T20 (1.0) ensured SARS CoV-2 VLP formation. First, 
they showed that while S-containing VLPs can be produced in the absence of at 
least of the other three structural proteins (see Fig. 7.8a), only expression of the four 
structural proteins results in VLPs that package a reporter gene that is fused to the 
PS (see Fig. 7.8b). Furthermore, they showed that the presence of a strep tag in the
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M protein affects the functionality but not the assembly of the VLPs (see Fig. 7.8c). 
In other words, they found that strep-tagged M protein results in VLPs that cannot 
deliver an mRNA coding for a reporter gene. This observation adds a new level of 
complexity to the assembly of SARS-CoV-2 since the successful assembly of VLPs 
in cell cultures requires specific conditions. 

As expected, several conditions modify the attributes of the obtained VLPs, such 
as the plasmid design and proportions used during the transfections, the expression 
system, post-translation modification, etc. For example, the yield of SARS-CoV-2 
VLPs assembly is greater in HEK-293T than in Vero E6 cells; however, the VLPs 
expressed in Vero E6 exhibited the typical corona-like structure characteristic of 
SARS-CoV-2, while those expressed in HEK-293T are heterogenous in shape and 
size [59]. This suggests that transfection of HEK-293T cells could result in vesi-
cles containing some structural proteins but not in the right conformation. This 
could result from different membrane compositions of the organelles involved in 
the assembly.

Fig. 7.8 Assembly of functional SARS-CoV-2 VLPs. a Western blots using antibodies that recog-
nize S or N proteins in the supernatants of transfected cells under different conditions. The absence 
of M, N, E or an RNA that contains the PS (T20) results in the efficient release of VLPs bearing the 
S protein. Also, the presence of Strep tagged M protein does not affect the release of VLPs. b Entry 
assays with the VLPs from a. Only the expression of the four structural protein results in VLPs 
that package T20 and express the gene of interest. c Entry assays with Strep-tagged M-containing 
VLPs. While Strep-tagged M proteins does result in the assembly of the VLPs, entry assays with 
these VLPs do not result in the expression of the reporter gene. Figure modified from Syed et al. 
[53] 



7 Assembly of Coronaviruses and CoV-Like-Particles 155

Conclusions 

The assembly of SARS-CoV and SARS-CoV-2 VLPs requires at least the co-
expression, in cultured cells, of either the matrix and spike or the matrix and nucle-
ocapsid proteins. However, the co-expression of M and N results in extracellular 
vesicles that do not have the “classic corona-like” morphology. Also, the choice of 
the producer cell line plays a role in the morphology of the particles. However, it 
is not clear why the cell type influences VLP morphology and what are the cellular 
factors (e.g., the composition of the endomembranes involved during assembly) that 
influence the morphology of VLPs. 

The assembly of functional SARS-CoV-2 VLPs (i.e., that can deliver a gene of 
interest to a target cell) requires the co-expression of all four structural proteins and 
the presence of an mRNA containing at least, a PS that is located between nucleotides 
20,080–21,171 of the viral genome. However, it is not known if selective packaging 
requires the full-length PS sequence or a smaller portion, as is the case for other 
betacoronaviruses (e.g., MHV). The presence of protein tags (e.g., Strep-tag) does 
not interfere with assembly but affects the ability of the particles to deliver a gene 
of interest. These tags may alter the interaction between M and N and the stability 
of the particle, thus inhibiting the release of RNA. Interestingly, the presence of 
the envelope protein is completely dispensable for assembly but is required for the 
release of the RNA and expression of the gene of interest. 

The fact that VLPs are assembled by co-expressing N and M, or N and S, can 
become a problem when co-transfecting cultured cells with multiple plasmids; it is 
almost impossible to transfect all cells with an equal copy number of each plasmid. 
Therefore, it is likely that the VLPs described in this chapter are a heterogenous 
mixture of particles. This heterogenicity could result in a population of particles 
with diverse biophysical and biological properties. 

The studies discussed here show that the M protein is a key element that interacts 
with the ribonucleoprotein complex, S, and E. However, it is not known how these 
interactions result in the selective packaging of the gRNA. In fact, this mechanism 
could depend on several factors like the ability of the RNA and N protein to go 
through a liquid–liquid phase transition, selective binding of M to PS-containing 
RNPs, and the lipid composition of the assembly sites. 

The results shown here are extremely promising as they set up the basis for gener-
ating new insights and ultimately a detailed comprehension of the SARS-CoV-2 
assembly, which is required for the systematic production of VLPs to study funda-
mental physical aspects of this process. Moreover, the understanding on the assembly 
mechanism for SARS-CoV-2 and the interactions that control this process are particu-
larly interesting because this knowledge will allow for the development of optimized 
platforms to produce VLPs that could be applied in the development of vaccines, 
diagnosis methods and therapeutic strategies; and serve as virological or biophysical 
tools.
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Perspectives 

The fact that the assembly of SARS-CoV-2 VLPs requires co-transfection of 
mammalian cell lines with multiple plasmids showcases the need to generate novel 
plasmids having either a multicistronic arrangement or a gene coding for a struc-
tural polyprotein that is further processed into individual proteins. In other words, 
the efficient assembly of homogenous SARS-CoV-2 VLPs is currently hampered by 
the lack of systems that allow for every single transfected cell to express all four 
structural proteins at the same rate. 

The use of SARS-CoV-2 VLPs to deliver genes, as has been done for retroviruses 
or vesicular stomatitis virus, could become an attractive application. The CoV VLP 
system has several advantages over the aforementioned: (i) the length of the packaged 
RNA can be up to 30,000 nts, which is not possible with the other viral systems, and 
(ii) the wide tropism of this virus allows to generate therapeutic VLPs that could 
deliver a gene of interest to many target tissues and cells. Furthermore, these VLPs 
could be used for high-throughput assays to find novel antiviral drugs that inhibit 
assembly, selective packaging of the genomic RNA, disassembly, or release of the 
viral genome. 

The study of the biophysical and physicochemical properties of the SARS-
CoV-2 structural proteins has been done with recombinant proteins expressed in 
bacteria. While the expression of recombinant proteins in bacteria is an extremely 
powerful approach, it has its own limitations. For example, in such system it is 
extremely challenging to produce proteins with eukaryotic post-translation modifi-
cations or assemble VLPs that require the presence of an endomembrane. In this 
context, there is a need for expression systems of SARS-CoV-2 VLPs in eukaryotic 
systems. Therefore, developing a single plasmid coding all the structural proteins 
would allow for determining the protein–protein and protein-RNA interactions that 
control VLP assembly and selective RNA packaging during assembly in cultured 
cells. This scenario would be fundamental to understanding the assembly process of 
SARS-CoV-2. 
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Chapter 8 
Norovirus—A Viral Capsid in Perpetual 
Flux 

Lars Thiede, Ronja Pogan, and Charlotte Uetrecht 

Abstract Noroviruses are the prime causative agents for viral gastroenteritis glob-
ally. The icosahedral capsid of noroviruses is usually comprised of 180 copies of 
VP1, which contains the shell (S) and protruding (P) domain. The S-domain forms 
the protective shell surrounding the genome, while the P-domain sits on top of the 
S-domain and facilitates binding processes. Research on different model systems has 
revealed dynamic processes governing the life of noroviral capsids. Assembly of the 
capsid occurs in an environmental and strain dependent manner. The fully assem-
bled capsid can further alter its shape when interacting with divalent metal ions and 
other binding partners, contracting the P-domains to enable receptor binding and 
immune evasion. These findings aid in understanding the complexity of noroviruses 
and caliciviruses as a whole. Even though there are still several hurdles to overcome, 
pertaining to human virus production and receptor identification. 

Keywords Norovirus · Caliciviridae · Capsid assembly · Structure dynamics ·
Virus-like particles · Bile acid 

Introduction 

The first viral agent identified as the cause for gastroenteritis was the human norovirus 
(hNoV), described in 1972 as Norwalk virus according to the location of discovery, 
Norwalk, Ohio, USA [28]. Noroviruses belong to the family of Caliciviridae and 
can be divided into 10 genogroups (GI-GX), of which GI, GII, GIV, GVIII and GIX 
infect humans [7]. Noroviruses frequently cause sporadic seasonal outbreaks [2], 
the majority of those have been traced back to GII.4 strains in the last decade [53]. 
Symptoms include nausea, vomiting, diarrhea and fever. The agent may pose severe
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health risks for children and immunocompromised patients as well as presenting an 
immense economic burden [1, 37] (Fig. 8.1). 

Noroviruses have a non-segmented positive-strand RNA genome with an approx-
imate size of 7.5 kb, containing three open-reading frames (ORFs). ORF1 encodes 
a non-structural polyprotein, which includes for example the RNA dependent RNA 
polymerase (RdRp). ORF2 encodes the major structural protein VP1 and ORF3 the 
minor structural protein VP2 [24, 25]. The norovirus capsid is composed of 90 VP1 
dimers, forming a shell with T = 3 symmetry. Empty capsids also assemble in other

Fig. 8.1 Schematic diagram of the Norovirus genus within the Caliciviridae family. The 11 genera 
of calicivirus, as defined by [75] and the ten established genogroups in the genus norovirus (GI— 
GX), as defined by [7] are shown, as well as the species wherein each genogroup has been detected 
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symmetries [14, 26]. In the capsid, VP1 can be found in three quasi-equivalent confor-
mational states. The general architecture of the capsid can be subdivided into three 
types of VP1: A-types forming the fivefold icosahedral axis, B-types forming dimers 
with the A-types, and C-types forming dimers with themselves at the twofold-axis 
[29, 30]. VP1 itself is divided into the distinct subdomains of shell (S) domain, the 
C-terminal protruding (P) domain, and the N-terminus. The S-domain forms the bulk 
of the capsid with the P-domain as protrusions on the capsid surface [59, 60]. 

Currently available hNoV cell culture systems are based on stem-cell derived 
enteroids [17, 18]. Recent advances include the progression of existing enteroid 
systems [48] as well as colon-derived cell lines [58]. Virus production in salivary 
glands has been proposed as a potential alternative [19]. Though promising, all of 
these are still quite novel and produce insufficient amounts of virions for structural 
studies. Additionally, zebra fish larvae have emerged as an animal-based system for 
cultivation [74]. While murine noroviruses (MNV) have been the most common 
surrogate, other mammalian caliciviruses have been investigated for potential simi-
larities to their human counterpart, like rabbit hemorrhagic disease virus (RHDV) and 
feline calicivirus (FCV), [10, 29]. Virus-like particles (VLPs) are solely comprised 
of the protein components of interest, thus devoid of any genome, rendering them 
non-infectious. This makes them a convenient tool for virus studies [81]. Norovirus-
like particles (NVLP), made from recombinant VP1, assembling into empty capsids 
constitute another widespread proxy for hNoV research. 

With this virus production problem in mind, it is no surprise that vaccine devel-
opment for hNoV has been unsuccessful and that antivirals are not available yet 
[51, 70]. Our current understanding of norovirus structure is created by an array of 
research based on different hNoV surrogates, protein assemblies and even confor-
mations, presenting a difficult puzzle. This chapter attempts to shed light on the 
norovirus capsid and its ability to structurally adjust itself [66]. Substantial progress 
has been made in recent years due to integrating various techniques and technological 
advancements [15, 39, 47, 47]. 

The P-Domain Facilitates Virus-Host Interaction 

The P-domain, located atop the S-domain, is comprised of a P1 and a P2 subdomain, 
with P2 being inserted in P1. These subdomains form a functional dimer that serves 
as an interaction site for several binding partners. This flexible P-dimer is responsible 
for interaction with the host cell via a receptor and several attachment factors. Histo-
blood group antigens (HBGAs) have been proposed as an attachment factor for many 
hNoVs [8, 23, 44]. However, the actual receptor is still elusive and distinct from those 
found in MNV and FCV. 

HGBAs are abundant on epithelial cell surfaces, particularly in the gastrointestinal 
mucosa as glycolipids or glycoproteins, and similar structures are found on intestinal 
bacteria. The central element of every HGBA is the α-L-fucose-(1, 2)-D-galactose H-
disaccharide equivalent to blood group 0. Extension of this disaccharide with either
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galactose or N-acetyl-galactosamine residues yields the corresponding antigens of 
either the A or B blood group. Multiple biophysical methods have been employed to 
probe the poor mM binding affinities of the P-dimer to HGBAs. Several works based 
on native mass spectrometry (MS), saturation transfer difference and chemical shift 
perturbation NMR (STD and CSP NMR, respectively) have investigated KDs [20, 21, 
45, 77]. However, recent investigations by NMR and HDX-MS revealed much lower 
affinities than previously thought [12, 16, 44]. Overestimation of binding is technique 
specific and this has been recently reviewed [54]. In native MS, overestimation has 
been attributed to enhanced clustering of glycans to β-sheet structures [80]. It has 
now been established that much higher KDs ranging from 0.5 to 30 mM are observed 
for glycans [12, 44]. The structural effects of HBGA binding on P-dimers are mostly 
subtle [16]. 

The first cell receptor discovered for noroviruses comes from the murine system. 
CD300If was initially found by genome-wide CRISPR screens [52] and confirmed 
by crystal structure [50]. As demonstrated by Fig. 8.2, the P2 subdomains directly 
interact with CD300If in a multivalent manner [50]. Additionally, both subdomains 
are shown to interact with divalent metal ions and bile acids, acting as cofactors, 
these have been demonstrated to aid binding; and in MNV they stabilize the P-
dimers in the necessary conformation to allow for receptor attachment [12]. In some 
other calicivirus families, protein receptors have been identified, the feline junctional 
adhesion molecule A (fJAM-A) for FCV for example [43]. This suggests that hNoV 
also requires a proteinaceous receptor for entry besides HBGAs.

Bile acids bind, when compared to HGBAs, with high affinities, in the single 
μM range. Binding them has far reaching structural consequences on the P-domain 
and the capsid itself. Glycochenodeoxycholic acid (GCDCA) was shown to enhance 
binding in this manner [12, 79]. It is noteworthy, that GCDCA apparently binds the 
P-dimer of murine and human noroviruses in distinct modes. MNV accommodates 
bile deep within the P-dimer [50]. The P-dimer of hNoV on the other hand has 
conserved bile binding pockets on top of the P2 subdomain [32]. This interaction 
causes either contraction or extension of the P domains. The ramifications of this 
bile induced conformational change for the norovirus capsid will be explored later 
on in this chapter and demonstrates clearly the dynamic nature of binding processes 
through the P-domain as well as the capsid. 

Assembly of the Norovirus Capsid Protein 

While the above described T = 3 is the most common geometry among norovirus 
capsids, others have been observed, such as the far smaller T = 1 comprised of 
60 VP1 monomers [78]. Moreover, T = 4 capsids containing 240 VP1 have been 
observed [14, 22, 26]. Molecular mechanisms of NVLP T = 4 assembly are still 
obscure, though not specific to human GII.4 strains as they are known in other 
caliciviruses [40]. A noteworthy structural modifier is the N-terminal domain of 
VP1. A 34 and 98 amino acid truncation completely abolishes capsid formation in
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Fig. 8.2 CD300If binds to 
the P2 subdomain of MNV 
VP1. Top: Ribbon model of 
CD300If-P-domain complex, 
with two P-domains (cyan 
and green) and the receptor 
(yellow). Secondary 
structures are labeled, metal 
ions are depicted as silver 
spheres. Bottom: Schematic 
of the complex in context of 
the host cell and virus 
particle. Adapted from [50] 
under CC BY-NC-ND 4.0 
license

GI.1 Norwalk, while a 20-residue deletion retains assembly [6]. Again, experiments 
on RHDV indicate that this is an overarching mechanism in caliciviruses [5]. The 
role of the N-terminal domain became more intriguing, when highly homogenous 
T = 1 batches of NVLPs were discovered (Fig. 8.3). Several N-terminal truncations 
up to 45 missing amino acids were revealed [56]. Importantly, it remains unclear 
whether N-termini are complete in T = 1 particles reconstructed from cryo-EM as 
density is usually missing, which could be attributed to flexibility or absence of the 
N-terminus. A more recent study investigated whether fusing VP2-derived peptides 
to the N- and C-terminus of VP1 affected capsid assembly. Images from EM showed 
intact capsids of various sizes [42]. Though sufficiently observed, the mechanisms 
that tie the N-terminal domain to the capsid assembly remain unknown.
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Fig. 8.3 Charge detection mass spectrometry (CDMS) on T = 1 dominant NVLP preparations. 
Strains and masses are annotated with ~3.4 MDa for T = 1. GII.10 Vietnam and GII.17 Saitama 
especially display additional, less abundant assemblies with unknown symmetry. Adapted from 
[56] under CC BY 4.0 license 

VLP stability, usually probed by investigating disassembly, is impacted by envi-
ronmental cues like temperature, ionic strength and pH [4, 64]. As with other 
attributes, disassembly is a strain-dependent process. Where GI.1 Norwalk abol-
ishes assembly completely at high pH and low ionic strength [64], GII.17 Kawasaki 
is barely affected [57]. Importantly, stability is also modified by N-terminal trunca-
tion [56]. Therefore, much attention needs to be put towards the strains and attributes 
in question, something that has only recently entered norovirus research [55]. 

The minor structural protein VP2 has proven to be a difficult study subject. When 
co-expressed with VP1, VP2 can be detected but does rarely co-assemble into a 
capsid [22]. Bertolotti-Ciarlet and colleagues suggested early on that VP2 was not 
strictly necessary for capsid formation using VP1 VLPs [6]. Later studies from the 
same group showed that VP2 indeed associated with VP1 and thus contributed to its 
stability and formation of the capsid [76]. Structurally more informative are results 
on FCV virions, that utilized cryo-EM to demonstrate a portal-like assembly formed 
by 12 copies of VP2 (Fig. 8.4). A rearrangement of VP1 at the site of this portal 
allows for the opening of a pore with 1 nm diameter in the capsid. The authors 
hypothesize this portal to be a channel for genome delivery into the host cell, where 
the hydrophobic N-termini of VP2 enter the endosomal membrane. However, RNA 
egress via this route could not yet be demonstrated [11]. This may be due to the pore 
lacking size or missing additional structural requirements. Dynamic rearrangements 
like these are an integral part of the norovirus capsid and therefore need to be explored 
in detail.

Dynamics of the Assembled Capsid 

The capsid structures, much like the assembly process itself, are subjected to envi-
ronmental cues. Cryo-EM experiments first revealed raised P-domains on both an 
MNV and RHDV [29]. Indeed, association with bile acids such as GCDCA leads 
to widespread, though reversible, conformational changes affecting this extension.
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Fig. 8.4 VP2 portal structure in FCV. a A stereo-pair view of the reconstruction along the icosahe-
dral two-fold axis is shown to highlight the portal vertex. b A close-up view of the portal assembly 
along the unique three-fold axis highlights the presence of a pore in the capsid shell at the center 
of this symmetry axis. c A cut-away view perpendicular to the portal axis. VP2 is colored orange 
and red, VP1 dimers arranged about the portal vertex are colored purple, and associated fJAM-
A molecules are colored blue. Reprinted by permission from Springer: Springer Nature Limited, 
Nature, [11] Copyright © 2019

Upon binding GCDCA, the murine capsid contracts, tightly associating the P-
domains to the shell surface. When not in this contracted state, these domains hover 
10–15 Å above the S-domains [62]. The extension is achieved by twisting the loop 
that connects both domains of VP1. Furthermore, a high pH encourages the extended 
conformation, while low pH causes contraction. Notably, this feature is strain depen-
dent: MNV-1 moved at pH 7 to an extended conformation, while MNV-S7 moved 
at pH 8. Metal ions such as Ca2+ and Mg2+ stabilized the resting conformation. The 
same conformations were found in the hNoV capsid of a GII.3 variant [68]. Other 
human variants displayed similar conformations, as earlier work demonstrated with
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a GII.10 variant [21] and later with a GII.4 capsid [13]. A study from the same year 
also showed a contracted MNV, both with and without the presence of bile acids [67]. 
Additionally, a hNoV GII.4 Minerva-derived capsid assumed a contracted conforma-
tion when bound to Cd2+ and an extended one, where the P-domains were raised up 
to 24 Å from the shell, when a chelating agent was applied. The removal of the metal 
ion creates a gap in the dimer interface of the P-domain, where the ion was originally 
bound. Several of the key residues in the ion binding cleft are conserved throughout 
multiple hNoVs, including the aforementioned GII.3 and GII.10. Thus, transition 
from one state to another may be caused by allosteric changes in the hinge region 
of the P-domain induced by binding or removal of metal ions [22]. The preservation 
of such an intricate mechanism points towards an important function that may be 
critical for caliciviruses as a whole. 

The conformational change as a response to environmental cues, may indicate that 
the virus prefers one of the states when attaching to a cell surface, priming the viral 
shell after arrival in the appropriate location in the intestines [66]. Though binding 
does not seem to favor the expanded MNV [50] nor expanded hNoV capsids, but 
rather the contracted state [68]. The most likely reason for the transitory nature of the 
capsid is the evasion of the host immune response. For MNV, it was demonstrated 
that the immune response included antibodies for buried parts of the S-domain [33]. 
Antibodies binding portions of the P-domain, which are buried in the rested confor-
mation were found for several human strains such as GII.10, GII.4 and GI.1 [21, 36, 
61], suggesting that the contracted state served as a protective function by hiding the 
antibody epitopes. This was demonstrated in a GII.4 capsid, where resting P-domains 
occlude the binding site of the well-characterized human antibody NORO-320 [3]. 
Raised P-domains on the other hand leave the binding site fully exposed [22]. The 
difficulties in determining cell surface receptors for humans could be tributary to this 
dynamic quality of the capsid and the interaction process. The investigated capsids 
existed in a ‘wrong’ state and thus were unable to bind putative receptors. Since this 
process is driven by changes in the P-domain, a closer look into the local dynamics 
is warranted (Fig. 8.5).

The P-domain undergoes severe shape shifting, allowing for binding or the lack 
thereof, highlighting the necessity of a flexible P-domain. As explained, metal ion 
binding causes the P-subdomains to take the contracted conformation in human 
and murine noroviruses. This transition is caused by bile and pH as well [62, 79] 
and mediated by several loops within the subdomains moving to accommodate the 
interaction partner [50]. While moving onto the S-domain, the P-domains rotate 
by ~90° and create a complementary contact surface, increasing the number of 
interacting residues with the shell domain. A detailed step-by-step guide for this can 
be found elsewhere [63]. Furthermore, binding of an attachment factor causes the 
P-domains of two VP1 monomers to come together, both in MNV [50, 71] and hNoV 
[32]. In hNoV, the convening P-domains form two highly conserved glycan binding 
pockets, located on top of the P-domain at the cleft of the monomer/dimer interface 
[9]. This is where HGBAs or other glycans bind [38, 65]. A notable exception is a 
GII.10 Vietnam strain, that has demonstrated two more binding pockets in the P2 
cleft at least for the minimal fucose ligand [34]. In hydrogen–deuterium-exchange
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Fig. 8.5 Atomic models of the A/B subunit pairs for the apo and GCDCA MNV complexes. In 
these images, the A and B subunits are colored blue and tan, respectively. a Structure of the apo 
form of MNV. b The P domain rotates by nearly 90° and drops down onto the shell in the presence 
of bile acid. The bound GCDCA is highlighted in yellow and red spheres. The A, B, and C subunits 
are shown in blue, green, and red, respectively. The electron density of bound GCDCA is shown in 
gray. Adapted from [62] under CC BY 4.0 license. Modified for clarity

(HDX)-MS, this was the only strain so far showing long range effects upon glycan 
binding for the wildtype sequence, which is likely due to a small helix forming upon 
glycan binding [16]. Interaction between the P-domain and HGBAs is modulated by 
deamidation of critical residues [44]. Deamidation is a post-translational modifica-
tion (PTM) that transforms an asparagine into aspartic acid in VP1 with a half-life 
of 1.5 days at 37 °C. This was observed in GII.4 Saga and MI001 P-dimers. HDX 
MS yielded that indeed partial and full deamidation resulted in a more exposed P2 
domain, indicating an increased flexibility. This became even more pronounced upon 
glycan binding. Additionally, deamidation altered the monomer–dimer equilibrium 
towards monomeric P-domains [16]. Similar changes were observed in MNV upon
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bile or metal ion binding [12]. It seems that hovering and contraction, rotation as well 
as changes in monomer–dimer equilibria are conserved features across noroviruses 
or even Caliciviridae. Since the transitions occur under distinct circumstances, 
intrinsic features of the VP1 have been evolutionary repurposed to meet the needs 
of infectious cycles in different host species. 

Conclusion 

The norovirus capsid is subjected to a myriad of different, multifaceted processes 
during and after assembly. VP1 mostly assembles into T = 3 icosahedral capsids but 
other sizes are formed as well in a strain-dependent process [14, 26, 47]. Susceptibility 
to environmental cues and subsequent disassembly also falls in this category [57, 64]. 
The N-terminus of VP1 has been identified as an important modifier for the assembly 
with varying degrees of impact [42, 56]. Investigating the binding properties of the 
P-domain, the part of the capsid responsible for interaction, has proven difficult at 
times, as some data proved erroneous [54]. Even though receptors for MNV [50] and 
FCV [43] are known, the human receptor still remains elusive. The reason for this may 
lie in the surprisingly dynamic structural changes on the surface of the capsid itself. 
Upon binding bile, divalent metal ions or being subject to specific pH, the otherwise 
raised P-domains tightly associate to the S-domains. This turned out to be critical for 
receptor binding in MNV and HGBA interaction in hNoV [22, 50, 62, 68]. Addition-
ally, it likely plays a role in immune response evasion [3]. However, the interplay is 
unclear. All of these intricacies are hence vital for understanding noroviruses. 

Fully grasping these minute details requires using and integrating all available 
technologies. EM and MS, both conventional native MS and CDMS, are the prime 
methods to investigate capsids and their assembly. They complement each other 
especially well, as MS provides the time domain EM is lacking [15, 35]. CDMS is 
especially applicable to the often heterogenous samples, like norovirus [47]. HDX-
MS and CSP NMR have been implemented in order to study the complex structure 
variations found in the P-dimer [54]. These are, together with STD NMR, also well 
suited to investigate binding to different ligands [16, 46]. Crystallography is one of 
the ‘classical’ tools that has provided plenty of structural data on the P-dimer [50], 
though it struggles with the megadalton-sized capsids. This is where cryo-EM and 
cryo-electron tomography have stepped in, progressing research on viral assemblies 
[22, 39]. Novel advancements in biophysical and imaging methodologies could push 
these boundaries even further [27, 31].
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Perspectives 

The most pressing issue within norovirus research, is the absence of proper hNoV 
cell culture systems to generate sufficient amounts of virions for structural studies 
[18, 19, 48, 58]. As this hurdle forces research to focus on model systems, it is 
important to keep in mind that studies on MNV, FCV, any other animal model or 
NVLPs do not necessarily reflect the infection cycle of the human strains. Rodents 
for example have a higher synthesis of bile acids [69], which could heavily impact the 
infection mechanisms and could explain the different modes of interaction with bile. 
To comprehend these mechanisms, it will be necessary to determine the exact roles 
of all known interaction partners. While bile, pH and metal ions can all cause critical 
structural rearrangements, it is yet unclear what the exact interplay between these 
factors is, does the presence of all of them differ to that of one? Are there more envi-
ronmental cues or binding partners that cause the rise and fall of P-domains? Bile acid 
enhances HGBA binding in hNoV [32], so there is definitely some host-dependent 
attachment factor interplay at work in some cases. The answers to these questions 
will ultimately contribute towards finding human receptors and vaccine develop-
ment. Moreover, capsid assembly still poses many questions. We know some factors 
that determine the size of capsids, but clearly not all, and even then, the compre-
hension is still incomplete. Furthermore, the critical intermediates of assembly, i.e. 
the assembly nucleus, are still a matter of debate [72, 73]. Their nature may shed 
light on, how the different sizes can be formed, how the size can be tweaked and 
assembly be poised by small molecules offering treatment options. The symmetries 
in non-icosahedral spherical assemblies are yet unknown [56]. For example, icosa-
hedral capsid polymorphism can be seen in the hepatitis B virus (HBV) as well, 
forming T = 3 and T = 4 particles. Simulation work suggests that this is rooted in 
the energetics of different conformations [49]. CDMS-based studies on HBV demon-
strated an ‘overshooting’ in the capsid assembly [41]. Do similar mechanisms exist 
in noroviruses and if they do, is there a biological impact, or can this be exploited 
for nanotechnology approaches or vaccine development? The norovirus capsid is yet 
an incomplete puzzle, for which solving will include the answers to these questions 
and likely more. 
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Chapter 9 
Structural Alterations in Non-enveloped 
Viruses During Disassembly 

Kimi Azad, Debajit Dey, and Manidipa Banerjee 

Abstract The capsid shells of non-enveloped viruses can be categorized as large 
macromolecules constituted from protein building blocks, with the primary purpose 
of protecting and delivering the viral genome inside living cells during an infec-
tion. Non-enveloped virus capsids incorporate stability as well as dynamicity, which 
allows them to survive inhospitable conditions in the environment, and disassemble 
within host cells to ensure transfer of the genome for downstream replication and 
translation. In this chapter, we discuss the metastability of the non-enveloped capsids, 
ensured by molecular switches, that allow the highly stable assemblies to be desta-
bilized under mild but specific physiological conditions. The structural alterations 
induced in non-enveloped capsids as well as in nucleocapsids of enveloped viruses 
during disassembly of the capsid shell, culminating in the release of genome, is exten-
sively discussed. Disassembly is a key step in the establishment of infection and any 
spatiotemporal alteration in this step may diminish infectivity. Thus, a detailed under-
standing of the molecular pathways of disassembly may result in the development 
of more effective intervention methods and antiviral compounds. 

Keywords Capsid · Non-enveloped · Nucleocapsid cores · Disassembly ·
Cryoelectron microscopy · X-ray crystallography · Cellular cues
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Overview of Non-enveloped Capsid Disassembly 

Non-enveloped virus capsids contain highly stable, homogeneous, protein shells 
organized in either icosahedral or helical fashion. The stability of the capsid is 
designed to ensure protection and transportation of the infectious genome pack-
aged within the shell; however, establishment of infection in a host cell requires 
partial or complete disassembly of the shell to allow release of genome [1]. The 
optimal functionality of a non-enveloped capsid thus requires the incorporation of 
stability and dynamicity in the same structural unit. These capsids usually undergo 
a post-assembly maturation process, typically involving proteolytic cleavage, which 
imparts metastability to the structure [2, 3]. The initial stages in host cell entry such 
as receptor binding, low endosomal pH, compartment-specific presence of proteases, 
reduced cytoplasmic Ca2+ concentration etc. induce conformational alterations in the 
particles which first result in the exposure of sequestered, relatively flexible capsid 
components [4], followed by partial or complete dissociation of the capsid structure 
and externalization of genome [5]. These structural alterations may be concurrent or 
sequential, and are primarily observed by triggering disassembly in capsids in vitro. 

The majority of non-enveloped animal viruses enter cells through the endo-
somal route (Fig. 9.1); thus an essential function of the initially exposed, flexible 
components is the penetration of the membrane compartments in the late endosomal 
stage [4]. These components are usually membrane-active peptides, or membrane-
lytic enzymes such as phospholipases, that utilize diverse mechanisms for cellular 
membrane disruption [4, 5]. In addition to the endosomal route, non-enveloped 
animal viruses also undergo partial or complete disassembly in cellular compartments 
such as the Endoplasmic Reticulum (SV40), Nucleus (Adenovirus) and Lysosomes 
(Hepatitis A Virus) [6–8] (Fig. 9.1). Partial disassembly that makes particles compe-
tent for genome release, has also been reported at the plasma membrane through 
receptor interaction (Poliovirus) [9–11]. Non-enveloped plant viruses with helical or 
icosahedral geometry like Tobacco Mosaic Virus or Brome Mosaic Virus also appear 
to have molecular switches that allow them to disassemble upon exposure to altered 
conditions such as basic pH, alteration in divalent cation concentration etc. [12–14]; 
while the release of genome from bacteriophages is a concerted and complex process 
requiring injection of the genome in the bacterial cytoplasm [15]. The essential factor 
in these transitions is the dynamicity of the particles that allow the requisite confor-
mational changes. While the cellular triggers or molecular switches for disassembly 
are by no means similar across the board; specific features like proteolytic cleavage 
during maturation, exposure of flexible capsid components in the early stages of 
disassembly, capsid stability-enhancing mutations decreasing uncoating efficiency 
etc. appear to be common in certain groups of non-enveloped viruses (Table 9.1).

Capturing structural details of non-enveloped particles in the process of disas-
sembly is challenging, as isolating disassembly intermediates in a relatively homo-
geneous and stable form is not an easy task. In the absence of a homogeneous 
and concentrated population of “altered” particles, X-ray crystallography cannot be 
utilized [16]. The recent advances in cryo-electron microscopy and single particle
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Fig. 9.1 A Schematic highlighting cellular compartments utilized for capsid and nucleocapsid 
disassembly. Representation of a cell with examples of viruses (bottom; marked with color) that 
undergo partial or complete disassembly at different cellular compartments. Endosome: red; cyto-
plasm: dark blue; endoplasmic reticulum: magenta; light pink: nucleus; golden: Golgi apparatus; 
dark green: plasma membrane; cyan: lysosome. ASFV: African swine fever virus; FHV: Flock 
House virus; HPV: Human papillomavirus; SV40: Simian virus 40; HSV: Herpes simplex virus; 
HBV: Hepatitis B virus; HIV: Human immunodeficiency virus; HAV: Hepatitis A virus

reconstruction [17] have made it possible to computationally assess and sort out 
multiple disassembly states in the same population, and to build a molecular route 
towards disassembly in case of some viruses [18–20]. Cryo-electron tomography is 
another technique that is potentially applicable towards resolving structural details 
of disassembly intermediates in situ, however, this method is currently limited by 
resolution [21]. Computational methods like Molecular Dynamics simulations have 
also been applied to understand conformational alterations during virus disassembly 
with varied success [22]. 

In this Chapter, we have attempted to provide a comprehensive discussion of the 
structural alterations in non-enveloped virus capsids, with animal, plant or bacterial 
hosts, during disassembly or uncoating. We begin the discussion with a description of 
the “molecular switches” built in particles during maturation which are required for 
structural alterations in response to cellular triggers. These switches impart stability
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Table 9.1 Disassembly intermediates of non-enveloped viruses 

Virus Disassembly 
intermediates 
identified 

Structural alterations 
identified 

Mode of generation 
of intermediates 

Reference(s) 

Adenovirus Adenovirus 
disassembling 
particles 

Proteolytic cleavage of 
protein VI mediated by 
viral capsid protease, 
exposure of membrane 
lytic peptide, loss of 
pentons from the 
capsid 

Receptor binding, 
low pH, heating, 
mechanical fatigue 

[44, 125, 167] 

Brome Mosaic 
Virus (BMV) 

BMV 
intermediate 
particles 

Disassembly via a 
swelling transition, a 
near complete capsid 
that has released the 
RNA, empty shells 
with small missing 
part, and the released 
RNA complexed to a 
small number of the 
capsid proteins 

pH and buffer ionic 
strength changes 

[13] 

Coxsackievirus 
A16 (CAV16) 

120S particles 
(or 135S-like 
particles) 

Capsid expansion, 
partial externalization 
of VP1 N-terminus, 
complete loss of VP4, 
widening of twofold 
axis channel 

Formaldehyde 
treatment 

[103] 

Echovirus 18 Open particles Loss of one, two, or 
three adjacent 
capsid-protein 
pentamers, capsid 
opening of more than 
120 Å in diameter 
enabling the release of 
double-stranded RNA 
genome 

Low pH [19] 

Enterovirus 71 
(EV71) 

82S particles 
(or 80S-like 
particles) 

Capsid expansion, 
partial externalization 
of VP1 N-terminus, 
complete loss of VP4, 
widening of twofold 
axis channel 

Formaldehyde 
treatment 

[104] 

Equine rhinitis A 
virus (ERAV) 

Transient 80S 
particles 

No capsid expansion, 
complete loss of RNA 
from intact 
intermediate before 
quick dissociation to 
pentameric subunits 

Low pH [86]

(continued)
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Table 9.1 (continued)

Virus Disassembly
intermediates
identified

Structural alterations
identified

Mode of generation
of intermediates

Reference(s)

Flock House 
Virus (FHV) 

Eluted and 
Puffed 
Particles 

Capsid contraction, 
global loss of γ peptide, 
localized loss of capsid 
protein components, 
compaction of genome 
into rod-shaped 
structure, genome 
release via twofold 
axes, capsid 
disassembly following 
RNA release 

Incremental heating [20] 

Israeli Acute Bee 
Paralysis Virus 
(IAPV) 

Empty IAPV 
particles 

No capsid expansion, 
no pore formation in 
capsid, detachment of 
VP4, partial loss of 
structure of VP2 
N-terminus, loss of 
RNA 

Incremental heating [100] 

Orthoreovirus ISVP 
(Infectious 
subviral 
particle) and 
ISVP* 

Autocleavage of outer 
capsid protein μ1, 
release of 
myristoylated μ1N 
peptide 

Protease treatment, 
heating and 
incubation with 
monovalent cations 

[40] 

Poliovirus 135S particles, 
empty 80S 
particles 

Capsid expansion, 
externalization of VP1 
N-terminus, loss of 
VP4, opening of large 
holes at twofold and 
quasi-threefold 
symmetry axes, loss of 
RNA 

Receptor binding, 
heating 

[85, 96, 97] 

Reovirus Infectious 
subviral 
particles 
(ISVPs); core 
particles 

Release of σ3, 
structural 
rearrangements in σ1; 
release of σ1 and  μ1, 
structural 
rearrangements in λ2 

Protease treatment, 
exposure to 
monovalent cations 

[88] 

Rhinovirus 
(HRV2) 

A particles, 
empty 
B particles 

Capsid expansion, 
structural 
rearrangements in VP1, 
VP2 and VP3, 
externalization of VP1 
N-terminus, loss of 
VP4, opening of 
channels at canyon 
base and twofold axis, 
altered association with 
RNA with eventual loss 
of RNA from capsid 

Heating, 
low pH 

[99]

(continued)
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Table 9.1 (continued)

Virus Disassembly
intermediates
identified

Structural alterations
identified

Mode of generation
of intermediates

Reference(s)

Rotavirus Rotavirus 
intermediate 
particle 

Spike protein, VP4 
cleavage into VP5* and 
VP8* by cellular 
proteases, VP5* 
rearrangement and 
membrane binding 

Protease treatment, 
reduced Ca2+ 

concentration 

[45, 46, 48–50] 

Triatoma virus Transient 
empty TrV 
particles 

No capsid expansion or 
shell thinning, 
complete loss of RNA 
from intact 
intermediate before 
quick dissociation into 
small symmetrical 
subunits 

Heating [98]

and dynamicity to the capsids and are typically introduced post-assembly, and some-
times during virus entry as well. We then discuss the techniques that have been widely 
utilized for understanding conformational alterations in detail; followed by sections 
on preparation or isolation of disassembly intermediates, initial stages in structural 
alterations, progress of disassembly and global alterations, and molecular pathways 
of genome release. In addition to non-enveloped virus dynamicity and disassembly, 
mechanism of nucleocapsid disassembly in context of enveloped viruses has also 
been discussed. We conclude with the importance of studying disassembly for under-
standing non-enveloped virus infectivity and the prospects for developing interven-
tion methods. It is important to note that while the sections have been devised to 
provide a broad overview of the steps involved in disassembly, not all non-enveloped 
viruses go through the same sequence of events for genome release. Also, while 
we have attempted to include a cross-section of significant work on non-enveloped 
viruses in this Chapter, the vastness of the topic might have prevented the inclusion 
of all relevant research. We apologize to all colleagues whose work could not be 
included. 

Virus Maturation and Structural Changes: A Prelude 
to Disassembly 

Virus maturation is a process that converts a non-infectious capsid into an infectious 
virion. The primary purpose of this event is to ensure that the particles are stable as 
well as dynamic, and capable of irreversible conformational changes upon reaching 
the correct energy landscape in the host cell. Maturation typically involves at least 
one proteolytic cleavage event, and is either executed by a viral protein in response
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to internal or external cues; or by a cellular protease [2, 3]. The process in many 
non-enveloped mammalian and insect viruses, as well as bacteriophages, involve 
covalent separation of membrane penetrating peptides and strengthening of inter-
subunit association [2–4]. 

Maturation typically occurs post-assembly, and during or after the release of the 
particles in the extracellular milieu [2, 3]. Such spatiotemporal specification is to 
ensure favourable placement of inner capsid components such as membrane active 
peptides [4], which should ideally be exposed after release from infected host cells, 
and not within. The maturation cleavage in nodaviruses and tetraviruses have been 
studied in biochemical and structural detail, and appear to follow similar molecular 
pathways (Fig. 9.2). The capsids of nodaviruses have icosahedral T= 3 geometry and 
are generated from 180 copies of a chemically identical capsid protein, α [23]. Post-
assembly, each copy of α undergoes autoproteolytic cleavage into β and γ subunits 
[24] (Fig. 9.2a). While β forms the inner and outer capsid shell, γ is a membrane 
active peptide that remains associated with the inner surface of the capsid [25]. The 
cleavage of α into β and γ is orchestrated by an aspartate residue at position 75 [26]. 
Post-assembly, Asp75 comes in proximity with the cleavage site, between AsN363 
and Gly364, and functions as a base to polarize the side chain of AsN363, resulting 
in a nucleophilic attack on the main chain carbonyl by the latter (Fig. 9.2a). The 
resultant cyclic imide intermediate is hydrolysed by a water molecule, resulting in 
the cleavage of the peptide bond between residues 363 and 364 [26]. The cleavage 
mechanism depends on the local hydrophobic environment around Asp75, which 
causes its nucleophilic behaviour. This highlights the importance of correct assembly 
for maturation cleavage. Indeed, the proteolytic maturation for nodaviruses appears 
to be entirely assembly-dependent. The cleavage of subunits proceeds spontaneously 
upon assembly and cannot be controlled or regulated by other external factors like 
pH.

Tetraviruses, on the other hand, undergo a pH controlled autoproteolytic matura-
tion process which is mechanistically similar to the nodavirus cleavage [27]. In case 
of tetraviruses like NωV(Nudaurelia capensis omega virus), maturation is associated 
with the compaction of the assembled particle from a diameter of 480–410 Å [28]. 
Maturation is triggered by apoptotic conditions in the parent cell, which reduces the 
environmental pH to ~5.0, causing charge neutralization of acidic residues in neigh-
bouring subunits, consequent reduction of electrostatic repulsion and closer associ-
ation between subunits [3, 29, 30]. This is followed by autoproteolytic cleavage of 
all capsid proteins (α) into  β and γ, which proceeds with varied speed for the four 
different subunits in an icosahedral asymmetric unit (iASU) in the T = 4 capsid 
[31] (Fig. 9.2b). The cleavage for A and B subunits proceeds relatively faster and 
reaches completion within the first 10 min [31]. C and D subunits undergo a slower 
cleavage, which eventually results in the wedging of the covalently separated γ 
peptides wedging into the subunit contacts to form “flat” surfaces [31] (Fig. 9.2b). 

The temporal difference in the covalent separation of the γ peptides has been 
shown to have biological significance in case of NωV. The γ peptides from both 
nodaviruses and tetraviruses, either in synthetic form or in context of the capsid, are 
capable of liposomal membrane disruption and are involved in endosomal membrane
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Fig. 9.2 Autoproteolytic maturation cleavage in Flock House virus (FHV) and Nudaurelia capensis 
omega virus (NωV). a Ribbon representation (left) of the α, β, and  γ (red) regions of the capsid 
protein. The catalytic residue D75 (green) is involved in the autocatalytic maturation cleavage 
between N363 and A364 residues. Crystal structure (right) of the mature T = 3 icosahedral FHV 
capsid (PDB ID: 4FTB) with an icosahedral asymmetric unit (iASU), marked with a yellow triangle, 
containing A (blue), B (salmon) and C (green) subunits. b Ribbon representation (left) of one subunit 
of the icosahedral T = 4 NωV particle (PDB ID: 1OHF). One arrow points to the autocatalytic 
maturation cleavage site at the N570 residue. Another arrow highlights the E73 residue, where 
mutations result in maturation defects. Crystal structure of the mature T = 4 NωV icosahedral 
capsid is shown on the right with subunits A (blue), B (salmon), C (green) and D (tan). Bent 
contacts (~ 138°) and flat contacts in the capsid are represented by yellow solid and dashed lines, 
respectively. Cleavage sites stabilizing at different time points in the wild-type particle are also 
highlighted by different green symbols on the capsid protein subunits

penetration during virus entry [32, 33]. The peptides at the fivefold axes of symmetry 
of the capsids form a pentameric, amphipathic, helical bundle which is structurally 
indicative of a membrane channel or pore; while the peptides at twofold or three-
fold axes of symmetry are oriented differently [34]. In NωV, complete maturation 
cleavage of only the A subunit results in the particle reaching its maximum membrane 
penetrating ability, indicating that the peptides at the A subunit are primarily respon-
sible for cellular membrane penetration during endosomal entry of the virus, while



9 Structural Alterations in Non-enveloped Viruses During Disassembly 185

those from the other subunits likely have different functions such as association with 
genomic RNA and providing conformational stability to the particle [31, 32]. While 
a similar distinction in the functionalities of the γ peptide based on its icosahedral 
positioning has also been proposed in the case of Flock House Virus (FHV) [34], the 
inability to control maturation cleavage in this case makes the experimental proof 
untenable. 

Membrane penetrating peptides like γ, after being covalently separated from non-
enveloped capsids during maturation, are transiently exposed from the capsid interior, 
in a process termed “breathing” [35, 36]. This phenomenon indicates the dynamic 
character of a mature virion capable of establishing cellular infection and distin-
guishes infectious particles from immature, non-infectious ones. Several lines of 
evidence involving biophysical studies such as calorimetry and mass spectroscopy 
has established that the inhibition of maturation cleavage in capsids, by mutating the 
relevant catalytic or substrate residues, results in particles that are relatively more 
stable than mature, infectious particles, and display significantly reduced dynamicity 
of the capsid-sequestered membrane active components [20, 37]. Thus, maturation 
cleavage alters the physical properties of the capsid, imparts dynamicity and puts it 
in an energy landscape conducive to eventual dismantling and genome release. 

Picornaviruses, Reoviruses and Adenoviruses also undergo autoproteolytic matu-
ration cleavage processes that result in covalent separation of the membrane pene-
trating component. Picornaviruses contain a pseudo T = 3 capsid initially generated 
from 60 copies each of the capsid proteins VP0, VP1 and VP3. Autocatalytic cleavage 
of VP0 into VP2 and the membrane active peptide VP4 catalysed by His195 of VP2, 
and results in the breakage of the peptide bond between AsN68 of VP2 and Ser1 of 
VP4 [37]. The VP4 peptide is myristoylated at the N-terminus, and remains associated 
with the interior surface of the capsid till host cell interaction, when it is externalized 
[11]. Hepatitis A Virus (HAV), a picornavirus, contains an unusual non-myristoylated 
VP4 component, which is nonetheless capable of membrane penetration [38]. A 
similar processing occurs in mammalian orthoreovirus, a large T = 13 l icosahe-
dral virus, where the μ1 capsid component autocatalytically cleaves to produce a 
membrane active, 42 residue, myristoylated peptide μ1N [39]. The cleavage occurs 
between residues AsN42 and Pro43 of μ1, which is embedded within the trimeric 
form of μ1 in a  μ1-σ3 complex [39, 40]. The μ1-σ3 complex on the outer surface of 
Orthoreovirus is thought to protect the entry-specific components in the extracellular 
milieu. The virus particle goes through multiple steps of capsid protein cleavage and 
release during cellular entry, which results in the formation of discrete disassembly 
states such as ISVP and ISVP* [39, 40]. It is thought that, given the position of the μ1 
cleavage site, the maturation cleavage step is partially associated with and triggered 
by step-wise disassembly [40–43] (Table 9.1). 

Apart from auto-cleavage, viral capsid associated proteases as well as cellular 
proteases are involved in the maturation of animal viruses. In case of adenovirus, 
the cellular membrane disrupting component constitutes residues 34–54 of protein 
VI which forms an amphipathic helix [44]. The proteolytic cleavage of protein VI, 
allowing the exposure of this region under specific cellular conditions, is mediated
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by the viral protease which is also part of the capsid [44]. In case of the triple-
layered rotavirus particles, the outer layer consists of capsid proteins VP7 and VP4. 
The VP4 protein, which forms spikes on the virion surface, is cleaved into VP5* 
and VP8* by cellular proteases during rotavirus entry. This cleavage rigidifies the 
spikes from a relatively flexible conformation and increases the infectivity of the 
particles significantly [45–48]. While this maturation cleavage is primarily dependent 
on trypsin in cell culture, it has been shown that host proteases TMPRSS2 and 
TMPRSS11D mediate the trypsin-independent cleavage in host cells [49, 50]. In all 
such cases, the role of maturation cleavage is to ensure unidirectional progress of 
conformational alterations in the capsid during host cell entry. It has been shown in 
case of tetraviruses that in the absence of maturation cleavage, some of the low pH 
triggered alterations in the capsid can also be reversed [50]. 

In the case of several non-enveloped viruses discussed above, the importance 
of proteolytic maturation cleavage in disassembly is highlighted by the inability of 
maturation defective, uncleaved particles to infect host cells. Many such particles 
were unable to release the packaged genome in a spatiotemporally correct fashion 
to initiate infection. In FHV, mutations at the AsN residue at the cleavage site or the 
catalytic Asp can result in the formation of maturation defective particles that do not 
undergo auto-cleavage of the capsid protein α into β and γ [24, 26]. The particles 
generated are structurally similar to wild-type, infectious FHV, however, they do not 
display the phenotypic alterations typical of disassembly, when such conditions are 
triggered by incremental heating in vitro [20]. The increased stability of the capsid, 
and inability to follow the same conformational pathway to disassembly as wildtype 
particles, appears to lead to the non-infectious phenotype [20]. Similar maturation 
defective variants, that are unable to release capsid components to mediate the early 
stages of infection, have been studied in Adenovirus, Poliovirus and Orthoreovirus 
[39, 51, 52]. 

Bacteriophages undergo multi-step maturation processes requiring proteolytic 
cleavage, formation of covalent linkages and association with accessory proteins to 
ensure the stability of the capsid head [2]. The majority of the bacteriophages belong 
to the order Caudovirales and contain a head–tail structure, where an icosahedral 
head packaging the dsDNA genome is associated with an elongated tail. Based on 
the length and contractile nature of the tail, the order is divided into three fami-
lies—Myoviridae, represented by bacteriophage T4; Podoviridae, represented by 
phage P22 and Siphoviridae, of which HK97 and λ bacteriophage are prominent 
members [2]. Maturation of the capsids follow an elaborate assembly of the icosa-
hedral head, packaging of the genome to “head-full” capacity and association of the 
tail to complete the structure. Several transition states in the maturation pathway 
of bacteriophage HK97, which has a T-7l icosahedral head, have been structurally 
characterized [53]. Following the assembly of the head from constituent proteins, the 
phage protease is activated and cleaves the scaffolding domain of the major capsid 
protein as well as itself, resulting in their removal through the large pores in the 
metastable capsid. This is followed by packaging of the genome, expansion and 
thinning of the capsid shell and formation of isopeptide bonds, reminiscent of chain-
mail, between Lys169 of one subunit and Asn356 of an adjacent subunit, throughout
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the icosahedral head [53]. During this transition, significant structural movements in 
the head results in the symmetrisation and flattening of the hexamers from a skewed 
conformation [54]. The final mature form, termed Head-II, is a highly stable struc-
ture due to the interlocking of protein subunits throughout the capsid [53]. In this 
context, it should be noted that the release of packaged genome from bacteriophages 
is through an injection syringe like structure, and differs considerably from the corre-
sponding process in animal viruses. It is quite possible that in bacteriophage matu-
ration, stability and not dynamicity, is the primary consideration. Bacteriophages 
like the λ phage, incorporate cementing proteins during maturation, which fastens 
adjacent capsid proteins together, thus ensuring maximum stability of the structure 
and preventing premature exposure or release of the genome [55]. 

An extraordinary example of evolutionary similarity has been noted in the context 
of assembly/maturation of tailed bacteriophages and Herpes Simplex Virus (HSV), 
a mammalian virus with a complex architecture. Post-assembly maturation events 
including protease activation, proteolytic cleavage, removal of the scaffolding protein 
and subsequent symmetrisation of the hexamers and strengthening of lateral contacts 
between adjacent capsomeres are similar features between HSV and Caudovirales, 
indicating that they may have been descended from a common ancestor [56, 57]. 

Methods for Capturing Structural Alterations During 
Disassembly: X-Ray Crystallography, Cryo-electron 
Microscopy, Cryo-tomography and Dynamic Simulation 

Crystallography and cryo-electron microscopy are two powerful techniques that have 
shaped the field of virus structure determination. These methods have provided robust 
platforms to study the three-dimensional (3D) structure of viruses at atomic level, 
which is crucial for understanding the mechanisms of virus disassembly, genome 
release and neutralization by antiviral drugs. 

Protein X-ray crystallography is the approach for determining 3D structure of 
proteins at atomic resolution. This technique relies on the ability of proteins to form 
crystals with well-defined symmetry and that of X-rays to diffract off the regular 
arrangement of atoms in a crystal. The methodology involves growing large, high-
quality crystals of a protein of interest, and then bombarding these crystals with 
X-rays to produce a diffraction pattern. This pattern can then be computationally 
analyzed to determine the positions of all the atoms in the protein, as well as any 
other associated molecules or ligands [58]. Advances in X-ray sources, detectors, 
and computational methods have tremendously enhanced the speed and accuracy 
of protein crystallography in the last few decades, making it possible to study an 
increasing number of protein complexes, including those that were previously consid-
ered difficult to crystallize. Crystallography has played a pivotal role in understanding 
the structure of viruses [59]. Tomato Bushy Stunt Virus (TBSV), a member of the
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Tombusviridae family, was the first ever virus structure solved using x-ray crystal-
lography in 1984 [60]. This was closely followed by the structures of Southern Bean 
Mosaic Virus (SBMV) (PDB ID: 4SBV) and Human Rhinovirus (2,856,083). X-ray 
crystallography has contributed to a total of 437 PDB depositions of high resolution 
virus structures till date. 

Compared to X-ray crystallography, cryo-electron microscopy (cryo-EM) and 
single particle reconstruction (SPR) is a relatively new addition in the structural 
biologist’s toolbox [61]. Cryo-EM and SPR has gained tremendous momentum 
in the last 10 years as the method of choice for determining virus structures. For 
cryo-EM imaging, viruses are flash-frozen at ultra-low temperatures in liquid ethane 
which helps to preserve the native conformation of biological macromolecules. Two-
dimensional EM images or micrographs collected at low electron doses are then 
used to create a 3D reconstruction of the virus using image processing packages 
like EMAN [62], RELION [63], cryoSPARC [64] etc. Cryo-EM has been used to 
determine the structures of a large number of pathogenic non-enveloped viruses like 
rotavirus, orthoreovirus, adenovirus etc. With the development of single-particle 
cryo-EM, it is now feasible to identify less stable or transient virus structures like 
disassembly/genome release intermediates. Single particle reconstruction of icosahe-
dral viruses typically incorporates icosahedral geometric parameters in the protocol, 
which have the effect of averaging of density across all asymmetric units. Recently, 
several reconstructions of disassembly intermediates have been carried out without 
application of symmetry, in order to identify local alterations in the capsid. The 
Electron Microscopy Data Bank (EMDB) currently holds 2461 depositions in its 
repository for virus structures. 

Electron cryo-tomography is a method that analyzes protein structures in situ, 
and can be applied to study virus structures in the context of host cells. This tech-
nique requires generation of ultrathin cell sections—either by cryo-sectioning or 
by Focused Ion Beam Milling (FIB milling)—of 50–100 nm thickness. For cryo-
sectioning, the sample is flash frozen in a cryogenic medium, such as liquid nitrogen 
and transferred to a cryo-ultramicrotome where it is sectioned using a diamond knife 
pre-cooled to −180 °C. The resulting thin sections are collected on a supporting 
film, such as carbon or formvar, and can be stained with heavy metals, such as 
uranyl acetate and lead citrate, to increase contrast and improve imaging [65]. FIB 
milling involves the use of a beam of high-energy ions, typically gallium ions, to 
remove layers from vitrified samples that have been flash-frozen to preserve their 
native state. The sample is first mounted on a specialized holder, such as a cryo-FIB 
grid, which can maintain the sample at cryogenic temperatures during milling. The 
FIB is then used to selectively remove material from the sample in a precise and 
controlled manner, resulting in a thin section that can be imaged [66]. The sections 
are visualized in a cryo-electron microscope at different tilt angles, followed by 
alignment of the tilt series by utilization of fiducial markers and 3D reconstruction. 
Several computational methods have been developed for assignment of densities in 
the cellular reconstruction and identification of particles of interest. Electron cryo-
tomography has been utilized for identification of structural alterations in rotavirus 
particles during the initial stages of cellular entry, however, the resolution remains
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significantly lower compared to SPR techniques. Cryotomography can be utilized 
in hybrid mode in combination with X-ray crystallography or SPR to get a better 
understanding of in situ structural alterations in viruses during disassembly. 

Apart from experimental methods, in recent years, the development of high-
performance computing and advancements in force field methods have led to increas-
ingly sophisticated and accurate simulations of biological macromolecules, broad-
ening the scope of problems that can be studied using Molecular Dynamics (MD) 
simulations [67]. MD simulation is a computational approach for studying the move-
ments and interactions of atoms and molecules. The method involves solving the 
equations of motion for a system of interacting particles, typically using classical 
mechanics, to simulate the behaviour of the system over time. MD simulations can be 
used to study a wide range of materials, including liquids, solids, and biomolecules, 
as well as to investigate various properties such as thermodynamics, kinetics, and 
equilibrium behaviour. The ability to study the behaviour of complex systems, espe-
cially those that are difficult to study experimentally, has made MD an important tool 
in the fields of chemistry, physics, materials science, and biochemistry. In biology, 
this technique has been widely used to study the structural and dynamic proper-
ties of macromolecular biological complexes like viruses. MD simulation is being 
increasingly applied to understand virus structural dynamics, energetics and stability 
which is crucial for developing antiviral drugs and vaccines [22, 68]. It can also be 
used to study the interactions between viral capsid proteins, the viral genome, and 
host cell factors that are involved in viral disassembly. Whole virus simulations can 
also be used to study the effects of mutations and chemical modifications on capsid 
stability (Table 9.2). It can provide information on the specific interactions between 
atoms and molecules, as well as the energy changes that occur during the disassembly 
process. This can identify key residues and regions of the viral capsid that are key for 
structural stability. MD simulations can also be used to study the effects of different 
environmental conditions, such as pH, temperature, and the presence of ligands on the 
viral capsid. Interesting insights on several non-enveloped plant and animal viruses 
like the Southern Bean Mosaic Virus, Hepatitis B Virus, Triatoma Virus, Satellite 
Tobacco Mosaic Virus, Porcine Circovirus and others have been studied using MD 
simulation [69–73]. 

In addition to these structural techniques, a variety of biochemical and biophysical 
methods, the latter involving Small Angle X-ray Scattering (SAXS) [74, 75], Time 
resolved SAXS (TR-SAXS) [76], neutron scattering [77], fluorometric methods [78], 
atomic force microscopy [79] and mechanical fracture [79], and thermal shift [78] 
and calorimetric methods [80] have been utilized to study the physical and molecular 
features of virus disassembly.
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Initiation of Disassembly and Generating Intermediates In 
Vitro 

The mature, non-enveloped capsid generated post-assembly serves as a stable 
container to transport and protect the viral genome under harsh environmental condi-
tions. In case of the vast majority of animal viruses, disassembly or uncoating is 
initiated when the metastable capsid is exposed to specific host cell factors such 
as receptors and co-receptors, endosomal compartments with low pH and reduced 
concentration of divalent cations, host cell proteases in cellular compartments like 
lysosomes etc. [1, 5]. The environment within host cells is considerably milder than 
the extracellular milieu, and the triggering of disassembly in a relatively mild setting 
is indicative of molecular switches programmed in during assembly/maturation that 
respond to specific conditions. 

The exact steps involved in disassembly is unclear for most viruses. However, it is 
to be noted that the conformational changes involved in the virus assembly and disas-
sembly processes are not simply reversible but unique to each process [81]. Among 
non-enveloped animal viruses with icosahedral geometry, the uncoating processes 
of nodaviruses, picornaviruses, polyomaviruses, adenoviruses and reoviruses have 
been studied in biochemical and structural detail [5, 82], as illustrated in Table 9.1. 
Generating disassembly intermediates of these viruses in vitro is usually achieved 
through association with recombinantly produced receptor (picornaviruses), expo-
sure to factors that mimic intracellular environmental conditions such as low pH 
(picornavirus), varied ion concentrations (reovirus) and limited proteolysis (reovirus) 
[44, 83–88]. 

In case of picornaviruses, binding to the receptor appears to initiate disassembly, 
which in the early stages results in the exposure of membrane interacting peptides 
from the capsid interior, expansion and thinning of the capsid shell and an outward 
movement or gradual separation of the capsid proteins. Progression of conformational 
changes in the capsid eventually culminates in expansion of pores or openings at the 
symmetry axes or removal of one or multiple capsomeres from the capsid surface 
to allow genome escape [9, 83, 84, 89]. The disassembly pathway of members of 
the picornavirus family is one of the most investigated, probably because of the 
generation of stable and distinct disassembly intermediates by these viruses under 
in vitro conditions. 

As described in the earlier section, picornavirus capsids consist of 60 copies each 
of the capsid proteins VP1, VP2, VP3 and VP4 arranged in a pseudo T=3 icosahedral 
shell. While VP1-VP3 form the outer and inner capsid surfaces and contain the 
traditional β-barrel fold common to mammalian non-enveloped capsid proteins, VP4 
is a small peptide which is located inside the capsid and is usually disordered in most 
of the crystal structures of picornaviruses. The first stable intermediate generated 
during disassembly, designated 135S (based on the sedimentation coefficient) or A 
particle, is a stain-permeable, slightly expanded form in which the N-terminus of VP1 
is externalized and VP4 is partially or completely absent from the capsid [9, 84]. It has 
been shown in case of multiple picornaviruses that these components are hydrophobic
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or amphipathic, and are involved in cellular membrane penetration, although there 
are some exceptions [38, 84, 90–92]. The exposed hydrophobic sequences in the A 
particles are thought to facilitate delivery of the viral genomic RNA to the cytosol 
by forming pores in the host membrane [11, 93]. An additional function attributed to 
the exposed VP1 termini from poliovirus is to form membrane connectors, from the 
capsid to the host cell cytoplasm, to allow safe passage to the genome [85]. Altered 
picornavirus particles can be biochemically distinguished from the native particles 
by their increased hydrophobicity and ability to associate with synthetic or cellular 
membranes. A detailed review of membrane lytic components of non-enveloped 
viruses is available in ref. [4]. 

The exposure or loss of VP4 and VP1 N-terminus in the A particle likely indicates 
that externalization of these components for cellular membrane association consti-
tutes the initial step in capsid conformational alterations during disassembly. As 
discussed previously, these components are also occasionally, transiently exposed 
from the resting capsid (the 160S particle)—during “breathing”, which highlights 
their relative flexibility compared to the rest of the capsid [36]. Thus, the initial struc-
tural alterations during disassembly result in exposure of the more flexible parts of the 
capsid, which were proteolytically processed during maturation. The second inter-
mediate, called the 80S or B particle, is an empty capsid with icosahedral features, 
that has already released the packaged genome [94, 95]. The majority of disassembly 
intermediates of picornaviruses, as well as other non-enveloped capsids, show expo-
sure or loss of similar internal, flexible capsid components that are involved in plasma 
or endosomal membrane penetration. However, the somewhat confusing distinction 
in localization of these components on the surface of various intermediate structures 
reinforces their flexibility; and perhaps, the complex nature of disassembly interme-
diates, which could be a composite of rapidly altering conformational states [90]. 

Since in case of animal viruses, the disassembly pathway in host cells is likely trig-
gered by receptor binding and low pH conditions in late endosomal compartments, a 
combination of these conditions have been utilized to generate stable intermediates 
in vitro. For example, the 135S and 80S particles of poliovirus have been success-
fully generated in vitro by incubating the native 160S virus particle with the purified 
receptor [85, 96, 97]. Application of low pH alone has been utilized to successfully 
generate intermediates of picornaviruses such as Echovirus 18 and Equine Rhinitis 
A Virus (ERAV) [19, 86]. Interestingly, application of heat to some non-enveloped 
animal viruses have been found to trigger disassembly-like structural alterations. 
This is likely a result of energy transfer to metastable particles programmed to go 
through specific conformational changes, which under in vivo or ex vivo condi-
tions are typically an outcome of energy released due to receptor binding by the 
particle. Poliovirus disassembly intermediates can also be generated by heat in lieu 
of receptor binding, as are Triatoma Virus particles [98]. Human Rhinovirus (HRV2) 
disassembly intermediates can be generated by a combination of heating and low 
pH [99]. Disassembly intermediates of the picornavirus Israeli Acute Bee Paralysis 
Virus (IAPV), and the nodavirus, Flock House Virus (FHV) can be generated by 
supplying incremental heat to the particles [20, 100]. Incremental heating of FHV 
results in the generation of two, relatively stable, disassembly intermediates—the
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“eluted particle” with a negative stain permeable phenotype, and a “puffed parti-
cle” which had a cloud of genomic RNA exposed from the capsid. Interestingly, the 
eluted particle phenotype, which had externalized a fraction of the membrane active 
γ peptides, was also isolated from host cells one hour after initiation of viral infection 
[101]. The structural and biochemical similarity between the eluted particles isolated 
from ex vivo infection and in vitro incremental heating, establishes the feasibility of 
replicating viral disassembly intermediates outside the cellular milieu. The utiliza-
tion of methods like incremental heating, low pH and other conditions also makes 
it possible to study disassembly-related conformational alterations in viruses whose 
host cell receptors are unknown. 

Other methods that have been utilized for triggering disassembly in non-enveloped 
animal virus capsids in vitro include formaldehyde treatment (Enterovirus 71, 
Coxsackievirus A16), protease treatment (orthoreovirus, rotavirus) and incubation 
with monovalent cations (orthoreovirus) [102–104]. Disassembly intermediates of 
the mammalian Orthoreovirus can be generated by heating of the capsid as well 
as treatment with monovalent cations in vitro. The incomplete T = 13 icosahe-
dral capsid of reovirus undergoes a series of disassembly-associated alterations in 
its outer protein layers, which consist of 200 heterohexamers of μ1—the receptor-
binding and membrane-penetrating component, and σ3, the protector protein which 
conceals μ1 [88, 105, 106]. After receptor-mediated entry, σ3 is digested by cathepsin 
proteases in cellular compartments. This results in the exposure, rearrangement, and 
proteolytic maturation cleavage of the μ1 component into μ1N and Φ [40, 107]. 
The particle which has undergone these alterations is termed the Infectious Sub 
Viral Particle or ISVP. Further alterations result in the cleavage and release of the 
membrane penetrating peptide μ1N, which assists in the formation of membrane 
pores to allow release of genomic material [39, 108, 109]. These changes result in a 
discrete particle called ISVP* which incorporates the properties of hydrophobicity 
and membrane activity as seen in disassembly intermediates from other virus fami-
lies [110, 111]. While the cellular triggers for these alterations in vivo or ex vivo 
are not identified yet, the progression of conformational alterations in the pathway 
to disassembly has been established primarily through the characterization of these 
intermediates generated in vitro, as well as through mutational studies [112]. A recent 
mutational study has established the role of μ1 residues 340–343, which form a loop 
in the β-barrel region of the protein, in maintaining capsid stability and regulating 
disassembly [113]. Interestingly, it has been shown that host cell membranes play an 
important role in the structural transition of reovirus particles during disassembly. It 
is thought that the transient exposure of μ1N during breathing results in the associ-
ation of the peptides with host cell membranes, and the membrane associated μ1N 
can interact with particles and cause ISVP to ISVP* alterations in a positive feedback 
loop [114, 115]. In support of this hypothesis, synthetic membranes made from lipids 
like phosphotidylcholine and phosphotidylethanolamine can trigger ISVP to ISVP* 
conversion in vitro [114, 115]. 

Rotavirus capsids undergo major conformational changes, reminiscent of 
enveloped viruses, during their association with and disassembly inside host cells 
[45]. Rotavirus contains multiple layers of capsid proteins—the innermost layer



9 Structural Alterations in Non-enveloped Viruses During Disassembly 193

being composed of 120 copies of VP2 which encloses the segmented dsRNA genome, 
which is surrounded by a T = 13 l icosahedral lattice formed by VP6. This particle 
containing VP2 and VP6 is replication competent and is termed the double layered 
particle (DLP) [116]. The VP2-VP6 layer is coated by capsid proteins VP4 and VP7, 
with VP4 forming prominent spikes on the outer surface and VP7 locking the spikes 
in place [48, 117]. The maturation cleavage of VP4 into VP5* and VP8* has been 
described in the previous section [45, 47]. The assembly, as well as the disassembly 
of the complete particle, called TLP (triple layered particle), is modulated by the 
availability of Ca2+. Reduced Ca2+ concentration during entry of the particles into 
host cells triggers a series of molecular transformations, which results in the loss of 
VP7 and resultant exposure of VP4 spikes for establishing cellular interaction [118]. 
Eventually, the shedding of the VP4-VP7 layer during disassembly regenerates DLPs 
which do not disassemble further, and replication of viral genome is carried out within 
the compartment. The variable concentration of Ca2+ in the cytoplasm (~100 nM) 
and ER controls the processes of disassembly as well as assembly [118]. The early 
stages of rotavirus entry and structural alterations have been followed in BSC-1 cells 
using cryoelectron tomography [119]. CryoET and subtomogram averaging gener-
ated particle reconstructions at resolutions in the nm scale. However, some prominent 
structural features such as the presence of full-length VP4 spikes in some particles, 
and the decrease in spike length in another group indicating structural rearrangements 
in the VP5* region could be conjectured from the reconstructions [119]. 

Human papilloma virus 16 (HPV-16) uses receptor binding to initiate its 
disassembly process, which involves exposure of the viral internal protein L2 and 
furin-mediated cleavage of its N-terminus [120]. This altered HPV-16 virus then 
uses low pH in the late endosome to access the cytosol [121]. Another virus which 
undergoes stepwise disassembly is Adenovirus [122]. The disassembly of adenovirus 
is initiated upon receptor interaction, which results in the loss of the protruding 
fibres from the virus surface. This is followed by further loss of pentons from the 
capsid in the low pH conditions within the endosome, and eventual dismantling in 
the nucleus and externalization of genome. Also, imaging and tracking experiments 
have shown that host molecular motors help adenovirus to overcome diffusion 
barriers and employ a stepwise uncoating programme [123]. Immature adenovirus 
particles, which do not undergo maturation cleavage in protein VI, are unable 
to cause endosomal membrane disruption during disassembly and are incapable 
of causing infections [124]. Interestingly, mutated adenovirus particles which do 
not go through the maturation process are more stable, but not necessarily stiffer 
than the wild-type, infectious virions [125, 126]. A variety of conditions including 
incremental heating and mechanical stress have been utilized to initiate and study 
the stepwise dismantling of adenovirus capsids in vitro [125]. 

The non-enveloped polyomavirus SV40 (simian virus 40) binds to GM1 ganglio-
side receptors at the cell surface and enters into the host cells by a caveolae-
mediated endocytic process that translocates SV40 to endoplasmic reticulum (ER) 
(12,941,687, 14,644,415, 2,556,405). Within ER, SV40 undergoes partial disas-
sembly exposing VP2 and VP3, its internal capsid proteins (11,967,331). However, 
the packaged genomic DNA is released only after the partially uncoated virus reaches
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the cytoplasm (22,090,139). SV40 is also known to hijack the ER-associated degra-
dation (ERAD) machinery for its penetration through the ER membrane to reach 
the cytosol (17,981,119, 19,002,207). The released DNA genome then enters the 
nucleus via VP2 viroporin (22,929,056). Thus, SV40 follows a unique disassembly 
pathway with discrete uncoating steps that are separated temporally and topologi-
cally. Time-resolved experiments using cryo-EM and solution X-ray scattering have 
also detected the series of sequential changes occurring in the SV40 particles in vitro 
at pH 10 or above (32,104,873). These structural changes began by particle swelling, 
followed by the appearance of a hole in the capsid through which the genomic DNA 
escaped, then a slight shrinkage of the capsid, which finally proceeded to complete 
disintegration of the particle capsid (32,104,873). 

The disassembly of the helical plant virus Tobacco Mosaic Virus (TMV) depends 
on the increase in pH and decrease in Ca2+ concentration [14]. TMV is highly resistant 
to temperature, and to pH conditions down to 1.0. The helical particles are generated 
from a single capsid protein (CP) of 17 kDa, comprising a four-helix bundle, which 
is tightly wound around the genomic RNA. High resolution structures of TMV have 
been resolved using cryo-EM and SPR in conditions with and without Ca2+. From  
the structures, it is clear that the metastable switch in TMV capsid is provided by 
a group of Ca2+ sensitive Casper-carboxylate residues. This network is primarily 
formed by amino acids E95, E97, E106, E50 and D77, assisted by N98 and N101. 
E95 and E97, which are located within a radius of 20–60 Å from the radial axis of 
the capsid, are protonated at lower pH conditions, and stabilize the capsid [14]. Upon 
entry into the cell, and due to the rise in pH and consequent repulsion between the 
acidic residues, Ca2+ release is initiated from the lower radii regions and spreads to 
the middle radii regions [14]. However, the destabilization and disassembly of the 
particles is relatively limited, with the helical morphology being largely maintained. 
The RNA genome becomes accessible to the replisome machinery through its 5’ end 
for downstream genome replication [127]. 

Brome Mosaic Virus (BMV) and Cowpea Chlorotic Mottle Virus (CCMV) are 
plant viruses that have a stability profile opposite to that observed in many non-
enveloped animal viruses [12, 13]. Unlike animal viruses, but like other plant viruses 
such as TMV, the capsids of BMV and CCMV are stable at low pH conditions, but 
become destabilized at neutral and high pH conditions. This molecular switch has 
likely evolved due to the necessity of the particles to stay intact in the acidic pH of 
insect gut. Both BMV and CCMV disassemble under a combination of elevated pH 
and low Ca2+ concentration, and via a prominent “swelling” intermediate. During 
swelling, the particle diameter increases by ~10%, the capsid shell becomes more 
elastic, and pores of ~2 nm diameter open along the quasi threefold axes of symmetry 
of the icosahedral particles [128, 129]. Further increase in pH results in dissociation 
of the particles into the constituent protein and RNA components [12, 13]. 

Many in vitro methods for disassembly have also been tested in case of bacte-
riophages like the λ and T4 [15, 130]. The icosahedral heads of the bacteriophages 
are typically tightly packaged with genomic DNA and therefore highly pressurized 
[131–133]. Incremental heating has been utilized for studying structural transitions 
in the λ bacteriophage head, which shows that the genomic DNA escapes the capsid
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at a temperature of approx. 68 °C, that can be correlated with the rupture of the 
tail [15]. Also, lowering of salt concentration can lead to increase in genomic pres-
sure, leading to rupturing of the head. It has been seen the in vitro addition of the 
λ phage receptor, LamB, can result in the genome escaping through the tail without 
structurally damaging the head of the phage [15, 134]. 

Progress of Disassembly-Related Structural Changes 
and Sites for Genome Release 

Not all picornaviruses generate stable 135S and 80S intermediates like polio and 
rhinoviruses. The disassembly of the capsid appears to be relatively quicker in several 
picorna- or picorna-like viruses. For example, the 80S state is not entirely stable for 
Equine rhinitis A virus (ERAV), which quickly dissociates into smaller structural 
units like pentamers under low pH conditions [86]; while Triatoma virus disassembles 
directly into pentameric subunits or pentons, without formation of larger icosahedral 
intermediates [98]. 

For polio and rhinoviruses that generate stable disassembly intermediates, the 
presence of artificial membranes in conjunction with altered particles have been 
utilized to map the structural basis of membrane interaction and genome transfer 
[85, 135]. Structural studies of two intermediate particles, the empty 80S poliovirus 
particles, and Human Rhinovirus particles containing rod-shaped genome on the 
brink of release, have indicated the two-fold axis of symmetry to be the probable 
genome exit site [89, 136]. However, it is still not clear whether the twofold axis 
serves as a common genome release site for icosahedral capsids. Another pressing 
question that is yet to be answered is whether genome release occurs through one 
specific twofold axis, or through multiple axes simultaneously on the capsid surface. 

A recent interesting and comprehensive, high-resolution structural study on Flock 
House Virus (FHV) disassembly intermediates detailed a series of local as well 
as global structural changes in the icosahedral capsid leading to genome release 
[20]. Two intermediate states, namely “eluted” and “puffed” particles were isolated 
by incrementally increasing temperature in vitro, and characterized (Fig. 9.3a). 
Structural characterization of these intermediates using cryoelectron microscopy 
suggested several intriguing similarities as well as differences with the previously 
reported disassembly-associated alterations in other non-enveloped viral capsids. 
The eluted particles of FHV showed ~4 nm reduction in particle diameter, which is 
contrary to the radial expansion (~4%) observed in the 135S or A particle of picor-
naviruses [96]. This is the first report of particle contraction during non-enveloped 
virus disassembly. Triatoma virus (TrV), which is a member of the insect virus family 
Dicistroviridae, also did not show any particle expansion during disassembly [98], 
however no reduction in diameter was reported. Thus, it seems likely that insect 
viruses may not follow the typical phenomenon of capsid expansion observed in
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picornaviruses during disassembly. However, structural studies on a larger popula-
tion of disassembly intermediates from different virus families are required to reach 
a generalized conclusion regarding the disassembly process of insect viruses. 

Some common disassembly related conformational changes were also observed 
between FHV and picornaviruses. A movement of helices lining the twofold axes 
resulted in the localized expansion of twofold axes in FHV during disassembly, 
supporting the growing evidence for the twofold axis to be the common fracture 
site or weak link on non-enveloped icosahedral virus capsids for genome release 
[89, 136]. Several picornaviruses have also displayed similar pore opening around 
the twofold axis due to the separation of α-helices lining that axis [137]. The pres-
ence of ordered RNA duplexes at the icosahedral two-fold contacts of the FHV 
particle in the crystal structure of FHV [138], also provide a reasonable expla-
nation for the twofold axis to be the portal for genome release. Other noticeable

Fig. 9.3 Disassembly intermediates of Flock House Virus (FHV) and Echovirus 18. a Asymmetric 
cryo-EM 3D reconstructions of eluted (upper panel) and puffed (lower panel) particles of Flock 
House Virus (FHV), displayed as surface-rendered, radially coloured density maps in different 
orientations. Color keys (right) show the radial distance (in Å) from the particle centre. In the 
reconstruction of the eluted particle at the centre, the light blue and black dotted lines mark the 
icosahedral symmetric and asymmetric parts of the particle, respectively. The front view of the 
asymmetric part is also highlighted by a dotted grey circle on the eluted particle. A dotted arrow on 
the puffed particle density map indicates twofold symmetry axis. This figure has been reproduced 
with permission from Azad and Banerjee [20]. b Radially colored, asymmetric 3D reconstructions 
of echovirus 18 open particles lacking one (left panel; EMD-0184), two (middle panel; EMD-
0186), or three (right panel; EMD-0187) adjacent pentamers. Color key at the right shows the radial 
distance (in Å) from the particle centre 
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common conformational alterations include global loss of the γ peptide, analo-
gous to loss of VP4 during picornavirus disassembly [137] and localized loss of 
capsid protein components [19]. The individual capsid protein subunits in the FHV 
capsid showed differential movement, which has also been reported previously for 
the VP1, VP2 and VP3 capsid proteins of CAV7 during progression from native 
state to an empty capsid which has released genome [137]. One unique structural 
feature of FHV disassembly intermediates was partial disordering of the icosa-
hedral cage following RNA release. The presence of genomic or non-genomic 
RNA is crucial for FHV capsid assembly [139]. This requirement of RNA for 
capsid stability may explain a drastic decrease in the stability of FHV capsid, 
leading to its disintegration following RNA release, unlike the observations in 
picornaviruses. 

A fascinating step revealed during the disassembly of the HRV2 capsid is the 
compaction of the encapsidated genome [20] into a condensed, rod-shaped struc-
ture [136]. Conformational alterations in the genome may suggest that it contributes 
actively towards its own release from the capsid shell, rather than just being a passive 
entity during disassembly. Parallel studies on FHV captured a disassembly interme-
diate in the process of genome release, called the “puffed particle”, in a relatively 
stable form. While a low resolution reconstruction (~26 Å) of the puffed particle 
clearly captures a particle releasing genomic RNA (Fig. 9.3a), it is impossible to 
clearly say whether the release occurs from a single or multiple open two-fold axes 
of symmetry. 

Several recent studies suggest that highly symmetric, icosahedral particles contain 
local differences [140, 141]. These differences are usually lost during structure deter-
mination by single particle reconstruction as the result of the imposition of icosahe-
dral symmetry. These local differences within a highly symmetric virus capsid may 
have biological relevance in specific steps in the virus life cycle including assembly, 
trafficking and genome release. Asymmetry in the particle may also be intensified due 
to the loss of capsid stability during particle disassembly. Asymmetric reconstruc-
tion implemented during the reconstruction of FHV intermediate particles [20], was 
crucial for deciphering both global as well as local conformational changes involved 
in disassembly and genome release. Thus, asymmetric 3D reconstruction is a more 
meaningful approach in studying symmetry loss and related structural changes that 
appears to occur during icosahedral virus capsid disassembly [142]. 

A recent example of asymmetric 3D reconstruction providing interesting insights 
into non-enveloped virus disassembly is the study by Buchta et al., which shows 
that the exit of RNA from human echovirus 18 particles results in the loss of 1–3 
adjacent pentameric subunits from the capsid [19] (Fig. 9.3b). The subpopulations 
of the particles lacking capsid protein protomers, designated “open particles”, have 
openings of ~120 Å diameter in the capsid. Such large pores enable the release 
of putative double-stranded RNA segments, without the need of unwinding of the 
genome. Similar capsid intermediates lacking pentamers during genome release were 
also observed for human echovirus 30 [19]. 

High-resolution reconstructions of the open particles of echovirus 18 revealed 
structural similarity to poliovirus 135S or rhinovirus A particles, except for the
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missing pentamers. The particles were characterized by an increased diameter 
compared to the native virus, absence of VP4 subunits, reduced inter-pentamer 
contacts and openings along the icosahedral twofold symmetry axes [19]. The N 
termini of VP1 were not resolved in the cryo-EM density map indicating their relative 
flexibility compared to the rest of the capsid. Interestingly, this study also proposed 
the re-structuring of the empty particles after genome release, by re-association of 
the discharged pentamers to the capsid openings after genome release. This model 
of capsid opening and genome release, followed by reassembly of the empty capsid, 
was also assessed through molecular dynamics simulations. Recently this model of 
capsid opening and genome release is also applicable to the Kashmir Bee Virus 
(KBV) from the Dicistroviridae family [143]. 

In sum, currently there are sparse structural studies conducted on disassembly 
intermediates from a limited number of non-enveloped virus families. The existing 
studies do not provide a sequential roadmap of disassembly-associated conforma-
tional changes. It is still debatable whether the viral RNA exits through the five-
fold or twofold symmetry axes of the virion. Similarly, conformational changes in 
the packaged genome during release and the involvement of capsid proteins in this 
process still remain unresolved. A detailed and comprehensive map of disassembly-
associated conformational changes, whether applicable broadly, or in context of a 
particular type of icosahedral capsid, is extremely essential since such knowledge 
can lead to the development of small molecule antivirals to block disassembly, a 
crucial step in the infection process. 

Disassembly of Enveloped Virus Cores 

Enveloped viruses contain a host-derived lipid envelope surrounding the nucleo-
capsid core, which consists of the genome encapsulated by the nucleocapsid protein. 
Receptor binding by these viruses is closely followed by the fusion of the virus enve-
lope with cellular membrane which releases the nucleocapsid in host cell compart-
ments [144, 145]. The nucleocapsid cores, depending on the virus type, may have 
regular, icosahedral or spherical symmetry, or may be helical and complex with 
associated enzymes and lateral bodies, in addition to the capsid protein [146]. 
Disassembly of the nucleocapsid cores and subsequent release of the genome from 
enveloped virions is also driven by cellular cues, and have been studied using the 
biophysical and structural techniques described in Chapter II (Table 9.3). 

The HIV-1 capsid (L = ~120 nm, W = ~60 nm) encloses a single-stranded RNA 
genome which reverse transcribes to form dsDNA. Reverse transcription has been 
shown to be the initiator of capsid disassembly in vitro [147, 148]. The process of 
reverse transcription initiates prior to capsid disassembly and is completed within the 
capsid prior to its release in the host cell nucleus near the genome integration site [149, 
150]. Analysis of reverse transcribing viral cores in vitro shows a steady increase 
of internal pressure with time. Eventually, this outward pressure leads to physical 
disruption of the capsid. Using high resolution mechanical mapping, local structural
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changes on the capsid surface were observed during this process [147]. At early 
time-points, the increasing pressure was found to be associated with simultaneous 
formation of distinct spiral patterns on the capsid surface. This was implicated as the 
existence of a coiled and stiff filamentous structure at the inner periphery of the capsid. 
However, at advanced time-points such surface patterns disappeared completely, 
along with a striking decrease in capsid stiffness. This was followed by the physical 
disruption of the nucleocapsid at its narrow end, resulting in the potential release of 
the reverse transcribed viral genome. Unique disassembly intermediates of reverse 
transcribing intermediates have been generated from purified HIV-1 cores in vitro 
[148]. Using a combination of cryo-electron tomography and lattice mapping discreet 
localized perturbations were observed in otherwise intact capsids containing external 
protrusions of nucleic acid loops. The length of such loops varied between 0.5 and 
1.5 kb, which indicated that the majority of the viral genome remained packaged 
inside the core during this stage of disassembly. This highlighted the fact that the 
HIV-1 capsid can remain stable even when discrete sections are missing. However, 
no intermediates were observed where loops protruded from the narrow end of the 
lattice. It is thus likely that the narrow end serves as an exit portal for the bulk genome. 

Unlike HIV-1 or herpesviruses, that do not undergo cytosolic disassembly, certain 
families of RNA viruses like Influenza and members of the Alphavirus family have 
evolved complex strategies to exploit cytosolic host factors to accomplish capsid 
disassembly. Dismantling of influenza A virus (IAV) capsid involves interaction 
with the aggresome formation and disassembly pathway (Fig. 9.4a). The acidic pH 
gradient in the early-late endosomal compartments triggers a sequential activation 
of the M2 proton channel followed by hemagglutinin (HA)-mediated fusion which 
expose the IAV capsid to the cytosol. Interestingly, IAV capsids display ubiquitin 
chains which mimic misfolded proteins. This results in association of histone deacety-
lase HDAC6, an adaptor molecule that shuttles misfolded proteins to the aggresome, 
with the IAV capsid via its C-terminal zinc finger ubiquitin binding domain (ZnF-
UBP). Additionally, since HDAC6 also interacts with cytoskeletal motor proteins, 
myosin II, dynein and dynactin also aid in the disassembly process. This process 
generates opposing physical forces which ultimately result in capsid disassembly 
[151].

Another unique strategy for capsid disassembly has evolved in members of the 
alphavirus family, that includes important human pathogens like the Chikungunya 
Virus (CHIKV), Ross River Virus (RRV), Venezuelan Equine Encephalitis Virus 
(VEEV), Eastern Equine Encephalitis Virus (EEEV), O’nyong’nyong Virus (ONNV) 
and Mayaro virus (MAYV). Ribosome-mediated disassembly of the icosahedral 
nucleocapsid has been reported in the Alphavirus Semliki Forest Virus (SFV) and 
Sindbis Virus (SINV) [152, 153]. Studies have shown that at early time-points during 
infection, radioactively-labelled capsid proteins are transferred from viral core to the 
60S large ribosomal subunit. Capsid-ribosome binding has also been observed in vitro 
upon exposure of the purified viral cores to the cell lysate. A 10–12 residue stretch 
(SINV: Gln94-Arg105; SFV: Lys101-Arg110) has been identified in the capsid that 
binds to 60S ribosomes [152]. This ribosome-binding site (RBS) lies in the linker
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Fig. 9.4 Genome release mechanisms in enveloped viruses. a Schematic representation of the 
different stages of Influenza A Virus entry and HDAC6 dependent capsid disassembly. b Ribosome 
binding site of EEEV capsid (red) and its relative positioning relative to the capsid C-terminal region 
(yellow, surface)

region between the N and C-terminal of the capsid protein (Fig. 9.4b), and is charac-
terized by the presence of a conserved tripeptide sequence “KPG”. A high resolution 
cryo-EM structure of EEEV has provided valuable insight on the relative positioning 
of the RBS in the intact virion [154]. The structure shows that the RBS is composed of 
a loop and a short helix, and is located internally within the nucleocapsid core. This 
implies a critical conformational alteration post-fusion that partially opens up the 
core to allow externalization of the loop. Stabilizing interactions observed between 
the C-terminal outer nucleocapsid layer and the E2 endodomain are stripped off post-
fusion. Hence, pH-driven virus fusion possibly transforms the nucleocapsid into its 
disassembly-competent conformation characterized by the externalized RBS loop. 

Certain viral nucleocapsids undergo complete disassembly using a primary physi-
ological trigger. For instance, the African Swine Fever Virus (ASFV), which causes a 
fatal disease in pigs, utilizes the lowering pH gradient of the endo-lysosomal system 
to disassemble and release its genome in the host cell cytosol [155]. The virus struc-
ture is uniquely organized with an outer membrane, an intermediate capsid and an 
internal membrane. The DNA genomic core is encapsulated by the inner membrane. 
ASFV enters immune cells by micropinocytosis and receptor-mediated endocytosis. 
The passage of the virus particles through the steadily acidifying endosomes shows 
a stepwise disassembly process. In early endosomes or macropinosomes, the virus 
particles appear intact with all three outer layers present. However, progression from 
early to late endosomes results in most particles loosing both the outer membrane and 
the intermediate capsid layer. Finally, the particles which are observed within lyso-
somal structures contain only the inner envelope. These particles are then observed
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to associate in close proximity to the inner lysosomal membrane and subsequently 
undergo a viral pE248R-dependent fusion event releasing the genomic core into the 
cytosol [155]. 

Virus core disassembly and genome release are events with possible spatio-
temporal coupling. Similar to HIV-1 disassembly, nuclear delivery of the viral 
genome is a key step in the lifecycle for alphaherpesviruses like Herpes Simplex 
Virus type 1 and type 2 (HSV-1, HSV-2), Varicella Zoster Virus (VSV), Epstein-Barr 
Virus (EBV), Human Cytomegalovirus (HCMV) and Kaposi Sarcoma-associated 
Herpesvirus (KSHV). Unlike HIV-1, herpesviruses contain a DNA genome pack-
aged inside the nucleocapsid which has two distinct outer layers, the tegument and 
the envelope. Post membrane fusion, the nucleocapsid enters the cytosol and migrates 
towards the nucleus along microtubules where the genome is injected through the 
nuclear pore complex. The 152 kbp viral DNA is known to generate a very high 
internal pressure in the nucleocapsid [156]. However, genome release is not associ-
ated with a global breakdown of the capsid structure and loss of symmetry. Instead, 
a single vertex, referred to as the packaging portal, serves as the exit passage of the 
genome [157]. This is in contrast to the disassembly intermediates observed in HIV-
1 or non-enveloped viruses discussed before. In vitro, treatment of purified HSV-1 
capsids with increased temperature, trypsinization, guanidium hydrochloride, cell 
lysates, an ATP-generating system or purified nuclei, can trigger genome release 
[156]. Furthermore, a positive correlation has been observed between the proteolytic 
cleavage of the portal protein UL6 and genome release, which implies that UL6 
cleavage at the packaging portal is a prerequisite to make the capsid competent 
for the release of genome [157]. More recently, an interferon inducible protein, the 
cellular GTPase myxovirus resistance protein B (MxB) was shown to specifically 
interact with HSV-1, HSV-2 and VZV capsids [158]. GTPase activity and dimer-
ization of MxB resulted in cytosolic disassembly of the herpesvirus capsid, and 
possibly acts as a host defence mechanism to restrict infection by early recognition 
of viral DNA. Electron microscopy of capsids exposed to MxB showed the presence 
of multiple morphologies that resembled intact icosahedral capsids, punched capsids 
with distinct holes at the vertices, or flats sheets wherein particles completely lost 
symmetry [158]. MxB-mediated herpesvirus capsid disassembly is an ideal example 
that shows the spatial–temporal importance of capsid disassembly for establishing a 
successful viral infection. 

Presence of viral DNA in cytosol can be sensed by the STimulator of INterferon 
Genes (STING) which can activate the innate immune response. Thus cytosol is a 
particularly challenging environment for the disassembly of DNA viruses. However, 
poxviruses have evolved to undergo disassembly and replication in the cytosol. As 
such, the disassembly of the poxvirus capsid is a highly regulated process. Prior to 
disassembly, intact virus particles have an outer barrel-shaped conformation with a 
dumble-shaped core [159, 160]. Structures called lateral bodies flank the core and 
fill up the space between the outer membrane and the core, which encapsulates a 
200 kbp dsDNA genome. Establishment of virus attachment with a target host cell 
triggers sequential structural alterations in the virus [160]. First, the contact points 
between the lateral bodies, and the outer membrane with the inner core, are disrupted.
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Next, the core undergoes expansion and the overall structure changes from a dumble-
shape to ovoid-shape. This is possibly due to reduction of disulphide bonds between 
the core structural proteins. The encapsulated condensed viral genome undergoes 
decondensation and fills up the entire internal space of the core. During this process, 
discrete tubular structures connected to the core are observed, along with disorder in 
the surface spike arrangement. An important observation was the presence of discrete 
channels of ~7 nm diameter, believed to be the exit route for early viral transcripts. 
These channels were maintained throughout these conformational changes [159]. 
Once internalized, the virus particle poised for disassembly is thought to release its 
bulk genome through a large opening at one broad side of the core. Although, smaller 
holes were observed in purified virus particles, these were found to be randomly 
positioned and considerably smaller. 

Non-enveloped Capsid Disassembly and Intervention 
Methods 

The requirement for understanding the structural basis of virus capsid disassembly 
is two-fold. A molecular roadmap for disassembly of human pathogens may be 
utilized for structure-based drug development specifically targeted to this step in 
virus-host interaction. The dissociation of the protective capsid and the release of 
genome within host cells constitutes a crucial early step in virus-host interaction. The 
existing knowledge of virus capsid structures at high resolution makes it possible to 
identify molecular switches that lead to metastability and dynamicity of capsids and 
to inactivate these switches by chemical intervention. It may be possible to alter the 
chemistry of these sites by employing small molecule inhibitors. It is also to be noted 
that a majority of non-enveloped viruses, as well as enveloped virus nucleocapsids, in 
spite of differences in structure, host specificity and downstream functionality, typi-
cally utilize common cues such as alteration in pH, cationic concentration, cellular 
proteases etc. for disassembly of the capsid and uncoating of genome [5, 161]. Thus, 
it may be possible to develop intervention strategies that are common to multiple 
groups of viruses. 

Another important application of non-enveloped capsid disassembly is in the field 
of virus particle based drug delivery and nanomedicine [162–164]. A variety of plant 
and animal viruses, as well as bacteriophages, have been modified for usage as nano-
containers [164, 165]. Engineering of these capsids have resulted in their utilization 
for packaging a variety of material such as drugs, imaging dyes and molecules, siRNA 
and other therapeutic material [164, 165]. Specific targeting moieties have been 
engineered on the outer surface of capsids in order to deposit the packaged material to 
different cell types [166]. However, disassembly of the capsid container in the correct 
cellular compartment and release of the therapeutic or imaging material is a primary 
requirement for the utilization of non-enveloped capsid based nanocontainers and
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nanodevices. A clear, molecular level understanding of disassembly is crucial in 
order to develop usable, smart, non-enveloped capsid based devices for biomedical 
delivery. 

Table 9.2 Virus disassembly investigated by molecular dynamics (MD) simulation 

Name Triangulation 
number 

Enveloped/ 
genome 

Finding Methodology Reference 

Cowpea 
Chlorotic 
Mottle Virus 
(CCMV) 

3 Non-enveloped, 
RNA genome 

Thermal dissociation 
results in capsid 
shrinkage and loss of 
symmetry, strong 
thermal fluctuations in 
surface monomers due 
to stronger hydrophobic 
interactions 

CG simulations, 
MARTINI force field 

[168] 

Hepatitis B 
Virus (HBV) 

4 Enveloped, DNA 
genome 

Capsid destabilization 
is due to local bending 
and shifting of capsid 
proteins 

AFM + SBCG 
simulations 

[169] 

Dimeric interface of 
capsid hexamers 
exhibits structurally 
heterogeneous cracks 

All-atom MD with 
applied isotropic 
pulling potential, 
Charmm36m force 
field 

[71] 

Porcine 
Circovirus 
(PCV) 

1 Non-enveloped, 
DNA genome 

Electrostatic 
interactions (Cl− ions) 
stabilize capsid 
architecture 

All Atom MD 
simulation, Amber03 
force field 

[170] 

Satellite 
Tobacco 
Necrosis 
Virus 
(STNV) 

1 Non-enveloped, 
RNA genome 

Ca2+-dependent 
process wherein 
removal of 2 critical 
Ca2+ ions near the 
threefold axis of 
symmetry initiates 
capsid swelling, water 
permeation and 
subsequent disassembly 

All Atom MD 
simulation, 
Amber99sb-ILDN 
force field 

[73] 

Southern 
Bean 
Mosaic 
Virus 
(SBMV) 

3 Non-enveloped, 
RNA genome 

Quasi threefold and 
twofold axis of 
symmetry are the 
weakest points in the 
virus capsid 

Atomistic 
force-probe 
molecular dynamics 
simulations 

[70] 

Triatoma 
virus (TrV) 

Pseudo 3 Non-enveloped, 
RNA genome 

pH-dependent proton 
channel formation at 
the fivefold axis of the 
virus capsid, proton 
permeation follows a 
unidirectional 
Grotthuss-like 
mechanism 

Multiscale CG 
simulations, SIRAH 
force field 

[72] 

pH-dependent 
deprotonation of RNA 
genome results in 
electrostatic repulsive 
force 

Poisson-Boltzmann 
(PB) model based 
free energy analysis 
of multiscale 
simulations, SIRAH 
force field 

[69]
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Table 9.3 Disassembly of nucleocapsid cores from enveloped viruses 

Virus Genome Disassembly 
site 

Disassembly 
mechanism 

Driving factor References 

African Swine 
Fever Virus 

DNA Late 
endosome 

Not known Low pH [155] 

Alphavirus RNA Cytosol Ribosome 
(60S) binds 
to the 
ribosome 
binding site 
of capsid 

Low 
pH-dependent 
membrane-E1 
fusion 

[152, 154] 

Bacteriophage phi6 
(ϕ6) 

RNA Not known Not known Ca2+ removal [171] 

Hepatitis B virus 
(HBV) 

DNA Nucleus Capsid 
dissociate 
into 
assembly 
competent 
dimers 

Not known [172–174] 

Human 
Immunodeficiency 
Virus-1 (HIV-1) 

RNA Nucleus Physical 
Disruption 

Initiation of 
Reverse 
Transcription 

[147, 149, 150] 

Influenza A RNA Cytosol HDAC6 
interaction 
with capsid 
associated 
unanchored 
ubiquitin 
chains 

Acidic pH [151, 175] 
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Chapter 10 
Physical Virology with Atomic Force 
and Fluorescence Microscopies: Stability, 
Disassembly and Genome Release 
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Abstract The core of Atomic Force Microscopy (AFM) is a nanometric tip mounted 
at the extreme of a microcantilever that scans the surface where the virus parti-
cles are adsorbed. Beyond obtaining nanometric resolution of individual viruses in 
liquid environment, AFM allows the manipulation of single particles, the exploration 
of virus biomechanics and to monitor assembly/disassembly processes, including 
genome release in real time. This chapter starts providing some inputs about virus 
adsorption on surfaces and imaging, including an example of tip dilation artifacts. 
Later, we exemplify how to monitor the effects of changing the chemical environ-
ment of the liquid cell on TGEV coronavirus particles. We go on by describing 
approaches to study genome release, aging, and multilayered viruses with single 
indentation and mechanical fatigue assays. The chapter ends explaining an AFM/ 
fluorescence combination to study the influence of crowding on GFP within P22 
bacteriophage capsids.
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Introduction 

Viruses are outstanding examples of how the Nature evolution can achieve sophisti-
cated systems designed to last with minimalistic resources [1]. They can be consid-
ered as nanomachines whose function and properties are not only interesting for 
understanding their biology, but also for applications in material science [2]. In 
this vein, the mechanical properties of biomolecular complexes are essential for 
their function, and viruses are not an exception [3]. Virus structures exhibit certain 
meta-stability whose modulation permits fulfilling each task of the viral cycle on 
time thanks to their physicochemical properties. The basic construction of non-
enveloped viruses consists of the capsid, a shell made up of repeating protein subunits 
(capsomers) or lipids, packing within the viral genome [1]. Far from being static struc-
tures, both enveloped and non-enveloped viruses are highly dynamic complexes that 
shuttle and deliver their genome from host to host in a fully automatic process. These 
natural designed capabilities have impelled using viral capsids as protein containers 
of artificial cargoes (drugs, polymers, enzymes, minerals) [2] with applications in 
biomedical and materials sciences. Both natural and artificial protein cages have to 
protect their cargo against a variety of physicochemical aggressive environments, 
including molecular impacts in highly crowded media [4], thermal and chemical 
stresses [5], and osmotic shocks [6]. Thus, it is important to use methodologies that 
supply information about protein cages stability not only under different environ-
ments, but also its evolution upon structural changes. Structural biology techniques 
such as electron microscopy (EM) and X-ray are used to unveil the structure–function 
interplay, revealing high resolution structures of protein cages [7]. However, these 
methodologies require a heavy average of millions of particles present in the crystal 
(X-ray) or thousands of structures for the model reconstruction (cryo-EM). Thus, 
they provide limited information on possible structural differences between indi-
vidual particles that differs from the average structure. In addition, these approaches 
require conditions (i.e., vacuum) far away of those where protein shells are functional 
(liquid), precluding the characterization of protein shells dynamics and properties 
in real time. Indeed, the advent of single molecule technologies has demonstrated 
that mechanical properties of biological molecular aggregates are essential to their 
function [8]. The exploration of these properties would complement the structural 
biology methodologies (EM and X-ray) to find the structure–function-property inter-
play of virus structures. Atomic Force Microscopy (AFM) may not only characterize 
the structure of individual protein-made particles in liquid milieu, but also to obtain 
physicochemical properties of each one [9]. In addition, the nano-dissection abil-
ities of AFM allows the local manipulation of protein shells to learn about their 
assembly/disassembly [10]. In this chapter, we give a general overview of how to
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apply AFM methods to protein shells. Our tour starts with a basic review of the 
recipes for attaching protein cages to solid surfaces. Afterwards we describe some 
modes for imaging protein shells with AFM and comment on inherent artifacts, such 
as geometrical dilation. We describe the ability of AFM to explore virions under 
changing environments in the liquid cell. Subsequently we describe the nanoin-
dentation methodology, which probes the stiffness, breaking force, brittleness, and 
cargo unpacking of individual protein shells. Afterwards we focus on the effects 
of cyclic loading on individual particles (disassembly), and the AFM/fluorescence 
combination for exploring protein cages packing GFP. 

Insights on AFM Methodology 

Cantilevers. In AFM a microcantilever with a nanometric tip located at the very 
extreme actuates as a force transducer which palpates the viruses adsorbed on a 
solid surface. Cantilevers with different spring constants are mounted on a chip. For 
example Olympus OMCL-RC include a variety of four spring constants: 0.39, 0.76, 
0.05 and 0.10 N/m that can be used with different viruses, depending on their stability 
and the adsorption strength to the surface. Figure 10.1a shows and optical microscopy 
image of the 0.05 N/m cantilever where the pyramid tip is encircled. Olympus stopped 
the production of OMCL-RC cantilevers. PNP-DB and QP-BioAC tips (Nanoand-
more™) with similar properties can be used. The chip holding the cantilever is 
attached to the quartz window of the liquid cell which is created between the surface 
and the cantilever holder (Fig. 10.1b). For the shake of comparison with viruses, 
Tetraspeck™ (Thermofisher) plastic spheres of 100 nm in diameter are spread on 
a glass surface that are seen as white blobs with a size of ~250 nm because of the 
diffraction limit.

Immobilization of virus particles on surfaces. Virus particles are adsorbed to the 
surface by using physical forces (physisorption) with the substrate, including polar, 
non-polar, an van der Waals interactions [11]. Physisorption traps virus particles 
without inducing chemical bonds that might alter their structure [12]. Each virus 
species has individualized features such as local charge densities or hydrophobic 
patches [13] that can be used for anchoring the particles, via hydrophobic and/or elec-
trostatic interactions, on different materials, such as glass, mica and HOPG (Highly 
Oriented Pyrolytic Graphite). Mica and HOPG surfaces are layered materials whose 
preparation consist of removing the last layer with adhesive tape, exposing a fresh 
surface ready for experiments. Care should be taken on leaving a flat surface by 
avoiding dangling whiskers on the area of the meniscus because they might crash 
with the cantilever. HOPG presents a non-polar surface and protein cages adsorb 
via hydrophobic interactions [14]. In the case of human adenovirus (HAdv) virus 
particles can be adsorbed on HOPG, silanized glass and mica with different results. 
HOPG collapses most of HAdv particles, indicating a strong non-polar (hydrophobic) 
interaction. However, silanized glass [9] reduces the attachment interaction and
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Fig. 10.1 Attaching protein shells on surfaces. a Optical microscopy image of an 0.05 N/m OMRC 
cantilever, with the encircled tip. Plastic bead of 100 nm in diameter are adsorbed on the surface for 
the sake of comparison. b Cartoon of the liquid cell. Protein cages and cantilever are not in scale. 
c HOPG, glass and mica bare substrates before attaching the viruses. d hAdV particles on HOPG, 
glass and mica. e Individual hAdV particles showing twofold, threefold and fivefold symmetry 
orientations

allows imaging intact icosahedral particles exhibiting fivefold, twofold and three-
fold symmetry orientations on the surface (Fig. 10.1c). Interestingly, using NiCl2 
150 mM on mica [11] induce the adsorption of HAdv particles only at the threefold 
symmetry orientation, thus protein particles exhibit a triangular facet (Fig. 10.1c, 
right). Adsorption of virus particles on surfaces also may induce a reduction of the 
particle height [15, 16]. From a practical point of view predictions on proteins shells 
adsorption are difficult to make, and one uses the try-and-error methodology to find 
the best conditions. 

Imaging. In AFM the tip scans the sample in x, y and z directions by using piezo 
actuators. While x and y scanners move in a pre-established way over a square region, 
the cantilever bends following the surface topography. Either the cantilever deflects
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perpendicularly to the surface applying a normal force (Fn) (Fig. 10.2a), or it bends 
laterally by torsion exerting a dragging force parallel to the surface (Fl) (Fig. 10.2b). 
Both Fn and Fl are monitored by focusing a laser beam at the end of the cantilever, 
whose reflection is registered in a four-quadrant photodiode. Thus, each pixel of 
the image located at a particular position of the planar coordinates (x, y), will be 
associated with certain bending values of the cantilever Fn and Fl. If the particle is 
not strongly enough attached or if it is too soft, it can be swept or modified under 
large bending forces. To avoid this effect as much as possible, a feedback loop is 
engaged to Fn to move the z piezo position in such way that Fn is kept constant. In 
this operational approach (contact mode, Fig. 10.2c), the AFM topography map will 
have x, y and z coordinates. The torsion Fl of the cantilever exerts about 40 times the 
perpendicular bending force Fn [17]. Individual virus particles are thus susceptible 
to undesired modifications by lateral forces. Their size of tens of nanometers offers a 
large topographical aspect ratio that is difficult to track by the feedback loop. A typical 
approach for surpassing this limitation is using fixation agents, such as glutaralde-
hyde. In such conditions AFM provide images whose resolution is comparable to that 
of some EM images [18]. Nevertheless, since glutaraldehyde structurally reinforces 
the specimens [19, 20], it precludes any characterization of dynamics or properties 
of intact native viruses, such as assembly/disassembly or physical properties [21]. 
Other approaches include developing imaging modes that avoid dragging forces as 
much as possible. In jumping mode (JM) [22], the lateral tip displacement occurs 
when the tip and sample are not in mechanical contact, thereby avoiding shear forces 
to a large extent (Fig. 10.2d). JM performs consecutive approach-release cycles at 
every pixel of the sample. In each cycle, known as force vs. distance z curve (FZ, 
Fig. 10.2e), the z-piezo approaches tip and sample from non-contact (label 1 at 
Fig. 10.2e) until establishing mechanical contact (label 2 at Fig. 10.2e) and reaching 
a certain feedback force (label 3 at Fig. 10.2e). After a few milliseconds, the z-piezo 
retracts about 100 nm until releasing the tip from the surface (label 1 at Fig. 10.2e). 
Subsequently the scanner moves laterally to the next pixel, and the process starts 
again. An AFM cantilever experiences a viscous drag while moving up and down in 
liquid, giving rise to a hysteresis loop (Fig. 10.2e) because forward and back curves 
do not coincide. Although AFM dynamic modes have also able of imaging protein 
shells in liquid conditions, it is difficult to control the applied force [23].

Tip dilation. The typical radius of the tip apex for usual cantilevers (OMCL-
RC800PSA) is ~20 nm, and it is comparable to the curvature of the virus particles 
diameter. In this case, tip size plays an important role on the image resolution by 
inducing a lateral expansion, namely dilation, of the specimen [24]. Since dilation 
very often impairs high resolution in proteins, it is convenient to estimate how the tip-
size is going to affect to AFM images. WSxM software [25] implements a geometrical 
dilation algorithm that allows simulating the dilation of protein shell’s structure. By 
using Chimera software [26] it is possible to access to a particular protein shell 
structure, such as the electron microscopy model. The “Surface Color By Height” 
option generates a gray-scale image that captures the topography variation in a given 
orientation. The TIFF format of this image can be imported by WSxM software and 
calibrated (www.wsxm.eu). The dilation algorithm input is the tip radius, and the

http://www.wsxm.eu
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Fig. 10.2 AFM working modes. a and b show the normal (Fn) and lateral forces concepts, respec-
tively. c and d indicate contact and jumping modes, respectively. e Force curve of jumping mode 
in liquids, indicating the viscous drag and the important stages (see text)

dilated structure is calculated. Figure 10.3 exemplifies the dilation of phi29 bacte-
riophage EM structure [27]. Figure 10.3a shows the 3D rendered topography data 
of a bacteriophage phi29 on HOPG. By using the dilation algorithm with a 10 nm 
in diameter tip on the PDB model of phi29 phage [27] it is possible to obtain the 
dilated topography (Fig. 10.3b). Dilation strongly depends on the tip size, as shown 
in Fig. 10.3c. The darker area of Fig. 10.3b represents the extra dilated geometry of 
phi29 around the electron microscopy model (light colored).

Applications 

Imaging at different environment conditions. The conditions of the liquid envi-
ronment in the liquid cell can be gradually changed for monitoring the stability of 
virus capsids over time. One pump connected to the inlet of the chamber inserts the 
buffer at the desired final concentration, and another pump connected to the outlet 
withdraws liquid at the same velocity of the inlet. In this particular case (Fig. 10.4) 
we observe the effect of a non-ionic detergent (IGEPAL® CA-630 (Sigma-Aldrich,
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Fig. 10.3 Dilation effects in the phi29 bacteriophage shell. a represents the AFM image of a 
prohead. In b the bright color illustrates a EM structural model of phi29, and the dark area indicates 
the dilation corresponding to a tip of 10 nm in diameter. The cartoon of c indicates the dilation as a 
function of the tip size: dark, red and blue curves are the topographical profiles obtained with tips 
of 0.5 nm, 5 and 10 radius in diameter, respectively

Saint Louis, MI, USA, CAS: 9002-93-1)) on the structure of the coronavirus trans-
missible gastroenteritis virus (TGEV) [28], whose structure [29] and mechanical 
properties [30] are identical to SARS-CoV-2. Consecutive images of the same TGEV 
virus particle while increasing IGEPAL concentration in the liquid cell were taken 
(Fig. 10.4a). This virus was continuously imaged more than 40 times while IGEPAL 
was increased up to ~0.06% for 80 min. The virus particle remained stable at 0.020% 
IGEPAL, although at 0.023% some deterioration could be recognized. In frame #26, 
some material was ejected from the virus and a circular crack at the top appears. 
This damaged structure seems stable until frame #40. For statistical analysis, the 
height data evolution of eight particles subjected to similar process are plotted their 
individual (Fig. 10.4b, thin grey) and their average (Fig. 10.4b, thick dark) height 
variation over time. Consecutive images of virions in buffer without detergent were 
taken as control (Fig. 10.4b, blue), showing that their heights were not affected by 
AFM scanning. Figure 10.4c shows the effect of the pH variation on the stiffness of 
human adenovirus particles [31].
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Fig. 10.4 Imaging while changing the environment in the liquid cell: effect of IGEPAL concentra-
tion on TGEV virions. a Topographical images were taken while the concentration of IGEPAL was 
increased over time. The frame number is shown in the upper left corner and the concentration of 
IGEPAL in the bottom-right. b Height loss during the time course assay. Experimental curves are 
shown in light red and the average curve of 8 observations is shown in red. As a control, the height 
of 1 virus particle without detergent is shown (black). Adapted from [32]. c Evolution of the spring 
constant with pH in human adenovirus. Adapted from [31]
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Mechanical properties of viruses: nanoindentation. Single force curve (FZ) 
experiments consist on pushing on the top of a selected protein shell (Fig. 10.5a). 
The FZ is executed on the particle at a typical speed of 50 nm/s to allow the 
water leaving the virus when it is squeezed [33]. After the contact between tip and 
particle is stablished, FZ typically shows an approximate linear behavior, which 
corresponds to the elastic regime of the shell and ascribes to the mixed bending 
of the cantilever and sample deformation (Fig. 10.5a, b, label 2). When the z-
piezo elongation surpasses the critical indentation, particle breaks (Fig. 10.5, 1.1  
nN) inducing a drastic decrease of the force, that resemble the penetration of 
the tip apex trough the virus (Fig. 10.5a, b, label 3). Afterwards the FZ is linear 
again and represents the cantilever bending on the solid substrate. By performing a 
FZ on the substrate (Fig. 10.5b, dotted line) and assuming that it is much more 
rigid that the cantilever, we can obtain the cantilever deformation. In this case, 
the human picobirnavirus particle [34] yields and breaks after the nanoindentation 
experiment (Fig. 10.5c). The subtraction of sample from substrate curves allows 
isolating the deformation of the virus cage (Fig. 10.5d). From these data we can 
obtain a few mechanical parameters: Fitting of the elastic part from 0 to 5 nm results 
in the stiffness or spring constant of virus shell (k = 0.25 N/m). The breaking or 
yield force is the force value when the elastic regime finish at 5 nm of indentation 
(Fb = 1.1 nN). The critical indentation δc, is the deformation of the virus when it 
breaks (5 nm). Thin shell theory relates the protein shell stiffness with the Young’s 
modulus as k ≈ E h2 R , where h is the thickness of the shell and R its radius [35]. The 
area enclosed between forward and backward curves from indentation 0 up to 5 nm 
is the energy used to break the cage. In this case, it is about 8.8 nm × nN, i. e. 8.8  
× 10–18 J or 2140 kBT, which approaches the order of magnitude of the total energy 
used for assembling the virus [36]. In addition, the critical strain εc = δc/h, where 
h is the initial height of the protein cage as measured with AFM, informs about the 
brittleness or the mechanical stability of protein cages [15]. In this case, εc = 5/36 
= 0.14, saying that the particle breaks when it is deformed 14%.

Genome externalization and mechanical properties of cargo. Nanoindentations 
at low force can induce cracks, allowing the access to the inner cargo of viruses. 
For instance, the consecutive application of nanoindentation cycles in HAdv 
cracks-open the shell in a controlled fashion to probe the mechanical properties of 
the core [37, 38]. These mechanical properties relate with the condensation state of 
dsDNA. In particular, the HAdv core is formed by 35 kbp dsDNA molecule bound 
to positively charged viral proteins that constitute ∼50% of the core molecular 
weight. Approximately about 500–800 copies of protein VII (pVII) contributes with 
22 kDa to the core, becoming the majority protein. Consecutive nanoindentation 
experiments (Fig. 10.6) performed on wild type (HAdv-wt) and mutant lacking pVII 
(HAdv-PVII-) human adenovirus particles provide information on the pVII function. 
Figure 10.6a presents the typical evolution of HAdv-wt and HAdv-VII– particles in 
a multiple indentation experiment. The first indentation (FIC#0) on the intact shell 
(Fig. 10.6a, #0) opens a crack at the icosahedral facet with a similar size to the apex 
of the AFM tip (∼20 nm) (Fig. 10.6a, #1), allowing a direct access of the tip to the
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Fig. 10.5 Single indentation assay. a Cartoon showing the three main stages during nanoindentation 
experiment on a protein cage: before contact (1), during deformation (2) and after breaking (3). 
b Evolution of Fn along the z-piezo elongation. Forward curve exhibits the three stages commented 
in a. c AFM topographies before and after nanoindentation showing a crack. d Nanoindentation 
data extracted from b, showing the shell deformation. Inset compares topographical profiles before 
(blue) and after (red) de experiment obtained at the line marked by the arrows in c. Inset shows the 
profile of the particle

core. Subsequent indentations present a non-linear Hertzian behavior in contrast 
with the linear deformation found in intact particles (Fig. 10.5). During the first 
indentation after capsid cracking (Fig. 10.6a, #1), HAdv-wt cores are not deformed 
beyond 40 nm at 3 nN, while HAdv-VII– cores undergo larger indentations, up to 
∼60 nm, at forces as low as 2 nN (Fig. 10.6b). This difference indicates that it is 
easier for the AFM tip to penetrate/deform HAdv-VII– than HAdv-wt cores. That is, 
in the absence of protein VII the HAdv core is softer and less condensed. Elongated 
structures with a height compatible with dsDNA strands (Fig. 10.6a, yellow) 
appeared on the substrate surrounding HAdv-VII– particles after the first fracture of 
the shell (Fig. 10.6a, #1, top), but not in HAdv-wt (Fig. 10.6a, #1, bottom). Material 
consistent with unpacked DNA seemed to be more abundant in HAdv-VII– particles 
that in HAdv-wt for the equivalent indentation number (Fig. 10.6a). This qualitative 
observation suggests that it is easier to exit the disrupted shell for the VII-free 
genome than for the VII-bound one. An alternative possibility would be that the 
VII-free genome has a larger tendency to adsorb to the mica substrate than the VII-
bound DNA. Measurements of the topographical profile across the crater produced 
by the successive indentations (Fig. 10.6c) support the first possibility. Because
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Fig. 10.6 Mechanical properties of human adenovirus core: the role of protein VII. a Images 
showing the evolution HAdv-wt and HAdv-VII– particles during multiple indentation assays. 
Images are colored by height, as indicated by the color bar at the right hand side. b FZ curves 
corresponding to the first indentation performed on the core of 8 HAdv-wt (red) and 12 HAdv-VII– 
(blue) particles. c Evolution of the core height (as indicated by the minimum height in the crater, 
grey crosses) for eight HAdv-VII– and six HAdv-wt particles. Insets: Examples of topographical 
profiles obtained through the crater opened by the indentation Adapted from [38]

topographical profiles include both the crater and rims, we used the lowest height 
inside the crack as an indicator of the remaining core contents (Fig. 10.6c, insets). 
Plotting the evolution of this parameter along six consecutive indentations for eight 
HAdv-VII– and six HAdv-wt particles (Fig. 10.6c) showed that, indeed, the core 
components are leaving faster the HAdv-VII– than the HAdv-wt cracked particles 
[38]. The application of consecutive indentations to coronavirus structures (TGEV), 
also inform about stability and genome release [32]. These experiments unveiled two 
different behaviors of TGEV particles: In the first case (Fig. 10.7a), a virus particle 
was probed seven times with maximum forces ranging from 0.6 to 3 nN, remaining 
unaltered through the alternating AFM images. In fact, ~65% of the explored virus 
particles (N = 69) kept their height constant (Fig. 10.7c, black), indicating that their 
structure was elastic and not affected by the nanoindentations. However, in the second 
case (Fig. 10.7b) and using the same FZ number and parameters, the TGEV particle 
showed evident structural changes consisting of appearing a circular crater after the 
first FZ that enlarged after consecutive deformations until the virus appears to have 
been ripped open, releasing its content (Fig. 10.7, #7). This behavior was observed in 
~35% of the explored particles and was accompanied by a gradual decrease in height
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Fig. 10.7 Mechanical properties of TGEV coronavirus: the role of packing fraction. a and b present 
topographical images of TGEV virions after consecutive indentations. Particles can be classified 
in two groups: indentation resistive (a) and indentation sensitive (b) as shown in the topo images. 
Frame number indicates how many indentations were performed. c Chart evolution of virus height 
as a function of the indentation number (FZ#). The values of height are taken from the indented 
region. Black and red charts represent indentation resistive an indentation sensitive, respectively. 
d Height box-plot distribution of intact virus particles. Adapted from [32]

after each indentation (Fig. 10.7c, red). It is important to remark that the initial height 
of the particles that remained undamaged (indentation resistive) was larger than the 
damaged ones (indentation sensitive) (Fig. 10.7d), a difference that was significantly 
different at a 95% level of confidence. By assuming that all viruses package the same 
amount of genome, it is likely that everyone contains a similar number of RNPs, no 
matter their size. Therefore, the larger height of these particles (Fig. 10.7d) suggests 
a loosened core state represented by the ‘eggs-in-a-nest’ assembly [39]. In this 
case, when the tip retracts, RNPs recover their original positions and the flexible 
membrane returns to its previous height. In contrast, indentation-sensitive particles 
(Fig. 10.7b) exhibited lower heights than the resistive ones (Fig. 10.7d). The particle 
crack-opened with a permanent fracture (Fig. 10.7b) of ~25 nm in depth (Fig. 10.7c, 
blue). The lower height indicates a higher packing fraction (‘pyramid’ packing) 
[39] without internal free room, preventing the RNPs from rearranging under 
the mechanical stress induced by the tip. In fact, structural data of SARS-CoV-2 
indicate this ‘pyramid’ packing occupies ~36% of the cavity, very close to viruses
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with high packing fraction values, such as lambda and phi29 bacteriophages [40]. 
Together with the AFM tip, solidly packed RNPs act as a “hammer and anvil” on the 
membrane, concentrating the mechanical stress on the virus envelope and causing 
permanent fractures (Fig. 10.7b). Consecutive imaging of the virus particles after 
each nanoindentation (Fig. 10.7b) reported increasing damage, with virus height 
loss from 25 to 100 nm (average decrease ~40 nm; Fig. 10.7c, red).

Mechanical fatigue, disassembly and aging. The breaking force describes the 
largest force that the virus can survive. Single indentation experiments collapse the 
particle by inducing large and uncontrollable changes in its structure. It is thus diffi-
cult to derive consequences about disassembly, since in the cycle of many virus 
shells, for instance, disassembly takes place by losing individual capsomers in an 
gradual way [41]. A protein cage must also resist a constant barrage of sub-lethal 
collisions in crowded environments [42]. Equipartition theorem provides an estima-
tion of the energy transferred in a molecular collision to be ~ 3 2 kB T , which is far 
below that the energy supplied by single indentation assay experiments. Imaging 
of individual protein shells with AFM in jumping mode requires thousands of load 
cycles (FZs) at low force (~100 pN per pixel, Fig. 10.2c) [22]. A rough estimation 
indicates that ~10 kB T is transferred to the particle at every cycle [43], very close 
to the molecular collisions value. The continuous imaging of a particle enables the 
evaluation of any structural alteration while subjected to cycle load at low forces. 
Mechanical fatigue experiments have demonstrated to be a disassembly agent able of 
recapitulating the natural pathway of adenovirus uncoating [22]. Therefore fatigue 
provides additional information by providing information on shell stability under 
multiple deformation cycles at low force (~100 pN) [44], well below the breaking 
force (Fig. 10.5d). Let us exemplify the mechanical fatigue methodology in the case 
study of HAdv [45]. This virus travels to the cytoplasm until the nuclear pore to 
deliver its genome. Inside the host cell, the virus finely tunes the sequential loss 
of pentons (proteins located at the icosahedron corners) to render a semi disrupted 
capsid at the nuclear pore. Viruses with too many pentons would not be able to 
release their DNA through the cell’s nuclear pore, whereas those with too few pentons 
would liberate their genome before reaching the nucleus. Mechanical fatigue induces 
penton failure [44] (Fig. 10.8a), which mimics the stresses the virus sustains during 
its journey to the nucleus. This approach allows to study the transition kinetics of 
penton release as a two-state process, from where it is possible derive the sponta-
neous escape rate and the free energy barrier of a penton [45]. Moreover, fitting 
the survival probability P of penton N (Fig. 10.8b) under different fatigue forces 

to Weibull analysis: P(N ) = 1 − exp
[
−(

N+1 
λ

)β
]
, where λ is the half-life and β 

determines the nature of the penton’s dynamics release. In particular, β < 1 would 
imply that failure rate decreases over time (Lindy effect). This effect can be found in 
ancient monuments, since the older something is, the more likely it will survive. The 
case of β = 1 would imply a Poisson process with a constant probability of penton 
failure over time. However, β > 1 (Fig.  10.8b) involves the phenomenon termed in 
materials science as aging, which means that the failure rate increases over time. 
This indicates that the probability for the virus of losing a penton increases if other
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Fig. 10.8 Mechanical fatigue and aging of human adenovirus. a AFM of a HAdv particle showing 
three vacancies of pentons on the triangular facet (encircled). b Failure probability of pentons overt 
time for different forces. Inset show the fitting parameters of Weibull statistics. c Diagram showing 
the biological implications of aging on the virus infectivity (see text). Adapted from [45]

penton has been lost before. This aging process (β > 1) accelerates the overall penton 
escape rate by about 50% (Fig. 10.8c) with respect to a sequence of independent 
escape events (β = 1). Specifically, while the first penton resists about 60 min, the 
second and third would last 30 and 20 min more, respectively (Fig. 10.8c). In this 
way, aging guarantees to have the virus particle just disrupted enough to release the
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genome trough the nuclear pore. Without aging, virus particle would be still quite 
complete and the genome could not escape (Fig. 10.8c), with negative consequences 
for infection.

Layer-by-layer disassembly of a multilayered virus with mechanical fatigue. 
Several viruses wrap their genome in several layers of protective casing, resulting 
in an onion-like structure. For example, the rotavirus (RV), that can induce severe 
diarrhea in young children, have three layers built of different proteins with various 
functionalities. Rotavirus subparticles may exist with only one or two of these coats, 
which allows to study each layer in detail [46]. Mechanical fatigue allows to explore 
the strength and binding of each layer (Fig. 10.9a). The RV infectious particle is a 
100 nm non-enveloped triple-layered particle (TLP) composed of three concentric 
protein shells enclosing the dsRNA genome and the viral RNA polymerase and 
capping enzyme. The inner layer surrounds the eleven dsRNA genomic segments 
associated with the RNA-dependent RNA-polymerase VP1 (125 kDa) and the RNA-
capping enzyme VP3 (88 kDa) at the pentameric positions. This thin single-layered 
particle (SLP), an intermediate structure that is involved in the packing and replication 
of the viral genome, is surrounded by a thick layer formed by 260 VP6 pear-shaped 
trimers (45 kDa) in the double-layered particle (DLP). This particle, which does 
not disassemble during the infection, constitutes the transcriptional machinery that 
initiates the core steps of the viral replication cycle once delivered in the host cell 
cytoplasm. Cyclic imaging of the TLP (Fig. 10.9b, left) at forces between 100 to 200 
pN per pixel shows that, while the VP4 spikes are removed from the particle surface 
in a few frames (Fig. 10.9b, middle), the VP7 layer remains mostly intact (Fig. 10.9b, 
right) during 80 frames (light red in Fig. 10.9f). These results illustrate that the spikes 
are easily removed by the AFM tip and are not strongly anchored. However, the VP7 
layer displays a strong resistance against fatigue. A strong binding energy between 
capsomers would not only result in a high resistance of individual proteins against 
fatigue, but also will contribute to a high breaking force when all capsomers are 
probed in a single indentation assay experiment [46]. The current model proposes 
a calcium concentration drop in endosomal compartments during RV entry as the 
factor that triggers VP7 disassembly and membrane penetration. In fact, calcium 
depletion by chelating agents (as EDTA) is used to uncoat TLP to DLP by inducing 
VP7 trimer dissociation. To explore the structural consequences of this process in 
real time, fatigue assays are carried out on TLP while EDTA simultaneously flowed 
in the AFM liquid chamber, to induce the gradual depletion of Ca ions of the particles 
(Fig. 10.9c). In these conditions, fatigue induces the neat VP7 detachment from the 
VP6 subjacent layer (indicated by a circle in Fig. 10.9c, #19) even before the spikes 
are removed. Indeed, the evolution of the topographic profiles (dark red in Fig. 10.9f) 
show abrupt downwards steps very close to the VP7 thickness (red arrow of Fig. 10.9f) 
indicating that TLP particle loses VP7 completely while keeping VP6. These results 
not only suggest that Ca ions mediate the interaction between VP7 and VP6 layers, but 
also that the absence of ions weakens the interaction between VP7 subunits. If fatigue 
continues, VP6 subunits are neatly removed from VP2 layer (circle in Fig. 10.9c, 
#29). Therefore, VP6 layer appears forming a weak shell whose interaction with the 
beneath VP2 layer is not very strong, since it peels off rapidly to reveal the SLP. 
Similar results are found on DLP. Again, fatigue induced a clean VP6 disassembly
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after less than 10 frames (circle in Fig. 10.9d, #8). In this case the evolution of the 
topographic profiles (blue in Fig. 10.9f) undergoes sharp reductions very close to the 
VP6 thickness, inducing the gradual uncovering of the innermost VP2 (blue arrow 
in Fig. 10.9f). These experiments not only illustrate a weak interaction between VP6 
and VP2 layers, but also a very feeble VP6-VP6 binding energy. Finally, the thin 
SLP VP2 is highly unstable under fatigue (Fig. 10.9e) experiments collapsing well 
before reaching 10 frames (green in Fig. 10.9f). 

Fig. 10.9 Peeling a virus 
layer by layer with 
mechanical fatigue. 
a cartoon of the peeling 
experiment. Topographic 
evolution of TLP (b), TLP + 
EDTA (c), DLP (d) and  SLP  
(e) during continuous 
imaging at low force 
(~60–120 pN) indicating the 
corresponding frame. 
f Topographic evolutions 
obtained at center of each 
virus particle (b–e) in TLP 
(red), DLP (blue) and SLP 
(green) particles. Dark red 
color indicates fatigue of 
TLP + EDTA. Red and blue 
arrows indicate the loss of 
height from TLP to DLP and 
for DLP to SLP, respectively. 
Adapted from [46]



10 Physical Virology with Atomic Force and Fluorescence Microscopies … 231

AFM/fluorescence combination. Here we discuss the methodology for studying 
the activity of individual nanoreactors based on a protein container. About 220 GFPs 
are packed inside P22 bacteriophage capsids [47] and its functionality is explored as a 
function of the mechanical stress applied with the AFM tip to the virus particle while 
monitoring fluorescence with Total Internal Reflection Fluorescence Microscopy 
(TIRFM) [48]. The integration of a single molecule fluorescence microscope with 
AFM requires to monitor the fluorescence signal at the surface to avoid not only the 
background signal of the AFM probe itself, but also the light coming from the bulk 
solution (Fig. 10.10a). In this approach [49] P22 bacteriophages are immobilized 
on a glass surface, in such way that a region with particles visualized with AFM 
(Fig. 10.10b, left) is correlated with their TIRFM pattern (Fig. 10.10b, right). The 
diffraction-limited resolution of the optical system restricted the size of the smallest 
spot to λ/2 (≈250 nm), which is larger than the P22 VLPs. Consequently, the particles 
that were too close together (arrow, Fig. 10.10b, left) appeared as a single fluorescence 
spot (bottom right, Fig. 10.10b, right). The inset of Fig. 10.10b (right) shows the 
topographic (white) and light (green) profiles of two VLPs (Fig. 10.10b, white and 
green dotted lines) where the particle width in the fluorescence signal is ≈500 nm, 
approximately five times larger than in the AFM topography. After localizing an 
intact virus showing fluorescence signal, it is possible to execute a nanoindentation 
experiment (Fig. 10.10c, black) by using a Si3N4 tip to avoid electronic quenching of 
GFP and isolate pure mechanical effects [49]. The fluorescence remained constant 
(Fig. 10.10c) during the tip approach (Fig. 10.5a, label 1). Furthermore, the light 
signal stayed stable even when the tip established contact with the VLP at 1 s and 
linearly deformed the VLP structure (Fig. 10.10c). Fluorescence quenching started 
at 1.2 s, coinciding with the force steps that indicated the yielding and/or breaking 
of the protein shell, reaching a minimum value once the particle stopped collapsing 
(2 s). At 2.6 s the AFM tip moved backwards, away from the surface, and the 
fluorescence signal remained stable until the tip was released from the VLP (3 s), 
coming back to a similar value to the initial magnitude (4 s). This fluoresce reduction 
is most likely due to changes in the integrity of the packed GFPs. In particular, GFPs 
can oligomerize inside the P22 cavity (internal radius of 22.2 nm) due to crowding 
phenomena. In the P22 prohead system there are ≈209 GFPs attached internally 
to the capsid with an, resulting in a nearest neighbor distance of ≈3 nm between 
the protein centers. Since the GFP Stokes radius is 2.8 nm, we derived an average 
distance of 2 Å between fluorophores. It is possible to simulate the compression of a 
single P22 particle between two planes (Fig. 10.10d, left). The compressed particle 
shows that there are around 10 unfolded GFPs inside (Fig. 10.10d, right –red-) which 
account for the amount of quenched light (Fig. 10.10c, green).
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Fig. 10.10 AFM/fluorescence combination: quenching of packed GFP inside P22 protein cages. 
a Presents a diagram of the AFM/TIRF system, showing the P22 VLPs (light green) and the 
AFM probed particle in dark green. b Simultaneous AFM and fluorescence images (right and left, 
respectively) of individual VLPs on the glass surface. The white arrow (left) indicates a couple of 
particles appearing as one spot in fluorescence (right). The inset in b-left shows a high-resolution 
AFM image of P22 VLP resolving the proteinaceous structure of the virus. Inset of b-right compares 
the lateral resolution of both microscopies by plotting the signal profile of the AFM topography 
(white) and the fluorescence (green) obtained at the lines indicated by the dashed white and green 
lines, respectively. c Chart representing the simultaneous signals of force (black) and light (green). 
d A simulation of the GFP aggregates (green) inside a P22 procapsid (blue) before deformation 
(left). In this 3D image, one half of the capsid has been removed to show the internal configuration 
of the GFPs located below the virus lumen. The right panel shows a deformed virus where the 
partially unfolded GFPs are highlighted in red. Adapted from [49]
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Conclusion and Perspective 

Bacteriophage phi29 was the first virus structure to be studied with a scanning probe 
technique [50], one year before the invention of AFM [51]. A few years later AFM 
was a generalized technique for studying biological samples [52] at single molecule 
level. AFM was initially applied just for imaging viruses [53, 54], but it was also used 
to study the biophysical properties of viruses [9]. During the last 20 years AFM is 
gradually being considered as a tool for virus research, although is not yet at the level 
of the classical structure techniques such as electron or X-ray microscopies. Using 
AFM for measuring the binding forces of virus to cells [55] or for  the assembly  of  
2D virus-like assemblies in real time [56] are also promising applications of AFM 
that, hopefully, will convince virologists that AFM is an equally valid approach for 
studying viruses. We hope that the applications of AFM exposed in this chapter will 
help in this task. 
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Chapter 11 
Virus Mechanics: A Structure-Based 
Biological Perspective 

Mauricio G. Mateu 

Abstract A virus particle possesses a certain degree of stiffness, brittleness, strength 
against disruption by mechanical force, and resistance to material fatigue. Atomic 
force microscopy (AFM) is being increasingly used to experimentally study the 
mechanical properties of viruses, their physical foundations, and their biological 
implications. This chapter attempts to provide a molecular structure-based, biology-
oriented interpretation of the results of AFM studies on virus mechanics. More 
specifically, it reviews the current evidence that relates the mechanical response of 
viruses under load to their atomic structure, intra- and inter-molecular interactions, 
conformational stability and dynamics, and biological adaptation. 

Keywords Virus structure · Conformational stability and dynamics ·Mechanical 
properties · Atomic force microscopy 

Introduction 

Viruses have interested physicists since the times of the Phage Group, an informal 
network of scientists gathered around Max Delbrück in the 1940s to study bacterio-
phages from an interdisciplinary perspective [130]. Their seminal studies on viruses 
trascended virology and contributed decisively to the foundation of modern molec-
ular biology. Much more recently, the advent of nanoscience and the development of 
single-molecule experimental techniques and theoretical approaches have elicited a 
renewed interest in the study of viruses from a physicist’s perspective. The term phys-
ical virology has been coined to encompass such studies [13, 34, 66, 70, 112, 128]. 

One emergent area within physical virology concerns the mechanical properties 
of viruses. As other solid-state objects, a virus particle possesses a certain degree 
of stiffness/elasticity, brittleness, strength against disruption by point forces, and 
resistance to material fatigue. In the last ~15 years, several research groups have
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started fundamental studies at the interface between physics and biology on the 
mechanical properties of virions and their protein–based capsids. 

Very few experimental techniques have been employed so far to investigate the 
mechanical response of virus particles under load. Atomic force microscopy (AFM) 
has been used in the vast majority of cases [26, 85]. 

The first AFM-based study on the mechanical behavior of a virus is possibly the 
one by Falvo et al., who used the cantilever tip of an atomic force microscope to 
physically manipulate single virions of the rod-like tobacco mosaic virus (TMV) 
in air [39]. The current AFM-based experimental approach to study the mechanical 
properties of virus particles in a liquid medium was established in a trend-setting 
study by Ivanovska, de Pablo, Schmidt, Wuite and their collaborators [57]. They 
adapted procedures that were being used to determine the mechanical properties of 
other nano-objects (such as carbon nanotubes or protein microtubules) to quantify the 
mechanical properties of the bacteriophageΦ29 capsid, which they chose as a model 
virus particle. Their approach was based on the indentation, under controlled condi-
tions, of individual viral particles using an AFM tip (see Chap. 10). The sample and 
AFM tip were submerged in a buffered aqueous solution. Thus, different mechanical 
properties of the virus particle could be determined in close to physiological condi-
tions, including temperature, pH and ionic strength, either in the absence or presence 
of added viral or cellular components or other factors. 

The same AFM-based approach has been applied since then by a growing 
number of groups to study the mechanical properties of many viruses, including 
some biomedically and/or economically important ones. Together, their results are 
providing quantitative descriptions of virus mechanics; unveiling its structural foun-
dations; providing new insights into the molecular mechanisms that govern different 
stages in the viral infectious cycle; revealing the adaptive nature of the mechanical 
behavior of some viruses; and contributing to the development of biomedical or tech-
nological applications of virus-based particles (reviewed by [13, 25–28, 85, 88, 90, 
109, 110, 112, 116]). 

Virus mechanics is being intensively investigated not only by experiment, but also 
theoretically using models and simulations based on idealized virus-shaped objects. 
Theoretical studies on virus mechanics started at about the same time than AFM-
based studies [68, 77, 94, 129, 140, 147]. Since then, a steadily growing number 
of theoretical studies, in parallel or in combination with experimental analyses, 
have contributed fundamental physics-based explanations for observed mechan-
ical features of virus particles. They, have also predicted mechanical responses of 
viruses that have not been experimentally studied so far. Theoretical studies are of 
the utmost importance to capture the physical essence of virus structure, mechanics 
and dynamics [83]. 

The present chapter is not focused on the physics-based foundations of virus 
mechanics. This chapter is written from the perspective of a biochemist/molecular 
virologist, and attempts to provide an atomic structure-based, biology-oriented 
interpretation of the results from AFM studies on virus mechanics.

https://doi.org/10.1007/978-3-031-36815-8_10
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Mechanical Properties of Virus Particles 

AFM-based indentation assays have been used to quantify the response to mechan-
ical force of virions or capsids from over two-dozen virus species so far. Many of the 
viruses analyzed are quite different from others regarding size, shape, biochemical 
composition, molecular structure, conformational dynamics, and biological mech-
anisms of action during the infectious cycle (Fig. 11.1). They include bacterial 
viruses (bacteriophages), plant viruses and animal viruses of very different lifestyles; 
non-enveloped or enveloped viruses (Fig. 11.1a); rod-like or quasi-spherical viruses 
(Fig. 11.1b); symmetric or pleomorphic viruses (Fig. 11.1c); and the protein capsids 
of those viruses, including helical, icosahedral, modified icosahedral or hexagonal 
lattice-based capsids (compare Fig. 11.1). Quasi-spherical virus particles used for 
mechanical studies are also widely different in size (from 20 to 120 nm or more in 
diameter, a difference of over 200-fold in volume; Fig. 11.1). Thus, the viral particles 
whose mechanical properties are being probed may constitute an adequate sample 
of the remarkable variety that can be found in the virosphere regarding structure, 
properties, or function. Mechanical properties quantified in indentation experiments 
using AFM include stiffness, intrinsic elasticity, mechanical strength, brittleness, 
and/or resistance to material fatigue (Fig. 11.2).

Stiffness and Intrinsic Elasticity 

A certain degree of elasticity or stiffness constitutes a salient mechanical feature of 
virus particles. Stiffness can be quantified by the value of the elastic constant (spring 
constant) of the particle, kp. The viral particle is indented using an AFM cantilever 
with a known elastic constant kc, ended in a tip of adequate radius. The indentations 
are kept shallow enough to achieve a reversible deformation of the particle. Force 
versus distance (Fz) curves are obtained under the elastic regime, and Hooke’s law 
is applied to two linear springs (cantilever plus particle) in series to obtain the kp 
value (Fig. 11.2; [57]). 

The kp value depends not only on the material the particle is made of, but also on 
the size and geometry of the particle. The value of the modulus of elasticity (Young’s 
modulus), Ep, may provide a biologically more meaningful comparison of elasticity 
between virus particles, as Ep does not depend on the size or geometry of the object. 

When considering the calculated Ep for a viral particle, or for a specific region or 
component, one should be aware that it represents an averaged value for the elastic 
behavior of an inhomogeneous material, or even of a composite material. Averaging 
may blur biologically important differences in the local mechanical behavior. Even 
so, calculated Ep values can be useful to identify differences or changes in the average 
elasticity of the viral material, especially between structurally similar virus particles, 
such as different conformational states or point mutants of a same virus particle.
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Fig. 11.1 Diversity of virions and capsids used in AFM-based studies on virus mechanics. a non-
enveloped or enveloped virions. Left to right: the minute virus of mice (MVM), a structurally 
simple nonenveloped virus; bacteriophage Φ29, a complex nonenveloped virus; influenza virus, an 
enveloped virus. b helical or icosahedral virions. Top, tobacco mosaic virus (TMV), a virus with a 
helical capsid; bottom left, MVM, a virus with a simple icosahedral capsid; bottom right, herpex 
simplex 1 virus (HSV-1) (devoid of its lipid envelope), a virus with a complex icosahedral capsid. 
c symmetric versus pleiotropic viruses. Left to right: rotavirus, a symmetric nonenveloped virus (a 
cross-section of the viral particle shows the three capsid concentric layers colored blue, green or 
yellow); the mature human immunodeficiency virus type 1 (HIV-1), a pleiomorhic enveloped virus 
(the mature HIV-1 capsid is shown at right). All viruses are represented at approximately the same 
scale. A scale bar is included in each panel. Figures reproduced from [90]

When different virions were compared, very large (over 100-fold) differences were 
found in kp values. For the enveloped severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) virion, the kp value was 0.013 N/m [67], whereas for the non-
enveloped minute virus of mice (MVM) virion the kp value reached 1.4 N/m [15]). 
Large differences were found also for Ep values. For example, a 20-fold difference 
in Ep was found between enveloped virions: ~0.05 GPa for the influenza virion 
under certain conditions [35] versus 1.0 GPa for the murine leukemia virus (MLV) 
immature virion [71]. 

Likewise, large differences (over 100-fold) in both stiffness and intrinsic elasticity 
were observed for protein-only capsids of similar size and shape, such as the icosa-
hedral capsids of different virus species. For example, the norovirus (NV) capsid 
yielded kp = 0.01–0.06 N/m (depending on pH) and Ep = 0.03 GPa (at acidic pH)
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Fig. 11.2 Mechanical properties of virus particles determined in AFM-based indentation experi-
ments. a three stages during indentation of a virus particle with the AFM tip: 1, intact capsid before 
indentation; 2, deformed capsid during indentation under the elastic regime; 3, broken capsid after 
its elastic limit was surpassed. b force versus z-displacement during the three stages indicated in 
panel (a). c force versus tip-substrate separation derived from data shown in panel (b). The elastic 
constant kp can be determined from the slope of the linear part of the curve; the breakage (yield) 
force Frp is the force at which a nonlinear event associated to capsid disruption occurred; the critical 
deformation drp is the deformation at which the particle was broken

[24], in contrast, for some mutant MVM capsids the corresponding values were up 
to 1.3 N/m and 2.8 GPa [20]. 

It could be argued that viral capsids are all made of the same material (protein) and 
that the large differences in Ep values could have arisen mostly from differences in the 
model assumptions needed for the calculation. However large, genuine differences in 
Ep were found when this parameter was calculated using the same procedure for virus 
particles of similar size and geometry. An example was provided by comparison of the 
intrinsic elasticity of capsid intermediate states (prohead I, prohead-II, EI, head-II) 
during maturation of phage HK97 [113] (Fig. 11.3).

Remarkably, large differences in stiffness and intrinsic elasticity could be found 
even between mutants of a same virion or capsid that differed in just one amino
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Fig. 11.3 Maturation of the bacteriophage HK97 capsid. The immature capsid (prohead I) of HK97 
is assembled from the capsid building blocks. Maturation involves a series of biochemical changes 
and structural rearrangements to produce the mature capsid (Head-II). Figure reproduced from [56]

acid residue per capsid subunit; these mutants were nearly identical in size, shape, 
architecture, molecular structure, and conformation (even at the atomic level). For 
example, a natural mutation in the cowpea chlorotic mosaic virus (CCMV) capsid 
had minor effects on its structure, but it increased its stiffness and strength due to the 
establishment of many additional noncovalent interactions in the capsid [93], [127]. 
Structurally nearly identical single mutants of the MVM capsid [49, 84] showed  
up to nearly threefold differences in both kp and Ep [20]. The large differences 
in mechanical properties between some structurally almost identical virus particles 
should be considered when searching for quantitative relationships between those 
properties and large-scale structural features of virus particles. 

Strength and Brittleness 

When viral particles were subjected to deep enough indentations, characteristic non-
linear events in their mechanical response were detected in the Fz curves (Fig. 11.2; 
see Chap. 10). Comparison of AFM images taken immediately before or after the 
nonlinear event revealed that the event was, in some cases, associated to an irre-
versible deformation of the viral particle that involved buckling, bending and/or 
shifting of subunits (e.g., [4, 57, 111]). Fractures that separated capsid subunits were 
sometimes observed, and the damaged viral particles showed a plastic response under 
load, instead of an elastic response [57, 59]. In many other cases, nonlinear events 
involved the loss of particle subunits, or catastrophic breakage of the particle into 
smaller substructures or components (e.g., [21, 57, 58]). The resistance to disruption 
under load, termed here mechanical strength, can be quantified by the value of the 
breaking force (yield force) Frp, defined as the force required to disrupt the physical 
integrity of the viral particle (Fig. 11.2). 

A strength-related mechanical property of virus particles is brittleness. Two viral 
particles indented with an AFM tip may show the same mechanical strength (i.e., 
they may break under the same yield force Frp); but one of them (more brittle) 
may break when moderately deformed, while the other (less brittle) may break only

https://doi.org/10.1007/978-3-031-36815-8_10
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when it is greatly deformed. The relative brittleness of quasi-spherical virus particles 
can be compared using the (dr/D)p ratio, drp being the critical deformation (the 
maximum deformation accepted by the particle without any disruption), and Dp 

being the average external diameter of the particle (or, alternatively, the particle 
height determined by AFM). A higher (dr/D)p value indicates a lower brittleness 
(Fig. 11.2). 

Virions or capsids from different species can differ widely also in mechanical 
strength and/or brittleness. For example, icosahedral capsids were disrupted by yield 
forces that differed by over tenfold. Yield forces reached up to 6 nN for nucleic 
acid-filled herpes simplex virus type 1 (HSV-1) particles devoid of their lipoprotein 
envelope [76], or 7 nN for phage T7 virions [141]. Also, some icosahedral capsids 
(e.g., MVM, adeno-associated virus type 2 (AAV-2), NV at alkaline pH, Φ29, the 
mature phage λ capsid, HK97 prohead-II) are relatively brittle, as they were disrupted 
at moderate deformations ((dr/D)p ~0.1–0.3); in contrast, other icosahedral capsids 
(e.g., CCMV, NV under non-alkaline conditions, HK97 prohead-I, hepatitis B virus 
(HBV)) withstood very large deformations. Some capsids (those of CCMV at pH = 
6 [93] or NV at acidic or neutral pH [24], and some enveloped virions (SARS-CoV-2, 
[67], recovered their native shape even after wall-to-wall deformation under load. 

Resistance to Material Fatigue and Self-healing 

Virus particles are susceptible to material fatigue when cyclically indented using 
forces well below the yield force. Depending on both the maximum load and inden-
tation frequency, no visible damage was detected after several indentation cycles. 
However, after a high enough number of cycles, disruption of the viral particle and 
loss of components were observed (Fig. 11.4).

Material fatigue by cyclic indentation with an AFM tip has been detected for struc-
turally very different particles from non-enveloped or enveloped viruses. Examples 
include the capsids of phages Φ29 [57], λ [53, 58] and HK97 [113]; the phage T7 
capsid [54] and virion [141] the mature human immunodeficiency virus type 1 (HIV-
1) capsid protein lattice [132] rotavirus particles [62] adenovirus (AdV) capsids or 
virions [31, 96, 97], (Fig. 11.4); and the SARS-CoV-2 virion [14]. Thus, susceptibility 
to material fatigue is probably a general feature of virus particles. 

Fatigue of structurally simple virus particles (e.g., the mature HIV-1 capsid protein 
lattice) led to the removal of capsid subunits or clusters of subunits; fatigue of more 
complex viral particles (e.g., AdV or T7) frequently led to the gradual, differenti-
ated removal of some specific capsid subunits or subassemblies, auxiliary proteins, 
the viral nucleic acid and/or other components (Fig. 11.4). Irrespective of particle 
complexity, catastrophic failure could be observed after the gradual removal of some 
components, or even without any intermediate state being detected. 

Differences in the experimental setup (applied load and frequency), and gradual or 
abrupt dissociation through different pathways upon cyclic indentation, may preclude 
a meaningful comparison of the relative propensity of different viruses to fatigue.
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Fig. 11.4 Gradual disassembly of mature or immature AdV by material fatigue. a, b selected AFM 
images taken during the mechanically-induced gradual disassembly of mature AdV (a) or of an  
immature AdV mutant (b). Higher numbers correspond to images taken at later times during the 
disassembly process. Positions in the viral particles where pentons were released are indicated by 
red arrows. Scale bars in (a) or (b) correspond to 46 nm or 40 nm, respectively. c kymographs 
showing the variation in particle height over time for mature AdV (left) or immature AdV (right) 
along the white dotted lines traced in images numbered as “0” in panels (a) or (b), respectively. 
d transversal height profiles obtained form the data in panel (c). Colored curves correspond to the 
points in time indicated by vertical lines in panel (c) using the same color key. e time-dependent 
evolution of the maximum height of mature AdV (black) or immature AdV (red), determined along 
the white dotted lines traced in the kymographs in panel (c). Figure reproduced from [96]

However, the results obtained so far do suggest that virus particles from different 
species may substantially differ in their resistance to fatigue. 

Some virus particles showed a remarkable propensity for self-healing after being 
damaged by the application of mechanical force. After unloading, the damage (e.g., 
fractures or dislocation of some subunits) was spontaneously reduced, or even disap-
peared altogether. Examples include the NV capsid at acidic or neutral pH [24], the 
HIV-1 capsid protein lattice [32, 131], the T7 capsid and virion [29, 141], and the 
SARS-CoV-2 virion [67]. Self-healing has also been detected in non-viral protein 
complexes, such as vaults [79]. Comparative results are not available yet to assess 
the differences among virus particles in their self-healing response to mechanically 
induced damage.
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Mechanical Anisotropy 

The orientation of elongated virus particles adsorbed on a substrate could be readily 
determined by AFM (e.g., the phageΦ29 capsid; [57], Fig. 11.1a, center). In addition, 
the orientation of some icosahedral virus particles could be ascertained through the 
observation of conspicuous topographic features at or around a symmetry axis type 
(e.g., for the parvoviruses MVM [15], Fig. 11.5) and AAV-2 [148]). For larger parti-
cles, orientation was revealed by height differences and/or visualization of icosahe-
dral facets (e.g., for the capsids of phages T7 [54] or P22 [81], AdV [100], (Fig. 11.4), 
or HSV-1 particles [126]. 

Comparison of kp values obtained by indentation of different, identified regions of 
a virus particle revealed that some virions or capsids are nearly isotropic in stiffness 
(e.g., the wild-type (wt) MVM capsid [15]). However, others are largely anisotropic 
(e.g., the MVM virion [15], or the capsids of phages Φ29 [57] or T7 [54]. The 
quantification of differences in stiffness when different regions in a virus particle are 
indented has revealed connections between local changes in structure and stiffness 
that modulate virus infectivity. In addition to anisotropic stiffness, virus particles, 
even some that differ in just one amino acid residue, can show different degrees of 
anisotropy regarding strength and/or brittleness [91]. 

Anisotropic stiffness of a virus particle may be an inescapable physical conse-
quence of a particular molecular structure but, at the same time, it may also have arisen

Fig. 11.5 Determination of 
the orientation of adsorbed 
individual icosahedral virus 
particles by AFM imaging. 
Left to right: icosahedral 
objects observed along a S2, 
S3 or S5 symmetry axis. Top 
row: an icosahedron. Middle 
row: a structural model of 
MVM. Bottom row: 
individual MVM particles 
imaged by AFM. Figure 
reproduced from [18] 
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as a result of biological adaptation [15, 16, 18, 20, 22] (see Sect. “Anisotropic Stiff-
ness/Conformational Dynamics as an Adaptive Trait of MVM to Impair a Heat-In-
duced Deleterious Transition Without Impairing an Infectivity-Determining Transi-
tion”). Likewise, anisotropic strength and brittleness may be biologically relevant 
[104, 105, 146]. 

Marker topographic features and orientation were not clearly identifiable in AFM 
images of many virus particles. Thus, only averaged kp, Frp and/or (dr/D)p values 
could be obtained. In those cases, mechanical anisotropy (if present), and its possible 
consequences, remained undetermined. 

Comparing the Mechanical Properties of Viruses: A Summary 

Virions or capsids from a highly diverse sample of virus species showed equally 
diverse local and/or global mechanical responses under load. Stiffness, intrinsic elas-
ticity, mechanical strength, brittleness and, perhaps, resistance to material fatigue 
of either virions or their protein-only capsids differed by over one or two orders 
of magnitude. Some trends were experimentally observed. For example, some 
enveloped virions are relatively soft (e.g., influenza virus, mature HIV-1, SARS-CoV-
2), whereas the much smaller, non-enveloped virions of the parvoviruses MVM and 
AAV-2 are much stiffer. These large mechanical differences are largely the result of 
very different size, composition, architecture and/or molecular structure. However, 
many exceptions to those trends were found, not only when comparing stiffness, 
but also regarding intrinsic elasticity (which does not depend on size and geom-
etry), strength or brittleness. Some structurally very different virus particles showed 
a comparable mechanical response under load; whereas some structurally nearly 
identical virus particles showed remarkably different stiffness, strength, brittleness 
and/or anisotropic mechanical behavior. 

From the perspective of a structural biologist, an important observation is that the 
mechanical properties of virus particles can be strongly dependent on minor structural 
details, such as single atomic groups in their capsids. Relationships between large-
scale structural features (e.g., size and/or shape) and mechanical properties of viruses 
are predicted by models or simulations that may capture the physical essence of virus 
architecture [83]. However, those relationships may be greatly blurred in real viruses 
by the strong effects on mechanical properties of small-scale (down to atomic level) 
structural differences among them. From the perspective of an evolutionary biologist, 
it could be guessed that the diverse mechanical behavior of evolutionarily closely 
related viruses, even mutants of the same virus is, in part, the result of biological 
adaptation. It may have partly arisen through the gradual introduction, by mutation, 
of relatively small structural changes in response to specific selective pressures (see 
the next sections).
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Modulation of the Mechanical Properties of Virus Particles 

Since the times of the Phage Group 80 years ago, countless qualitative or quantitative 
biological, biochemical, or biophysical studies on viruses have revealed that virus 
particles are structurally highly dynamic (see [89], and references therein). During 
the different stages of the infectious cycle (Fig. 11.6), viruses and their compo-
nents respond to specific physical or (bio)chemical cues through specific structural 
changes. Virus particles are first assembled in an infected cell from their molec-
ular components in a complex morphogenetic pathway. They later undergo several 
controlled changes in molecular composition, covalent structure, conformation and/ 
or motions of structural elements. Ultimately, those changes mediate virion matura-
tion, exit from the cell; survival in the extracellular medium; entry into a new host 
cell; intracellular trafficking; particle disassembly and/or genome ejection; expres-
sion and replication of the viral genome; and assembly of progeny viruses, closing 
the infectious cycle (Fig. 11.6). 

A widely diverse ensemble of physical or chemical effectors has been shown 
to promote or interfere with virus infectivity by inducing specific changes in the 
structure or conformational dynamics of the viral particle during some stage of the

Fig. 11.6 A typical infectious cycle of an animal virus. Main stages in the infectious cycle of an 
animal virus (the parvovirus MVM) are indicated. Major differences in the infectious cycles of 
different viruses are not indicated in this scheme. Figure reproduced from [90] 
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infectious cycle. Depending on virus species, those effectors include: (i) physico-
chemical conditions (pH, ionic strength, temperature, macromolecular crowding, 
osmotic pressure); (ii) virus particle-binding ligands (ions, organic molecules, host 
cell proteins, other non-viral biomolecules); (iii) the viral nucleic acid or structural 
viral proteins recruited by a virus particle (e.g., during morphogenesis or matu-
ration), or removed from the particle (e.g., during maturation, genome uncoating 
or particle disassembly); (iv) chemical modifications of viral components (prote-
olytic processing, introduction of disulfide bridges or other covalent bonds, other 
post-translational modifications); or v) during virus multiplication in the cell, substi-
tutions, additions, or deletions of nucleotides in the viral nucleic acid or amino acids 
in viral proteins, that may contribute to virus adaptation for survival and evolution. 

In the last decade and a half, AFM studies have clearly revealed that many effector-
dependent, virus infectivity-determining changes in the structure or dynamics of 
virus particles are reflected in a variation of their mechanical behavior under 
load, as determined in indentation experiments. Examples are provided in the 
following three subsections. 

Changes in Mechanical Properties of Virus Particles 
in Response to Physico-Chemical Conditions, Ions 
or Non-viral Compounds 

pH, ionic strength, temperature. Variations in pH modulate infection by many viruses 
by eliciting conformational changes during entry into the cell, intracellular trafficking 
or genome uncoating. Increasing the pH from acidic to near neutral greatly decreased 
the stiffness and brittleness of the CCMV capsid and virion. At pH = 6, the capsid 
withstood wall-to-wall deformations without being disrupted [68, 93, 144]. The stiff-
ness and mechanical strength of the NV capsid were also pH-dependent: at acidic 
to neutral pH, it was very soft and withstood wall-to-wall deformations without 
breaking,whereas at pH = 10 it broke at very small deformations ((dr/D)p ~0.2) [24]. 
The pH-dependent changes in mechanical behavior of both CCMV and NV particles 
did not correlate with any large morphological change. They were attributed to weak-
ened or rearranged interactions in the capsid that would prime the particle for swelling 
(in CCMV), or for other conformational rearrangements required for infection. 

Acidification decreased the stiffness of the AdV virion but not the capsid, an 
effect that was attributed to neutralization of negative charges by protonation and 
compaction of the DNA-containing nucleoprotein core [101]. Changes in pH that 
affected the infectivity of phage C22 also modulated its stiffness, and the same was 
observed upon changes in ionic strength or temperature [118, 119]. Heating also 
modified the strength and brittleness of the T7 capsid [142]. In these and other 
cases, the observed changes in particle stiffness or strength signaled the existence of 
effector-induced structural changes that could modulate virus infectivity.
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Macromolecular crowding. The effects that the macromolecularly crowded envi-
ronment in the cell or inside a virus particle may have on different stages of the viral 
infectious cycle are poorly known. Macromolecular crowding dramatically promoted 
mature HIV-1 capsid assembly under physiological ionic strength conditions in vitro, 
whereas in the absence of crowding no assembly could be detected at all under the 
same conditions [30]. Macromolecular crowding can also modulate the mechanical 
properties of virus particles. For example, the presence of a crowding agent modu-
lated the stiffness and strength of brome mosaic virus (BMV) in a complex fashion 
that was dependent on the concentration of the crowding agent and the absence 
or presence of the single-stranded (ss) RNA in the viral particle. The results were 
consistent with the RNA molecule exerting a small negative internal pressure that 
prestresses the virion [149]. Macromolecular crowding also enhanced dsDNA ejec-
tion from phage λ in vitro, due to a pulling force resulting from DNA condensation 
in the crowded medium induced by osmotic stress [61]. These and other results indi-
cate that macromolecular crowding constitutes an important determinant for viral 
infection. 

Osmotic pressure. An increase in internal osmotic pressure led to further conden-
sation of the viral dsDNA in both phage λ and HSV-1. This effect removed the 
internal pressure exerted on the capsid wall, relieved the mechanical stress, and 
increased the strength of the particle against an applied force. Relieving the internal 
pressure inhibited genome ejection and impaired infectivity [7, 8, 10, 11, 36, 37, 58]. 
Thus, for some viruses osmotic pressure can determine infection (see Sect. “Balanced 
Mechanical Strength as an Adaptive Trait of Tailed Bacteriophages and HSV-1 for 
Pressure-Driven Genome Injection in the Host Cell”). 

Bound ions and polyelectrolytes. Specific binding of metal ions to some virus 
particles is known to modulate virus infectivity. For both tomato bushy stunt virus 
(TBSV) [80] and simian virus 40 (SV40) [137], Ca2+ binding increased capsid stiff-
ness and strength against irreversible deformation or disruption. In both cases, the 
authors suggested that Ca2+ bridges were responsible for the observed mechanical 
effects. 

(Poly)cations such as spermine, spermidine or Mg2+ decreased the stiffness of 
dsDNA-containing virions, including phages λ [36, 37, 58] andΦ29 (52), AdV [98], 
as well as the dsDNA-filled HSV-1 capsid [11]. The effect of cations on the stiffness 
of those virions was generally traced to increased condensation of the DNA molecule 
or compaction of the nucleoprotein core that followed the neutralization of negative 
charges. This effect reduced the internal pressure on the capsid wall and controlled 
virus stability (see Sect. “Balanced Mechanical Strength as an Adaptive Trait of 
Tailed Bacteriophages and HSV-1 for Pressure-Driven Genome Injection in the Host 
Cell”). 

Mg2+ also decreased the stiffness of the ssRNA-containing triatoma virus (TrV). 
Both RNA compaction due to charge neutralization and screened RNA-capsid 
interactions were contemplated as likely causes [123]. 

Bound host cell proteins. Binding of integrins to AdV promoted virus infectivity, 
whereas binding of defensins to AdV impaired infection. AFM studies revealed 
that their binding also resulted in opposite anisotropic changes in virion stiffness:
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integrin softened the vertex capsid regions, whereas defensin stiffened them. These 
effects were respectively associated with a facilitated or impaired release of individual 
pentons from the capsid vertices during the chemically-induced disassembly of the 
virus particle [124]. As another example, binding of proviral cellular protein CypA 
to the mature HIV-1 capsid modulated its stiffness [78]. Changes in the mechanical 
response of viral particles upon binding of cellular proteins are providing further 
insights into structural changes controlled by interactions between host molecules 
and viruses. 

Bound organic molecules. Binding to virus particles of natural or synthetic organic 
compounds that inhibit or promote virus infectivity may lead to substantial changes 
in the mechanical properties of the particle. For example, antiviral compounds that fill 
hydrophobic pockets in the human rhinovirus (HRV) capsid (pleconaril, pirodavir) 
increased virion stiffness [133]. Binding of the antiviral compound tannin to the 
helical TMV virion increased its strength against disruption when the viral ssRNA 
was pulled out of the capsid [143]. 

Binding of specific antiviral or proviral compounds to different sites on the mature 
HIV-1 capsid exerted different mechanical effects. Binding of PF74 stiffened the 
truncated cone-shaped capsid [105], but it did not stiffen the hexameric protein lattice 
the capsid is made of [33]. These results indicate that the stiffening effect of PF74 
depends on capsid geometry, including the presence of pentameric “defects” in the 
hexameric lattice that determine capsid curvature and closing. PF74 also decreased 
the mechanical strength and fatigue resistance of the HIV-1 capsid protein lattice 
[33]. In contrast, antiviral compounds CAP-1 or 55 bound to specific sites on the 
mature HIV-1 capsid protein lattice had no effect on its strength or fatigue resistance, 
but they decreased its stiffness and intrinsic elasticity [33]. Binding of the proviral 
cellular compound IP6 to the HIV-1 core either stiffened or softened the viral particle, 
depending on the activation of reverse transcription of the RNA inside the core [106, 
146] (see Sect. “Ligand-Mediated Modulation of Mechanical Strength as an Adaptive 
Trait of HIV-1 for Efficient Reverse Transcription of the Viral Genome and Controlled 
Capsid Disassembly”). 

The above results revealed an association between small-molecule binding to 
virus particles, complex changes in the mechanical response of the latter due to 
changes in structure, molecular interactions or conformational dynamics, and modu-
lation of virus infectivity [2, 33, 133]. For HRV, a clear quantitative correlation was 
found between increased stiffness (measured by the elastic constant kp) and reduced 
infectivity (determined by viral titration) [133]. These findings opened up the possi-
bility to develop novel antiviral drugs based on the modulation of stiffness or other 
infectivity-determining mechanical properties of virus particles.
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Changes in Mechanical Properties of Virus Particles 
in Response to Removal, Addition or Modification of Viral 
Components 

The viral nucleic acid. Morphogenesis of many ssRNA viruses involves the co-
assembly of capsid and viral nucleic acid in a single condensation process. In contrast, 
during morphogenesis of some dsDNA viruses (e.g., tailed phages), the capsid is 
assembled first, with or without the help of scaffolding proteins (e.g., [56], Fig. 11.3), 
and the viral dsDNA is packaged in the preformed capsid during virus maturation. 
Parvoviruses (MVM, AAV-2) also package their ssDNA into a preformed capsid. 

Irrespective of nucleic acid type and assembly/maturation/packaging mecha-
nisms, in most (but not all) tested cases the presence of the viral nucleic acid affected 
the stiffness, strength and/or brittleness of the virus particle, at least under certain 
conditions. The viral ssDNA stiffened MVM [15, 16], but not AAV-1 [148]. The 
viral dsDNA stiffened phages λ [58], Φ29 [52], T7 [141] and PRD-1 [5], as well as 
AdV virions [98] and nonenveloped HSV-1 particles [76]. 

The mechanical properties of some RNA viruses were also dependent on the pres-
ence of the nucleic acid. The ssRNA genome stiffened CCMV [93]. Identical brome 
mosaic virus (BMV) capsids containing one of three different viral ssRNA molecules 
showed different stiffness and strength [138]. The stiffness of avian infectious bursal 
disease virus (IBDV) particles increased as a function of the number of ribonucleo-
protein (RNP) complexes they contained, from 0 to 4 [92]. The RNPs also stiffened 
the enveloped influenza virion [75]. 

The mechanism by which the viral nucleic acid stiffens a virion, however, does 
depend on the virus and nucleic acid type. The ssDNA-filled MVM virion has nearly 
the same atomic structure than the empty capsid (except for the presence of the 
DNA molecule), but the regions around S2 and S3 symmetry axes are substantially 
stiffer in the virion. Wedge-shaped ssDNA segments are non-covalently bound to 
pockets at the capsid inner wall close to the S2 axes [1] (Fig. 11.7). These ssDNA 
wedges act like inner molecular buttresses that anisotropically stiffen the S2 and S3 
regions [15, 16]. Specific removal through point mutation of some capsid-ssDNA 
interactions in the virion decreased the stiffness of the S2 and S3 regions, and it made 
the virion as soft as the empty capsid, even though the full ssDNA molecule was still 
inside [16]. The ssDNA-mediated anisotropic stiffening of the virion appears to be a 
biological adaptation for improving extracellular virion survival without impairing 
its infectivity (see Sect. “Anisotropic Stiffness/Conformational Dynamics as an 
Adaptive Trait of MVM to Impair a Heat-Induced Deleterious Transition Without 
Impairing an Infectivity-Determining Transition”).

The softening effect of cations and/or positively charged auxiliary viral proteins 
on dsDNA-containing tailed phages, HSV-1 or AdV is consistent with a direct effect 
of the nucleic acid or nucleoprotein core on viral particle stiffness. In all those 
viruses, the stiff dsDNA molecule is tightly packed in the capsid. Cations and/or 
“histone-like” condensing proteins partially neutralize the negative charge of the 
DNA molecule. Still, non-neutralized charges and the long persistence length of the
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Fig. 11.7 Capsid-bound ssDNA segments in the MVM virion. a Cross-section of the atomic struc-
ture of the MVM virion [1]. ssDNA segments bound to equivalent sites at the capsid inner wall 
are colored green. b Scheme of the icosahedral MVM virion. The approximate location of capsid-
bound ssDNA segments or nearby cavities are respectively indicated by green or white ovals. The 
positions of one S2, one S3 and one S5 axis in the capsid are indicated. Figure reproduced from 
[18]

dsDNA molecule generate a substantial internal pressure that stresses the capsid 
wall. For some of those viruses, a high internal pressure may stiffen the DNA-filled 
capsid like the pressurized air stiffens a football [52]. For phage λ, a combination of 
experiment and theory indicated that the stiffening effect of a high internal pressure 
could be slight at best, resembling the minute effect of the water vapor pressure on the 
stiffness of a pressure cooker. The dsDNA-mediated stiffening of the λ capsid was 
traced to osmotic effects caused by DNA hydration [37, 58]. Virion pressurization 
and the high mechanical strength of dsDNA viruses provide a clear example of 
the adaptive value of the mechanical properties of viruses (see Sect. “Biological 
Adaptation of the Mechanical Properties of Viruses in Response to Forces Acting 
in Vivo”). The mechanisms by which the free ssRNA, or ssRNA-containing RNP 
complexes stiffen RNA virus particles are not well understood yet. 

To sum up, the observed stiffening and/or mechanical strengthening of virus 
particles by the packed viral nucleic acid have provided new insights into different 
stages of the infectious cycle, including virus morphogenesis and maturation, disas-
sembly and/or genome uncoating. Nucleic acid-mediated mechanical strengthening 
or stiffening of virions can also be directly relevant for the survival of some viruses. 

Specific capsid protein subunits or capsomers. Structurally complex virus capsids 
include a number of different components. For example, pentons or hexons form 
different, position specific subassemblies that constitute the icosahedral capsid of 
tailed phages, HSV-1 (Fig. 11.1b, bottom right) or AdV. Removal of pentons at the 
vertices of the AdV virion by either heating or induced material fatigue (Fig. 11.4) 
reduced particle stiffness and strength and promoted capsid disassembly and genome 
release [87, 96, 100]. A similar change in mechanical behavior was observed upon 
the release of pentons from the capsids of HSV-1 [69, 111] or phage P22 [64, 81].



11 Virus Mechanics: A Structure-Based Biological Perspective 253

AFM studies in which individual virus particles are imaged and, in some cases, 
indented, together with structural, biochemical and/or genetic analyses have revealed 
that pentons of AdV, HSV-1, P22 and others are weakly bound to the rest of the 
capsid. In vitro, chemical or physical effectors, including mechanical force, modu-
lated their gradual release from the capsid, a situation that may recapitulate AdV 
disassembly and genome release in vivo. These and other observations have provided 
new insights into the mechanisms by which these processes are controlled during 
infection (see Sect. “Balanced Mechanical Strength as an Adaptative Trait of AdV 
for Pressure-Mediated, Gradual Disassembly and Uncoating”). 

Auxiliary viral capsid-binding proteins. The capsids of some complex viruses 
recruit auxilliary viral proteins during their assembly and maturation. Viral cementing 
proteins bound to λ [53] or P22  [81] capsids generally increased both stiffness and 
strength. Auxiliary proteins also stiffened the HSV-1 capsid at the vertices where 
pentons are located [38, 44, 117, 126]. By contrast, recruitment of positively charged 
viral proteins that condense the viral dsDNA decreased the stiffness of the AdV virion 
[86]. 

Introduction of covalent bonds in viral particles. Introduction of covalent bonds 
between capsid subunits during phage HK97 maturation increased the mechanical 
strength of the capsid, but it had no effect on its intrinsic elasticity [113] (Fig. 11.3). 
Intersubunit disulfide bonds increased the mechanical strength of the SV40 capsid 
without affecting its elastic behavior during the first indentation [137]. Introduc-
tion of intersubunit covalent bonds constitutes an alternative strategy to cementing 
proteins to strengthen the viral capsid during maturation. Likewise, engineering in 
the laboratory of non-natural disulfide bonds between and within hexamers in the 
mature HIV-1 capsid protein lattice greatly increased its mechanical strength and 
fatigue resistance, but it had no effect on stiffness or intrinsic elasticity [32]. 

Proteolytic processing of viral proteins. Proteolysis of capsid proteins or auxil-
iary structural proteins has a major role during during maturation of many viruses, 
including dsDNA viruses like phage HK97 [56], (Fig. 11.3), HSV-1, and AdV. Prote-
olysis can trigger large conformational rearrangements in the maturing viral particle, 
and it can also mediate substantial changes in its mechanical behavior. For example, 
during maturation of the HSV-1 capsid, proteolytic removal of the scaffolding protein 
had no effect on stiffness, but it increased the mechanical strength of the viral particle 
[111]. Also, during the complex maturation process of the phage HK97 capsid, prote-
olysis of the N-terminal domain of the capsid protein (that serves as a scaffolding 
domain during procapsid assembly) led to large increases in both stiffness and brittle-
ness. Together these effects, and those of other structural changes during maturation 
of HK97, contributed to yield a mechanically more resilient mature virus particle 
[113] (Fig. 11.3). 

Increased robustness achieved by proteolysis-induced conformational rearrange-
ments, cementing proteins, and/or intrasubunit covalent bonds provides another clear 
example for the adaptive value of the mechanical properties of viruses. It helps with-
stand the internal pressure exerted by the viral nucleic acid on the capsid of dsDNA 
viruses (see Sect. “Biological Adaptation of the Mechanical Properties of Viruses in 
Response to Forces Acting in Vivo”). It may also contribute to virus survival when 
confronted with mechanical aggressions in the extracellular environment.
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Multiple capsid layers. Some nonenveloped viruses contain several concentric 
protein layers (e.g., rotaviruses; Fig. 11.1c, left), or include an internal lipoprotein 
layer (e.g., phage PRD-1). Rotavirus particles containing only the innermost protein 
layer, the two innermost layers, or all three protein layers were increasingly stiffer, 
stronger, and less brittle [62]. Phage PRD-1 particles that contained only the inner-
most lipoprotein layer surrounding the viral dsDNA were very soft, whereas PRD-1 
capsids that contained an additional protein layer were much stiffer [5]. 

Likewise, in the NV capsid the protruding (P) domain of the capsid protein forms a 
non-continuous outermost protein layer on top of the continuous, basal capsid protein 
layer. Removal of the P domain did not preclude capsid assembly but decreased capsid 
stiffness and mechanical strength. The observed stiffening of the NV capsid mediated 
by the P domain was attributed to the introduction of isotropic prestress that may 
help stabilize the capsid [6]. 

Together, those studies indicate that, in multi-layered virus particles, the outer 
protein layers that surround a relatively soft inner shell tend to stiffen and/or 
strengthen the particle. Like maturation, the increased robustness conferred by addi-
tional protein layers may help resist internal or external stresses during the infectious 
cycle. 

The outer lipoprotein layer. In enveloped viruses, both the outer lipid envelope 
and the envelope-embedded proteins can be major determinants of the mechanical 
properties of the virus particle. The protein-made matrix layer located immediately 
below the lipid envelope can also influence the mechanical behavior of the particle, 
partly through its interaction with envelope proteins. 

For example, removal of proteins embedded in the lipid envelope reduced the 
stiffness of the ssRNA-containing influenza virion (Fig. 11.1a, right), which became 
as soft as pure liposomes. Removal of the matrix layer also softened the viral particle. 
The observed softening events helped to propose a sequence of structural events 
during influenza virus fusion to the cell membrane and RNP release [46, 74, 75, 120]. 

As another example, maturation softened the enveloped, ssRNA-containing parti-
cles of the retroviruses MLV [71] and HIV-1 [72, 99]. The C-terminal (Ct) domain of 
the envelope-embedded Env protein of HIV-1 (Fig. 11.1c, right) was responsible for 
the higher stiffness of the immature HIV-1 virion. The maturation-induced softening 
of the HIV-1 virion facilitated entry into the host cell and is biologically relevant 
[99, 116] (see Sect. “Mechanical Softening as an Adaptive Trait of HIV-1 to Enable 
Virus Entry into the Host Cell”). 

Changes in Mechanical Properties of Virus Particles 
in Response to Point Mutations 

The mechanical properties of virus particles are highly sensitive to even the smallest, 
genetically introduced chemical changes in the capsid protein subunits. For example, 
a naturally occurring single amino acid substitution (per capsid subunit) that
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increased the stability of the CCMV capsid and virion in a high-salt medium also 
increased their stiffness and mechanical strength [93]. 

The individual effects on MVM mechanics of over 40 engineered amino acid 
substitutions in different capsid regions have been analyzed so far (Fig. 11.8). Most 
of those mutations led to substantial, anisotropic changes in stiffness, mechanical 
strength and/or brittleness of the capsid and/or the virion. In many cases, changes 
in the mechanical behavior of mutant MVM particles could be linked to different 
mechanisms by which those mutations impair virus infectivity [16, 18, 20, 22, 91] 
(see Sect. “Changes in Mechanical Strength or Stiffness of Virus Particles, and Linked 
Changes in Structural Stability or Conformational Dynamics”). 

Mutant HRV virions carrying cavity-filling amino acid substitutions in capsid 
pockets revealed an inverse correlation between infectivity and stiffness, dependent 
on the size of the substituted side chain [133]. Four single amino acid substitutions 
that impaired disassembly of the mature HIV-1 capsid increased its stiffness [102].

Fig. 11.8 Localization in the MVM virion of some amino acid residues whose individual role on 
the mechanical properties of MVM particles has been analyzed. a, b, front view (a) or side view  
(b) of a trimeric capsid building block in the atomic structure of the MVM virion. c front view 
of an ensemble of five trimers around a S5 axies in the atomic structure of the MVM virion [1]. 
A semi-transparent depiction is used to reveal buried amino acid residues. Thirty two residues 
per capsid subunit that were individually mutated to investigate mechanical properties and related 
changes in infectivity, conformational stability, or dynamics, are represented as spacefilling models 
and color coded as follows: cyan, residues at the interfaces between trimeric capsid building blocks; 
yellow, residues surrounding the base of the capsid pores around each S5 symmetry axis; magenta, 
residues delimiting capsid small cavities close to ssDNA-binding sites; green, residues involved in 
interactions with genomic ssDNA segments in the virion. ssDNA segments that interact with those 
capsid residues are represented as green ribbons. Figure reproduced from [18] 
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A single amino acid substitution in an auxiliary capsid protein stiffened the AdV 
capsid [136]. 

The detailed relationships between local chemical changes introduced by single 
mutations in virus particles, changes in atomic structure and/or conformational 
dynamics, changes in mechanical properties, and modulation of virus infectivity have 
begun to be investigated. Single amino acid substitutions may result in very small 
changes in the equilibrium (minimum free energy) structure of the viral particle. 
However, small structural changes may be translated into substantial changes in the 
number and/or energy of intersubunit interactions, leading to remarkable changes in 
the mechanical strength of the particle [91, 93]. Moreover, small changes in many 
atomic positions and interatomic interaction energies may be translated into very 
large local or global changes in the conformational dynamics of the viral particle, 
leading to large changes in stiffness and intrinsic elasticity [18, 20, 22, 49, 84, 133] 
(see Sect. “Changes in Mechanical Strength or Stiffness of Virus Particles, and Linked 
Changes in Structural Stability or Conformational Dynamics”). The high sensitivity 
of the mechanical behavior of viruses to mutation may contribute to their rapid 
adaptation and evolution. 

Is There a Correlation Between Different Mechanical 
Properties of Virus Particles? 

Some effectors either increased or decreased both the strength and the stiffness 
of certain virus particles. However, several studies have shown that the stiffness 
(hard to bend) and the mechanical strength (hard to break) of a virus particle are 
not necessarily linked. This fact was clearly supported by a detailed comparison 
of the effects of many single amino acid substitutions in the MVM capsid on its 
mechanical properties. These substitutions were all located at the capsid intersubunit 
interfaces and did not change capsid size or shape. For each capsid mutant, the value 
determined for one mechanical parameter was plotted against that determined for 
another parameter. A very good quantitative correlation was found between capsid 
stiffness kp and brittleness (dr/D)p; however, no correlation between stiffness (kp) 
and mechanical strength (Frp) was observed. Moreover, the amino acid residues that 
constituted major determinants of capsid stiffness were different from those residues 
that were major contributors to mechanical strength [91]. Stiffness and mechanical 
strength have different structural, thermodynamic, and kinetic foundations (see Sect. 
“Pulling, Pushing, Mobility of Atomic Groups, and Mechanical Properties of Virus 
Capsids”).
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Modulation of the Mechanical Properties of Virus Particles: 
A Summary 

Effector-induced changes in molecular composition, atomic structure, intraparticle 
interactions and/or conformational dynamics of virions or capsids control different 
stages of the viral infectious cycle. AFM-based indentation studies have revealed 
that stiffness, intrinsic elasticity, strength, brittleness and/or fatigue resistance of 
virus particles can be highly sensitive to effector-induced structural modifications, 
even minor ones. Large mechanical differences have frequently arisen upon removal 
of a single molecular component, replacement of a single amino acid residue, or as 
a consequence of other small chemical modifications or conformational changes of 
a virus particle. 

The observed changes in the mechanical properties of virions and capsids upon the 
action of infectivity-determining effectors have provided new insights into structural 
modifications and mechanisms that control different stages of the viral infectious 
cycle. They have also contributed to the discovery of previously undetected struc-
tural changes or mechanisms required for infection. Moreover, AFM indentation 
and/or imaging of individual virus particles have uniquely allowed the detection of 
sequences of events in position-dependent and component-specific structural changes 
mediated by different cues. 

To reiterate and sum up, biologically relevant, effector-mediated changes in the 
structure or dynamics of virions or capsids can be sensitively probed by AFM 
through the detection of changes in their mechanical properties. The results obtained, 
combined with those of other experimental or theoretical approaches, are improving 
our understanding of the physicochemical mechanisms that govern different stages 
of the infectious cycle: virion assembly, maturation, exit from the host cell, survival 
in the extracellular environment, entry into a new cell, intracellular trafficking, virion 
disassembly and genome release. 

Changes in Mechanical Strength or Stiffness of Virus 
Particles, and Linked Changes in Structural Stability 
or Conformational Dynamics 

What determines the observed associations between effector-mediated changes in 
structure and/or dynamics of virus particles, and changes in their mechanical proper-
ties? This Section describes a unifying, simple model based on structural, thermody-
namic, or kinetic considerations that is consistent with theoretical and experimental 
results. Structurally simple protein capsids (either empty or filled with the viral 
nucleic acid) are considered here, to avoid dealing with complications introduced by 
other components present in more complex virus particles.
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Pulling, Pushing, Mobility of Atomic Groups, and Mechanical 
Properties of Virus Capsids 

Structural changes have been mechanically induced in single protein molecules or 
supramolecular assemblies (including viruses) by “pulling” on them [3, 12, 40, 41, 
43, 60, 95, 103]. For example, in pulling experiments to study protein unfolding, a 
protein molecule is stretched using mechanical force. If the unfolding reaction was 
two-state, and the stretching did not reach a certain limit, an elastic behavior was 
generally detected. Non-linear events (the unfolding transition) were not observed 
and, after unloading, the molecule returned to its equilibrium position. All-atom 
MD simulations indicated that many noncovalent bonds were gradually stressed and 
eventually broken, but they fully recovered when the force was removed. From the 
standpoint of thermodynamics and reaction kinetics, the system moved upwards in 
the free energy well of the native state, along the mechanical reaction coordinate, 
but it did not reach the free energy peak that corresponds to the transition state of the 
reaction. 

However, if enough force was applied to stretch the molecule past a certain length, 
a non-linear event was observed, and the protein was (reversibly) unfolded. The 
system moved along the mechanical reaction coordinate enough to reach the free 
energy peak (the transition state) that separates the free energy well of the native state 
from that of the denatured state. In pulling experiments, mechanical force (helped 
by thermal energy) is used to overcome the free energy barrier along the mechanical 
reaction coordinate. 

When “pushing” on a quasi-spherical protein shell (a virus capsid) to deter-
mine its stiffness, brittleness, strength or fatigue, some similarities to what happens 
in “pulling” experiments regarding structure, thermodynamics, and kinetics are 
apparent, as described next (compare Figs. 11.2 and 11.9; [22, 33 88]).

Stiffness. As indentation increasingly deforms the capsid “crust”, atomic groups 
and larger structural elements at or under the contact area are gradually displaced 
from their equilibrium positions. The high density and complex network of intra-
or inter-subunit interactions will propagate the effect to other capsid regions. Each 
weak noncovalent bond between atomic groups in the capsid can be imagined as a 
virtual spring. These springs are relaxed at equilibrium, but they will become increas-
ingly stretched as the indentation progresses. As a result, the weaker intersubunit 
interactions will eventually be broken. 

Coulombic interactions will accept some stretching before being considerably 
weakened. Directional hydrogen bonds will be drastically weakened when “bent” 
or stretched. Non-directional van der Waals interactions would resist some “slid-
ing” between the contacting atoms, but they will be broken upon minor stretching. 
Changes in the position of so many atoms will lead also to steric clashes that will 
have to be relieved by continuous changes in atomic displacements. These changes, 
in turn, will stress, and eventually break, other weak interactions. Increased separa-
tion between apolar groups will also weaken the hydrophobic effect that contributes 
to stabilize and hold together the capsid protein subunits. As a net result, the free
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Fig. 11.9 Simplified energy diagram during indentation of a virus capsid in the absence or presence 
of an effector that modifies the capsid mechanical behavior. The energy of the system during elastic 
deformation of the capsid, followed by capsid disruption in a two-state reaction, is represented along 
the mechanical reaction coordinate. The thick line corresponds to a virus capsid in the absence of 
any mechanics-determining effector (wt subscript). The thin, dashed line corresponds to the same 
virus capsid in the presence of a mechanics-determining effector (e.g., an amino acid substitution 
introduced in the capsid; or a ligand that had been either bound to or removed from the capsid, see 
Sect. Modulation of the Mechanical Properties of Virus Particles) (mut subscript). In this example, 
the effector stiffens the capsid and makes it more brittle and less strong, as respectively indicated 
by the following symbols and color code. Green horizontal arrows: distance dmut is shorter than dwt . 
In mechanical terms, under the elastic regime a same applied force achieves a lower deformation for 
the mut capsid than for the wt capsid; the elastic constant kp will be higher for mut than for wt. From  
a thermodynamics/kinetics perspective, the slope of the free energy well of the initial state (intact 
capsid) along the mechanical reaction coordinate is steeper for mut than for wt. -Blue horizontal 
arrows: distance dmaxmut is shorter than dmaxwt . In mechanical terms, the mut capsid is disrupted 
at a lower deformation than the wt capsid; the critical deformation drp will be lower for mut than 
for wt. From a thermodynamics/kinetics perspective, the position along the mechanical coordinate 
of the transition state ‡ for capsid disruption is closer to the position of the initial state for mut than 
for wt. -Red vertical arrows: the ΔG‡ 

mut value is lower than the ΔG‡ 
wt value. In mechanical terms, 

the mut capsid requires less applied force than the wt capsid to become disrupted; the yield force 
Frp will be lower for mut than for wt. From a thermodynamics/kinetics perspective, the free energy 
barrier along the mechanical coordinate for capsid disruption is lower for mut than for wt
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energy will increase, and the system will gradually move along the mechanical reac-
tion coordinate, away from its equilibrium position at the bottom of the free energy 
well of the native state (Fig. 11.9). 

If deformation is kept within a certain limit, and the AFM tip is then retracted, 
the broken or stretched noncovalent bonds will usually recover in a microscopically 
reversible process, and the virus capsid will return to its minimum free energy confor-
mation at equilibrium. From a mechanical standpoint, the fully reversible stretching, 
bending and disruption of multiple noncovalent interactions will be detected, in a 
typical indentation experiment, as an elastic deformation of the capsid. The gradual, 
reversible breaking of many weak interactions could lead to multiple nonlinearities 
along the slope of the Fz curve, but they would be too small to be resolved. 

The stiffness, i.e., the mechanical force required to achieve a certain (elastic) 
deformation of the capsid (the kp value; Fig. 11.2) will be related to the energy needed 
to displace the atoms a certain distance along the mechanical reaction coordinate from 
their equilibrium positions. i.e., kp will be related to the steepness of the free energy 
well of the native state along the reaction coordinate (Fig. 11.9). 

Mechanical strength and brittleness. When pushing on a viral capsid with high 
enough force, nonlinear event(s) are typically observed. Each of those events may 
correspond to a transition between two states of the capsid (e.g., a conformational 
rearrangement, buckling, loss of a subunit, or catastrophic disassembly. The elastic 
limit will be surpassed when the applied force disrupts enough interactions to move 
the system along the mechanical reaction coordinate, out of the free energy well of 
the native state, and up into the free energy peak of the transition state. From there, 
the system will fall into the free energy well that corresponds to the final state of 
the reaction (e.g., a conformationally rearranged capsid, a deformed capsid, a capsid 
with a missing subunit, or a broken capsid) (Fig. 11.9). 

If a transition involves loss of one subunit only, or catastrophic disruption of the 
capsid in a two-state reaction, the force required to overcome the single free energy 
barrier of the reaction will correspond to the yield force Frp that defines the capsid 
mechanical strength. The distance between the native state and the transition state 
along the mechanical reaction coordinate will correspond to the critical deformation 
drp, and will determine the (dr/D)p value that defines capsid brittleness (compare 
Figs. 11.2 and 11.9). 

In most cases, capsid disruption/disassembly could hardly be described as a two-
state reaction. In fact, the reaction may proceed gradually through a series of inter-
mediates in a complex free energy landscape. However, each non-linear step along 
the Fz curve detected by indentation may correspond to one populated disassembly 
intermediate, separated from the previous intermediate along the reaction coordinate 
by a transition state. The simplified considerations mentioned above could be applied 
to each of the individual transitions between populated intermediate states along a 
gradual disruption/disassembly process. 

Material fatigue. During cyclic indentation of a viral particle using a force well 
below the breaking force Frp, small “cracks” between capsid subunits may be initi-
ated by disruption of a small number of non-covalent interactions at some weaker
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spots of the intersubunit interfaces. The exquisite chemical and sterical complemen-
tarity between the interacting capsid subunits will favor a fully reversible process. 
As mentioned above, once the load is removed, and given enough time, each lost 
noncovalent interaction may faithfully recover, and an elastic deformation of the 
viral particle will be observed. However, if the indentation frequency is high enough, 
not every broken interaction in every crack will have time to recover between load 
cycles. Subsequent indentations will lead to the gradual enlargement and merging of 
several cracks, until complete interfaces between subunits are disrupted, leading to 
loss of viral components and, eventually, to particle disassembly. 

The mechanism leading to material fatigue and the gradual loss of subunits from 
a virus capsid could be seen as a kinetic ratchet. Cyclic indentation using small 
forces will gradually move the system, through many small steps, upwards along 
the mechanical reaction coordinate. It will eventually reach, one after the other, the 
free energy peaks (the transition states) between disassembly intermediates. The 
final outcome will depend on many variables, including applied force; indentation 
frequency; and the energy, density and distribution of the non-covalent interactions 
that hold the capsid subunits together. 

Force-induced conformational rearrangements. Irreversible buckling, loss of 
subunits or breakage, or plastic deformation of a broken viral particle are not the 
only possible mechanical outcomes if the elastic limit of the particle is surpassed. 
Mechanical force can also provide in vitro the energy needed to trigger reversible 
transitions between different conformational states. For example, indentation of the 
T7 virion or capsid under the elastic regime revealed stepwise, nonlinear events that 
were associated to relatively large, but fully reversible changes in particle structure 
and dynamics [141]. Transitions induced by mechanical force in vitro may also occur 
in vivo if enough energy is provided by some physical or (bio)chemical cue, including 
mechanical forces acting during viral infection. 

In the following three subsections the simplified structural/thermodynamic/kinetic 
interpretation of the mechanical behavior of a virus capsid under load described above 
(Fig. 11.9) is invoked to justify the observed associations between effector-mediated 
changes in structural stability or dynamics of virus particles, and changes in their 
mechanical properties. 

Linked Changes in Capsid Stiffness and Equilibrium 
Dynamics 

Virus particles are conformationally highly dynamic even at equilibrium [9, 121]. For 
a virus particle, the free energy well of the native state (Fig. 11.9) tends to be relatively 
“flat”. Very low thermal energy is frequently enough to allow large displacements of 
many atomic groups and larger structural elements from their equilibrium positions 
in the minimum free energy conformation of the capsid (the bottom of the energy 
well). The fluctuating positions of atomic groups and larger structural elements may
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lead to conspicuous “breathing” of the virus particle at equilibrium [9]. Effector-
mediated changes in the local or global equilibrium dynamics of a virus particle 
have been shown to modulate virus infectivity through different mechanisms [9]. 

Equilibrium dynamics of virus particles in solution has been probed by a number 
of biophysical techniques [9]. Hydrogen–deuterium exchange determined by mass 
spectrometry (HDX-MS) is a gold standard technique to reveal the equilibrium 
dynamics in solution of different regions in a supramolecular complex [145]. Normal-
ized B factors in structural models obtained by X-ray crystallography, or local resolu-
tion in electron density maps obtained by cryo-electron microscopy, can also provide 
high-resolution information on the equilibrium dynamics of virus particles [84]. The 
amplitude of the relative movements (“breathing”) of protein hexamers in the HIV-1 
capsid protein lattice at equilibrium has been determined by AFM imaging [131]. 

The model described in the previous subsection predicts that an effector-mediated 
increase in stiffness of a virus particle is inextricably linked to a reduction in its 
equilibrium dynamics, and vice versa. Strong experimental support for this prediction 
is provided by the effects of individual amino acid substitutions on the equilibrium 
dynamics and stiffness of the MVM capsid. 

Comparison of the atomic structures of wt and three mutant MVM capsids 
carrying single amino acid substitutions at different positions (N170A, F55A, 
D263A) revealed exceedingly small structural differences, even at the atomic level. 
However, such minor structural differences were translated into a substantial reduc-
tion of the movements of many atomic groups around their equilibrium positions, 
both around the mutated residue and in distant capsid regions. The reduced dynamics 
of many regions in the mutant capsids was revealed by reductions in normalized B-
factors obtained by X-ray crystallography, or increases in local resolution in electron 
density maps obtained by cryo-electron microscopy; the validity of these parame-
ters as a signature of equilibrium dynamics was supported by their correlation with 
hydrogen–deuterium exchange rates determined for the reference (wt) capsid by 
HDX-MS [49, 84, 135]. 

The reduced mobility of atomic groups in different regions of the mutant MVM 
capsids indicates that more thermal energy was required to displace them a certain 
distance from their equilibrium positions (at the bottom of the free energy well) 
(Fig. 11.9). It could be expected that a higher mechanical force should also be applied 
through indentation to displace those atomic groups, along the mechanical reaction 
coordinate, a certain distance from their equilibrium positions; in mechanical terms, 
to deform the capsid by a certain value. Determination of kp values verified that the 
three mutant capsids were locally and globally stiffer than the wt (e.g., from 50 to 
80% for N170A, depending on the indented region) [49, 84]. 

A similar linkage between changes in equilibrium dynamics and mechanical stiff-
ness was observed for the HRV virion. Binding of antiviral drugs to hydrophobic 
pockets in the capsid, or individual amino acid substitutions that partially filled the 
cavity, led both to a reduction in the equilibrium dynamics of the virion and to an 
increase in its stiffness [133]. 

Likewise, betaine or some antiviral compounds (CAP1, compound 55) bound 
to specific sites in the mature HIV-1 capsid protein lattice led to both increased
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“breathing” (amplitude of the relative movements of capsid protein hexamers) and 
reduced stiffness [33, 131]. The above results, obtained with very different virus 
models, provided strong support for an inextricable relationship between changes in 
the equilibrium dynamics of a virus capsid and changes in its mechanical stiffness. 

It must be emphasized that an inextricable linkage between an effector-mediated 
change in equilibrium dynamics and stiffness may be expected only if no significant 
alterations in virus particle size or geometry occur, because the latter would influ-
ence the kp value. In fact, what is actually predicted is a linkage between changes 
in equilibrium dynamics and intrinsic elasticity (Ep value), which depends on the 
structure of the capsid material alone, and not on geometrical considerations. 

It should be noted also that the linkage between capsid equilibrium dynamics and 
stiffness (or, rather, intrinsic elasticity) could be blurred if the change in breathing and 
stiffness were strongly directional. HDX-MS and most other biophysical methods 
will provide a direction-averaged value related to the amplitude of atomic displace-
ments in a capsid region. In contrast, indentation experiments will probe the resis-
tance to atomic displacements along the direction of the applied force (the mechanical 
coordinate). Thus, the obtained kp value could sometimes fail to provide a good esti-
mation of the deformability along other directions. A significant anisotropic deforma-
bility can be expected for small enough regions of proteins; especially, for elements 
such as “mechanical clamps” in shock-absorbing proteins [19]. However, indenta-
tion with an AFM tip will necessarily affect a very large region of a virus capsid, 
which contains a huge number of atoms and atomic interactions. Thus, a signifi-
cant direction-dependent deformability of any indented region may not be generally 
expected. 

As already observed for MVM, HRV and HIV-1, infectivity-related, effector-
mediated changes in the stiffness of other virus particles may be linked to changes 
in their equilibrium dynamics. For example, the stiffening of some virus capsids by 
the internal pressure generated by the packed dsDNA could be expected to restrain 
the equilibrium dynamics of many capsid regions. Effector-mediated changes in 
breathing (determined by HDX-MS or other biophysical techniques) or stiffness 
(determined by AFM) are different manifestations of the same physical phenomenon: 
a structure-based variation in the energy required to move atomic groups and larger 
structural elements in a virus particle a certain distance from their equilibrium 
positions. 

Linked Changes in Capsid Stiffness and Propensity 
for Conformational Rearrangements 

Several stages of the viral infectious cycle are mediated by reversible or irreversible, 
effector-mediated transitions between different conformations of the virus particle 
separated by a free energy barrier [9, 63, 89, 121, 139]. For example, for many viruses, 
capsid assembly is followed by irreversible structural modification(s) (Fig. 11.3).
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The result of this maturation process is frequently a metastable virion: a particle that 
can resist physical or chemical aggressions, but that can also be weakened through 
controlled conformational changes in response to specific cues in the host cell, to 
release the viral genome [139]. 

Several studies have detected a connection for a virus particle between an effector-
mediated change in its propensity to undergo a conformational change, and a change 
in its stiffness (see Sect. “Modulation of the Mechanical Properties of Virus Parti-
cles”). Examples provided by extensive mutational studies of two independent 
conformational transitions in MVM are summarized next. 

A conformational transition of the MVM capsid associated to translocation of 
infectivity-determining signals. Exit of MVM infectivity-determining peptide signals 
through pores at the S5 axes of the capsid [134] was facilitated by a reversible 
conformational rearrangement of the capsid. This transition was promoted in vitro 
by moderate heating, and was detected by a subtle change in the exposure of some 
capsid tryptophans to solvent [20, 107] and by local changes in capsid equilibrium 
dynamics [135]. 

Individual substitutions of 6 infectivity-determining amino acid residues that 
surrounded the base of the capsid pores abolished the pore-associated conforma-
tional rearrangement ([107], yellow residues in Fig. 11.8). Two of these substitutions 
(N170A and D263A) were analyzed for a possible effect on the capsid equilibrium 
dynamics. Both substitutions impaired the dynamics of the S5 regions around the 
pores and other regions as well [49, 84]. Each one of those 6 mutations stiffened 
the S5 regions. A crosslinking agent abolished the same conformational transition 
and stiffened the S5 regions. Pseudo-reversions of two of those mutations, L172A 
(A172I) or D263A (A263N) restored the pore-associated conformational transi-
tion and softened the S5 regions. The correlation between impaired conformational 
change and stiffening was specific for the amino acid residues around the pores: 
individual substitution of many amino acid residues in other capsid regions neither 
impaired the pore-related transition, nor stiffened the S5 regions (cyan, magenta, 
or green residues in Fig. 11.8). The effects of the tested mutations on the stiffness 
of other capsid regions (S2 or S3) showed no correlation with their effects on the 
pore-related transition. Together, these results revealed an inextricable linkage in 
MVM between the impairment of a biologically relevant conformational transition 
associated to signal translocation through capsid pores, and the stiffening of the pore 
regions [20]. 

A conformational transition related to heat-induced inactivation of the MVM 
virion. The ssDNA genome of MVM is uncoated through a capsid pore without 
capsid disassembly. In vitro, this transition can be promoted by moderate heating 
[114]. Twelve individual amino acid substitutions that either removed noncovalent 
interactions between the viral ssDNA and the capsid, or that distorted capsid cavities 
close to the DNA-binding sites (Fig. 11.7, green or magenta residues in Fig. 11.8), 
increased to different extents the rate of a heat-induced, virus-inactivating transition 
[22, 108], most likely related to unproductive DNA release. For the tested mutants, 
an excellent quantitative correlation was found between the virus inactivation rate, 
and the stiffening of some capsid regions. The rate constant of the virus-inactivating



11 Virus Mechanics: A Structure-Based Biological Perspective 265

transition decreased exponentially with the increase in kp value (stiffness) of the S2 
and S3 regions, close to the DNA-binding sites [22]. 

The intimate correlation found for two conformational transitions in MVM 
between stiffening of capsid regions involved in the transition, and impairment of the 
transition itself, was justified in the light of the model described in Fig. 11.9 and tran-
sition state theory [22]. It was assumed that a direct linear relationship exists between 
the degree of mechanical stiffness (kp value) of a region in a virus particle, and the 
free energy barrier of a structural transition in which that region is involved (ΔG‡ 

= Ckp, where C is an empirical proportionality factor). Substituting Ckp for ΔG‡ in 
the Eyring equation results in an equation that describes an exponential relationship 
between the reaction rate constant and stiffness (the kp value), as experimentally 
observed for the heat-induced, MVM-inactivating transition [22] (Fig. 11.10). 

Why a direct relationship between ΔG‡ and kp? Consider a region in a virus 
capsid that is involved in a transition between two conformations separated by a 
free energy barrier. What could happen to that transition if a mutation introduces 
additional interatomic interactions that increase the resistance of atomic groups to 
move from their equilibrium positions? In terms of reaction kinetics, if the distance 
between the native state and the transition state along the reaction coordinate remains 
the same, more energy will be required to disrupt enough interactions and allow the 
atomic groups to reach their positions in the transition state. The free energy barrier 
ΔG‡ will increase, and the reaction rate will decrease (Fig. 11.10). In mechanical 
terms, a higher force will be required to deform the capsid along the mechanical 
reaction coordinate enough to reach the position of the transition state. When the

Fig. 11.10 A relationship between stiffening of the MVM virion mediated by specific ssDNA-
capsid interactions, and decreased propensity for a heat-induced, virion-inactivating transition. 
Left, the capsid-bound ssDNA anisotropically stiffens the MVM virion and increases the free 
energy barrier of a heat-induced conformational transition that inactivates the virus. Right, specific 
removal by mutation of ssDNA-capsid interactions softens the virion and reduces the free energy 
barrier of the virus-inactivating transition. Figure reproduced from [22] 
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region involved in the transition is indented, the stiffness (kp value) determined for 
the mutant capsid will be higher than that of the nonmutated capsid, as experimentally 
observed. 

It should be emphasized that the linkage between changes in virus particle stiffness 
and changes in its propensity for a conformational transition will apply only when 
a same virus species, viral particle and particle region are considered. For different 
particle regions or virus species, the proportionality factor C between ΔG‡ and kp 
may be different. It cannot be predicted that, if the capsid of virus X is stiffer than 
that of virus Y, the former will have a lower propensity to undergo conformational 
rearrangements. What it could, in principle, be predicted is that if a mutation or 
chemical effector stiffens a particular region of the virus X capsid, its propensity to 
undergo a conformational rearrangement that involves that region will be reduced. 

The biological outcome will of course depend on the effect of the transition on 
virus infectivity. If the conformational rearrangement favors viral infection (e.g., the 
pore-associated transition in MVM), stiffening will be associated to impaired virus 
survival. If the conformational rearrangement is detrimental for infection (e.g., the 
heat-induced, virus inactivating transition in MVM), stiffening will be associated to 
improved virus survival. 

It must be also noted that the linkage between changes in stiffness and propen-
sity for a conformational rearrangement may be blurred if the change in stiffness 
was strongly directional. However, as already discussed, such situation may not be 
frequently expected. 

To sum up, strong evidence indicates that effector-mediated structural changes 
in a virus particle that either impair or promote a conformational transition will 
also respectively increase or decrease the stiffness of the region(s) involved in the 
transition, and vice versa. 

Changes in Mechanical Strength and Structural Stability 
of Virus Particles 

Effector-mediated stabilization or destabilization of a virus particle against dissoci-
ation have been analyzed in vitro using heat, chemical agents, or mechanical force 
(see Sect. “Modulation of the Mechanical Properties of Virus Particles”). Changes 
in particle stability against irreversible loss of subunits or disintegration under load 
(i.e., changes in mechanical strength) frequently correlated, at least qualitatively, with 
changes in thermal and/or chemical stability. Such a correlation could be expected 
based on the simple model described in Fig. 11.9. If, for example, a cementing protein 
introduces additional capsid intersubunit interactions, the free energy barrier for 
particle disruption will be higher. Additional energy should be provided to break all 
those extra interactions, but, in principle, the means to provide that energy (thermal, 
chemical, or mechanical) could be irrelevant.
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However, in some cases no correspondence was found between changes in 
mechanical strength and changes in thermal or chemical stability against irreversible 
particle disruption. For example, certain mutations increased the thermal stability of 
the mature HIV-1 capsid protein lattice against disassembly, but they had no effect on 
its mechanical strength or fatigue resistance [32]. Several thermodynamic or kinetic 
considerations could explain the different outcomes. For example, it should be noted 
again that, in indentation experiments, energy is applied on a viral particle through the 
action of a vectorial force, which is not the case when heat or a chemical compound 
are used. In certain cases, the energy required to disrupt the intersubunit interactions 
by pushing in a single direction (i.e., the free energy barrier along the mechanical 
reaction coordinate) may substantially differ from the free energy barrier for thermal 
or chemical dissociation. Interestingly, in some of those cases, changes in mechan-
ical strength could be more relevant than changes in thermal or chemical stability 
to understand capsid disassembly in vivo (i.e. when disassembly is promoted by 
internal pressure pushing radially on the capsid wall). 

Changes in Mechanical Strength or Stiffness of Virus 
Particles, and Linked Changes in Structural Stability 
or Conformational Dynamics: A Summary 

Someone could argue that, in nature, viruses may not be subjected to strong, vectorial 
mechanical forces, and thus their mechanical response under high load in AFM exper-
iments may be biologically irrelevant. In fact, in most studies on virus mechanics, 
applied force was not used to reproduce in vitro any mechanical force that could be 
acting on virus particles in vivo. Instead, application of mechanical force to virus 
particles, and quantification of effector-mediated changes in their mechanical prop-
erties, have frequently been used to detect and/or understand changes in structure, 
stability or conformational dynamics related to virus infectivity. Effector-mediated 
changes in stiffness of a virus particle may provide a signature for changes in its 
equilibrium dynamics or propensity for conformational rearrangements; changes in 
mechanical strength and/or fatigue are related to changes in structural stability or 
propensity for disassembly and genome uncoating. Studies on virus mechanics are 
relevant to understand the biology of viruses, irrespective of whether virus particles 
are actually subjected to mechanical forces in vivo. 

Similar considerations apply to many other studies that have investigated virus 
structure, properties, or function by subjecting viruses to high temperature, chemical 
denaturants, pH extremes, high ionic strength, or other non-physiological agents. 
Those agents, like mechanical force, are generally used in vitro to influence the ther-
modynamics or kinetics of virus particles and usually provide adequate substitutes 
for in vivo effectors, which are frequently unknown or poorly characterized [89].
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Biological Adaptation of the Mechanical Properties 
of Viruses in Response to Forces Acting in Vivo 

The biological relevance of many studies on virus mechanics, even if viruses were 
not subjected to any mechanical force in vivo, has been reviewed and justified in the 
previous sections. But, in addition, it must be realized that viruses in nature can be 
subjected to mechanical stress, in or out of infected cells. Viruses are biological enti-
ties confronted with many selective pressures for survival, and they can readily adapt 
to those pressures through mutation and natural selection. Thus, the specific degree 
of stiffness, intrinsic elasticity, mechanical strength, brittleness, or fatigue resistance 
exhibited by a virus particle may have been tailored by evolution to withstand, or 
even benefit from the forces it may encounter during the infectious cycle. 

Virus particles in nature may be subjected to mechanical stress under many 
circumstances that, depending on virus species, include the following: (i) when 
exposed to desiccation or osmotic shock; (ii) by the action of shear forces, for example 
during circulation in the bloodstream; (iii) by deformation of the viral particle during 
entry into the host cell, for example during attachment of nonenveloped virions to 
multiple cell receptors and internalization, or during the fusion of enveloped virions 
and cellular membranes; (iv) as a result of squeezing during interaction with nuclear 
pores; (v) by the internal forces exerted on the virus capsid wall by the nucleic 
acid molecule packed inside; (vi) by forces generated during genome replication or 
transcription within the viral capsid; etc. 

In addition, most virus particles may be subjected in vivo to smaller, but repeated 
mechanical forces that could result in material fatigue. Fatigue could be induced, for 
example, by frequent collisions with other (macro)molecules, especially in crowded 
extracellular or intracellular environments [53]; or by repeated force strokes during 
their intracellular transport by molecular motors [76, 87]. 

However, caution should be exercised before accepting that any mechanical prop-
erty of a virus particle constitutes a biological adaptation in response to a mechanical 
force that may be exerted on that particle in vivo. In most cases, the forces a virus 
particle may experience in different stages of the infectious cycle have not been 
quantified. Some of those forces may be too weak to exert a selective pressure on a 
virus particle; the particle could be strong, stiff, or elastic enough based on physico-
chemical considerations alone. For example, cellular protein cages, or even a protein 
cage designed and engineered in the laboratory, showed mechanical properties that 
resembled those of some virus capsids. Examples include vaults, bacterial encapsulin 
(whose protein subunits have the same fold than phage HK97 subunits), lumazine 
synthase, or a non-natural protein cage. Moreover, non-natural effectors, including 
mutations designed in the laboratory or synthetic cargos, did modulate the mechanical 
properties of non-viral protein cages or virus capsids into which they were introduced 
[50, 51, 79, 82, 125]. 

Several experimental studies have carefully addressed the question of whether a 
mechanical property of a virus particle (e.g., a certain degree of strength or stiffness) 
could be the result of biological adaptation for survival in response to forces acting
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on that particle in vivo. The results have provided strong support for an affirmative 
answer to that question. Some relevant examples are reviewed in the next subsections. 

Balanced Mechanical Strength as an Adaptive Trait of Tailed 
Bacteriophages and HSV-1 for Pressure-Driven Genome 
Injection in the Host Cell 

Maturation strengthened and/or increased the fatigue resistance of viral particles 
from dsDNA phages, including HK97 (Fig. 11.3; [113]), λ [53, 117], T7 [54, 141] 
and P22 [64, 64, 81]. Maturation also affected the strength and/or fatigue resistance 
of dsDNA eukaryotic viruses, including HSV-1 particles devoid of their lipoprotein 
envelope (Fig. 11.1b, bottom right) [38, 111, 126]. 

In the viruses cited above, the presence of the stiff dsDNA molecule tightly packed 
inside the viral particle leads to a very high internal pressure that can reach tens of 
atmospheres [7, 36, 45, 52, 58, 122]. Such a high internal pressure imposes a strong 
selective pressure for evolving a mechanically strong capsid. 

The anisotropic stiffness of the phage Φ29 capsid (Fig. 11.1a, center) indi-
cated the presence of prestress [57] that could help resist the internal pressure 
exerted by the packaged dsDNA [17, 65]. Binding of cementing proteins during 
maturation of the phage λ capsid greatly increased its mechanical strength and 
fatigue resistance [53]. Likewise, binding of cementing proteins during matura-
tion of the phage P22 capsid strengthened the capsid at the vertices, impairing the 
release of pentons [64, 81]. During maturation of the phage HK97 capsid ([56], 
Fig. 11.3), introduction of covalent bonds between capsid subunits greatly strength-
ened the capsid [113]. Likewise, maturation of the T7 capsid increased its resis-
tance to fatigue [54], and the T7 virion was stronger than the mature empty capsid 
[141]. 

One might wonder why all those dsDNA phages evolved a mechanically very 
strong capsid, instead of reducing the internal pressure by making the capsid slightly 
larger, or the DNA molecule somewhat shorter. In fact, a reduced pressure in the phage 
λ virion impaired genome ejection and, thus, virus infectivity [8, 36, 61, 73]. The 
very tight packaging of the dsDNA in those viruses, and the resulting high internal 
pressure, appear to constitute a critical evolutionary trait. It provides a mechanism 
to store in the virion enough mechanical energy to drive injection of their genome 
during infection of the host bacterium. This feature, in turn, requires the evolution 
of a mechanically strong mature capsid. 

During HSV-1 maturation, the virus particle becomes mechanically stronger 
through the binding of auxiliary proteins that strengthen the capsid, mainly at the 
vertices (Fig. 11.1b, bottom right), which constitute the most stressed parts of the 
capsid [38, 69, 117, 126]. Envelope-free HSV-1 particles enter the host cell and 
are transported to nuclear pores, where they translocate their genome into the cell 
nucleus [42]. Pressurization of the HSV-1 virion facilitates injection of its dsDNA
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into the nucleus trough the nuclear pore, which is required for successful infection 
[7, 10]. 

Another remarkable finding is that the portal vertex, through which the DNA 
molecule is ejected during infection, constitutes the mechanically weakest point in 
both dsDNA phages (λ, P22) and HSV-1 [8]. 

To sum up, strong evidence indicates that dsDNA-containing tailed phages and 
HSV-1 have evolved a pressurized virion to drive genome injection during infection of 
the host cell; a mechanically strong mature capsid able to withstand the high internal 
pressure required for infection; and a portal element mechanically strong enough to 
keep the DNA confined during virus circulation, but weak enough to allow its release 
during infection. 

Balanced Mechanical Strength as an Adaptative Trait of AdV 
for Pressure-Mediated, Gradual Disassembly and Uncoating 

In recent years, mechanical analysis using AFM have complemented structural, 
biochemical, and genetic studies [47, 48] to provide a detailed mechanochemical 
model of AdV maturation, disassembly and uncoating ([28], see also Chap. 10). 

Maturation of AdV, contrary to that of tailed phages, is not accompanied by large 
structural rearrangements of the viral particle. Auxiliary viral proteins reinforce the 
capsid vertices where weakly bound pentons are located. The mechanism by which 
the dsDNA is packaged is still unclear, but recent evidence supports a co-assembly 
process, in which capsid subassemblies bind and help encapsidate a condensed core 
made of dsDNA and packaging proteins [23, 28]. 

DNA condensation is mediated by positively charged viral proteins that neutralize 
a substantial part of the negative charges in the nucleic acid molecule. During matu-
ration, a viral protease cleaves several viral proteins on the capsid inner surface, 
which leads to some decondensation of the nucleoprotein core, and the generation of 
considerable internal pressure. AdV maturation diminishes the mechanical strength 
of the capsid and primes the virion for DNA release mediated by the internal pressure 
exerted on the capsid wall. Under these circumstances, the weakly bound pentons at 
the capsid vertices are gradually released (Fig. 11.4). Penton release is also modu-
lated by host cell proteins, such as integrins and defensins [124]. Loss of pentons 
leads to capsid cracking, a gradual exposure of the nucleoprotein core through a 
cascade of dismantling events and, finally, delivery of the viral genome into the cell 
nucleus [28, 31, 55, 86, 96–98, 100]. 

The pressure exerted on the capsid wall by the decondensed nucleic acid core may 
not be the only biologically relevant mechanical force acting on the AdV virion in the 
infected cell. During cytoplasmic transport of the virion on microtubules by a cellular 
motor, weak but frequent force strokes could contribute to the controlled release of 
pentons, facilitating the gradual disassembly required for genome uncoating [87].

https://doi.org/10.1007/978-3-031-36815-8_10
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To sum up, strong evidence indicates that AdV has evolved a mechanically finely 
balanced capsid. The AdV capsid is mechanically strong enough to maintain virion 
integrity during the extracellular stage, but weak enough to allow its pressure-induced 
gradual disassembly to release the viral genome into the cell nucleus. 

Mechanical Softening as an Adaptive Trait of HIV-1 to Enable 
Virus Entry into the Host Cell 

The immature HIV-1 virion is unable to enter the host cell and is non-infectious. 
During maturation, the virion undergoes a dramatic structural rearrangement and 
becomes infectious (Fig. 11.1c, right). Infection by HIV-1 involves the internalization 
of the virus core (the mature capsid containing the viral RNP complex), which occurs 
through fusion of the virion lipid envelope and the host cell membrane. Membrane 
fusion is an energetically costly process that involves a mechanical pulling force that 
results from a dramatic conformational rearrangement of the Env protein, embedded 
in the viral envelope. As a result, the viral and cellular membranes are gradually 
deformed and brought closer together, eventually completing their fusion. 

Indentation experiments revealed that the stiffness of the mature HIV-1 virion is 
dramatically reduced (by 14-fold) compared to the immature virion. Immature HIV-1 
virions in which the Ct domain of Env had been deleted were nearly as soft as mature 
virions and were also competent for membrane fusion and cell entry [72]. Immature 
HIV-1 virions containing the Env Ct domain, but lacking the rest of the Env protein, 
were as stiff as the intact immature virion, and incompetent for cell entry [99]. In 
carefully designed experiments, immature HIV-1 virions that incorporated a fixed 
amount of Env protein missing the Ct domain (to enable cell entry) and increasing 
amounts of the Env Ct domain (lacking the rest of the Env protein) were tested for 
stiffness and efficiency for entry into cells. The results revealed a neat correlation 
between Env Ct-mediated stiffening of the HIV-1 virion, and loss of competence 
for cell entry [99]. The authors suggested, as a likely mechanism, that the decreased 
stiffness of the HIV-1 virion during maturation would lower the free energy barrier to 
deformation of the viral envelope during its fusion with the cell membrane [99, 116]. 

To sum up, strong evidence indicates that the reduced stiffness (high deforma-
bility) of the mature HIV-1 virion may be a biological adaptation that facilitates the 
mechanically driven fusion of the viral and cellular membranes during infection.
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Ligand-Mediated Modulation of Mechanical Strength 
as an Adaptive Trait of HIV-1 for Efficient Reverse 
Transcription of the Viral Genome and Controlled Capsid 
Disassembly 

Recent evidence indicates that, during infection by HIV-1, the mature capsid 
(Fig. 11.1c, far right) is used as a container for endogenous reverse transcrip-
tion (ERT) of the viral RNA genome. Binding of the cellular factor IP6 stabilizes 
the capsid and increases ERT efficiency. In turn, as ERT progresses the capsid is 
destabilized, leading to genome uncoating [2]. 

Indentations on the HIV-1 core were performed as ERT progressed, either in the 
absence or presence of bound IP6. The results revealed a transient stiffening of the 
HIV-1 core. Peaks of stiffness of the HIV-1 core bound to IP6 during ERT were 
temporally associated to specific stages of viral DNA synthesis in the core. ERT-
mediated capsid stiffness peaks were strongly suggestive of the action of transient 
point forces that would push on the capsid wall. Further incubation led to softening 
of the core, eventual disassembly and uncoating [2, 104, 106]. 

The ensemble of these and other results led the authors to propose a model in 
which ERT-generated, transient mechanical forces induce, in several discrete steps, 
localized cracks in the mature HIV-1 capsid. As ERT is completed, the accumulated 
cracks lead to partial disruption of the capsid [2, 106]. This model implies that IP6 
binding to the mature HIV-1 capsid may constitute an adaptive trait that (among other 
effects) modulates capsid strength to optimize virus infectivity. 

To sum up, the mechanical strength of the IP6-bound HIV-1 capsid may have 
been adjusted through evolution to preserve its integrity for efficient ERT, but also to 
allow its mechanically induced disruption for uncoating as the reverse transcription 
process is completed [2, 116]. 

Anisotropic Stiffness/Conformational Dynamics 
as an Adaptive Trait of MVM to Impair a Heat-Induced 
Deleterious Transition Without Impairing 
an Infectivity-Determining Transition 

The MVM capsid is quite resistant to thermal, chemical, or mechanical disruption, 
but it is conformationally highly dynamic [115, 134]. During MVM morphogenesis 
in vivo, the ssDNA genome is packaged in a previously assembled capsid by a 
mechanism that may involve a viral motor bound to a capsid S5 region. As the 
ssDNA molecule is internalized through a capsid pore, the N-terminal (Nt) segments 
of many VP2 capsid subunits are externalized through other pores. The externalized 
VP2 Nt segments provide a signal for nuclear export of the mature virion and are 
required for infectivity. In vitro, the VP2 Nts can be externalized in the absence of
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the viral DNA by moderate heating or addition of a chemical denaturant [134]. VP2 
Nt externalization is associated to a subtle change in capsid conformation [107, 135]. 
The results suggest that, as the viral ssDNA molecule is encapsidated in vivo and 
fills the capsid, it exerts enough mechanical force to push the VP2 Nts out of the 
capsid through S5 pores. 

Uncoating of the ssDNA genome in the host cell occurs also through a capsid pore 
and involves a different transition that, in vitro, can be promoted by moderate heating 
[114] or mechanical force (Strobl and de Pablo, personal communication). During 
propagation between hosts, the virion may encounter relatively high temperatures that 
will promote that transition. In addition, frequent molecular collisions, especially in 
macromolecularly crowded environments [53], could lower the temperature required 
to induce the transition. The resulting premature release of the viral genome will lead 
to virus inactivation. 

The MVM virion is, thus, under antagonic selective pressures: On one hand, it 
must be conformationally stable enough to impair the transition that leads to the 
release of its genome out of the host cell and virus inactivation; on the other hand, 
it must be conformationally labile enough to facilitate the transition associated to 
externalization of VP2 Nts (and other signals) required for infectivity. 

A model on how MVM may have biologically adapted to those conflicting 
demands is strongly supported by the results reviewed in the subsection “Linked 
Changes in Capsid Stiffness and Propensity for Conformational Rearrangements”. 
MVM appears to have evolved, by positive selection, ssDNA-binding sites at the 
capsid inner wall, close to S2 and S3 regions but not to S5 regions (Fig. 11.7). 
The capsid-bound ssDNA segments act like molecular buttresses that mechanically 
stiffen/impair the conformational dynamics of the capsid S2/S3 regions. The heat/ 
force-induced transition that would lead to untimely DNA release is, thus, impaired, 
increasing the chances of virion survival during propagation between hosts. At 
the same time, negative selection may have kept the capsid S5 regions around the 
pores free of bound DNA, thus maintaining their low stiffness/high conformational 
dynamism. The transition that is required for externalization of VP2 Nt signals 
through the capsid pores (mechanically induced by the encapsidating ssDNA) is 
not impaired, and virus infectivity is preserved. 

To sum up, strong evidence indicates that the anisotropic distribution of stiff-
ness/conformational dynamism in the MVM virion may be the result of biological 
adaptation. Some capsid regions are stiff enough to impair a heat-induced virus 
inactivation associated to untimely viral nucleic acid release; other capsid regions 
are soft enough to allow, during genome encapsidation, a mechanically-induced 
conformational rearrangement required for virus infectivity [22, 88].
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Conclusions and Perspectives 

An important goal of mechanical virology is the discovery of physics-based princi-
ples that determine common features in the mechanical behavior of viruses. However, 
understanding the structural bases and biological relevance of virus-specific differ-
ences in mechanical behavior constitutes an equally important goal. 

Some viruses may have totally different evolutionary origins. Moreover, viruses 
have uniquely adapted through different evolutionary pathways to almost any envi-
ronment in the Earth´s Biosphere. Many biological, biochemical, or biophysical 
studies over many decades have discovered striking structural and mechanistic differ-
ences between virus species, even between mutants of a same species. Likewise, 
recent AFM-based studies have revealed that the mechanical properties of virus 
particles can be strongly dependent on small-scale (down to atomic-level) structural 
details. Virus-specific responses to mechanical force under load are not anecdotal. 
They likely reflect profound adaptive solutions for survival in the face of different 
selective pressures in nature. 

In most AFM-based studies on virus mechanics so far, the mechanical forces 
applied on virus particles were not intended to mimic in vitro the mechanical forces 
that could be acting on those particles in vivo. Changes in the mechanical behavior 
of virus particles in response to virus infectivity-determining effectors were probed 
to explore structural modifications, conformational transitions and physicochemical 
mechanisms that control different stages of the viral cycle: virion morphogenesis, 
maturation, exit from the host cell, survival in the extracellular environment, entry 
into a new cell, intracellular trafficking, disassembly and genome uncoating. The 
results already obtained using the above-mentioned approach have proven to be 
of the utmost relevance to understand virus biology, irrespective of whether virus 
particles are subjected to mechanical forces in nature. 

A unifying model based on simple structural, thermodynamic, and kinetic consid-
erations may justify the observed associations between effector-mediated changes in 
stability or conformational dynamics of virus particles, and changes in their mechan-
ical behavior. Effector-mediated changes in mechanical strength and/or fatigue 
are related to changes in structural stability or propensity for disassembly and 
genome uncoating. Changes in stiffness provide signatures for changes in equilibrium 
dynamics and/or propensity for conformational rearrangements; effector-mediated 
changes in equilibrium dynamics or stiffness are manifestations of the same physical 
phenomenon. 

Some AFM-based studies have addressed the important question of whether the 
degree of mechanical strength or stiffness exhibited by a virus particle constitutes 
a biologically adaptive trait, selected in response to mechanical forces acting on 
that particle in vivo. Several studies so far have provided strong support for the 
biological tuning of the mechanical strength or stiffness of specific viruses confronted 
with internal or external mechanical forces during some stage of their life cycle. 
The high mechanical strength exhibited by mature dsDNA-containing virions may 
be the result of biological adaptation for pressure-driven genome injection in the
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host cell (tailed phages, HSV-1), or gradual disassembly and uncoating (AdV). The 
mechanical strength of the HIV-1 core may be modulated by a bound ligand for 
efficient endogenous reverse transcription of its genome and controlled nucleic acid 
release. The low stiffness (high deformability) exhibited by the mature HIV-1 virion 
may be the result of biological adaptation to facilitate entry into the host cell. The 
anisotropic stiffness/conformational dynamics exhibited by the MVM virion may 
be the result of adaptation to impair a heat-induced deleterious transition, without 
impairing an infectivity-determining transition. 

Research on the mechanical responses of different viruses may also constitute a 
key for developing novel strategies to combat specific viral diseases, or for choosing a 
specific virus particle to develop a particular bio/nanotechnological application [90]. 
Some small organic compounds inhibit virus infectivity by modifying the stiffness 
or mechanical strength of the virus particles [33, 105, 133, 143]. This discovery may 
lead to the development of new antiviral drugs that modify mechanical properties 
of virus particles related to infection-determining mechanisms. Also, the discovery 
that, during maturation, some viruses are mechanically strengthened by intersubunit 
covalent bonds inspired the engineering of a mechanically improved protein material. 
A complete network of intersubunit disulfide bonds were genetically introduced in 
the HIV-1 capsid protein lattice. The result was a chain mail-like nanosheet with 
genetically improved thermostability, and resistance to mechanical stress and fatigue, 
with no unwanted stiffening [32]. 
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Chapter 12 
Cryo-Electron Microscopy 
and Cryo-Electron Tomography 
of Viruses 

Daniel Luque and José R. Castón 

Abstract When viruses are viewed as dynamic containers of an infectious genome, 
their structural, physical, and biochemical analyses become necessary to under-
stand the molecular mechanisms that control their successful life cycle. Informa-
tion on virus structures at the highest possible resolution is essential for identifying 
the principles of their structure–function relationship, and could lead to develop-
ment of antivirals, vaccines, and the advancement of new platforms for virus-based 
nanotechnology. Cryogenic electron microscopy (cryo-EM), which has revolution-
ized structural biology, is central to determining high-resolution structures of many 
viral assemblies, within a feasible time frame and in near-native conditions. In addi-
tion, cryo-EM allows dynamic studies of functional complexes that are often flexible 
or transient. State-of-the-art approaches in structural virology now extend beyond 
purified symmetric capsids and focus on the asymmetric components such as the 
packaged genome and minor structural proteins that were previously missed. A vari-
ation of cryo-EM, cryo-electron tomography (cryo-ET), can handle pleomorphic and 
complex viruses as well as viruses in the cellular context at unprecedented resolu-
tion. These and other emerging methods will support studies to address viral entry, 
assembly, replication and egress within the cellular host. This review describes the 
use of cryo-EM and cryo-ET in structural virology, and provides a few recent exam-
ples of how these techniques have been applied successfully in basic research to 
decipher fundamental aspects of virus biology and to investigate threatening viruses, 
including SARS-CoV-2, responsible for the COVID-19 pandemic. 
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Introduction 

To understand the principles of the structure, function, and evolutionary relation-
ships of virus and viral macromolecular assemblies, structural information at the 
highest possible resolution is essential. This analysis can also lead to the develop-
ment and design of antiviral drugs and vaccines [1], and to advancement of new 
platforms for virus-based nanotechnology [2]. The three major techniques in current 
use for structural determination are X-ray crystallography, nuclear magnetic reso-
nance (NMR) spectroscopy, and cryogenic electron microscopy (cryo-EM). Three-
dimensional (3D) cryo-EM provides an effective means of determining the structure 
of many macromolecular assemblies at atomic or near-atomic resolution [3, 4], as 
highlighted by the 2017 Nobel Prize in Chemistry, awarded in recognition of the 
extraordinary impact of cryo-EM on many scientific disciplines [5]. 

For 3D cryo-EM, rapid freezing immobilizes a radiation-sensitive sample in 
vitreous ice (water molecules in an amorphous state) in a near-physiological envi-
ronment, and protects it from radiation damage during imaging. A unique applica-
tion of vitrification is its ability to capture complexes in their multiple native states 
and trap intermediates at fixed time points (also termed time-resolved cryo-EM). 
Whereas X-ray crystallography is limited by the difficulty of crystallizing large, 
flexible complexes, as well as by the large quantities of material needed for crys-
tallization trials, NMR is limited by the size of the macromolecules under study. In 
structural biology, 3D cryo-EM is currently a go-to technique for three main reasons, 
(i) the broad molecular weight range available for study (~50–100,000 kDa), (ii) the 
need for a (relatively) small amount of sample, and (iii) the ability to deal with 
heterogeneous samples to discern multiple conformational (or compositional) states 
[6–8]. 

3D cryo-EM can be used to study samples from single proteins [9, 10] to large 
macromolecular complexes such as virus particles [7, 8]. Cell organelles, entire 
eukaryotic cells, bacteria, and tissue sections can be analyzed by an analogous method 
known as cryogenic electron tomography [11, 12] (cryo-ET). In virology, it also 
enables rapid structural analysis of emerging viruses [13]; for example, cryo-EM 
was pivotal in combating several viruses implicated in recent deadly epidemics, 
such as Ebola (2014–2016) [14], Zika (2015–2016) [13], dengue (2019–2020) [15], 
MERS-CoV (2012–2015) [16, 17], and recently, SARS-CoV-2. 

Owing to their large mass and high symmetry, viruses and viral assemblies were 
(and are) a major driving force in cryo-EM development. Cryo-EM includes several 
imaging modes through a transmission electron microscope (TEM); single-particle 
analysis (SPA) and electron cryo-tomography (cryo-ET) are the methods most exten-
sively used, as they can address a wide range of biological problems. SPA is ideal for 
structure determination at near-atomic resolution of infectious virions of a broad size 
range, viral macromolecular assemblies that are large and dynamic, with composi-
tional heterogeneity (states that present intermediate functional conformations during 
assembly), soluble proteins such as viral polymerases or surface spikes, and the
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genome that follows an asymmetric organization. The structure of apoferritin, a 24-
subunit protein nanocage (similar to a closed icosahedral capsid) was recently solved 
at 1.2 Å resolution using SPA cryo-EM, and individual hydrogen atoms in the protein 
were clearly located [18, 19]. Cryo-ET enables analysis at unprecedented resolution 
of non-symmetric, pleomorphic, and/or complex viruses, and of viruses not only in 
their native physiological state, but also in their natural cell environment (in situ). 
Sub-volume or sub-tomogram averaging [STA, averaging of repeating structures 
from tomographic reconstructions, or tomograms [20] can be further exploited to 
resolve higher resolution detail of any repeating structures such as the viral surface 
glycoproteins of SARS-CoV-2 [21] and the internal HIV nucleocapsid [22]. 

Here we describe the basis of the cryo-EM and cryo-ET to the study of viruses, 
discuss some recent examples and approaches that highlight the strength of cryo-
EM, and describe how SPA and cryo-ET are revolutionizing our understanding of 
virology across the resolution scale, from cells to atoms. The development of direct 
electron detectors (DED) for recording images was a key factor driving the “resolu-
tion revolution” [23, 24], in addition to improvements in preparation methods, the 
development of dedicated cryo-electron microscopes, and computational methods to 
deal with structural/compositional heterogeneity [25]. As a result, many challenging 
topics in virology previously unsuitable for cryo-EM analysis, such as packaged 
viral genome structure, jumbo viruses, heterogeneous viruses, or high-dynamic viral 
surface assemblies, can now be determined feasibly, many at near-atomic resolution 
(2–4 Å). Finally, we briefly describe recent advances in visualizing the virus life 
cycle in situ using cryo-ET. 

Sample Preparation and Grids 

Specimens are initially examined by negative staining, in which samples are dehy-
drated and embedded in a heavy metal salt cast that replicates specimen shape [26]. 
This quick, simple method is used to assess sample homogeneity and quality, as it 
provides high-contrast images. 

For cryo-EM, the sample is immobilized in a thin film of vitreous (amorphous) ice 
that prevents structural alterations in the specimen caused by ice crystal formation 
[27]. To prepare these vitrified samples, an aliquot (~3 μL) of the specimen in its 
buffer is applied to an electron microscopy grid coated with a holey carbon support 
film (for example, Cu/Rh Quantifoil grids). It is then blotted with filter paper to yield 
a very thin film of the particle suspension in the holes. The grid is then plunged 
into liquid ethane cooled by liquid nitrogen [28, 29]. Vitreous ice will ideally be 
uniform across the entire grid, only slightly thicker than the assembly/molecule of 
interest, and will contain well-distributed particles at sufficient concentration. To 
improve reproducibility, this is done using robotic plunge-freezer devices such as a 
Vitrobot (Thermo Fisher Scientific, TFS), Cryo-plunge (Gatan), or EM GP2 (Leica
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Microsystems). At −180 ºC, vitrified ice does not sublimate significantly in the high-
vacuum conditions of the electron microscope column, and protects the sample from 
radiation damage [30–32]. 

In recent years, it was shown that that macromolecules under study can interact 
preferentially with the air–water interface (AWI) and/or can (fully or partially) 
denature on exposure to it. Vitrification by formation of a thin solvent film using 
blotting paper followed by plunging into cryogens usually takes some seconds in 
which the sample could contact AWI [33, 34]. Different approaches are being devel-
oped to improve cryo-EM sample quality and reproducibility, including (i) direct 
sample deposit onto self-wicking grids using an inkjet piezo dispenser (Spotion/ 
Chameleon) [35], (ii) using microcapillarity for sample deposit (cryoWriter) [36], 
(iii) spraying sample onto the grid with an ultrasonic humidifier [37], (iv) pin printing 
followed by vitrification with a cryogen stream (Vitrojet) [38], and (v) time-resolved 
by microfluidic spraying (TED) [39]. 

The buffered sample concentration is critical for obtaining a thin film with uniform 
specimen distribution after blotting (confirmed by negative staining analysis). When 
sample concentration is limited, a continuous carbon support foil is used rather than 
the holey film. UltrAuFoil grids (holey gold support foil on gold grids) provide 
another alternative. The presence of sucrose or cesium chloride, used in sample 
purification by cushion and density gradient ultracentrifugation, reduce vitrification 
efficiency, as does the glycerol used to preserve frozen samples. These compounds 
bubble when exposed to the electron beam and are therefore incompatible with high-
resolution imaging [25]. When carried out correctly, this method provides a near-
physiological, water-like environment for the specimen, leaving the native structure 
preserved. 

Sample stability and homogeneity should be checked by conventional biochem-
ical and biophysical analyses prior to cryo-EM analysis [40]. Size exclusion chro-
matography separates specimen subpopulations based on the hydrodynamic radius 
of their particles, and is an appropriate method for preparing homogeneous samples 
[41, 42]. In addition to contaminant complexes, specimen heterogeneity can result 
from a sample in distinct compositional or conformational states. The GraFix tech-
nique can also be used to help ‘purify’ the sample [43]; here, a chemical crosslinker 
(e.g., glutaraldehyde) is used to stabilize complexes from dissociated elements and 
aggregations. 

Image Acquisition 

The major factor that limits resolution of the cryo-EM structure is radiation damage 
caused by energy deposition from electron beams to the sample. Use low electron 
doses to prevent radiation damage nonetheless leads to noisy low-contrast images 
with a very poor signal-to-noise ratio (SNR) for subsequent image processing, for
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example hindering the accuracy of particle alignment and atomic-resolution recon-
struction. Hence many different views of the same macromolecular complex are 
averaged to enhance the SNR and calculate a 3D reconstruction. 

DED, such as the Falcon camera (from FEI Thermo Fisher), the K camera (Gatan), 
and the DE camera (Direct Electron Inc.) became pivotal in achieving improved 
achievable resolution. DED are complementary metal oxide semiconductor (CMOS)-
based sensors that convert electrons directly into an electrical current with high 
detective quantum efficiency (DQE), a measure of detection efficiency as a function 
of spatial frequency [44, 45] that increases the SNR. DED can operate in integration 
or counting mode. In integration mode, the signal is either integrated over the entire 
exposure time or dose-fractionated into multiple movie frames. In counting mode, 
single electron scattering events are detected. Although integrative mode was faster 
and counting optimized the acquisition quality, more recent detectors (like Gatan K3 
and TFS Falcon 4) are able to record high quality counting acquisitions at high speed 
(up to 900 exposures/hour). 

DED have high frame-rate acquisition and images are collected as movies or a 
collection of frames; this allows dose fractionation into multiple frames per second 
[46, 47] (each frame has an extremely low electron dose, 0.5-1e−/pixel). More impor-
tantly, the beam-induced movement of the specimen and support foil (and/or the 
mechanical drift of the stage) that results in motion-induced image blurring can be 
tracked and corrected by computational alignment of a series of low-dose frames 
taken in one area before averaging [48] (Fig. 12.1). Subframes with optimized doses 
can also be selected for subsequent image processing [49] (later frames would be of 
lower quality due to radiation damage). The combination of dose fractionation and 
motion correction greatly improves data acquisition efficiency—nearly all images are 
of a quality suitable for recovering high resolution information [50]. Beam-induced 
motion is greatly reduced by using holey gold support foil [51] (for example, UltrAu-
Foil grids). HexAuFoil grids (hexagonal-pattern gold grids of gold foil with < 0.3 μm 
holes) [52] almost eliminate beam-induced motion during imaging.

Because of the large depth of field in the electron microscope, each micrograph 
is a projection through the specimen, yielding 2D information. These 2D projection 
images are modulated by the contrast transfer function (CTF) of the microscope, 
and image defocus correction is required for accurate interpretation of specimen 
structure. The CTF is a characteristic function of each microscope (the spherical 
aberration coefficient of the objective lens, Cs) and the imaging settings (defocus 
level, beam coherence, and accelerating voltage). By choosing different defocus 
settings, specific image frequencies can be accentuated at the expense of others. 
In appropriate conditions, a contrast-enhancing effect can thus be obtained. CTF-
modulated information implies the existence of frequency ranges in which there are 
no data (zeros in the CTF), as well as frequency regions in which the information 
has reversed contrast (between the first and the second zero, between the third and 
fourth zero, and so on). It also considers the attenuation of useful information at 
higher frequencies, the so-called envelope function, which is dependent mainly on 
the beam coherence.
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Fig. 12.1 Correction of beam-induced motion and recovery of high-resolution information. 
a Uncorrected two-dimensional movie average. b Two-dimensional movie average after trans-
lational alignment. Cryo-EM image corresponds to vitrified empty capsids of Rosellinia necatrix 
quadrivirus 1, a ~450-Å-diameter, fungal virus. Barr = 500 Å. Power spectra calculated from the 
averaged movie before (a) and  after (b) motion correction are shown. Motion correction restores 
Thon rings from ~6–7 (a) till 3–4 Å (b) resolution. The top left corner of each power spectrum 
shows a CTF model fit to the experimental Thon rings

During data acquisition, images are recorded at a range of defocus settings to 
enhance different features of the specimen and to fill in missing information when 
they are combined into a 3D reconstruction. Averaged movie quality can be analyzed 
by inspection of the CTF zeros or Thon rings in the images’ computed diffraction 
patterns. Large symmetrical assemblies (such as viruses) are relatively easy for a 
computer to motion-correct and can be imaged at small defocus levels with good 
image contrast and preserved high-resolution signals. For small (100–300 kDa) and 
asymmetric assemblies, higher defocus settings are needed, which limit the resolution 
that can be achieved. 

A number of automated data collection software packages such as free SerialEM 
[53] and Leginon [54], as well as the commercial EPU (TFS), JADAS (JEOL) [55], 
and Latitude S (Gatan) systems are available for collecting large data sets for reliable 
statistical analysis. 

Structure Determination by SPA 

The general SPA workflow involves quality assessment of motion-corrected average 
images, particle picking (arduous with low molecular weight specimens), image 
defocus estimation and CTF correction, 2D particle classification and alignment, 
estimation of particle orientation and refinement, image reconstruction and 3D 
refinement, resolution assessment, and cryo-EM map validation [56] (Fig. 12.2).
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Projection subtraction and local reconstruction are used routinely to deal with non-
symmetric or flexible components of the complex analyzed (below). A number of 
image processing packages can perform these tasks, provide improved classification 
of multiple conformational or compositional states, and sort images into different 2D 
and 3D image classes. All this has become computationally feasible with improved 
central processing units (CPU) and, more recently, graphic processing units (GPU). 
These software packages include RELION [57], EMAN2 [58], cryoSPARC [59] 
and FREALIGN [60]. SCIPION [61] provides a framework for integrating software 
packages via a workflow-based procedure designed for less experienced users, and 
offers user-friendly graphic interfaces. Most macromolecular complexes are intrin-
sically dynamic and normally contain many different conformational (or composi-
tional) states. This structural heterogeneity becomes the major limiting factor for 
attainable resolution in cryo-EM. Additional methods such as 3D-classification of 
particle conformations [62–64], non-homogeneous refinement, multibody refine-
ment, refinement of subparticle orientations, per-particle focus and motion refine-
ment, and correction of Ewald sphere effects for large viruses have recently 
been applied to overcome limitations in the conventional data processing pipeline 
[65, 66].

SPA provides the 3D structure of examined specimens by computationally 
merging images of many (easily exceeding tens or hundreds of thousands) individual 
macromolecules of a homogeneous subset that have been aligned with one another at 
high precision. Each particle image is a randomly orientated 2D projection image that 
contains all the structural detail of the 3D specimen. Angular orientation parameters 
are determined by comparing the 2D projections with spatially defined reprojections 
of an initial 3D model filtered at low resolution. A new 3D map of the macromolec-
ular complex is then calculated from these 2D projections by “back-projection”, that 
is, the combination of all views into a single 3D map [67]. This projection-matching 
process is performed iteratively to obtain new 3D reconstructions with improved 
resolution until no further improvement is possible. 

Resolution Estimation, Model Building and Validation 

When generating a cryo-EM map, a standard approach is to split the data randomly 
into two independent sets at the beginning of the data processing procedure and then 
compute, by iterative refinements and reconstructions, two independent reconstruc-
tions from each half-set. These two reconstructions are then correlated as a function 
of the spatial frequency to determine the extent to which structural features have 
been reliably reproduced. This is termed the “gold standard” Fourier shell correla-
tion (FSC) method [68, 69]. As the resolution is often non-isotropic in different map 
regions, a visual inspection of map quality in key regions is needed to establish local 
conformations and their functional implications [70]. Local variations in resolution
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Fig. 12.2 Overview of the single-particle cryo-EM workflow, from data collection to 3D model. 
The vitrified sample is imaged by collecting movie frames that are aligned, dose weightened and 
averaged. Using motion-corrected images, image defocus is calculated, good quality micrographs 
are selected, and individual particles (such as protein cages) are picked. Next, particles are extracted, 
normalized, and then are subjected to 2D classification and averaging, to get class averages according 
to their similarity and clean up the data set of bad particles. Selected particles can be used to obtain 
an ab initio 3D model. This low-resolution model is then used as a reference for 3D classification, 
a necessary step for identifying distinct conformations, macromolecular heterogeneities or particle 
subsets with different structural integrity. Orientation refinement is iteratively done until the structure 
converges, as indicated in the resolution analysis by the FSC method. The final map is amplitude 
corrected to reveal high-resolution details. Finally, the protein sequence is fitted into the 3D map 
to build a de novo 3D model of the protein which is refined to obtain a final model. If necessary, 
particles with the density corresponding to certain regions of the 3D structure subtracted can be 
obtained by subtracting the projections of the final map after mask the volumes of interest. In order 
to analyze non symmetric components of the structures, once final orientations has been assigned 
to each particle, it is also possible to extract subparticles the corresponds to a 3D coordinate (and 
their symmetry related mates) in the reconstructed map. 2D images and 3D maps correspond to the 
cryo-EM structure of the rotavirus triple layered particle
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can be assessed using Resmap [71] or MonoRes [72] programs. Differences in cryo-
EM local resolution values can be taken as a signature of conformational fluctuations 
at equilibrium in solution [73]. 

Once a 2–4 Å cryo-EM map has been obtained, the next stage is to build and 
refine a model. The known protein sequence is fitted into the 3D map by positioning 
the bulky amino acid side chains first, allowing de novo structure determination. The 
3D atomic model built is then subjected to further refinement. Homology models of 
atomic structures obtained by X-ray crystallography and NMR might also be fitted 
into a low resolution cryo-EM map (termed the hybrid approach). There are several 
model-building and validation tools, most of them based on X-ray crystallography 
analysis, including CCP-EM [74], Phenix [75], Rosetta [76], UCSF Chimera [77], 
ISOLDE [78], and Coot [79]. Prediction of protein structures from primary sequence 
information with AlphaFold [80] or RoseTTAFold  [81] provide preliminary models 
that can be built into cryo-EM data. 

Cryo-Electron Tomography (Cryo-ET) 

Cryo-ET [11, 82] is based on the acquisition of series of projection images collected 
by tilting the specimen around an axis perpendicular to the electron beam inside 
the microscope, and combining the resulting “tilt-series” into a 3D volume. The 3D 
reconstruction of the field of interest, or tomogram, is calculated as a back-projection 
in real space; assembly of correctly aligned projections is reverse-projected into 3D 
space. Cryo-ET has allowed the study of samples ranging in size from large (pleo-
morphic) complexes to organelles, prokaryotic cells, and eukaryotic cell lamellae 
[thin cell sections obtained by focused ion beam (FIB) milling [83], that is, samples 
not amenable to SPA averaging method. Similarly to SPA cryo-EM, multiple copies 
of repeating structures in a tomogram can be extracted as a volume, aligned, and aver-
aged. This STA approach delivers structures of large macromolecular complexes at 
subnanometer resolution in their native cellular environment [84] and in some cases, 
by averaging 3D structures instead of 2D images as in cryo-EM, at high resolu-
tion [22]. The introduction of correlative light and electron microscopy (CLEM) 
and focused ion beam (FIB) milling have further empowered cryo-ET to reveal 
native ultrastructures of large eukaryotic cells or even tissues, with unprecedented 
spatiotemporal resolution [20, 85]. 

The structural information within a reconstructed tomogram is limited by three 
notable factors: low signal in each tilt image to limit accumulated electron dose, 
missing information due to mechanical limitations in the microscope stage (termed 
the “missing wedge”), and accuracy of alignments between each successive tilt image 
prior to reconstructing a 3D volume [11].
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Some Recent Major Contributions of Cryo-EM 
and Cryo-ET in Structural Virology 

Due to the ordered nature, structural integrity, and homogeneity of many viral assem-
blies, cryo-EM is used extensively to solve near-atomic resolution (2–4 Å) structures 
of infectious virions of a broad size range, with helical or icosahedral symmetry, 
tailed phages, virus-like particles (VLP), hybrid VLP (with heterologous cargos), 
and viral complexes that represent intermediate functional states during assembly. 
Even isolated proteins such as viral polymerases (purified from viruses) or non-
structural proteins are analyzed by cryo-EM (cryo-EM ex vivo or ex virio), although 
these structural targets require much more expertise for cryo-EM sample preparation 
and optimization. The symmetry-based averaging imposed nevertheless results in the 
loss of unique (but ubiquitous) asymmetric features. Recent new approaches extend 
these analyses to the asymmetric organization of the packaged genome and minor 
structural proteins such as viral polymerases that were previously missed (cryo-EM 
in situ) [86]. Asymmetric structures have important functions in numerous steps of 
the virus replication cycle, and many of these might be key targets for the development 
of new antiviral drugs. 

Here we will consider some recent studies showing asymmetric structural features 
in viruses and the reconstruction methods used to identify these novel or unexpected 
components associated with essential functions. We will briefly discuss other chal-
lenging viral systems such as giant (or jumbo) viruses, and the cryo-EM and cryo-ET 
contributions in the battle against the COVID-19 pandemic. Finally, we will show the 
latest structural insights disclosed by cryo-ET into complex and pleomorphic viruses, 
as well as the mechanisms of its entry, replication, assembly, and budding—all the 
dynamic steps during the life cycle in the cellular context. 

Cryo-EM in situ: Structural Analysis of Asymmetric 
Components of Icosahedral Viruses 

Probing asymmetry in icosahedral and helical viruses can be difficult if the asym-
metric feature is small or has a weak signal. An exception is the tailed bacte-
riophage, with a large assembly that allows correct alignment of the asymmetric 
assembly. A variety of image processing-based strategies is used to study non-
symmetric capsid features; these approaches are (i) standard asymmetric refinement, 
(ii) symmetry relaxation, (iii) symmetry expansion, and (iv) subparticle classifica-
tion/refinement [65, 66, 87]. For asymmetric refinement, no symmetry is applied 
during data processing (C1 symmetry), and orientation sampling is performed on 
the full orientation space. In the relaxed symmetry approach, the icosahedral orien-
tations determined are relaxed and iterative sampling is tested for the 60 symmetry-
related orientations. For expanded symmetry, each of the 60 symmetry-related 
orientations is assigned to each particle before focused (or masked) classification/
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refinement. In subparticle classification and/or refinement, subregions or subvolumes 
are reextracted and allowed to deviate from icosahedral symmetry. 

Analysis of the viral genome is central to understanding dynamic processes of 
the life cycle such as assembly, infection, and genome replication. Bacteriophage 
MS2 and Qβ capsids incorporate a single copy of the maturation protein, responsible 
for binding both viral ssRNA and host receptors and the genome, which is rela-
tively rigid. Asymmetric reconstruction/refinement shows that ssRNA has multiple 
stem-loops termed packaging signals (PS) that bind cooperatively to a capsid protein 
recognition motif. The PS act as allosteric switches, control assembly efficiency, 
and are responsible for in vivo packaging specificity [88, 89]. High resolution asym-
metric cryo-EM reconstructions (standard asymmetric refinements) of MS2, which 
traces 80% of the genome with 16 stem-loops, confirm this assembly model [90–92] 
(Fig. 12.3a).

Whereas dsDNA viruses in the extracellular life cycle are in a quiescent state, 
dsRNA virus capsids in the host cytoplasm are dynamic nanocages, and carry out 
mRNA synthesis using their genome segments as templates for the transcriptional 
enzyme complexes (TEC; they include an RdRp and other enzymes). In cypovirus, the 
10 genomic dsRNA segments have a non-spooled organization and there are 10 TEC 
anchored to the inner surface of the capsid shell around the five-fold axis, leaving two 
of the 12 possible positions vacant [93, 96] (Fig. 12.3b). RdRp, resolved to 3.3 Å 
resolution, are in different conformations in the transcribing and non-transcribing 
states. These studies relied on subtracting capsid density from the original images, 
followed either by standard asymmetric refinement [93] or refinement based on 
relaxing symmetry [96]. Similar in situ structural analyses with rotavirus, reovirus, 
aquareovirus and bluetongue virus show the mechanism of RNA transcription and 
replication [97–100]. In bacteriophage φ6, with a trisegmented genome, the dsRNA 
adopts a dsDNA-like single-spooled genome organization and RdRp are detached 
from the capsid inner surface. These variations might be a consequence of the differ-
ences in transcription mechanisms between the two virus families (semi-conservative 
vs. conservative transcription) [101]. 

Herpesvirus consists of an inner icosahedral capsid that contains the linear dsDNA 
genome, a middle proteinaceous tegument layer, and an outer envelope containing 
transmembrane glycoproteins. The viral genome is packaged/ejected by an ATP-
driven terminase through the asymmetric portal complex located at a predetermined 
fivefold symmetry axis of the capsid. Processing of cryo-EM images of HSV-1 virions 
using a sequential localized classification and symmetry relaxation allowed decou-
pling and reconstruction of heterosymmetric and asymmetric capsid elements. The 
HSV1 map shows the in situ structures of the unique portal vertex, genomic termini, 
and ordered dsDNA coils [94] (Fig. 12.3c). A similar approach resolved the human 
cytomegalovirus structures of the portal and the capsid vertex-specific components 
[102]. 

Feline calicivirus (FCV) has a positive-sense ssRNA genome encapsidated within 
a T  = 3 icosahedral capsid. After binding its receptor, focused classification leads to 
a portal-like structure formed of 12 copies of VP2 (a minor structural protein) located 
at a unique threefold symmetry axis [95]. The conformational changes observed in
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Fig. 12.3 Cryo-EM and asymmetric reconstructions of icosahedral viruses for visualization of the 
viral genomes and other asymmetric components in situ. a A cut-open view of bacteriophage MS2 
to show a single copy of the maturation protein (magenta) and the ssRNA viral genome (blue) 
mostly organized as dsRNA (major and minor grooves of double-stranded regions are indicated). 
Reproduced with permission from Ref. [90]. b Cryo-EM asymmetric reconstruction of cypovirus, 
with the front half of the icosahedral capsid removed to show the asymmetric components, the 
dsRNA genome (dark blue) and the transcriptional enzyme complexes (TEC, cyan). Reproduced 
with permission from Ref. [93]. c Herpes simplex virus type 1 (HSV-1) with the front half of 
the protein shell removed to visualize the portal vertex elements (portal, magenta; portal cap, 
green) and ordered dsDNA coils (blue) spooled around a disordered dsDNA core. Reproduced with 
permission from Ref. [94]. d Radially colored full feline calicivirus (FCV) virion to highlight the 
receptor proteins (blue) and the VP2 portal-like assembly (red) at a unique threefold symmetry axis. 
Reproduced with permission from Ref. [95]. Scale bars 100 Å (a, b and d) and 450 Å (c)
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the capsid protein VP1 allow for extrusion of the internalized VP2 proteins as well 
as the formation of a small pore in the capsid shell. The VP2 portal-like assembly 
might function in a mechanism for endosomal escape and genome delivery, a process 
not well understood in viruses without membranes (Fig. 12.3d). 

Atomic Structures of Jumbo Viruses (>100 nm) 

Giant viruses belong to the nucleocytoplasmic large DNA viruses (NCLDV) that 
include nine families, Ascoviridae, Asfarviridae, Iridoviridae, Marseilleviridae, 
Mimiviridae, Pandoraviridae, Phycodnaviridae, Pithoviridae, and Poxviridae, as  
well as some independent species. These viruses, with the dsDNA genome encap-
sulated in a lipid bilayer [103], range in size from ∼150 nm to 2 μm, and include 
high-symmetry icosahedral viruses such as Paramecium bursaria chlorella virus 1 
(PBCV-1) and amphora-shaped (asymmetric) viruses like Pithovirus. 

Two main strategies are applied to calculate high resolution cryo-EM structures 
of large viruses [104]: (i) use of electron microscopes with high acceleration voltage, 
e.g., one megavolt cryo high-voltage electron microscopy (1MV cryo-HVEM), which 
improves sample penetration and overcomes the limitations imposed by electro-
optical physics at lower voltages [105], and (ii) the ‘block-based reconstruction’ 
method [106]. 

For thick samples, the influence of depth of field causes an internal focus shift (a 
focus gradient within a single virus particle), imposing a hard limit on the attainable 
resolution [107]. Standard CTF correction methods, which assume a single constant 
defocus for the entire particle, are insufficient for large, high-resolution structures. 
Increasing the accelerating voltage increases depth of field, however, and improves 
the (electron) optical conditions in thick samples. For 300 kV electron microscopes, 
recent advances in image processing, such as Ewald sphere correction to tackle 
the focus gradient within a single virus particle, can offer great improvements in 
attainable resolutions. ‘Block-based’ reconstruction [106] focuses on sub-sections 
(“blocks”) of the virus to allow localized defocus refinement across each particle, 
and reduces the size of the box required. 

For high-resolution 3D SPA of giant viruses, there are currently seven structures 
that exceed 1 nm resolution: two for PBCV-1 [108, 109], two for African swine 
fever virus (ASFV) [110, 111], the marseillevirus Singapore grouper iridovirus [112] 
and Tokyovirus [105]. All were analyzed using ‘block-based’ reconstruction (with 
300 kV microscopes) except Tokyovirus (with a maximum diameter of 250 nm), 
which was analyzed as a complete viral particle using 1 MV cryo-HVEM. PBCV-1 
at 3.5 Å resolution [108] and ASFV at 4.1 Å resolution [111] were solved by cryo-EM 
SPA. The PBCV-1 and ASFV capsids are composed of one “major” capsid protein 
(MCP) and a combination of 14 (PBCV-1) or four kinds (ASFV) of “minor” capsid 
proteins (mCP). The MCP of PBCV-1 and ASFV are trimeric and share the double 
“jelly roll” motif, each of which consists of eight β strands [113].
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SARS-CoV-2 and Viral Spikes 

The coronavirus disease 2019 (COVID-19) pandemic, caused by the severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2), is associated with over ~760 
million cases and ~6.9 million deaths as of March 2023. Cryo-EM (and cryo-ET) 
studies played a crucial role, in record time, in developing therapeutics targeted 
to the spike protein (S protein) that decorates the SARS-CoV-2 viral surface. Not 
only was the atomic structure of many S protein specimens established by SPA 
cryo-EM analysis, but also its multiple conformational states, essential for under-
standing its mechanism of action, as well as the spike complexes with the human 
angiotensin-converting enzyme-2 (ACE2) receptor and neutralizing antibodies [114]. 
Basic research on previous limited outbreaks of the closely similar coronaviruses 
SARS-CoV-1 (SARS-CoV) in 2002 and Middle Eastern respiratory syndrome coron-
avirus (MERS-CoV) in 2012, as well as accumulated experience with other emergent 
viral pandemics (HIV and influenza viruses), were also fundamental to the develop-
ment of mRNA-based vaccines and effective antibody therapies [16, 17]. This rapid 
structural analysis of SARS-CoV-2 indicates that our global society is prepared to 
apply similar strategies to combat future emerging viruses. 

The immature S protein is proteolyzed into two subunits, S1 and S2, which form 
a heterodimer, which in turn assembles into a trimer that results in the spike on 
the virion that coats the viral surface [115] (Fig. 12.4). The S trimeric protein is 
a metastable fusion nanomachine; in situ analysis of S trimers by cryo-ET/STA 
of intact virions showed that most spikes are in the prefusion conformation, with 
only 3% in the postfusion conformation [21, 116]. The receptor-binding domain 
(RBD), located in the S1 subunit, can be in a “down” or “up” conformation that 
corresponds to ACE2-inaccessible or -accessible conformations, respectively. During 
infection, RBD of the prefusion form in the up conformation binds to ACE2 before 
fusion of viral and host membrane, mediated by the fusion peptide in S2. The S 
protein, which elicits a strong immune response, is the most important target antigen 
for the development of therapeutics and current vaccines. The Moderna and Pfizer 
mRNA vaccines are based on S protein stabilized in the prefusion conformation by 
two-proline substitutions [117]. Neutralizing antibodies to specific S protein regions 
and recombinant ACE2-derived inhibitors are also promising therapeutic agents for 
treating emergent variants. Another ∼25 proteins have been described; many of 
these, some still structurally uncharacterized, are under study as candidate targets 
for antiviral drug development [118].

Cryo-ET in the Study of Enveloped Viruses and the Viral Life 
Cycle in the Host 

Cryo-ET has allowed 3D analysis of complex and/or pleomorphic enveloped 
viral particles in vitro, many of them responsible for human diseases such as
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Fig. 12.4 Structures of SARS-CoV-2 spikes. a Scheme of the SARS-CoV-2 S domains showing 
the S1 subunit, S2 subunit, Receptor binding domain (RBD), fusion peptide (FP), heptad repeat 
1 (HR1), connector domain (CD), heptad repeat 2 (HR2) and the transmembrane region (TM). 
b 3D model of a SARS-CoV-2 virion showing the conformations and flexibility of S on the virion 
surface. Three flexible hinges are marked by arrows (right). c SPA cryo-EM structure of the S trimer 
in its pre-fusion (left) and post-fusion (right) conformations [structural elements colored as in (a)]. 
d Comparison of S with RBD in the down (left) and up (right) conformations. e Cryo-EM structures 
of S bound to ACE2 with RBD in the up conformation (left), SN501Y mutant bound by Fab ab1 
with RBD in the up conformation (middle), and SN501Y bound by VH ab8 in both the RBD up 
and down conformations (right). Reproduced with permission from Ref. [118]
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HIV-1 [22, 119], herpesviruses [65, 120], and influenza virus [66, 121]. In addi-
tion, cryo-ET permits study of the viral replication cycle, including entry, replica-
tion, assembly, maturation, and egress within the native environment –the cell– at 
unprecedented resolution. STA typically improves resolution to ∼2–3 nm, and in 
some cases is able to achieve ∼4 Å resolution, that is, the cryo-ET resolution revo-
lution [122]. We highlight a few examples for which cryo-ET has yielded important 
(and in some cases unanticipated) discoveries of complex viruses and in situ viral 
infection. The helical nucleocapsid (NC) of Ebola virus (with a non-segmented, 
negative-sense ssRNA) was solved by a subtomogram averaging at 6.6-Å resolution 
[123]; the NP carboxy-terminal extended α-helix is important for RNP assembly and 
recruitment of accessory proteins (Fig. 12.5a). In the study of HIV-1, a 7 Å resolution 
cryo-ET structure of the capsid from intact virions confirmed the hollow cone shape 
of the capsid, and allowed specific placement of each individual capsid hexamer and 
pentamer within the lattice structure [124]. The structure of the capsid domain and 
spacer peptide 1 (CA-SP1) of Gag (the precursor that includes MA, CA, and NC) 
in immature capsids was solved at 3.9-Å resolution [22], a value previously feasible 
only by single-particle cryo-EM. In influenza A virus (IAV), the matrix protein (M1) 
forms an endoskeleton beneath the virus membrane within intact virions. Cryo-ET/ 
STA at ∼8 Å resolution of M1 within purified virus particles, as well as the struc-
ture of M1 oligomers reconstituted in vitro, offered insights into IAV assembly and 
disassembly [125].

Although the icosahedral viruses that infect Archaea belong to the HK97 and 
PRD1 lineages, other archaeal viruses, such as the bottle-, lemon- or spindle-shaped 
viruses, have unique morphologies and are optimal assemblies for study using cryo-
ET [127]. Construction of tailed spindle viruses involves a metastable multistart 
helical assembly of variable width that extends through the lemon-shaped capsid and 
into the tail. These conformational capsid dynamics could be used to drive genome 
ejection into the host cell. Cryo-ET analysis of the nodavirus flock house virus, 
a positive ssRNA eukaryotic virus, has identified a genome-replication complex 
associated with membrane vesicles at 8.5 Å resolution by cryo-ET [126] (Fig. 12.5b) 
similar to that of many other (+) ssRNA viruses (including SARS-CoV-2) [128]. 
In the remodeled host membranes, these complexes resemble a crown (determined 
by STA), a dodecameric ring with RNA polymerase activity that gates release of 
progeny ssRNA molecules [129]. 

Cryogenic correlative light and electron microscopy (cryo-CLEM), which 
combines spatiotemporal information from fluorescence microscopy (proteins of 
interest are tagged with fluorescent labels) with structural data from cryo-ET, is very 
appropriate for studying viral assembly and/or infrequent and short-lived events in 
selected regions of virus-infected cells [130, 131]. Pseudomonas phages assemble 
a compartment for DNA replication. Before cell lysis to release phages, assembled 
empty capsids on the host cell membrane migrate along the PhuZ spindles to the 
compartment surface for DNA packaging before release of viral progeny [132, 133]. 
A phase plate cryo-ET study of cyanophage Syn5, which infects the cyanobacterium 
Synechococcus, identifies distinct assembly intermediates in situ such as procapsids 
with SP, expanded empty and full capsids, and complete virions with the tail [134].



12 Cryo-Electron Microscopy and Cryo-Electron Tomography of Viruses 299

Fig. 12.5 Cryo-ET of pleomorphic viruses and intracellular viral assembly. a Structure of the 
helical nucleocapsid of Ebola virus solved by STA, indicating N- and C-terminal regions of nucle-
ocapsid and the putative RNA density (yellow). Model of the helical RNP calculated by docking 
of NC in a tomogram (inset, a single NC is highlighted in pink). Scale bar, 20 Å. Adapted with 
permission from Ref. [123]. b The mature nodavirus crown resolved by cryo-ET STA comprises 
two stacked 12-mer rings (pink and green) of the viral RNA replication protein A. The lower ring, 
termed “proto-crown” (pink), is a precursor in RNA replication complex assembly, and protein A 
has alternate conformation in each ring. Reproduced with permission from Ref. [126]

In summary, advances in cryo-ET and associated techniques such as cryo-FIB 
milling have provided key insights that have expanded our knowledge of intracellular 
activities of viruses at unprecedented resolution. 

Liquid Electron Microscopy (Liquid-EM) 

Liquid electron microscopy (liquid-EM) is a relatively new technique that allows 
to image biological samples in their native liquid state. Unlike traditional trans-
mission EM, which requires samples to be fixed (EM) or vitrified (cryo-EM) in a 
vacuum environment, liquid-EM delivers real-time data of dynamic processes in 
solution. Although liquid-EM results may not reach the resolution achieved with 
cryo-EM studies, it provides complementary information to cryo-EM/ET analyses 
[135]. Liquid-EM have been used to image multiple dynamic states of Adeno-
associated virus in solution [136] and real-time host–pathogen interactions of phages 
with bacteria in solution [137]. 
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Chapter 13 
Bacteriophage Lambda as a Nano 
Theranostic Platform 

Carlos Enrique Catalano 

Abstract A variety of nanoparticles have been developed for use in therapeutic 
and diagnostic (theranostic) applications. In this review we describe a “designer” 
nanoparticle platform based on the phage lambda capsid. The shell can be decorated 
with a variety of synthetic, organic, and biological ligands, alone and in combination, 
and at rigorously defined surface densities. The particles retain structural and physical 
integrity, they possess physiochemical properties compatible with pharmaceutical 
standards and are amenable to formulation as thermostable, single shot preparations. 
We describe their potential applications including targeted delivery of therapeutic 
antibodies to cancer cells, intracellular delivery of biologic agents and as a nimble 
platform for vaccine development. The ability to package DNA and the potential 
for selective incorporation of protein cargos into the shell interior, simultaneously 
decorated with multiple ligands in a defined manner provide a nimble platform that 
can be rapidly adapted to a variety of user-defined theranostic applications. 

Keywords Bacteriophage lambda · Phage-like particles · Designer nanoparticles ·
Theranostic nanoparticles · Intracellular delivery of biologics · Vaccine platform 

Introduction 

Nanoparticles show great promise in a variety of applications including sensors, 
diagnostics, and therapeutic agents [1, 84, 32, 41]. A variety of materials have been 
developed as nanoparticles, from metals [31, 80, 16] to synthetic polymers [36, 39, 
42, 71] to biological agents, including viral [9, 35, 44, 49, 66, 69, 74, 73, 89] and 
even bacterial [64] platforms. In this chapter, we focus on bacteriophage lambda 
as a semi-synthetic platform for “theranostic” nanoparticle development. We first 
describe the developmental pathway for the virus in Escherichia coli and biochem-
ical/biophysical characterization of capsid assembly mechanisms in vitro. We next
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discuss the conceptual cooptation of the process towards a “designer” nanoparticle 
and our initial studies on its utility as a defined semi-synthetic platform. Finally, 
we describe several proof-of-concept studies illustrating its potential in therapeutic 
settings and in future applications. 

Bacteriophage Lambda 

The lambda development pathway is generally conserved in the large double-
stranded DNA viruses, from bacteriophages to the herpesviruses [8, 11, 33, 67, 68]. 
The virus attaches to an Escherichia coli bacterial cell wall using a “tail” structure 
through which DNA exits the capsid and is introduced into the cell (Fig. 13.1). The 
48.5 kbp linear genome circularizes via 12 base complementary single strand ends 
(the cohesive ends) and is used as a DNA replication substrate that ultimately yields 
linear concatemers of multiple genomes covalently linked in a head-to-tail fashion 
(immature DNA). Late gene expression affords structural proteins, including capsid 
proteins and tail proteins, that self assemble into functional procapsid and tail 
structures, respectively. 

The next step, genome packaging, is catalyzed by an enzyme known as 
terminase and represents the intersection of the procapsid assembly and DNA repli-
cation pathways (Fig. 13.2) [10, 65, 14, 15]. Terminase assembles at the cohesive 
end site (cos) in a concatemer and site-specifically nicks the duplex to generate the 
12-base single stranded mature left end (DL) of the first genome to be packaged (cos

Fig. 13.1 Bacteriophage Lambda Development. The DL and DR 12-base cohesive ends of the 
mature λ genome (linear monomer) anneal upon injection into the E. coli cell to engender a circular 
genome containing the cohesive end site (cos, red dot). This sequence represents the junction 
between genomes in concatemeric (immature) viral DNA. Details provided in the text. This figure 
was taken from [13], with permission 
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Fig. 13.2 Genome Packaging. The terminase enzyme cycles between a stable nuclease complex 
and a dynamic motor complex to processively excise and package multiple matured genomes from 
concatemeric λ DNA. These reactions are strongly conserved in all of the large dsDNA viruses. 
Details provided in the text. This figure was modified from [13], with permission 

cleavage reaction). This stable nucleoprotein complex then binds to the “portal ring” 
situated at a unique vertex of the icosahedral procapsid; the portal provides a conduit 
for DNA packaging into the shell interior, and for genome exit during infection. The 
enzyme then switches from a stable nuclease complex to a dynamic DNA packaging 
motor that inserts DNA into the shell powered by ATP hydrolysis. 

Upon packaging ~30% genome length (15 kbp), the procapsid shell undergoes 
a remarkable conformational change that affords a larger, angularized, and thinner 
capsid shell [23, 33, 81]. This exposes nucleation sites for the gpD decoration 
protein that adds as trimer spikes at the 140 three-fold axes on the shell exterior 
(Fig. 13.2) [46, 70]. Terminase continues to package DNA until the next downstream 
cos sequence is reached (the genome end) and the enzyme switches back to a nuclease 
complex that again introduces nicks into the duplex; this affords a decorated shell 
filled with a single mature lambda genome. Finishing proteins and a pre-assembled 
tail add to the nucleocapsid to yield an infectious phage particle while the ejected 
terminase•concatemer complex (minus one genome) binds to another procapsid to 
initiate a second round of processive genome packaging [10], [65, 14, 15]. 

Procapsid Assembly in Vivo 

Lambda procapsid assembly is a stepwise process that initiates with self-association 
of twelve portal proteins into ring-like structure, chaperoned by host groELS and 
the lambda scaffolding protein (SP) (Fig. 13.3) [29, 34]. The portal nucleates 
co-polymerization of the major capsid protein (CP) and SP into a thick, spher-
ical icosahedral shell; the scaffolding protein acts as a chaperone for high-fidelity 
shell assembly and in its absence CP aggregates into a variety aberrant and non-
functional structures [56, 62, 91]. The lambda capsid protease (gpC), which is a 
fusion composed of a N-terminal protease domain and a C-terminal SP domain, is 
also incorporated into the shell to afford an “immature” procapsid composed of a 
portal ring situated at a unique vertex of an icosahedral shell that is made up of 
415 copies of CP and containing 10–12 copies of gpC and 100–200 copies of SP 
at the interior [25, 29, 34, 55, 57]. The protease is autoproteolytic, it degrades the



310 C. E. Catalano

Portal Protein 

Capsid Protein
      (CP) 

Proteolysis 
Portal 

Immature 
Procapsid 

Mature 
Procapsid 

Protease 

Capsid Protease 
(gpC) 

Scaffolding 
Protein 

Peptide FragmentsHost groELS 

SPSP 

SP 

Fig. 13.3 Lambda Procapsid Assembly In Vivo. The assembly and maturation reactions are 
strongly conserved in all of the large dsDNA viruses. The gpC protease is incorporated into the 
shell by co-polymerization with SP, mediated by the SP domain. Details provided in the text. This 
figure was modified from [13], with permission 

scaffolding protein and in addition removes 20 N-terminal residues from the portal 
proteins. The peptide fragments exit the shell to afford an empty and packaging 
competent mature procapsid shell (Fig. 13.3) [29, 33]. 

Characterization of Capsid Assembly in Vitro 

Our lab has interrogated the mechanisms of procapsid assembly, genome packaging, 
shell expansion, and shell decoration reactions in vitro using defined biochemical 
assay systems [15, 14, 28, 45, 60, 85, 86]. Pertinent to the present discussion, we 
have examined maturation of the procapsid shell by the gpC protease (see Fig. 13.3) 
[55]. Mutation of the catalytic serine 166 to alanine abrogates the catalytic activity 
of the enzyme and as a result, the protease and scaffolding proteins remain intact. It 
was presumed that proteolysis was required for their exit from the shell prior to DNA 
packaging and while gpC-S166A (45.9 kDa) indeed remains trapped, the full-length 
scaffolding protein (13.4 kDa) is slowly released. 

We have also characterized the shell expansion reaction in vitro (see Fig. 13.2). 
Procapsid shells can be artificially expanded with urea and we found that the transi-
tion is reversible, highly cooperative, strongly temperature dependent (exothermic) 
and inhibited by salt [54]. The free energy of expansion is 10 kcal/mol (in the pres-
ence of physiological Mg2+ concentrations) and the data indicate that significant 
hydrophobic surface area is exposed in the expanded shell. We next characterized 
the shell decoration reaction in vitro (see Fig. 13.2). The lambda decoration protein 
(gpD) is a monomer in solution and does not interact with the procapsid shell, but 
adds to the expanded capsid surface as trimeric spikes at each of the 140 three-fold 
axes (420 copies total) (Figs. 13.2, 13.4a) [46, 54]. The reaction is non-reversible, 
cooperative and strongly temperature dependent (endothermic) [45, 85]. In sum, 
the thermodynamic data suggest a model wherein expansion of the procapsid shell
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exposes hydrophobic surface area at the three-fold axes of the capsid which serves 
to nucleate cooperative gpD trimer spike assembly. 

Finally, we examined lambda capsid shell assembly in vitro. While the lambda 
scaffolding protein is intrinsically disordered [22, 90], the purified protein is biologi-
cally active and is required for high-fidelity polymerization of CP into an icosahedral 
phage-like particle (PLP) [56]. These particles differ from procapsids in that they
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Fig. 13.4 Engineering of Modified Decoration Proteins and Tunable Capsid Decoration In Vitro. 
a Cryo-EM structure of a λ capsid decorated with gpD trimer spikes. Only the decoration protein 
is shown for clarity. The crystal structure of a gpD trimer (PDB ID# 1C5E) is shown at right with 
Ser42 shown as red spheres. The capsid surface is at the base of the spike and the residue projects 
away from the shell surface. b Strategy for tunable capsid decoration. The mole ratio of gpD-WT 
(blue) and D-GFP fusion protein (green) can be controlled in the decoration reaction, which allows 
precise capsid surface decoration. There are 420 gpD binding sites on the shell surface and we 
define percent surface density as (# Decoration Proteins/420)*100. c Agarose gel showing capsids 
decorated with D-GFP. The mole ratio of gpD-WT:D-GFP included in the decoration reaction is 
shown at top of the gel. d SDS-PAGE analysis of GFP-decorated particles purified by size exclusion 
chromatography. The percent surface density of ligands displayed on the shell surface are indicated 
at top. This figure was modified from [17], with permission 
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do not contain a portal. PLPs can also be isolated in high yield from E. coli cells that 
co-express capsid and scaffolding proteins [12]. As observed with capsids, the PLPs 
can be expanded and decorated under defined reaction conditions in vitro [54, 13]. 

Cooptation of Lambda as a Platform for Designer 
Nanoparticle Applications 

The studies described above provided a fundamental, mechanistic understanding of 
lambda procapsid assembly, shell maturation, DNA packaging, procapsid expansion 
and capsid decoration reactions. We reasoned that these processes might be harnessed 
to engineer a tunable, rigorously defined nanoparticle platform. For instance, gpD 
has been used in phage display applications with peptides successfully displayed at 
both the C-terminal and N-terminal ends of the protein in the context of an infectious 
phage [24, 3, 27, 58, 92] and we recapitulated the phage display assembly reactions 
under defined biochemical reaction conditions in vitro. First, a fusion protein of gpD 
and green fluorescent protein (D-GFP) was constructed and used to decorate lambda 
capsids as outlined in Fig. 13.4b [17]. We found that the surface display density1 

can be tuned in a defined manner by adjusting the mole ratio of D-GFP: gpD-WT 
during the decoration reaction (Fig. 13.4c, d). The potential of these GFP-decorated 
particles for tracking and/or diagnostic applications did not escape our attention. 

The demonstration that lambda capsids could be decorated with the D-GFP fusion 
protein in vitro provided support for its use as a tunable and defined nanoparticle 
platform; however, this approach limits the system to proteinaceous display ligands. 
Close inspection of the gpD trimer spike revealed that that serine 42 is positioned 
within a surface loop of the protein, projecting from the shell surface (Fig. 13.4a). 
We modified this residue to cysteine to afford D(S42C) which provides a unique site 
for chemical modification using simple maleimide chemistry (Fig. 13.5a). As a first 
test, we chemically modified D(S42C) with methoxy-polyethylene glycol maleimide 
(PEG average MW 5000) to afford D-PEG and used the construct to decorate lambda 
capsids in vitro [17]. As with D-GFP, the PEG surface density can be tuned in a 
defined manner by adjusting the mole ratio of D-PEG:gpD-WT during the decoration 
reaction (Fig. 13.5b, c). PEG is used in pharmaceutical applications as a “stealth” 
agent to improve immune and pharmacokinetic properties of therapeutics [61, 79]. 
Of note, particles decorated with 100% D-PEG migrate backwards in an agarose 
gel (Fig. 13.5b), indicating that the surface properties of the shell are significantly 
masked. This study sets the stage for tuning lambda PLP stealth properties as desired.

We next chemically modified D(S42C) with mannose-maleimide to afford 
D-mannose and used the synthetic glycoprotein to decorate capsids alone and in 
combination with GFP in defined surface densities (Fig. 13.5d) [17]. Importantly,

1 There are 420 gpD binding sites on the shell surface and we define percent surface density 
as (# Decoration Proteins/420)*100. 
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Fig. 13.5 Engineering of Semi-Synthetic Nanoparticles. a Strategy for site-specific modification 
of Cys42 with maleimide derivatives. b Agarose gel showing capsids decorated with D-PEG. The 
mole ratio of gpD-W:D-PEG included in the decoration reaction is shown at top of the gel. Note that 
PLPs decorated with 100% D-PEG migrate backwards in the gel, indicating significant shielding of 
the shell surface by the polymer. c SDS-PAGE analysis of PEG-decorated particles purified by size 
exclusion chromatography. The percent surface density of ligands displayed on the shell surface 
are indicated at top. d Agarose gel showing capsids decorated with D-GFP and D-mannose, alone 
and in combination. The mole ratio of each modified decoration protein included in the decoration 
reaction is shown at top. This figure was modified from [17], with permission

shells decorated with GFP, PEG, or mannose can be packaged with heterologous 
DNA in vitro to afford particles that display defined ligands on the shell surface, 
alone or in combination, and that simultaneously carry a protected DNA cargo, as 
depicted in Fig. 13.4b [17]. 

Application of the Lambda Platform 

The studies described above demonstrated that the lambda shell can be decorated 
with multiple display ligands in a tunable manner to afford defined semi-synthetic 
nanoparticles. We next set out to engineer PLPs that displayed complex biological 
ligands with potential in therapeutic applications. 

Targeted Intracellular Delivery of Therapeutic Antibodies 

Trastuzumab (Trz) is a therapeutic antibody that specifically targets the extracellular 
domain of the Human Epidermal Growth Factor 2 (HER2). This receptor tyrosine 
kinase is overexpressed in a variety of cancers and is associated with a poor clinical 
prognosis [47, 4, 38]. While Trz has been used with success in HER2+ breast cancers, 
systemic toxicity, intrinsic and acquired resistance, among other issues are of concern
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[47, 2]. This necessitates fundamental investigations to develop additional technolo-
gies in this setting and we explored the potential of lambda PLPs as a platform to 
target HER2+ overexpressing breast cells in vitro. 

We first engineered a construct consisting of D(S42C) crosslinked to trastuzumab 
(D-Trz) using the generalized approach outlined in Fig. 13.6a (Protein A = Trz) 
[12]. While chemical modification of D(S42C) is specific (only one cysteine), Trz 
contains 88 lysine residues, and we anticipated that a single antibody would likely 
contain multiple gpD adducts. Indeed, characterization of the cross-linked product 
indicates that there are 3−6 decoration proteins per antibody on average (Fig. 13.6b). 
Not surprisingly, this is similar to approved antibody–drug conjugate biologics 
generated using analogous cross-linking strategies [48, 77]. We also engineered D-
F5M wherein D(S42C) is site specifically modified with fluorescein 5-maleimide 
(Fig. 13.5a; R = fluorescein). Purified PLPs were then decorated with 25% D-F5M 
for particle tracking, and 0.5% to 30% D-Trz for targeting of HER2+ overexpressing 
cells, as outlined in Fig. 13.6c. 

We first characterized the physiochemical properties of the decorated particles 
using a battery of approaches, including agarose gel electrophoresis (AGE), SDS-
PAGE, size exclusion chromatography (SEC), analytical ultracentrifugation (AUC), 
transmission electron microscopy (TEM), electrophoretic light scattering (ELS), 
and dynamic light scattering (DLS) [12]. In sum, the data indicate that the particles 
are decorated with ligands at the anticipated surface densities, that the shells retain
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cross-linking. b Engineering of D-Trz. c Construction of Trz-PLP nanoparticles. This figure was 
modified from [12], with permission 
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structural and physical integrity and that they possess physiochemical properties 
compatible with pharmaceutical standards [12]. Of note, micrographs of particles 
decorated with Trz display projections from the shell surface in a surface-density 
dependent manner (Fig. 13.7a, b). This protein “corona” bears a morphology similar 
to that of free Trz and becomes denser as the surface density of D-Trz on the PLP is 
increased, indicating a tunable decoration reaction. 

a b  

c d 

e f 

Fig. 13.7 Electron micrographs of purified PLPs decorated with 10% D-Trz (a) or 30%  D-Trz  
(b) at 120,000X magnification; black scale bars represent 100 nm and inset shows an expanded 
view of a single particle; white arrows indicate the density attributed to D-Trz on the surface of 
thePLPs. Confocal fluorescence microscopy was performed on breast cancer cells after the following 
treatments. c. MDA-MB-231 cells (HER2−) treated with 30% Trz-PLPs (2 nM). d SKBR3 cells 
(HER2+) treated with 10% Trz-PLPs (2 nM). e SKBR3 cells (HER2+) treated with 30% Trz-PLPs 
(2 nM). f SKBR3 cells (HER2+) treated with 2 μM free (unmodified) Trz. All particles were 
simultaneously decorated with 25% D-F for particle tracking. Fluorescence signals: cell nuclei 
(blue); Trz and Trz-PLPs (red); Trz-PLPs (green). The internalized Trz and PLP fluorescent signals 
colocalize, and gradually turn yellow with increasing Trz surface decoration (compare d and e). 
Details are discussed in [12]. This figure was modified from [12], with permission
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We next examined Trz-PLPs for their cell targeting behavior using human breast 
carcinoma cell lines. As anticipated, Trz-decorated PLPs bind to cells that over-
express the HER2 receptor, but not to HER2¯ cells (see Fig. 13.7c–e). Moreover, 
unlike the unmodified antibody that remains predominantly bound at the cell surface 
(Fig. 13.7f), Trz-PLPs are efficiently internalized by HER2+ cells. Robust particle 
internalization is observed with Trz surface densities as low as 1% and the number 
of internalized particles does not significantly vary with higher surface densities. 
Nevertheless, the amount of Trz delivered to the cell interior (e.g., dose) can be 
controlled by manipulation of the PLP surface density (see Fig. 13.7d, e). 

As a result of particle internalization, Trz-PLPs provide prolonged inhibition of 
cancer cell proliferation relative to the free antibody [12]. Moreover, multi-omics 
analysis (metabolomics and proteomics) demonstrate that the Trz-PLPs signifi-
cantly modulate cellular programs associated with HER2 signaling, proliferation, 
metabolism and protein synthesis. In sum, this study demonstrates that (i) PLPs can 
be decorated with trastuzumab to specifically target HER2 overexpressing breast 
cancer cells, that (ii) the particles are efficiently internalized by the cells and that 
(iii) the effective intracellular “dose” of the therapeutic antibody can be controlled 
by varying the PLP surface density. 

Intracellular Delivery of Biological Macromolecules 

Based on our studies with Trz-PLPs, we reasoned that PLPs simultaneously decorated 
with Trz and a second protein could be used to specifically target a “biologic” to the 
cell interior in a controlled manner. In this study, we tested this hypothesis. 

Ubiquitin-specific protease 7 (USP7) is a deubiquitinating enzyme that plays 
important roles in cell cycle control, tumor suppression, apoptosis, the immune 
response and in viral infection [63, 82]. Because of its association with viral infection 
and the observation that aberrant activation or overexpression of the enzyme may 
promote oncogenesis, it has become an attractive therapeutic target and several small 
molecule inhibitors of the enzyme have been developed [5, 52, 82]. More recently, 
Sidhu and co-workers employed a ubiquitin scaffold to develop protein based USP7 
inhibitors using a phage display approach [26, 50, 87]. One “hit” (UbV.7.2, herein 
referred to as UbV) has the highest selectivity and inhibitory potency of all USP7 
inhibitors reported to date (IC50 = 16.2 nM) [87]. Unfortunately, delivery of the 
protein biologic to the cell interior, wherein lies the enzyme target, remained a signifi-
cant problem. We therefore sought to engineer PLPs that (i) specifically target HER2+ 

cells and that (ii) deliver the UbV biologic for intracellular inhibition of USP7. 
We first engineered a D-UbV construct using a “click” chemistry approach, as 

generally outlined in Fig. 13.8a [53]. UbV and D(S42C) each posses a sole cysteine 
residue and the proteins were site-specifically labeled with maleimide click reagents 
(Protein A = UbV). The modified proteins were then “clicked” together to afford 
the D-UbV cross-linked product. We next decorated PLPs with 25% D-F (particle
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tracking), 1% D-Trz (cell targeting) and varying surface densities of D-UbV (the “bio-
logic”) as outlined in Fig. 13.8b. Physiochemical characterization of the resulting 
particles as described for Trz-PLPs above confirmed that they are decorated with 
ligands at the anticipated surface densities (Fig. 13.8c), that the shells retain struc-
tural and physical integrity (Fig. 13.8d) and that they possess physiochemical proper-
ties compatible with pharmaceutical standards [53]. Co-immunoprecipitation studies 
confirmed that UbV bound to the PLP shell retained USP7 binding interactions and 
that the amount of USP7 pulled down by the particles increases in a UbV surface 
density (dose) dependent manner (Fig. 13.8e). As anticipated, Trz decoration is neces-
sary and sufficient for specific targeting of HER2+ cells and importantly, simulta-
neous decoration with UbV neither affects cell targeting nor particle internalization 
[53].

We next tested the hypothesis that the targeting PLPs can be used to deliver a 
second functional biologic to the cell interior. Mouse double minute 2 homolog 
(MDM2) ubiquitin ligase is an important negative regulator of the p53 tumor 
suppressor [87, 88]. Cellular levels of MDM2 are regulated by auto-ubiquitination, 
which marks the protein for proteasomal degradation, and by USP7-catalyzed de-
ubiquitination, which in concert maintain steady state cellular concentrations, as 
outlined in Fig. 13.9a. Thus, we predicted that PLPs simultaneously decorated with 
Trz and UbV would be internalized by HER2+ cells and deliver the biologic to 
the cytosol, resulting in inhibition of USP7 and thus, a decrease in MDM2 levels. 
Western blot analysis confirmed this prediction and further showed that MDM2 
knockdown is increased with increased UbV display density (dose) (Fig. 13.9b, 
c). Further, the Trz:UbV particles have a significant impact on the proteomics and 
metabolomics landscape of HER2+ cells that is distinct from the effects of Trz-
PLPs alone and consistent with inhibition of USP7 [53]. Finally and as would be 
expected from MDM2 knockdown, the UbV decorated particles strongly inhibit 
cellular proliferation in a surface-density dependent manner [53].

Cellular Trafficking of the Designer Nanoparticles 

We have demonstrated that the lambda designer nanoparticle can be decorated with 
multiple ligands for particle tracking, cell specific targeting and delivery of biologic 
agents to the cell interior in a defined dose; however, an important observation in 
the above studies is that internalization of Trz-decorated PLPs affords a punctate 
fluorescence patter throughout the cytoplasm, suggesting that the particles are taken 
into an intracellular compartment (see Fig. 13.7d and e) [53]. Indeed, endosomal 
escape is most often the rate-limiting step in the delivery of biologics to the cytoplasm 
[30, 43, 51]. Within this context, our initial MDM2 knockdown studies using the UbV-
decorated particles failed to demonstrate an effect [53]. We reasoned that PLP release 
from the putative internal compartment was slow, which limited particle access to 
cytosolic USP7 during the short (3 h) study. We therefore employed chloroquine 
(CLQ), an endosomal disruption agent that has been shown to promote endosomal
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Fig. 13.8 Construction of Bivalent Trastuzumab-UbV Nanoparticles. a Strategy for engineering 
gpD-protein constructs using a “click” approach. DBCO, dibenzylcyclooctyne-PEG4-maleimide; 
APM, azido-PEG3-maleimide. In both cases, (X) denotes PEG linkers. Details are described in 
[53]. b Scheme for the construction of Trz-UbV nanoparticles. c SDS-PAGE Characterization of 
bivalent Trz:UbV-Decorated PLPs. Top, Coomassie-stained PVDF transfer membrane. Molecular 
weight standards are indicated at left and migration of the major capsid protein (38.2 kDa), D-
WT (11.6 kDa) and D-UbV (22.7 kDa) are indicated at right. Middle, fluorescence imaging of the 
membrane; migration of D-F is indicated at right. Bottom, western immunoblot imaging of D-UbV. 
Migration of D-UbV is indicated at right. d Micrographs of WT-PLPs (left) and PLPs decorated 
with 20% UbV (right). White bar denotes 50 nm. e Co-immunoprecipitation of USP7 by decorated 
PLPs. The input control is a tenfold dilution of SKBR3 cell lysate. All particles were decorated with 
25% D-F, 1% D-Trz (T) and the indicated surface density of D-UbV (U). This figure was modified 
from [53], with permission

escape of biological therapeutics [37, 78]. The data presented in Fig. 13.9b and c 
were obtained in the presence of CLQ and indicate that under these conditions a 
sufficient cytosolic concentration of UbV is achieved and strong inhibition of USP7 
is observed. Importantly, Trz-PLPs and UbV:Trz-PLPs both inhibit cell growth, and 
both have significant impacts on the multi-omics profile of the cells in the absence 
of CLQ [12, 53], indicating that a significant fraction of the particles are naturally 
released. In sum, our data are consistent with a model wherein Trz-PLPs are taken 
into an endosomal compartment in HER2+ cells from which they are slowly released.
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Fig. 13.9 Controlled Intracellular Delivery of Biologics. a Schematic diagram of USP7 regulation 
of MDM2. Inhibition of USP7 results in increased proteasomal degradation of MDM2. b UbV-
Decorated PLPs Knockdown Cellular MDM2. Cells were treated with the indicated particles for 
three hours in the presence of chloroquine, at which point cycloheximide was added and MDM2 
levels then quantified at the indicated times. c Quantitation of the data presented in b Details are 
described in [53]. This figure was modified from [53], with permission

Within this context, we recently demonstrated that PLPs decorated with cetux-
imab, a therapeutic antibody used for a number of cancers, specifically target bladder 
cancer cells that overexpress the epidermal growth factor receptor, and that the PLPs 
are efficiently internalized by these cells (Brown and Catalano, unpublished). In 
this case, however, the particles distribute throughout the cytosol to afford a diffuse 
fluorescent pattern (not shown), in contrast to the punctate pattern observed with 
Trz-PLPs. Thus, trafficking of internalized particles likely varies depending on the 
PLP surface decoration and/or the cell type. 

Lambda PLPs as a Vaccine Platform 

In addition to its potential as a targeted biologic delivery platform, we have investi-
gated the use of lambda designer nanoparticles as a vaccine platform. A number of 
biological and synthetic nanoparticles and antigen coupling strategies have been eval-
uated for vaccine design [6, 19, 75]. Infectious phages and phage-derived nanopar-
ticles have developed as vaccine platforms to display antigens from a number of 
pathogens including Y. pestis [76], P. falciparum [7], and SARS-CoV-2 [18, 72], 
among many others [35]. Each platform has its strengths and weaknesses and we 
considered that the semi-synthetic lambda designer nanoparticles possess some 
advantages and unique features that could be harnessed for vaccine development. 
Specifically, modification of the particle surface is fast, facile and can be tuned in 
a user-defined manner to allow rigorous and controlled antigen display in a timely
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manner. The icosahedral shell can be engineered to display multiple antigens (and 
adjuvants) in a defined geometry and in high density that may mimic a native antigen 
presentation to afford a robust immune response [40]. 

As a proof-of-concept study, we engineered lambda PLPs to simultaneously 
display the receptor binding domains from SARS-CoV-2 (RBDSARS) and MERS-
Cov (RBDMERS) as a multi-valent vaccine platform [21]. We first constructed D-
RBDSARS and D-RBDMERS decoration proteins as generally outlined in Fig. 13.6a, 
where Protein A represents the purified RBD proteins. These constructs were then 
used to decorate lambda PLPs in defined surface densities, alone (RBDSARS-PLP and 
RBDMERS-PLP) and in combination (hCOV-RBD-PLP) as outlined in Fig. 13.10a. 
Similar to the studies described above, the particles can be decorated with the 
multiple RBDs at the defined surface densities (Fig. 13.10b), the shells retain struc-
tural integrity and display surface projections associated with RBDs (Fig. 13.10c), 
and they possess physiochemical properties compatible with pharmaceutical stan-
dards [21]. Enzyme immunoassays confirmed that the antigenic properties of the 
unmodified RBDs are retained in the monovalent and bivalent RBD PLPs [21].

We next performed in vivo studies which demonstrated that mice immunized with 
RBDSARS-PLPs or RBDMERS-PLPs possess serum RBD-specific IgG endpoint titers 
and live virus neutralization titers that are maintained up to 6 months post-prime and 
that, in the case of SARS-CoV-2 are comparable to those detected in convalescent 
plasma from infected patients. Mice immunized with the bivalent hCoV-RBD PLPs 
afforded similar levels of RBDSARS- and RBDMERS-specific IgG, indicating a robust 
response to both antigens displayed on the particle. Finally, animals immunized 
with RBDSARS-PLPs, RBDMERS-PLPs, and hCoV-RBD PLPs were protected against 
SARS-CoV-2 and/or MERS-CoV lung infection and disease resulting in a durable 
immune response that provides effective protection against virulent virus challenge 
(Fig. 13.10d, e). 

In sum, these data demonstrate that the designer PLP system provides a plat-
form for facile and rapid generation of single and multi-target vaccines. The antigen 
presenting PLPs can be designed, engineered and constructed in roughly one month 
from the time the antigenic sequence has been identified. The particles afford a 
robust immune response to the presented antigens, while no adverse effects due 
to immunization are observed with undecorated PLPs, even after repeated doses 
or after challenge. Importantly, we have demonstrated that lambda PLPs decorated 
with model antigens can be formulated to afford temperature stable, timed release 
preparations that abrogate the onerous “cold-chain” issues associated with many 
vaccine preparations [83]. Overall, the lambda designer nanoparticle provides a plat-
form with substantial flexibility and rigorous control in vaccine design, development 
and formulation, and is readily adaptable to any infectious agent. Continued efforts 
into the optimization of this platform could expand the diversity of protein-based, 
multi-valent vaccine technologies available and aid in the prevention of a variety of 
infectious diseases deleterious to global health.
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Fig. 13.10 Construction of a Bivalent Covid Vaccine Platform. a Strategy for the construction of 
the CoV vaccine platform. PLPs are decorated with SARS and MERS RBDs at the desired surface 
densities either independently (top) or in combination (bottom). A CoV virus particle is shown at 
right. b PLPs were decorated with RBDSARS (D-RS, blue) and RBDMERS (D-RM, yellow) at the 
indicated surface densities and the reaction mixtures were fractionated by AGE. c Electron micro-
graph of PLPs simultaneously decorated with 20% RBDSARS and 20% RBDMERS (magnification, 
98,000x; scale bars, 100 nm). White arrow indicates the surface density attributed to the RBD 
proteins projecting from the PLP surface. Immunization of mice with mosaic hCoV-RBD-PLPs 
protects against both SARS-CoV-2 (d) and MERS-CoV challenge (e). Neutralizing activity was 
determined by a focus reduction neutralization test (FRNT). The dilution of serum that inhibited 
50% of infectivity (FRNT50 titer) was calculated. Mann–Whitney test. *P < 0.05, **P < 0.01, ***P 
< 0.001, ****P < 0.0001. Details are described in [21]. This figure was modified from [21], with 
permission
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Future Directions 

Our studies to date have focused on decoration of the shell surface for particle 
tracking, optimization of Drug Metabolism/Pharmacokinetic (DMPK) characteris-
tics, cell targeting, intracellular delivery of biologics and antigen presentation. An 
important aspect of the lambda designer nanoparticle platform is that heterologous 
DNA can be packaged into the decorated PLPs in vitro (see Fig. 13.4b) [17]. This 
provides an attractive option for targeted gene delivery to a cell and for DNA vaccine 
development, among other potential applications. Another option is genetic or chem-
ical modification of the scaffolding protein, as outlined in Fig. 13.11a, to afford 
constructs analogous to the gpC protease (see Fig. 13.3). These fusion proteins 
could then be incorporated in a procapsid assembly reaction to package enzymes 
(bioreactor), tracking tags (GFP, quantum dots) and synthetic “drug binding” poly-
mers into the shell interior as depicted in Fig. 13.11b. In aggregate, these particle 
assembly options provide a novel and customizable platform that can be adapted to 
a number and variety of applications in a user-defined manner. 

a 

b 

Cargo ProteinScaffolding 
Protein 

Major Capsid 
Protein 

Cargo-Packed 
PLP 

Multiple Cargos
   •Peptides/Proteins (enzymes)        
   •Polynucleotides  (DNA, siRNA)
   •Organics  (drugs, toxins)
   •Inorganics (quantum dots) 

Genetic SP Fusion Protein 

S 
Chemically Modified SP 

Fig. 13.11 Proposed Strategy for PLP Cargo Loading. a In vitro PLP Assembly. Purified capsid 
and scaffolding proteins assemble into PLPs under defined reaction conditions. Genetic fusion 
constructs containing a C-terminal SP-domain and proteins chemically cross-linked to SP can be 
engineered and included in the assembly reaction mixture. The constructs may then be incorporated 
into the PLP shell interior by co-polymerization with SP. This strategy allows proteinaceous, small 
molecule and synthetic cargo loading. b Cargo-laden PLPs assembled as in a can be decorated 
with multiple display ligands in defined surface densities. This figure was modified from [13], with 
permission
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Conclusions 

We have demonstrated that lambda PLPs can be decorated with a variety of chem-
ical, biological and synthetic molecules in tunable surface densities, simultaneously 
integrating genetic and chemical modification strategies. This provides a robust and 
expansive set of integrated genetic and synthetic tools that can be harnessed in a 
user-defined manner. Rigorous characterization of a number and variety of deco-
rated lambda nanoparticles has shown that they are monodisperse, physically and 
structurally stable, and that they possess physiochemical properties amenable to 
pharmaceutical development and formulation [12, 53, 83]. These features, which 
are not often considered in the early stages of nanoparticle development, are essen-
tial to address regulatory hurdles associated with therapeutic nanoparticle develop-
ment [20], [59]. The ability to package DNA and the potential for selective incor-
poration of proteins and synthetic cargo into the shell interior, and to simultane-
ously decorate the surface with multiple ligands in a defined manner provide a 
nimble “designer” nanoparticle platform that can be rapidly adapted to a variety 
of theranostic applications. 
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Chapter 14 
Therapeutic Interfering Particles (TIPs): 
Escape-Resistant Antiviral Against 
SARS-CoV-2 

Sonali Chaturvedi 

Abstract Despite identifying new antiviral targets and developing new drugs, resis-
tance against drugs emerges in viruses regardless of their genome, making it imper-
ative to identify therapies that will counter the problem of resistance. Recently, 
Therapeutic Interfering Particles (TIPs), a new class of antiviral therapy, was engi-
neered against SARS-CoV-2, overcoming the problem of the emergence of resis-
tance. TIPs conditionally replicate in the presence of SARS-CoV-2 to efficiently 
mobilize between cells with R0 > 1 and interfere with virus replication. As TIPs steal 
replication and packaging machineries from the infectious virus, they keep up with 
virus evolution. In hamsters, a single administration of TIPs reduces virus titer by 
more than 100-fold, reduces proinflammatory genes associated with SARS-CoV-2, 
histopathology in lungs, and virus shedding from infected to uninfected hamsters. 
This proof-of-concept strategy can circumvent the general problem of the emergence 
of resistance and be instrumental in designing escape-resistant therapies against other 
viruses. 

Keywords Defective interfering particles · Therapeutic interfering particles 
(TIPs) · SARS-CoV-2 · Lipid nanoparticles (LNPs) · Transmission 

Unmet Need 

The proliferation of new and resurgent viral diseases represents a formidable chal-
lenge to the global health system [2, 11]. While antivirals have been developed to 
combat these emerging viruses, their efficacy is severely compromised by the high 
genetic variability inherent in these pathogens. The likelihood of a virus evolving 
drug-resistant strains is dependent on a number of factors, including the existing
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genetic diversity of the pathogen, its mutation and recombination rates, and the size 
of the affected population [3–5, 14, 17, 23]. 

Consequently, there is an urgent need to develop innovative therapeutic 
approaches that are capable of overcoming resistance [3–5], offer the potential for 
single-dose administration to mitigate the issue of dose-limiting toxicity, and can be 
readily disseminated to high-risk populations. To this end, the recent development 
of Therapeutic Interfering Particles (TIPs), a therapy based on defective interfering 
particles (DIPs) for SARS-CoV-2, offers a promising solution [3, 5]. TIPs replicate 
only in the presence of an infectious virus and evolve alongside the virus, thereby 
countering drug-resistant strains. Furthermore, TIPs are capable of being adminis-
tered in a single dose via lipid nanoparticles (LNPs) and could spread between cells at 
the same rate as the infectious virus, with a basic reproductive ratio (R0) greater than 
1 [18, 20, 21]. Moreover, TIPs is the only single-administration strategy reported to 
reduce virus shedding [3]. 

The TIPs Concept 

History (DIP) 

The first observations of the emergence of “incomplete virus particles” in the presence 
of a high multiplicity of infection (MOI) of the Influenza virus were made by Preben 
von Magnus in 1954 [26]. During the serial passaging of the infectious virus, fluctu-
ations in the titer of the virus were noted and believed to result from the interaction 
between “incomplete virus” and wild-type virus, which established a predator–prey 
dynamic. These fluctuations became known as the “von Magnus effect,” where the 
incomplete virus contested with the infectious virus for access to replication and 
packaging machinery. This phenomenon was later observed in other viral species, 
including Vesicular Stomatitis Virus (VSV), where the first direct evidence of the 
presence of incomplete visions was found [10]. A few years later, Alice Huang and 
David Baltimore gave these incomplete particles the name “Defective Interfering 
Particles” or DIPs [12]. 

TIP Definition and Mode of Action 

Since the 1970s, there has been a growing interest in exploring the therapeutic 
capabilities of DIPs due to their capacity to impede the replication of viral pathogens. 
However, it wasn’t until recently that their full therapeutic potential was understood. 
One issue faced by DIPs was their reliance on the presence of the native virus and 
their tendency to become diluted and eventually lost over time. In 2003, theoretical 
models demonstrated that an engineered DIP with a basic reproductive ratio (R0)
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greater than 1 could overcome these challenges, leading to the coinage of the term 
“Therapeutic Interfering Particle” or TIP to describe these engineered particles 
[18, 27]. Genetically, TIPs retain only cis-regulatory elements from the infectious 
virus and have trans elements deleted requiring them to intracellularly scavenge 
replication and packaging resources from infectious virus for their propagation [5]. 
As TIPs interfere with the replication of the infectious virus, they serve as obligate 
parasites with the ability to co-evolve with the pathogen and overcome the drug 
resistance that is a challenge for static therapies and vaccines. 

TIP Versus DIP/DVG Mode of Action 

Defective viral genomes (DVGs) have been shown to impede the spread of infectious 
viruses through a variety of mechanisms [5, 9, 15, 18, 22, 25]. At high multiplicities 
of infection, the formation of a substantial number of DVGs may occur through 
single-amino acid mutations or large deletion mutations resulting from recombina-
tion [8, 15]. Despite the fact that these mutations often negatively impact the viral 
fitness, a small proportion of DVGs persist in long-term cultures of infectious viruses. 
Some DVGs present in nature are capable of replication, but lack key structural 
elements, resulting in competition with the infectious virus for resources [13]. These 
DVGs give rise to defective interfering particles (DIPs), which are lacking significant 
portions of the viral genome and compete with the infectious virus for access to 
replication and packaging machinery. These DVGs and DIPs have been shown to 
elicit the expression of pro-inflammatory genes such as interferons, interleukins, 
and tumor necrosis factor, believed to be the primary antiviral mechanism [1, 16]. 
In contrast, therapeutic interfering particles (TIPs), which are engineered DIPs, 
interfere with the spread of infectious viruses by competing for replication and 
packaging resources while having the ability to transmit at R0 > 1 [5, 18, 21, 27]. 

Theoretical Advantage of TIPs 

The phenomenon of antivirals and vaccines losing their effectiveness due to the 
development of viral resistance is a widely observed occurrence across a diverse 
range of viral genome types [2, 11]. Traditional antivirals, designed to target rapidly 
evolving viral targets, inevitably become obsolete over time. The implementation 
of TIPs offers a solution to this issue, as they counteract the problem of resistance 
posed by static antivirals and vaccines. In theory, TIP is a one-time administration 
therapy that continuously replenishes itself in the presence of the infectious virus 
[18, 21, 27]. Additionally, as TIPs target both non-structural and structural viral 
proteins, they have the potential to evolve in parallel with the virus [5]. Further-
more, the theoretical transmission of TIPs with the virus presents a promising solu-
tion to the challenge of providing adequate protection to high-risk, hard-to-reach 
populations.
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Identification of TIPs 

Engineering of TIPs against any virus requires characterization of cis- and trans-
regulatory elements of the infectious virus. TIP retains all the cis-regulatory elements 
and parasitize on infectious virus for trans-regulatory resources [5, 18, 27]. Along 
with the 5' and 3' untranslated region (UTRs) of infectious virus, packaging elements 
and replication initiation sites are few of the crucial cis-regulatory elements that 
are indispensable for the replication of the virus. Once characterized, cis-regulatory 
elements are engineered to the backbone of the virus and passaged in the presence of 
infectious virus to evaluate if the TIP candidate can: (i) conditionally replicate; (ii) 
interfere with infectious virus replication; and (iii) transmit with R0 > 1 (Fig. 14.1) 
[27]. Two techniques can be exploited to characterize cis-regulatory elements in 
infectious virus: (a) a transposon based high-throughput method to characterize 
cis- and trans-regulatory elements, called RanDeL-Seq (random deletion library 
sequencing) [19]. This approach employs enzymatic various-size deletion by 
transposon integration followed by adding a barcode for tracking the libraries. 
RanDeL-Seq approach was employed to generate and screen deletion libraries for 
Human Immunodeficiency Virus-1 (HIV-1) and Zika virus (ZIKV) at a single-base 
resolution to identify cis- and trans-regulatory elements. Along with identifying 
previously known cis-regulatory elements for HIV-1, this approach identified central 
polypurine track (cPPT) as indispensable element. RanDeL-seq identified 300-bp 
region downstream of Rev response element critical for HIV-1 infection. Moreover, 
RanDeL-seq identified previously unidentified cis-regulatory elements in ZIKV. The 
second approach employs bioreactors and paired it with in-silico models to study 
HIV in vivo dynamics [24]. In vitro continuous culture bioreactor of cells infected 
with HIV-1 identified cis-regulatory elements for HIV-1 that guided the design of TIP 
for HIV-1. These TIPs interfered with the replication of infectious HIV-1, transmitted 
with R0 > 1, and conditionally replicate in the presence of infectious virus.

VS VS 

Virus DIP or TIP 

DIP 
TIP 

Conditional replication Interference R0>1 

Fig. 14.1 Conditionally Replicating Therapeutic Interfering Particles (TIPs) demonstrate the 
capacity to replicate, impede the replication of the virus, and exhibit a reproductive number greater 
than one 
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Therapeutic Interfering Particles for SARS-CoV-2 

The ongoing evolution of SARS-CoV-2 has led to a significant shift in the antiviral 
landscape for the virus [2, 11]. While small-molecule antivirals were designed to 
target SARS-CoV-2, their efficacy was quickly hampered by the emergence of drug-
resistant strains. Vaccines, while effective in preventing severe disease and death, 
are less effective against the new variants [7]. Monoclonal antibodies have shown 
promise in prophylaxis but have not been successful in therapeutic administration 
[6]. Additionally, the above antiviral interventions have been largely ineffective in 
reducing SARS-CoV-2 transmission. 

Given the theoretical advantage of TIPs, including the ability to be administered as 
a single dose and track variants, TIPs against SARS-CoV-2 were engineered to meet 
the requirements of conditional replication, transmission with R0 > 1, and interference 
with infectious virus replication [3, 5]. Two TIP candidates, TIP-1 and TIP-2, were 
designed, encoding different portions of the SARS-CoV-2 genome, including 5' and 
3' UTRs, part of ORF1a and the N gene, and an IRES-mCherry reporter. Control 
RNA (Ctrl RNA), of similar size, coding for firefly luciferase and IRES-mCherry 
was also included (Fig. 14.2). All RNAs were 5' capped and poly-A tailed to reduce 
immune response. The antiviral activity of TIP candidates was evaluated in vitro 
by nucleofecting them into Vero-6 cells and infecting with SARS-CoV-2 at MOI = 
0.05. Based on qRT-PCR and plaque assays, both TIP candidates reduced viral load 
by several Logs compared to the Ctrl RNA. 

The feasibility of transmission of the TIP candidates with infectious SARS-CoV-2 
virus was evaluated through a series of experiments. Cells were nucleofected with 
either TIP candidates or Ctrl RNA, followed by infection with the SARS-CoV-2 virus. 
The supernatant collected from infected wells one day post-infection was transferred 
to uninfected cells, and mCherry expression was quantified through flow cytometry 
at 24 h post-transfer to assess the amount of TIP or Ctrl RNA present in infectious 
particles. The results showed that both TIP candidates could transmit the virus, with 
greater than 16% of cells exhibiting mCherry expression compared to the Ctrl RNA.
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Fig. 14.2 A diagrammatic representation of the SARS-CoV-2 viral and TIP candidates genome. 
The TIP candidates are generated from the native genome of SARS-CoV-2 and comprise the 5'
untranslated region, a portion of the ORF1a gene, and the 3' untranslated region. The TIP2 candidate 
additionally encompasses a segment of the N gene. A control is established using an RNA of 
comparable size (luciferase) and both the TIP and control RNA are capped at the 5' end and tailed 
with a poly-A sequence to mitigate any immune response 
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The R0 of the TIP candidates was also calculated. Briefly, GFP-positive cells 
were added at 20% confluency at 2 h post-infection to the cells nucleofected with 
TIP candidates and infected with SARS-CoV-2 (MOI = 0.05). The percentage of 
mCherry-positive cells in the GFP-positive population was quantified through flow 
cytometry at 12 h post-infection, revealing an R0 of the TIP candidates to be greater 
than 1. 

Further experiments demonstrated the efficacy of TIP candidates in overcoming 
the evolution of resistance in a long-term culture. A reconstitution assay was 
performed to gain insight into the antiviral activity of TIP candidates, where virus-
like particles were synthesized using structural proteins (spike, matrix, nucleocapsid, 
and envelop) in the presence of TIP or Ctrl RNAs, and the relative mCherry level was 
quantified in the cells transfected with reconstituted virus-like particles. The results 
indicated that TIP candidates form functional virus-like particles. 

An electromobility shift assay was performed to evaluate the direct interaction 
between TIP candidates with the nucleocapsid protein and RNA-dependent RNA 
polymerase (RdRp) of SARS-CoV-2. Both TIP candidates demonstrated direct inter-
action with the nucleocapsid protein and RdRp of the virus, suggesting a direct inter-
action between TIP candidates and both the structural and non-structural proteins 
of SARS-CoV-2. As TIP candidates compete with the infectious virus for access to 
structural and non-structural proteins, the therapy can keep pace with the evolution 
of the virus and effectively interfere with the replication of ancestral and variant 
strains, including WA-1, B.1.1.7, B.1.351, B.1.617.2, and others. 

The immune response to TIPs, which are engineered DIPs, was meticulously 
quantified to verify that their mode of action is through competition for viral structural 
and non-structural proteins rather than eliciting an immune response. An evaluation 
of the relative gene expression of inflammatory genes in cells treated with TIP or Ctrl 
RNA revealed no significant expression of proinflammatory genes in the presence 
of TIP-treated samples. After thoroughly investigating the properties of TIP and 
establishing that its mode of action entails scavenging for trans-regulatory elements 
from the infectious virus, the efficacy of TIP candidates was tested using a donor-
derived lung organoid model. The results showed that the TIP candidates significantly 
inhibited the replication of SARS-CoV-2 in the lung organoid model. 

Having ensured that TIP met all its in vitro requirements, its efficacy was subse-
quently assessed in a live animal study utilizing Syrian golden hamsters. The delivery 
of TIP was optimized through encapsulation of RNA in lipid nanoparticles (LNPs) 
and the characterization of these LNPs was performed via dynamic light scattering 
(DLS) to determine their suitability for intranasal administration to animals. A proof-
of-concept experiment was conducted by encapsulating firefly luciferase RNA in 
LNPs and testing their intranasal delivery in mice. The mice were treated with PBS, 
naked RNA, or LNP-encapsulated RNA, and the biodistribution of luciferase was 
quantified thereafter. Upon characterizing the LNPs, TIP1 and Ctrl RNA were encap-
sulated in LNPs and administered to hamsters without the presence of infection. Five 
days post-treatment, the lungs of the hamsters were harvested, RNA sequencing was 
performed on total RNA extracted from one lobe, and the other lobe was subjected to 
histopathological analysis. The histopathological examination and RNA sequencing
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results showed no significant increase in the pro-inflammatory immune response 
against TIPs in the hamster lungs in the absence of infection. 

Furthermore, the potency of a single intranasal administration of TIP was evalu-
ated both prophylactically and therapeutically in Syrian golden hamsters. To assess 
the prophylactic efficacy of TIP, a group of hamsters (n = 5) were treated with 
TIP or control LNPs, followed by an intranasal infection with SARS-CoV-2 (106 

PFU). The lungs were harvested five days post-infection, the virus titer was quan-
tified from the lungs, and the histopathology was scored. The results indicated a 
reduction in viral titer of more than 100-fold in the lungs of animals treated with 
TIPs compared to control LNPs. Additionally, the animals treated with TIP LNPs 
displayed fewer instances of alveolar edema and infiltrates compared to those treated 
with control LNPs. The expression of proinflammatory genes associated with SARS-
CoV-2 infection, such as ccl2, ccl6, and il6, was also mitigated in animals treated 
with TIPs. To evaluate the therapeutic efficacy of TIP, animals were intranasally 
infected with SARS-CoV-2 (106 PFU) and treated with TIP or control LNPs at 12 h 
post-infection. The lungs were harvested five days post-infection, and the virus titer 
was quantified using a plaque assay and histopathology was performed to assess lung 
pathogenesis. The results showed a significant reduction in virus titer and alveolar 
edema in animals treated with TIP LNPs compared to those treated with control 
LNPs. 

The examination of proinflammatory markers related to SARS-CoV-2 was 
conducted through the quantification of expression levels in the presence and absence 
of viral infection in the presence of TIPs. Even though no considerable variations 
in the expression of proinflammatory genes were detected in uninfected animals 
exposed to TIP LNPs, Ctrl LNPs, or PBS, in the presence of infection, animals treated 
with TIP LNPs demonstrated significant reduction in pro inflammatory response 
compared to Ctrl LNP treated animals. This evidence indicates that TIP serves as a 
safe antiviral strategy that does not provoke an immune response in the absence of 
infection and, in the presence of infection, reduces the expression of proinflammatory 
genes linked to SARS-CoV-2 as compared to Ctrl LNPs. 

The potential of TIPs to curb the transmission of SARS-CoV-2, a driving force 
behind the COVID-19 pandemic, was evaluated in the lungs of hamsters [3]. To this 
end, a single intranasal administration of TIP or Ctrl LNPs was administered 12 h 
post-infection with the delta variant (B.1.617.2) of SARS-CoV-2 (106 PFU). Thirty-
six hours post-infection, infected and treated animals were housed with uninfected 
and untreated animals for eight hours before being separated and housed individually. 
Nasal mucosa was harvested daily, and lungs were harvested at the endpoint. The 
virus titer and viral RNA levels were quantified from nasal washes of source and 
contact animals treated with TIP or Ctrl LNPs. Results showed a significant reduction 
in infectious virus and viral RNA levels in both TIP-treated source animals and their 
contacts, compared to Ctrl RNA-treated source and contact animals. Furthermore, 
there was a reduction in viral load by more than 3 Logs in the lungs of source animals 
treated with TIPs and their contacts, compared to those treated with Ctrl LNPs and 
their contacts. The TIP LNP-treated source animals and their contacts also exhibited
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a reduction in proinflammatory gene expression related to SARS-CoV-2, compared 
to Ctrl LNP-treated animals and their contacts. 

Additionally, the lungs of hamsters treated with TIPs and their contacts exhib-
ited reduced instances of alveolar edema, immune infiltrates, and an overall lower 
composite histopathology score compared to Ctrl LNP treated hamsters and their 
contacts. This data highlights that a single dose of TIP can effectively mitigate virus 
shedding and pathogenesis in hamsters. 

Perspectives 

The TIPs technology offers a unique and dynamic solution to the changing landscape 
of antivirals. As the prevalence of variants and breakthrough infections continue to 
pose a threat, a therapy that adapts to the evolving nature of the virus becomes increas-
ingly necessary. The TIPs technology provides a formidable defense against viral 
challenges, as demonstrated by its efficacy in hamsters. Not only are TIPs effective
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Fig. 14.3 The TIPs technology offers an armor against the major challenges posed by viruses
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in downregulating virus replication even at high doses, they are also administered as 
a single dose, avoiding the need for a complex regimen. Additionally, TIPs have the 
ability to keep up with the evolving viruses, minimizing the risk of drug resistance. 
Furthermore, TIPs do not induce an immune response in the absence of infection 
and reduce the expression of proinflammatory genes associated with SARS-CoV-2 
in the presence of infection (Fig. 14.3).

The TIPs technology can be expanded to target other viruses, including both 
RNA and DNA viruses, by removing the trans-regulatory elements that control viral 
replication. This flexibility and versatility make TIPs a valuable tool, particularly in 
cases where the cause of infection is unknown. With the capability to encapsulate 
TIPs for multiple viruses in a single administration, the TIPs technology presents a 
promising solution for addressing the ongoing challenges posed by viruses. 
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