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Introduction 

We believe that all important concepts in 

Molecular Biology should advance our 
understanding of biological function. Hence the 

power of the double-helical struct ure of DNA in
explaining heredity and genetics [1]. 

To alter this situation, we need a deeper 
understanding of the molecular mechanisms 

underpinning the behaviour of ssRNA virions. We 

started this process by addressing the questions

The same is true of simple, single-stranded RNA 

viral pathogens. They are ubiquitous in our 
environment – think of Human Rhin oviruses, the
most common infections of humans [2], poliomyeli-
ti s [3] or Foot and Mouth Disease Virus [4],  many  of  

which are known to cause potentially lethal dis-
eases in people or animals. However, at present 
we have few tools for their control other tha n vacci-
nation for poliomyelitis and foot and mouth disease
viruses [5–7]. Understanding their assembly mech-
anism at a molecular level reveals multiple essential 
steps that could be targeted for anti-viral therapy.
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Abstract 

The importance of the genetic code in virology is universally acknowledged. However, it is less known that 
viral genomes can harbour a second code, embedded within the genetic code, that orchestrates the effi-
cient assembly and genome packaging in many viral systems. Since its discovery in a bacterial virus, the 

molecular details and function of this mechanism have been characterised in a broad range of viral fam-
ilies, including major human pathogens. This Perspective article reports on the hallmarks of this “assem-
bly/packaging code”, the journey of its discovery, and the enticing opportunities it brings both in antiviral
therapy and in virus nanotechnology.
© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecom-

mons.org/licenses/by/4.0/). 

of how these viruses assemble their virions 

efficiently in the arms race against their hosts’ 
defence mechanisms. We have discovered that 
they achieve this feat via a common assembly 

mechanism, we term “RNA P ackaging Signal-
mediated Assembly” [8]. This mechanism relies on 

multiple, sequence-variable, sites with a shared 

core motif (we term these as Packaging Signals, 
PSs) that are distributed across positive-sense viral 
genomes in the form of stem-loops (SLs) [8–11]. 
Such sites act collectively in promoting efficient vir-
ion assembly and ensure packaging of the cognate 

gRNA against a backdrop of competitor cellular 
RNAs. This outcome is achieved via a distribution 

of different PS-CP affinities, that are tuned via a 

variation of the nucleotide se quences surrounding
a consensus recognition motif [11]. Whilst the coat 
proteins (CPs) of these viruses can typically also 

assemble into protein shells in the absence of the 

gRNA, the assembly kinetics for such reactions 

are much slower, and the assembly outcomes are, 
in many cases, less defined. For example, CPs
recognising, and interacting with, their cognate

mailto:p.g.stockley@leeds.ac.uk
https://doi.org/10.1016/j.jmb.2026.169646
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jmb.2026.169646


gRNAs result in multiple effects: they create a 

defined nucleus for assembly, e.g. via a region 

within the genome encompassing multiple PSs, as 

in the gRNA of STNV-1 (Satellite Necrosis Virus-
1, a T = 1 virion); they also prevent the formation 

of local kinetic traps, and they bias assembly to 

the cognate virion morphology. An example for the 

latter occurs in Hepatitis B Virus (HBV), where the
PS:CP contacts alter the ratio of nuclear capsids
to favour the infectious T = 4 from the smaller
T = 3 shells [12,13]. Some of these functions can 

also, at least partially, be explained by a single 

pac site within viral genomes, but this does not 
account for the full spectrum of gains in assembly 

efficiency seen in both in vitro and in vivo experi-
ments, and in the models of assembly cited above
for the multiple packaging signal mediated assem-
bly mechanism.
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These mechanistic insights have far-reaching 

consequences for our understanding of simple 

viruses. For example, they explain why virion 

particles form only around the positive-sense 

version of their genomes, discriminating against 
both their negative-sense gRNA strands, and their 
obligatory dsRNA replicate intermediates. 
Negative-sense strands can form SLs at similar 
sites along the complements to their viral 
genomes, but they are distinct with respect to their 
folding free energies, as well as in the sequences 

of their loop motifs. The latter are a big driver of 
CP recognition. Recently, we have sho wn that
multiple PS sites within the gRNA of HBV also
prevent assembly competition by the
transcriptome (E. coli), whereas non-viral RNAs
are successfully packaged when we delete the
major PS sites with the viral genome [13,14]. 
This assembly mechanism appears ubiquitous in 

all the positive-sense, single-stranded virions we
have examined to date [8], including those of th e
entero- [15], and most recently the picorna-vi ral
families [16]. The asymmetric cryo-EM structure of 
human rhinovirus, for instance, reveals a network 

of interactions between the capsid and duplex
RNA fragments [16]. This provides insights into 

virus assembly and genome uncoating [17], attest-
ing to the importance of this mechanism for our 
understan ding of viral infections.
This hypothesis started out directed simply at 

understanding how a protein “recog nises” a
specific RNA sequence [18]. The RNA chosen for 
this task was the translational repression (TR) site 

from bacteriophage MS2, itself a multiple ground-
breaking virus originally isolated from the Metropoli-
tan S ewers of New York City and the first virion
completely sequenced [19,20]. Using combinations 

of RNA (and chemical) synthesis, multiple variants 

of TR, a simple 19 nucleotide SL, were synthesised
and purified in vitro [21]. In order to understand in 

detail what the molecular consequence(s) of com-

plex formation between a phage coat protein (CP) 
dimer and TR was, we determined three-
dimensional structures of those complexes using 

X-r ay crystallography of virus-like particles (VLPs)
[18,22], and also examined the interaction of TR 

RNA SLs and cognate CPs using single-molecule 

fluorescence spe ctroscopy, mass spectroscopy
and modelling [23,24]. 
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These studies confirmed the conclusions from 

genetic studies that CP complex formation at TR 

blocks ribosomal access to the replicase gene 

(cistron) on the phage genome. They also reveal 
that a conformational change in the CP dimer is 

imposed by this sequence-specific RNA-CP 

interaction, favouring formation of an asymmetric 

coat protein dimer (termed A/B), from what in 

solution in the absence of the cognate RNA 

oligonucleotide is a symmetrical CP dimer (C/C). 
The sequence-specific asymmetry of this complex 

explains why the bacteriophage CP does only 

very slo wly assemble a VLP lacking its gRNA (on
the order of days), or package non-phage RNAs.
Only RNAs containing a stably-folded TR SL, or
TR-like SLs, trigger this RNA-induced
conformational switch sufficiently efficiently [25– 

27]. Since a specific ratio of C/C and A/B dimers 

is required for phage particle formation (30:60), this 

raises the question of whether other RNA SLs within 

the same gRNA are also likely to promote this reac-
tion, however inefficiently. Using insights from the 

geometric organisation of the vir al capsid in combi-
nation with bioinformatics and modelling, we were
able to answer this question in the affirmative
[10,28]. Not only are variants of TR functional, but 
more importantly, multiple distinct sites with a com-
mon core motif act collectively in promoting virion 

assembly. Since our initial discovery of multiple 

PSs in the bacteriophage MS2 gRNA over a decade 

ago, we have characterised similar RNA-CP inter-
actions in both simple plant and animal (including 

human) viruses. These outcomes confirm the bio-
logical importance of the PS-mediated virion 

assembly mechanism in Virology. It is possible that
this mechanism is present in even wider groups of
ssRNA viruses, for which at present only a single
PS is known, perhaps even in viruses such as HIV
[29]. 
One might also then think about the process of 

infection more broadly, rather than simply the 

process of assembly of the virion CP shell 
(capsid). What motivates an inert virus particle to 

disassemble its protein shell to release its gRNA, 
and thus cause disease? Even though 

disassembly is not always a mere reversal of the 

assembly process, for example in more complex 

scenarios involving maturation events, it is 

important to understand how the CP-PS contacts 

contribute to both processes (see the Graphical
Abstract, illustrating the roles of PSs at different



stages of a viral life cycle). CP-PS interactions vary 

dramatically in their strengths due to alterations in 

the underlying gRNA sequences at the PS sites. 
Thus, weaker PSs on viral gRNAs are very likely
to dissociate first from the overlying CP layer in
virio [30]. This creates a phenomenon known as 

“molecular frustration” in those parts of the CP shell
that are no longer bound to RNA [28].  CP  dimers  

lacking their cognate bound PS RNA ligands, like 

those in RNA bacteriophage MS2 [18],  would  be  

expected to alter their conformational preferences. 
However, they are kept in their defined, non-
preferred, asymmetric conformational states 

because of their positions in the protein lattice of 
the virus-like particle. The result is a particle having 

“weaknesses” at defined positions that can be 

exploited by gRNAs to promote their exits into the 

“infected” cell from the viral particle at well-defined
capsid sites. We have characterised this phe-
nomenon using X-ray footprinting and asymmetric
cryo-EM structure determination [15]. Within each 

virus there appears to be a gradient of PS-CP affini-
ties allowing the stronger interactions to outcom-
pete the weaker ones, explaining why part of the 

gRNA will tend to lose its affinity for CP after assem-
bly into virions (where CP concentrations are high).
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The multiply dispersed nature of the PSs, and 

their tolerance to sequence variation around a 

core motif allows virions to overcome the error-
prone genome replication that is typical for ssRNA
viruses [31]. However, the latter also complicates 

the development of anti-viral strategies, explaining 

why pharmacists’ shops are not full of simple anti-
viral remedies. It is very difficult to target such vari-
able, multiply-dispersed phenomena with small 
molecular weight ligands that are more suited to 

inhibiting ligand-binding to a single defined protein 

target, like the active site of a protein enzyme. How-
ever, major diseases are caused by this class of 
virus, and to date the only hope of (pre-)treatment 
is vaccination with the viral protein shell. Ou r deeper
understanding of the PS-mediated mechanism,
together with recent advances in the development
of small molecular weight compounds against
RNA targets, is starting to turn the tables on this sit-
uation [12]. 
Modern medicine must also envisage the day 

when gene therapy, driven by understanding the 

vectors that currently move their own genetic
material(s) into preferred hosts [32], are routinely 

adapted to customise delivery of oligonucleotides 

encoding preferred genetic characteristics. How-
ever, ssRNA viruses also face competition from 

the host transcriptome. We have evidence in HBV 

that multiple PS sites allow the virus to preferentially 

package its pre-genomic RNA over such competitor 
RNAs, but this is not the case for current applica-
tions. Once such packaging issues are resolved,
the costs for the use of such technologies on the
current human population at large are likely to
become much more manageable [33]. Our de eper

mechanistic understanding of Nature’s simple viri-
ons might be one way to achieve this outcome.
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