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Genome packing in viruses

Pre-assembled capsid 

à motor-assisted packing (typical for dsDNA)

à under large pressure when loaded

Co-assembled capsid 

à RNA with PS as template
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Packing dsDNA: spool conjecture



More complex structures?
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Spool – twisted nematic 



Questions

• Ground state configurations of elastic filaments in spherical 
confinement ? 
(coarse grained model of DNA or metallic wires…)

• Effects of nonlinear elasticity (kinks) and kinetics on DNA 
packing in viral capsid



Model
Worm-like chain (length L, cross-section σ) with excluded volume
persistence length lp (elastic modulus Kc), Spherical container radius R0

Limit: long, thin, rigid polymer: R0/L~0, σ/R0
2~0,  R0/lp~0

Continuum theory of polymer nematics

local hexagonal packing



Single spool: 

diverging elastic penalty with dense packing

Other options for material distribution:

double spool triple spool Hopf link
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Multidomain solutions always better !

Curk, Farrell, Dobnikar, Podgornik: PRL (2019)
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Low energy snapshots

Energy minimization
Clustering / Domain decomposition algorithm
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T*	lp=const.			changing	simulation	temperature	=	changing	persistence	length

≈	DNA

Curk, Farrell, Dobnikar, Podgornik, PRL (2019)

≈	flexible	polymers

≈	metallic	wires



Nonlinear elasticity of DNA … (in progress)



DNA with “kinks” … (in progress)



DNA with “kinks” packed by molecular motor… 
(in progress)

Sinusoidal packing motor with variable speed





Co-assembly of ssRNA viruses

Co-assembly process:

• RNA partially hybridized
• ds segments + loops (PS)
• attractive interaction PS+CP
• icosahedral capsid sites (CS)

Questions
• Osmotic pressure of 

packed RNA genome
• Effect of genome topology?
• Effect of capsid size?

Hamiltonian Path Hypothesis: 
self-assembly most efficient (min free energy) 
when adjacent PS bind adjacent CS 

à RNA: path visiting each vertex exactly once / forming order-1 bridges



Model

CAPSID: Spherical shell with 12 icosahedrally-distributed CS

GENOME: 
• Elastic chain with 12 regularly-spaced PS
• Encoded as graphs with adjacent PS as edges (trees)
• 551 unique trees
• 434 trees HPH-consistent

INTERACTIONS: 
• chain segments: harmonic
• chain-capsid: repulsive WCA
• PS-CS: attractive (12-6 LJ)



Genome	packing	in	ssRNA viruses
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Results: pressure in the capsid

branched chainslinear chain

Pressure vs temperature:  
linear chain, R=6.2
• blue/orange/green: 𝜀!"=12/14/16
• solid/dashed/dot-dashed: 𝛤=1/2/4
• solid symbols: 10/12 bonds formed (83%)
• empty symbols: 97% bonds formed

Farrell, Dobnikar, Podgornik, PRR (2023)



Genome	packing	in	ssRNA viruses

LARGE CAPSIDS
less branched genome 
more stable

SMALL CAPSIDS
highly-branched genome 
more stable



97%

10/12 (83 %)
8/12 (67%)

Farrell, Dobnikar, Podgornik, PRR (2023)



97%

10/12 (83 %)
8/12 (67%)

MS2 virus
radius ~ 25 nm, 3569 bases à 𝑹 ≈ 𝟔. 𝟑

Cryo-EM experiments Nat. Commun. 7 12524 (2016):
- 59 stem loops on RNA
- 44 among them co-localized with capsid sites 
à ~ 𝟕𝟓% bonds formed
à Positive correlation 
à linear genome preferred

Consistent with 
Hamiltonian path hypothesis!

Farrell, Dobnikar, Podgornik, PRR (2023)



Conclusions
Packing	of	elastic	chains:
Multidomain	arrangements
Spool-like solutions	optimal	
at	low,	linked	motifs	at	larger	chain	lengths

Thank you.

(a) (b) (c)

Curk, Farrell, Dobnikar, Podgornik, PRL (2019)

Stability	of	co-assembled	capsids	with	specific	interactions:
Complex	dependence	on	packing	density	and	“temperature”

Hamiltonian	path	hypothesis	seems	justified	for	some	viruses	(not	all)

Two	minima	(or	multiple	in	more	complex	models)	suggest	coexistence	of	
RNA	conformations	(e.g.	multipartite	viruses…).

LARGE CAPSIDS
linear genome 

SMALL CAPSIDS
branched genome 

+ MORE COMPLICATED…

Farrell, Dobnikar, Podgornik, PRR (2023)


