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Viruses large and small…

http://rhino.bocklabs.wisc.edu/virusworld/



T numbers and all that…

Z
lotnick, P

N
A

S
101 (2005) 15549

q = 60 x T = 60, 180, 240, 420, …

capsid aggregation numbers

Quantised!



In vitro “assembly diagrams” of coat proteins

Klug PTRS Lond B 354 (1999) 531 Adolph and Butler PTRS Lond B 276 (1976) 113.
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Self assembly of HBV capsids

5 nm
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protamine domain 

assembly domain 

7 nm

Hepatitis B virus
coat protein:

filled capsid

keep protamine 
domain

E. Coli RNA 

empty capsid
Zlotnick et al PNAS 94 (1997) 9556

remove protamine 
domain

30 nm T = 4
http://viperdb.scripps.edu



State selection of virus-like particles…

CCMV CCMV + PSS

http://virus.chem
.ucla.edu/

pH = 4 

pH = 7

Yufang Hu
Chuck Knobler

Bill Gelbart

40 nm

Friso Sikkema
Jeroen Cornelissen

Roeland Nolte

“T = 3 → 4”

“T = 3 → 1”

capsidsfree protein structure

• protein structure
• salt
• pH
• concentration
• temperature
• kinetics
• RNA/PE
• stoichiometry

Bancroft Adv Virus Res 16 (1970) 99



Virus capsids as supramolecular assemblies

http://viperdb.scripps.edu
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Johnson et al. Nanolett 5 (2005) 765
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1. Mean-field theory of empty capsid assembly

2. Classical nucleation theory of empty capsids

3. Minimal model for the binding strength �

5. Encapsidation of PE

4. Caspar pairs and TMV assembly �

Road map to lunch… �



Mean-field theory of equilibrium capsid assembly
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• cylinders: Lauffer, Caspar, …
• spheres: Zlotnick, …

multiple chemical equilibria:

total
free energy 
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free energy of 
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“binding strength” ≈ − O(10) kBT

“rim energy”



Spherical capsids: rim suppresses intermediates!

∆G(N) ≈ −g
N q − N( )

q −1

partially complete capsid
of fixed T number

q/2

maxG∆

∆G

N

∆Gmax ≈ − 1
2

g q ≈102

rim energy

Zandi et al. Biophys J 19 (2006) 1939

http://virus.chem.ucla.edu/

⇒ intermediates unimportant
⇒ 2-species model sufficient

• assembly thermodynamics:

• assembly kinetics:
⇒ intermediates important
⇒ lag time
⇒ hysteresis

Berthet et al. EBJ 15 (1987) 159

⇒ G(1) ≡ 0



SV40
q = 72
“T” = 7

Continuum vs discrete model…

“pentamer”

“hexamer”

http://viperdb.scripps.edu Keef et al. q-bio.bm/0508030
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Two-species model of capsid assembly 
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Classical nucleation theory of capsid assembly 

cluster free energy: )()( NGNNW ∆+∆= µ
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Lag time and nucleation rate of capsid assembly 
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Casini et al, Virology 325 (2004) 390
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http://en.wikipedia.org/wiki/Papillomavirus Zandi et al. Biophys J 19 (2006) 1939
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Binding strength: competing interactions

CCMV

Liepold et al Phys Biol 2 (2005) S166

http://fibernet.vanderbilt.edu/
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� Coulomb interactions

� “Caspar pairs”

� ionic bonds

� hydrogen bonds

� hydrophobic interactions

� steric interactions
� conformational switching

� van der Waals interactions

� chemical bonds

Bancroft
Caspar
Lauffer
…
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V capsid models:
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R<<δ
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ρ
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2 z+

2ρ+ + 1
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2ρ−

∇2ψ(r) = λD
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1) Debye-Hückel theory

2) Debye charging process

3) subtract reference state
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122 −≈ δλλσ DBCa
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RD /λ

Cg

1R/δ

Kegel and vdS Biophys J 86 (2004) 3905

Electrostatics of virus capsids �

Konecny et al. Biopolym 82 (2006) 106



⋯++−≈= CDBHH aaIpHTgg 2),,( σλλγbinding strength:

hydrophobic 
attraction

Coulomb 
repulsion

hydrophobic 
attraction

Coulomb repulsion

temperature: g(T) = g(T0) − h(T0)(T /T0 −1) ≈ g(T0) + hH (T0)(T /T0 −1)

http://viperdb.scripps.edu

charge density:

0
pI

pH

σb

− σa

σ ≈ σ b

1+10pH − pKb
− σ a

1+10pKa − pH

Minimal model for the binding strength �
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−34 µN m-1K-1sH

−3.8 mN m-1hH

+5.5 mN m-1γH

13 nm2aH

0.7 nm-2σ

23 nm2aC

7 charges per protein 

+19 kBT0

−13 kBT0

−32 kBT0theory

theory

Self-assembly of empty HBV Cp149 capsids �



Theoretical assembly diagrams of empty capsids
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“Hofmeister” series of HBV capsid assembly
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• buffer
• breakdown of DH theory
• conformational switching
• specific binding
• coarse graining
• …

What’s wrong?



“Caspar” pairs and cation binding…
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Liepold et al Phys Biol 2 (2005) S166
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Caspar pairs and the stability of TMV 

H+
disc helix

Ansatz:

Kegel and vdS Biophys J (accepted)

• different σ, aC, aH
• Caspar pairs

curve fitting: • titration
• calorimetry
• “anomalous” pK

Klug PTRS Lond B 354 (1999) 531
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Theoretical phase diagram of TMV 
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Kegel and vdS Biophys J (accepted)

hydrophobic 
interactions!

prediction: monomer → helix → disk

calorimetry



Encapsidation of ss RNA/PE

ss viral RNA model RNA/PE
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full equilibrium in semi-dilute solution

−4πR2ασλBλD
2 φ(R) − φB( )

capsid shell

Mean-field theory of polyanion adsorption

Ji and Hone Macromolecules 21 (1988) 2600
Joanny EPJB 9 (1999)117
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Bruinsma and vdS Phys Rev E 71 (2005) 061928

Profile and free energy of captured polyelectr

r0 RR

φ(r)
ξ ∆GP

〈φ〉

∆GP
eq

〈φ〉 ⇒ charge reversal …

lnφ* ≈ −γ H aH + σ 2λBλDaC −ασ 3λB
2 λD

4 l−2aC

attractive!

full 
equilibrium
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Conclusions

• capsid assembly obeys the law of mass action

• the rim tension suppresses incomplete capsids

• the rim tension could cause nucleated assembly

• the coat proteins repel each other electrostatically

• encapsidation helps to overcome the self-repulsion

THANK YOU 

Konecny et al. Biopolymers 82 (2006) 106


