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Viruses large and small...
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T numbers and all that...

capsid aggregation numbers
g=60xT =60, 180, 240, 420, ...

Quantised!

)

Poliovirus Hepatitis B Virus
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Herpes Simplex
T=16

HK-97 head Il
T=7
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In vitro “assembly diagrams” of coat proteins

T
T
I
\ |
1
! Al
| | S
L 1 b
! 5
! | %
| ' n =)
Z T =
v @ | T y
; ; £ ﬁ@
_ ¥ £
i 4 .
v i -
[ ) )
kﬂ- J N iy =
% %J/J/w/)r/ \ ' H -
= _ ERR \ v .
=] LIILI r_ N =
Z T
d N n
Md b .
% 2 .
N
e DI
- z
e B T
£
-
Cr.
=
1=
- - b
z z _ajﬁﬁj
n n _\MWﬁ
[=l1] =11}
= =
4=
L 1 1 i i o
ot et =+ ol
= = =} =]

() \PETans swoi

Adolph and Butler PTRS Lond B 276 (1976) 113.

Klug PTRS Lond B 354 (1999) 531



Hepatitis B virus

Self assembly of HBV capsids
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coat protein:
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State selection of virus-like particles...

CCMV + PSS
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CCMV

[dimer] in each pool, uM

Virus capsids as supramolecular assemblies

Johnson et al. Nanolett 5 (2005) 765
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Road map to lunch... [




Mean-field theory of equilibrium capsid assembly

HBY Assembly
multiple chemical equilibria:

» cylinders: Lauffer, Caspar, ...
 spheres: Zlotnick, ...

Dimeric Nucleus:

subunits trimer of dimers

F = AN) [Ino(N) -1+ G(N)] + E3x()

OF |
5—,0 =uUN = p(N)= exp{,uN ‘G(N)] distsr:Eition

concentration

S ZNP(N) =@ protein
N=1

G(N) =Ng+AG(N) «— “rim energy”

T

“binding strength” = — O(10) kT
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Spherical capsids: rim suppresses intermediates!

rim energy AG(N) =—g

q-1

DG,y = ‘%9\/& =10°

partially complete capsid
of fixed T number

assembly thermodynamics:

= intermediates unimportant %5
= 2-species model sufficient

assembly kinetics:

= intermediates important
= lag time
= hysteresis

http://virus.chem.ucla.edu/ Berthet et al. EBJ 15 (1987) 159

Zandi et al. Biophys J 19 (2006) 1939



Continuum vs discrete model...

SV40
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Two-species model of capsid assembly

1-1/q
. C N fl’q[(”] ~-1-£  (g>1)
A1) +go(9) @ @
@ — expg ACV /N
KeAh?
1
f Cp149 B
|| T=25[°C]
0.81| pH=75
0.61 [NaCl]
X 07M
0.41 A 05M T
[0 0.3 M .
0.21 g~ -18
0 A i
0o T 2 4 6 ¢/q 8 |
“phase transition” i
Debye ANYAS 59 (1949) 575 1 (plcpk 4

Ceres and Zlotnick Biochem 41 (2002) 11525
Kegel and vdS Biophys J 86 (2004) 3905



Classical nucleation theory of capsid assembly

cluster free energy: W(N) = NAu + AG(N)
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Lag time and nucleation rate of capsid assembly
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Binding strength:

TMV

http://fibernet.vanderbilt.edu/

competing interactions
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Liepold et al Phys Biol 2 (2005) S166

Coulomb interactions

“Caspar pairs”

lonic bonds

hydrogen bonds Bancroft
hydrophobic interactions &———— Caspar
steric interactions Lauffer
conformational switching

van der Waals interactions

chemical bonds



Electrostatics of virus capsids

capsid models:

CCMV

o g,

A
0<<R p7\

Konecny et al. Biopolym 82 (2006) 106

1) Debye-Huckel theory
O%(r) = Agy(r)
Ay =1/4[877A,
Ay =€ 14k, T

1 2 1 2
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2) Debye charging process

3) subtract reference state
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Kegel and vdS Biophys J 86 (2004) 3905



Minimal model for the binding strength [

Coulomb repulsion -,
TEIRSY, hydrophobic

o gt pad attraction

http://viperdb.scripps.edu
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Self-assembly of empty HBV Cp149 capsids

[NaCl] =

| theory

T [°C]
ac 23 nm?
o 0.7 nm2

7 charges per protein

Ceres and Zlotnick Biochem 41 (2002) 11525
Kegel and vdS Biophys J 86 (2004) 3905

ay 13 nm?

YH +19 kT,
hy -3.8mNm? | 13T,
Sh -32 kT,

1800+

1700

1.0

1.2

1:4 | 1.'6 ' 1f8 ' 2:0 | 2:2 | 2:4 ' 216
[NaC|]-1/2 [M-l/Z]



Theoretical assembly diagrams of empty capsids
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minimal
capsid
assembly
model

\

“Hofmelster” series of HBV capsid assembly
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‘CASPAR" PAIRS AND CATION BINDING...

P i
Glu/Asp: G, = C\{‘ + H*
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Liepold et al Phys Biol 2 (2005) S166



CASPAR PAIRS AND THE STABILITY OF TMV
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THEORETICAL PHASE DIAGRAM OF TMY

@ calorimetry

interactions!
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ENCAPSIDATION OF $S RNA/PE

ss viral RNA model RNA/PE
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Mean-field theory of polyanion adsorption

capsid shell full equilibrium in semi-dilute solution
elastic
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PROFILE AND FREE ENERGY OF CAPTURED POLYELECT!
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THEORETICAL ASSEMBELY DIAGRAM: FULL EQUILIBRIUI
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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

Konecny et al. Biopolymers 82 (2006) 106



