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Viral DNA encapsidation

(a) (b)

a) Translocation double-stranded DNA into the capsid (prohead) of the 
Bacillus subtilis ø29 bacteriophage,  cover of Nature, 408 (2000)

b) Structure of the ATP-hydrolysis driven portal motor as determined by 
X-ray crystallography (3.2 Å resolution) Simpson et al., Nature, 408, 

745-750 (2000)
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Viral DNA encapsidation
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Structure of encapsidated viral DNA

(a) (b)

a) Cryo-EM image of DNA-filled bacteriophage T4 capsid.
b) Structure of encapsidated genome.

Olson et al., Virology, 279, 385-391 (2001).
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Structure of encapsidated viral DNA

Cryo-EM images of encapsidated DNA structure in  
bacteriophage T7 capsid for viewing directions varying from 

0° (axial view) to 90° (side view) angle to the capsid axis.
Cerritelli et al., Cell, 91, 271-290 (1997).
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DNA packaging forces in ø29 phage

(a) (b)
a) Experimental set up: 

a) One polystyrene microsphere captured by optical trap.
b) Unpackaged end of DNA attached to microsphere.
c) Second microsphere held by pipette, coated with antibodies against phage.

b) Measurements:
a) Force vs packaging rate.
b) Packaging rate vs percentage of genome packaged.

Smith et al., Nature, 413 (6857) 748-752 (2001).
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Viral DNA encapsidation

Structure of T4 encapsidated genome
Olson et al., Virology, 279, 

385-391 (2001).
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Viral DNA encapsidation

Ball on string

Inverse spool

Folded chain Bifolded toroid

Spiral fold

Black et al., PNAS USA, 82, 7960-7964 (1985)

Earnshaw and Harrison, Nature, 268, 598-602 (1977)
Richards et al., J. Mol. Bio., 78, 255-259 (1973)

Klimenko et al., J. Mol. Bio., 23, 523-533 (1967)

Hud, Biophys. J., 69, 1355-1362 (1995)
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Viral DNA encapsidation
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Viral DNA encapsidation
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The DNA director field - Definition
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Director field - Divergence constraint

DNA
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Elastic energy
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Cohesive energy

Liu et al., Surface & 
Interface Analysis, 32, 
15-19 (2001)

100 nm

Arscott et al., 
Biopolymers, 30, 619-

630 (1990)
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Cohesive energy

Rau, Lee, and Parsegian, PNAS, 81 (1984)

Kindt et al., PNAS, 98 (2001)
Rau and Parsegian, Biophys. J., 61 (1992)



Michael Ortiz
UCLA 05/03

Cohesive energy

Hard core

Repulsive energy Attractive energy
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Surface energy

Kindt et al., PNAS, 98 (2001)
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Variational problem (I)
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Variational problem (II)
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Inverse-spool construction
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Inverse-spool construction
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Inverse-spool construction
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Inverse-spool construction

Capped Cylinder Model

Tao et al., Cell, 95 (1998)
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Inverse-spool construction

Smith et al.

Theory

Smith et al., Nature, 413 (6857) 748-752 (2001)
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Spool construction – Surface energy
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Spool construction – Surface energy

Tao et al., Cell, 
95 (1998)

Capped cylinder model of φ29: Boundary contours of 
DNA condensate at various packing stages.
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Can the inverse spool be beaten?

Inverse spool

High 
curvature
core

Low 
curvature

Closed loops

Competing motif
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Torsionless toroidal solenoid construction

Toriod

Solenoid

Spool core
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Torsionless toroidal solenoid construction
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Torsionless toroidal solenoid construction
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Torsionless toroidal solenoid construction
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Can solenoids be beaten?
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Solenoid/spool mixtures - Interfaces
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Solenoid/spool mixtures – Front relaxation



Michael Ortiz
UCLA 05/03

Solenoid/spool mixtures – ø29 phage
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Solenoid/spool mixtures – ø29 phage
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Solenoid/spool mixtures – ø29 phage
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Outlook - Toroidal solenoids

Toroidal helix
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Outlook – Lattice models

m lattice
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Outlook – Lattice models

L=0.5 L=0.6 L=0.7

L=0.8 L=0.9 L=1.0

DNA density contour plots and director field
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Outlook – Lattice models

DNA density contour plots
and vector potential

L=0.5 L=0.6 L=0.7

L=0.8 L=0.9 L=1.0
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Outlook – Related problems

Levels of chromatic packing.
Orders of chromatin packing
thought to give rise to the
highly condensed mitotic
chromosome. The folding of
naked DNA into nucleosomes
is the best understood level
of packing. The structures
corresponding to the additional
layers of chromosome packing
are more speculative. 

(Alberts et al., Essential 
Cell Biology, 1998)
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Outlook – Related problems

m

Golgi apparatus, secretory animal cell 
(G. Palade)
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Outlook – Related problems

m

Endoplasmic reticulum, canine pancreas cell 
(L. Orci)
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Outlook – Related problems

m

Cross section of mitochondrion
(D.S. Friend)
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Summary and concluding remarks
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