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Bacteriophage Structure!

Capsid!

Connector!
Tail!
Fibers!

Tail!



Bacteriophages are viruses that 
propagate in bacteria !



In phage morphogenesis DNA is packed last !

Lander	et	al.	2006	



DNA Packing Models!
Spooling model  Toroidal models 

Fold model Liquid crystal model 

Random  model 



The problem of the packing of DNA inside 
bacteriophages!

•  DNA Concentration: 
200-800mg/ml!

•  Pressure is ~50 atm!
•  Competition between 

bending and 
repulsion!

•  DNA ejection in 
infection is >50,000 
bp/seq!

!



P4	phages	and	DNA	knots	
P.N.A.S.	USA	(1981)	78,	5498	

Nucleic	A.	Res.	(1981)	9,	3979;	(1985)	25,	6695-6702		

	
	
	
	

Tailless production 

DNA 
extraction 



Hypothesis: DNA knots should provide 
information about the backing!



Knots	are	closed	curves	without	self	
intersec@ons		that	measure	entanglement		



Biologists identify knots by gel 
electrophoresis and by microscopy 



Knots	are	observed	in	mature	and	in	tailless	
mutants	 Arsuaga et al. 2002 



P4	DNA	has	cohesive	ends.	Random	cycliza@on	of	P4	
DNA	in	solu@on	produces	3%	knots,	mostly	trefoils	

GGCGAGGCGGGAAAGCAC 

 CCGCTCCGCCCTTTCGTG 
… 

…. 

GGCGAGGCGGGAAAGCAC 
 CCGCTCCGCCCTTTCGTG 

…. …	

Ryvenkov	et	al.	1993	



Markov	Chains	can	be	used	to	sample	randomly	
embedded	curves	in	confined	volumes	

•  Freely	jointed	chains	are	appealing	for	biologists	
•  The	distribu1on	of	ver1ces	is	unknown	
•  Markov-Chain	Monte-Carlo	



Knot recognition 

1-t+t2 -1+3t- t2 1-t+ t2 - t3 + t4 2-3t+2t2 

t= -1, -2 



In	random	embeddings	the	knoPng	probability	anc	
complexity	increases	with	increasing	chain	lengths	

and	decreasing	radii	

Y=1-αexp(n2.15R-3)	

Arsuaga	et	al.	2008	Arsuaga	et	al.	2002,	MicheleX	et	al.	2006	
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 Computer	simula@ons	reveal	that	curves	in	
confined	volumes	have	a	high	probability	of	
being	knoRed	and	that	the	knots	formed	are	
very	complex		

	
																				Therefore	
	
	Confinement	is	a	key	player	in	the	forma@on	of	
knots	in	phage		DNA		

                                                  



2D	gels	shows	a	lack	of	four	crossing	knots	as	
well	as	other	twists	knots	



Comparison	of	knot	distribu@ons	between	models	
and	data	revealed	that	DNA	is	not	randomly	

organized	inside	the	viral	capsid	

Arsuaga et al 2005 



The	absence	of	four	crossing	knots	
suggest	that	DNA	has	a	chiral	
organiza@on	in	the	viral	capsid	

Arsuaga et al., (2005) PNAS 102(26): 9165 



 Computer	simula@ons	reveal	that	curves	in	
confined	volumes	have	a	high	probability	of	
being	knoRed	and	that	the	knots	formed	are	
very	complex		

	
																				Therefore	
	
	Confinement	is	a	key	player	in	the	forma@on	of	
knots	in	phage		DNA		

                                                  



Conclusions from our topological �
(random knotting) approach!

•  Knots are the very likely in confined 
volumes!

•  The distribution of knots suggest a chiral 
organization of the genome!

•  Questions:!
– How are the knots being produced?!
– What factors can be responsible for the chiral 

organization?!
!



Single molecule data describes de 
packing motor of Φ29	

Bustamante	Lab,	UC	Berkeley	



In Φ29 DNA twists and revolves as it passes 
through the motor �
(Oster’s lab model)!

•  Kinetic Monte-Carlo!
•  Axial twisting 

(observed by single 
molecule experiments)!

•  Revolving around 
inner side of the motor 
aperture (proposed)!

•  Possibly same direction!
Yu	et	al.,	2010	



Our implementation can reproduce 
Yu’s results !
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Packaging Velocities at different [ATP] and [ADP]

[ADP] = 5, Yu et al.

[ADP] = 100, Yu et al.

[ADP] = 250, Yu et al.

[ADP] = 500, Yu et al.

[ADP] = 5, Cruz

[ADP] = 100, Cruz

[ADP] = 250, Cruz

[ADP] = 500, Cruz



We model DNA as a wormlike chain!

+ 

+ 



Combining the model of the motor 
and BD we can predict the trajectory 

of the DNA molecule  !

4/5/2014	 AMS	-	Albuquerque	 27	



Twis@ng	of	the	DNA	by	the	motor	can	account	
for	an	increase	of	writhe	

April	18,	2015	 Na1onal	Math	Fes1val	

Wr = 1.67       Wr = 14.36 		

28	



Conclusion from BD simulations!

•  We have developed a new model that 
combines the motor and the structure of 
the DNA!

•  Our studies suggest that viscosity has a 
key role on the final configuration of the 
capsid!

•  The motor can introduce the writhe (but 
not the knotting yet) observed in the 
knotting assays. !



We	suggest	a	new	Liquid	crystalline	model	
to	explain	the	organiza@on	of	the	DNA	

inside	the	virus		

•  Previous	studies	where	mainly	qualita1ve	or	
oversimplified	

•  It	is	a	problem	to	use	standard	MD	methods	
since	they	were	developed	for	unconfined	
molecules	



Experimental evidence for the 
organization of DNA as a Liquid 

crystal phases!



Previous approaches: random 
spooling or cholesteric energy !

Arsuaga	&	Diao,	2008	 Marenduzzo	et	al,	2009	



We use cryo-EM data for energy 
minimization approaches 

T4		 	 	 	T7		 	 	ε15		 	 	P22			 	 	 	Φ29	



Question: can we predict the size of the 
isotropic core? !

•  Problem: Knowing 
the length of DNA 
and radius of the 
capsid. Can we 
estimate the size of 
the core?!

•  Assume exact 
configurations (data)!

•  Look for critical 
points (as a function 
of infection)!



We identify an isotropic core at the 
center of the virus!

Parameters are taken from standard lyotropic !
Liquid crystal theory!
(Onsager 1950; !
Kuzzuu-Doi 1983; !
Wolfshiemer et al 2006 )!



We model the fibers as a nematic!

Landau-Lifshitz,	1970	



The layers perpendicular to n are 
modeled by a smectic A !



Expression for the energy of the liquid 
crystalline phase !

With	Dirichlet	and	Neuman	boundary	condi1ons	(imposed	by	the	protein	capsid):		

And	filament	structure		
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