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DNA translocation� DNA structural/electronic properties�

Nanostructures�Mechanochemistry�



DNA	  sequencing:	  biochemical	  methods	  –	  cut	  pieces	  (ending	  at	  specific	  bases),	  
measure	  by	  gel	  electrophoresis.	  
	  
Instead,	  use	  electronic	  signature	  for	  sequencing	  –	  mul$scale	  process	  



 
 

Multiple length/time scales:  
DNA electronic sequencing 



Structure	  of	  DNA	  on	  several	  scales:	  
From	  NUCLEOSOME	  to	  	  	  	  	  	  	  	  	  
CHROMOSOME	  

EPIGENETICS:	  passing	  gene$c	  
informa$on	  NOT	  encoded	  in	  DNA	  base	  
sequence	  
-‐  DNA	  methyla$on	  
-‐  Histone	  modifica$on	  (acetyla$on,	  

methyla$on,	  phosphoryla$on,	  …)	  



Papamokos	  et	  al.,	  	  
Biophysical	  J.	  (2012)	  



“Structural	  Role	  of	  RKS	  Mo$fs	  in	  Chroma$n	  Interac$ons:	  	  
An	  MD	  Study	  of	  HP1	  Bound	  to	  a	  Variably	  Modified	  Histone	  Tail”	  
Papamokos	  et	  al.,	  Biophysical	  J.	  (2012)	  

Tail	  of	  H3	  

HP1	  

R=Arginine	  (basic	  polar)	  
K=Lysine	  
S=Serine	  
G=Glycine	  (non-‐polar)	  
W=Tryptophan	  
Y=Tyrosine	  



Papamokos	  et	  al.,	  Biophysical	  J.	  (2012)	  

Tail	  of	  H3	  

HP1	  

R=Arginine	  (basic	  polar)	  
K=Lysine	  
S=Serine	  
G=Glycine	  (non-‐polar)	  
W=Tryptophan	  
Y=Tyrosine	  
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Multiple length/time scales:  
DNA electronic sequencing 



C 
G 

HOMO LUMO 

“Multiscale model of electronic behavior and localization in stretched dry DNA” 
R. Barnett, P. Maragakis, A. Turner, M. Fyta, EK; J. Mater. Sci. (2007)  

Electronic states of stacked DNA base-pairs �

A 
T 

HOMO LUMO 

Results	  from	  first-‐principles	  electronic	  structure	  calcula$ons	  
using	  Density-‐Func$onal-‐Theory	  (DFT)	  

Mul$scale	  issues:	  structure	  of	  double-‐helix	  (mesoscopic	  -‐	  microns)	  	  
affects	  coupling	  of	  electronic	  states	  (microscopic	  -‐	  Angstroms)	  	  



3´-3´-mode (unwinding) 5´-5´-mode  (compression) 

30 %  stretch 

60 % stretch 

90 % stretch  

A.	  Lebrun	  and	  R.	  Lavery,	  Nucleic	  Acids	  Research	  24,	  2260	  (1996)	  

Different stretching modes�

Structures	  from	  classical	  MD	  simula$ons	  (empirical!)	  	  
Electronic	  states	  from	  DFT	  calcula$ons	  (first-‐principles)	  



30 % overstretched B-DNA at natural length 



“DNA – carbon nanotube interaction” 
G. Lu, P. Maragakis, E. Kaxiras, (NanoLett. 2005) 



Hypothetical mechanism: tunneling between CNT/DNA 
 sequencing through intimate base-CNT contact 



DNA 

CNT 

DNA-CNT  
electronic device: 
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W. Hsu, M. Fyta, G. Lakatos, S. Melchionna, EK (2012) 

Coarse-grained potential for DNA structure 



Goal:	  derive	  coarse-‐grained	  poten$al:	  
	  minimal	  (but	  sufficient)	  model;	  	  

all	  parameters	  from	  ab-‐ini4o	  calcula$ons*.	  
Assump$on:	  separable	  interac$ons	  

-‐	  Hydrogen	  bonding	  (distance;	  dihedral,	  flip	  	  angles)	  

-‐	  Stacking	  interac$ons	  (distance;	  twist	  angle)	  

-‐	  Backbone	  interac$ons	  (distance;	  3’-‐5’	  orienta$on)	  

-‐	  Electrosta$c	  interac$ons	  

Data	  points:	  DFT	  calcula$ons,	  	  
Lines:	  fits	  with	  simple	  curves	  	  *	  to	  the	  extent	  possible	  



Coarse-‐grained	  poten$al	  –	  hydrogen	  bonding	  I	  

Distance	  between	  bases,	  
	  dihedral	  angle	  



Coarse-‐grained	  poten$al	  –	  hydrogen	  bonding	  II	  

Flip	  angle	  



Coarse-‐grained	  poten$al	  –	  stacking	  interac$ons	  

Distance	  between	  planes	  



Coarse-‐grained	  poten$al	  –	  stacking	  interac$ons	  

Twist	  angle	  between	  pairs	  



Coarse-‐grained	  poten$al	  –	  backbone	  interac$ons	  
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Coarse-‐grained	  poten$al	  –	  electrosta$c	  interac$ons	  

E = 1
4!"0"(r)

e2

r

!(r) = !ine
" (r!r0 ) r0 < r < r1

!(r) = !!e
""r r > r1

!(r) = !in r < r0

! !1 =
"0""kBT
2NAe

2I

3	  parameters	  !	  
r0,	  α, εin	  



Coarse-‐grained	  poten$al	  –	  valida$on	  

Two parallel strands 
 coil to form double-helix 

2.0	  nsec	  
0.5	  nsec	  

0.0	  nsec	  



Coarse-‐grained	  poten$al	  –	  valida$on	  

Persistence length (~50 nm) 



Force-‐extension	  simula$ons	  

3’-‐3’	  stretch	   5’-‐5’	  stretch	  



Force-‐extension	  simula$ons	  



Mel$ng	  simula$ons	  



Major	  open	  issues:	  
-‐  Systema$c	  method	  for	  coarse	  graining	  DOF	  

	  (normal	  mode	  analysis?)	  
-‐  Temperature?	  	  
-‐  Entropy?	  	  

V.	  A.	  Harmandaris,	  N.	  P.	  Adhikari,	  N.	  F.	  A.	  van	  der	  Vegt,	  and	  K.	  Kremer,	  	  
Macromolecules	  2006,	  39,	  6708-‐6719	  
	  
D.	  Fritz	  et	  al.,	  Phys.	  Chem.	  Chem.	  Phys.,	  2011,	  13,	  10412–10420	  



 
 

Multiple length/time scales:  
DNA electronic sequencing 



Electronic sequencing of DNA 

2 nm 

Motivation: ultrafast  
sequencing through  
electronic signals: 
J. Golovchenko et al. (Harvard U)  
C. Decker et al. (Delft U) 





Mellor et al., PNAS (2000) 

Storm et al., NanoLetters (2005) 

Single-‐stranded	  DNA	  (100	  bp)	  
passing	  through	  α-‐hemolysin	  
forced	  by	  ionic	  current	  
	  
	  	  

Double-‐stranded	  DNA	  (6	  -‐	  96	  kbp)	  
passing	  through	  solid	  pore	  
forced	  by	  electric	  field	  at	  pore	  	  



Two-scale approach to DNA translocation 
– Molecular	  Dynamics	  for	  DNA:	  
	  course-‐grained	  molecules	  (~30	  bp/bead)	  	  

–  La1ce	  Boltzmann	  Equa7on	  for	  the	  solvent:	  
	  	  	  	  -‐	  advantages	  in	  describing	  arbitrary	  shapes	  

	  	  	  	  -‐	  fluid	  dynamics	  in	  par$cle	  language	  

spa$al	   temporal	  



Lattice-Boltzmann Method (LBM) 
La1ce	  Boltzmann	  Equa7on	  :	  discrete	  distribu$on	  func$ons	  fi(x,t)	  
fi(x,t),	  i=1,n:	  probability	  to	  find	  a	  par$cle	  at	  lauce	  site	  x	  at	  $me	  t	  with	  speed	  ci	  	  

local	  equilibrium	  :	  

polymer-‐fluid	  back	  reac$on	  

fp(
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Lattice-Boltzmann Method (LBM) 

Fluid	  par$cles	  move	  only	  along	  
trajectories	  prescribed	  by	  the	  
lauce	  direc$ons	  

(in	  3D:	  19-‐speed	  lauce)	  



Molecular (Langevin) Dynamics (MD) 
DNA	  with	  N	  beads	  at	  posi$ons	  rp	  with	  veloci$es	  υp	  :	  

Coupling	  LB	  to	  MD:	   υ  : bead velocity 	

u  : fluid velocity	


bead-‐bead	  
interac$ons	  

Solute-‐solvent	  
interac$ons	  

random	  
force	  

constraint	  force	  

    

! 

! 
F i
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! 
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implemented	  by	  
SHAKE	  algorithm	  

Coupling	  MD	  to	  LB:	  

  

! 

Gp (
! r ,t) = wp " [
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F i

f +
i#D(
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r )

$
! 
F i

r] % ! c i

M. Fyta, S. Melchionna, E. Kaxiras, S. Succi, Multiscale Model. Sim. (2006)	  



•  3D	  box	  of	  (2a	  x	  a	  x	  a)	  size	  
•  hole	  size	  =	  6	  nm	  

•  lauce	  spacing	  Δx	  =	  3	  nm	  

•  Fpull =0.02,	  kT =10-‐4	  
•  Fast	  transloca$on	  regime	  :	  
[transloca$on	  $me	  <<	  DNA	  relaxa$on	  $me] 

Details of simulation 

x	  

2a	  

a	  

a	  

Fpull	  

! 

FpullR
kT

>> 50





Rare events: retraction	  





Translocation time – Statistics and scaling	  

Experiment:	  τ	  ~	  N1.27±0.03	  	  

Theory:	  τ	  ~	  N1.28±0.01	  with	  fluid	  
	  	  τ	  ~	  N1.36±0.03	  without	  fluid	  

	  



Phenomenological theory: radius of gyration	  

  

! 

R = | ! r i
i
" |2

translocated (T) part  
untranslocated (U) part   

! 

R(t) ~ [N(t)]"

(SAW : ν = 0.6) 	  	  

! 

RE (t) = [RT (t)
1/" + RT (t)

1/" ]"



Anisotropic radius of gyration	  

squares:	  transverse	  (t)	  
circles:	  longitudinal	  (l)	  
black:	  untranslocated	  (U)	  
red:	  translocated	  (T)	  
	  
Untranslocated-‐transverse	  
dominates	  	  

(νU = 0.6) 	  	  



  

! 

SH (t) =
dW H

dt
= "

! 
# i(t) $

! 
u i(t)

i

N

%

  

! 

SE (t) =
dWE

dt
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! 
F drive,i(t) "

! 
# i(t)

i

N

$

Hydrodynamic interactions   

External driving field   



Phenomenological theory: rate of work	  

! 

dW
dt

= SH (t) " 2#K(t) + SE (t)

! 

dW = P dV +"# dA

! 

P =
2"#

R
:	  for	  both	  translocated	  (T)	  and	  	  
	  	  	  untranslocated	  (U)	  parts	  	  	  

! 

r(t) =
NT (t)
N0

"
dW
dt

~ N0
2# T r2# $1 dr

dt
$ N0

2#U (1$ r)2# $1 dr
dt

% 

& ' 
( 

) * 

:	  const!	  	  

	  :	  const!	  	  

From	  Eq.s	  of	  Mo$on:	  	  	  

Young-‐Laplace	  equa$on	  

! 

r(t)" [0,1], t " [0,# ]$ # ~ N0
2%U $& = 2%U =1.2

Integra$on	  over	  $me:	  



d=5h	   d=9h	   d=17h	  

Multifile translocation: simulation	  
wide, thick pore narrow, thin pore 
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Multifile translocation: experiment	  

Li, Gershow, Stein, Brandin, Golovchenko, 
Nature Materials, 2003   



d=17, with hydro   
d=17, w/o hydro   

d=9  

d=5  

t1=N/v,	  v=qE/γm	  

Hydrodynamics	  almost	  doubles	  the	  effec$ve	  diameter	  of	  the	  pore!	  	  	  



50	  

Fluid	  dynamics	  by	  cellular	  automata	  :	  Lauce	  
Boltzmann	  Equa$on	  (LBE)	  

Bhatnagar-Gross-Krook algorithm"

Reproduces	  the	  physics	  	  
of	  fluid	  dynamics	  	  
(Navier-‐Stokes	  equa$on)	  

  

! 

fi (
! 
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! 
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Fluid	  proper$es	  : 	  	  

  

! 

"(
! 
x ,t)
! 
u (
! 
x ,t) = fi

i
# (

! 
x ,t)
! 
c i

  

! 

"(
! 
x ,t) = fi

i
# (

! 
x ,t)

Fluid	  density	  

Momentum	  (flow)	  

Stress	  Tensor	  

Wall	  Stress	  

  

! 

! 
" (
" 
x ,t) =

#$

cs
2

" 
c i
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c i fi % fi

eq[ ]
i
& (

" 
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! 
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" ( )
! 
x w ,t( )
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! 

˜ " # (x $ R) = ˜ " # (x% $ R% )
%= x,y,z
&

! 

˜ " # (a) =
1
2#
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/ 
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! 

" (x,R) = #$ V # u(x)( ) ˜ % & (x # R)

F H = "
x
' = #$ V # ˜ u ( )

˜ u = u * ˜ % &

! 

"f p = #
wp

c 2
cp $ %

R
&

! 

˜ " # (x $ R)
x
% = 1

Defini$on	  of	  “par$cles”	  (cells,	  proteins,	  …)	  
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! 

"6#1
H = $6#6%6#1

* + & 6#3#3 : E3#3

! 

"
d#
dt

$
M dV

dt
I d%
dt

& 

' 

( 
( 
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=
F + F H

T + T H
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) 

* 
+ $ ,+,H

! 

"* #
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( 
) 

* 

+ 
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Brenner et al ‘72 

    and     depend on the whole configuration 
 
               Pair-wise superposition 
 
                               complexity! 

! 

" !

! 

O(N 3)

Brady & Bossis ‘89 

Equa$ons	  of	  mo$on:	  	  

! 

" Grand Resistance matrix 
 
Shear Resistance matrix 
 
Strain tensor 
 
Fluid velocity @center 
 
Fluid vorticity @center 

! 

"

! 

E

! 

u

! 

" =
1
2
# $ u
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! 

("t + v # "x ) f = $%( f - f eq ) $ 1
M

F H # "v f
R
&

   Momentum exchange 
(Newton’s restitution law) 

! 

d
dt
V =

1
M
(F + F H )

! 

F H = "# V " u(x,{R,V})[ ]$(x " R)

Fluid-‐par$cle	  coupling:	  
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Red	  Blood	  Cell	  in	  Mo$on	  



56	  

(geometry	  from	  cadaver)	  

MOVIES!	  
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