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DNA, the blueprint

!GTGTGACTCGT
GGTCCGTAATGTC
GTTAATGGTGACC
GTGTGGCCTGATG
GTTAGTGTGTGA!

mass: 6 pg
length: 2 m
thickness: 2nm

Wednesday, November 27, 13



phosphate

sugar ring

base

Double stranded DNA
(persist. length ~50nm)

Single stranded DNA
(persist. length ~1.5nm)

backbone
DNA code is written in atoms

Highly charged: 2 electron charges per 0.32nm

The sequence has direction:
5’-AAGCTGGTTCAG-3’
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Double stranded DNA
(persist. length ~50nm)

Single stranded DNA
(persist. length ~1.5nm)

Highly charged: 2 electron charges per 0.32nm

The sequence has direction:
5’-AAGCTGGTTCAG-3’

DNA code is written in atoms
backbone
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Central dogma of 
molecular biology
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Molecular dynamics simulations,
 a computational (force) microscope

Massive parallel computer
     Blue Waters, ~200,000 
CPUs

Time scale:  ~ 0.1-100 µs
Length scale:  10K - 100M
 atoms or (< 50 nm)3

Atoms move according to 
 classical mechanics (F= ma) 

Interaction between atoms is 
defined by molecular force field

CPUs
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Micromechanics of single DNA  
                   molecules     

A1(%&.&$%0!0%!&*>B!
6&%1-0!CDE<CDF!GDHHFI

                   molecules     

J#*2.0-!"#'*

lP~2nm
lP~50nm
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K%-0%":'$+!9(567
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DNA is effectively 
! infinite

Periodic boundary
conditions in 3D

K'.1*&/#$(!1('$+!&$'(#%-#8'"!8-0((1-0!"#$%-#*

Pzz < 0 stretches the system in Z direction.
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Short dsDNA fragments form 
end-to-end aggregates

Adapted from Science 318:5854

Experimental evidence of end-to-end 
aggregation of short dsDNA fragments 

motivated simulations to determine 
whether aligned DNA fragments would 

collapse to an end-to-end assembly.

i:-'(!\&X0#
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Proper connection requires a terminal phosphate
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Further simulation reveals the strength of 
the end-to-end DNA interaction

The assembly proved stable in 
the absence of restraints during 

600 ns of simulation.

Steered molecular dynamics gave a 
rupture pathway involving shearing 

of the DNA ends

Umbrella sampling revealed that 
the free energy for the 

interaction is ~6.5 kcal/mol

34+5(6+#$+67.#/(.(89+' !CH<FQED!GDHEDI
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User-Defined Forces in NAMD

TclBC TclForcesGridForces

Medium Medium Advanced

Estimated completion time: ~ 2 hours/section
TclBC and TclForces:  basic knowledge of Tcl

8.9:7';"53:%
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Adapted from , Mol Cell 23:155

vbI!U'%:!:'+:!&y$'%2

, Mol Cell 23:155

Problem: how is SSB removed when it is no longer needed?

Adapted from , Mol Cell 23:155
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5'X1('#$!#,!(()!&*#$+!567
reptation rolling

† Ha group, Nature 461:1092

What is the microscopic 
mechanisms of SSB
diffusion?

How does dissociation of 
DNA from SSB occur?

What makes an ssb an ssb?
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DNA
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Unresolved DNA was modeled by the crystallographers (Lohman and Waksman groups, 
Washington U. School of Medicine) and provided to us via Ruobo Zhou of the Ha group.
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Mechanics of ssb-DNA (dis)assembly

DNA	  	  Extension(nm)

Fo
rc
e	  
(p
N
)

Black	  -‐theore1cal	  predic1on
Red	  –	  in	  the	  absence	  of	  SSB
Blue	  –	  in	  the	  presence	  of	  SSB

Chemla group, unpublished
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All-atom simulations cannot quite 
reach experiment

Forces are 1-2 orders 
of magnitude larger 
than in experiments

Little hope of 
observing diffusion-
related events

Forces are 1-2 orders 
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Coarse-grained modeling connects with 
experiment

Coarse-grained models of and single-
stranded DNA binding protein (SSB) were 
developed from all-atom simulation

Excellent agreement was obtained between 
experiment and simulation suggesting that SSB 
binds DNA dynamically















Chemla group

Future Goal: Extend model to include base sense and protein–
protein interactions to enable diverse studies of the mechanisms of 
DNA replication and repair, including the following

SSB saturates DNA during replication; 
the effect of protein–protein interactions 
on the structural and dynamical 
properties remain unexplored

Ha group – Nature 461:1092

RecA efficiently displaces tightly-bound 
SSB molecules from ssDNA—likely an 
important capability for efficient repair—
but the mechanism is elusive

RecA mediates strand exchange during 
DNA repair, but must efficiently displace 
tightly-bound SSB molecules from 
ssDNA, but the mechanism is elusive

Replication forkReplication fork

helicase

clamp 

clamp 

DNA 

primase 

adapted from Mol Cell 

SSB 
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SSB parameterization

Obtain density of all-atom nucleotides Apply iterative Boltzmann inversion using CG 
ssDNA to obtain the interaction potential that 

makes the AA and CG densities match
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SSB represented through moving grids

Solution: modify NAMD to make grids move in response to forces and 
torques. Langevin forces and torques are also applied.

Solution: modify NAMD to make grids move in response to forces and 

The CG ssDNA can interact with atomically-detailed SSB using Gridforces in NAMD. 

Problem: global rearrangements of CG DNA are still slow, and dynamics of SSB–DNA 
interaction is unrealistic
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DNA (1-site/nt) + SSB simulation trajectory

This simulation is ~400 ns, but smoothed potentials make the kinetics equivalent to ~20 µs. 
We obtain ~1 µs/day with 1-site model on two processors with 200 nucleotides and one SSB.

2-site SSB parametrization is underway.
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