Introduction to MD simulations of
DNA systems

Aleksel Aksimentiev



Biological Modeling at Different Scales

spanning orders of magnitude in space and time
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coarse-grained reaction—diffusion

Brownian Dynamics (ARBD)

all-atom MD
(NAMD)

pairwise atomic potentials pairwise coarse-grained potentials reaction & diffusion probabilities

(Lattice Microbes)
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2 fs timestep 20-500 fs timestep us timestep
up to 10 ps up to 10 ms up to days



The Computatmna\ mlcmscope

Massive parallel computer
Blue Waters (UIUC): ~200,000 CPUs

Timescale: ~0.1-100 us

Length scale: 10K - 1,000M atomsor (< 70 nm)3 >
Time resolution: 2fs
Spacial resolution: 0.1 A

Atoms move according to classical mechanics “%&.
(F= ma)

| nteractions between atoms are defined by
the molecular force field




What Is Molecular Dynamics?

Energy function has two parts:
- chemical bond interactions

- non-bonded Interactions




Chemical Structure

/ Bonds; Every pair of covalently bonded atoms.

Angles. Two bonds that share a common
atom form an angle.

Dihedrals. Two anglesthat share a

Wmmon bond form adihedral.
| |mpropers. Any planar group of four atoms
— forms an improper.
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MD force field: a approach

- Parametrize parts of
the structure

- Assemble the parts
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To run MD you’ll need...

Computer (multi-core/GPU or cluster)

MD code (NAMD, Gromacs, Charmm, ...)

Input coordinates (typically .pdb): specifies initial state of the system
Protein structure file (typically .psf): specifies chemical bond information
Parameter file: provides atom-type specific values to interacting potentials
Configuration file (.namd or similar): run-type parameter, temperature, etc

Constraints or other simulation-specific files (typically .pdb)

\AA4

Output: MD trajectory (.dcd file): describes how coordinates change in time

Analysis tools (VMD, python, etc.



What is MD good for?

Minimum requirements:
- Well-defined question
- Atomic-detail structure (or disordered state)
- Minimum chemistry
- Volume of 60 x 60 x 60 nm3 or less
- Processes taking less than 100 microseconds

Typical questions:
- What is the equilibrium structure in physiological environment?
- What is the free-energy cost of going from A to B?
- What is the path from A and B?
- How does the structure respond to external force or field?
- What is going on in my experiment?




All-Atom Molecular Dynamics Simulation of DNA Condensates

Add 150 mM NaCl

Add explicit water

Apply a half-harmonic wall
potential only to DNA

Solve the equation of motion
(F= ma) under periodic
boundary condition in all
directions



CUFIX Improves Simulations of DNA Condensates
http://bionano.physics.illinois.edu/CUFIX

[Na] = 250 mM [Mg] = 20 mM [sperming] = 2 mM
100 a T T I T T T T | T T T : 100 E ! | ! | ! | ! | L
C 7 ofF ]
°F AMBER99 + CUFIX a- AMBER99 + CUFIX: ]
~ T [ | i (o . (MD included 200 mM Na)
S (Y]
o 2k Qo 2k i
)
g 10 = US) 10 E_ 7
x 6F 7 or
8 4: 8 4 .
= i AMBER99 o n AMBER99
2 2r
_I A N ‘I L | | I | L1 ] 2 | | i
25 30 22 24 26 28 30 32 22 24 26 28 30
120
80
40
< o0
>
-40
-80
-120
-120 -80 -40 O 40 80 120 -120 -80 -40 O 40 80 120 -120 -80 -40 O 40 80 120

x (A) x (A) x (A)
Yoo & Aksimentiev, NAR 2016



From caDNANo to all-atom

Cadnano design
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SM. Douglas,..., WM. Shih,
Nucleic Acids Res., 2009

ISelviadbdctiuueture
caDNAno2pdb

* CHARMMS36 force field
* Explicit water

* [MgClz] ~ 10 mM

* NAMD

* 1 to 3M atoms

* 500 to 1,000 CPUs
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Broken H-bonds (%)
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Structural fluctuations reveal local mechanical

poroperties
Struct‘gral fluctuation of DNA origami nanorod 30 l
60 | e P
S a0 | | T -
g 20} 1
0 |
L ) HCO SQO
- Inter-DNA distance in color map . ;; . DE
OO - Chicken wire frame represents z:i Persistence length
— center line of helices & junction TZ E of DNA origami

Simulations predict higher

Yoo and Aksimentiev, PNAS 110:20099 (2013) rigidity for honeycomb-lattice
design



A Practical Guide to DNA Origami Simulations Using NAMD
— Walk through the protocol for all-atom simulations of DNA origami using the NAMD package

All-atom structure in a

Cadnano design MgCl2 solution

Perform MD simulation
and analysis

cadnano2pdb
web server

Number of broken base pairs

0 5 10 15 20
Time (ns)
All-atom model

100

50

Charge within 2 nm of DNA (e)
o

After optimization
Time (ns)




% NanoEngineer-1
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DNA
Origami

|Identical
nucleotide
sequence
In both
structures

All-atom MD
165 ns each

Slone et al

Origami

Tiled DNA nanostructures

Bricks

New J. Phys 18:055012 (2016)

nanohub org/resources/legogen



ENRG MD tool kit : a universal all-atom structure
converte

> oxXDNA Nanoengineer

RS L ILOTEL VHe“X DAEDALUS: DNA Origami Sequence Design

Algorithm for User-defined Structures

- CaDNAnano | ; / o o
GnDo CanDo\>\ N é/ DAEDALUS |

é:“" Tlamat

NAB =~ enrgmd tool-kit
#enrgmd hextube.json

transformmolimat_drz,m,NULL);
mergestriml, "A", "last",n, " "sense" " first™);
freemolecule (m);
n=NULL;
s="g":
¥
m_tempecopymolecule {(ml);
mat_x = newtransform (17.32,19.,0.,0.,0.,08,);
trarsfornmoLimat_x,n_tenp NULL) ;
putpdd ("dna2.pdb” n_tenp);
mergest rim_final,”D","last",m_terp," A", first");

NAMD all-atom MD Simulation Files
hextube.psf
hextube.pdb

hextube.namd
hexube.exb
CHARMM parameters




Cryo-EM reconstruction versus all-atom
simulation
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Cryo-EM reconstruction versus all-atom
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Bai et al, PNAS 109:20012 (2012)



Cryo-EM reconstruction versus all-atom
simulation
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Cryo-EM reconstruction versus all-atom
simulation

Pseudo-atomic model

Bai et al, PNAS 109:20012 (2012)



MD simulation of the cryo-EM object
starting from a caDNAno design

35 nm

Bai et al, PNAS 109:20012 (2012) /M atom solvated model
~200 ns MD trajectory



MD simulation of the cryo-EM object
starting from a caDNAno design

7M atom solvated model

Bal et al, PNAS 109:20012 (2012) ~200 ns MD trajectory



MD simulation of the cryo-EM object
starting from a caDNAno design

Bai et al, PNAS 109:20012 (2012)

7M atom solvated model
~200 ns MD trajectory



Electron density maps

Cryo-EM reconstruction All-atom MD simulation



Comparison with experiment

Maffeo, Yoo & Aksimentiev, NAR 44: 3013 (2016)
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Making images and animations of DNA
nanostructures with VMD

Images from Image with
- a multiple
single representations
structure
Animation -
based Animation
on a iIncluding

trajectory transitions




Elastic network of restraints guided MD
(EN RG MD) I0,000 times more efficient
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® ® ® & ENRG MD for Origami Structu X \ e

< C'  ® bionano.physics.illinois.edu/origami-structure +

Theoretical and Computational Research at the Interface of Physics,
Biology, and Nanotechnology

Home Group Q Publications @ Research & Models & Methodologies Q@ Tutorials &

ENRG MD For Origami Structure Prediction

Upload a DNA origami design .json file
Choose File No file chosen

Select the origami lattice. * 2 ' ‘\ o) \
<
© Square '
~ Honeycomb

Select the scaffold sequence. *

o m13mp18 (up to 7,249 bases)

Custom

Simulation package *
© NAMD (CHARMM FF)

Gromacs (AMBER FF; beta coming soon)

Create simulation files
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End-end angle (°)

Bend per 7-bp array cell (°)

DNA origami systems

Experiment

Dietz, H. et al,
Science, 325

0O 5 10 15 20 25 30
Time (ns)

'g ! Programmed be

>

0 4 8 12 16 20 24
Array cell index

Yoo and Aksimentiev, PNAS 110:20099 (2013)

42-bp
straight

straight ~_

14 x 7 bp
=78 bp
with
deletions

42-bp
straight

42-bp
straight

42-bp
straight



Multi-resolution simulation g =7 = e ——
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FRET signal
Setting up a simulation to PRI 10
capture a DNA origami te - Las s i il
objectina Ty
nanopipette TN SURHOE
Hera wa will recraate a portion of a recent study of 3|_ | |TTL
a voltage-senstive DNA origami object that is 108

captured at the openng of a gass nanoppetie

p— A Load the object into
WP 2%~ 8 FE TR, IR © cadnano
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First, kat's have a look at the DNA origami object.
Whan you bad the objact into cadnano, you can
soe that { is a two-layer plate with & hole in the
middle. If you inspect the deeign carefully you
might natice that thenm ig an ingartion of nearly
+ BOO bp near tha hole, We call this long stretch of
MNotice tho Grgo insovton on hedx 26, DNA the *leash®. This long flaxible piace of DMNA
Is axpectad to result in the capture of the clate object by the nanopipetta.

- i e i

] 1l

Ex:dmi'no the potential derived from a continuum COMSOL
mode

Our simulation angina can apply forces to an object using a patential described In & regular three-
dimensional gnd. The angine rmads OpanDX grid fies for this pumpese, Such files can be generatad
using VMD or the gridbDataPormats Python modula. it is possibia to convert tha output of some

ooentinuum models to the DX format, but ths is beyond the scope of this tutorial.




. Dr. Ulrich F. Keyser
Cambridge, UK




DNA lon Channels

Carbohydrate
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Extracellular Fluid

Protein channel
(transport protein)

Globular protein

Hydrophilic heads

Glycoprotein
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Phospholipid bilayer

Phospholipid
molecule

Cholesterol Integral protein

{Globular protein} Surface protein

Glycolipid

Filaments of / Alpha-Helix protein o roshabic tails:

Peripherial protein
cytoskeleton {Integral protein)

Langecker, M. et al., Science:
338, 932-936.

Cytoplasm

Nano Letters, 13: 2351

~1 nS conductance

i Angewandte Chemie
10.1002/anie.201305765




MD simulation of DNA channel conductivity

400
— 200
g 9
— 200}
400l

caDNAno or NanoEngineer-1

all-atom
coordinates

Nanocapillary
- B

GOpfrich, Kerstin et al., R. et al.,
Nano Lett., 2015, 15(5), 3134-3138. Nat. Nanotechnol., 2016, 11, 152-156. 3



MD simulation of

DNA channel conductivity

400
— 200
2
— 200}

- —l—l—l—l—l—
400 =6——Tho

Nanocapillary
- » 4

GOpfrich, Kerstin et al.,

Nano Lett., 2015, 15(5), 3134-3138.

DNA
Optimize
Cholesterol
Lipid

Mg (H20)e2*
H20

K+

Cl-

36



MD simulation of DNA channel conductivity

DNA

Optimize

£~ Cholesterol
% Lipid

Mg (H20)e2*

H2>0

© «

Nanocapillary _
\ / Instantaneous current: Q Cl-

N
1
I(t) = AiL gqf,;(@;(t + At) — zi(t))

37

GOpfrich, Kerstin et al.,
Nano Lett., 2015, 15(5), 3134-3138.



MD simulation of

Nanocapillary
- ///

GOpfrich, Kerstin et al.,

DNA channel conductivity
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head groups

Total

35.7%




Small conductance DNA channel

1 helix

140,000 atoms
K "'j !
gt :

100 50 0 50 100
Voltage / mV

Conductance: ~ 0.1 nS

0.02} g

0.01f i,;i-i'{

Current / nA »siies s i

6 J 0.00 -—ij—r-‘
Experiment: -4 -2 0 2 4 1 MKC] -0.01F {} !
Ulrich Keyser (Cambridge) X (nm) 002k :
Eugen Stulz (Southampton) ‘ PRI P B R B
Mathias Winterhalter (Jacobs U) -100 -50 0 50 100
Voltage / mV

Goepfrich, et al., Nano Lett 16: 4665 (2016)
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All-atom MD simulation of lipid-DNA interface M
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electric

field
. ; Lipid:51
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O 23 233
2 ; 2.2 (us)

Time (us) Distance from pore

Lipid molecules can translocate to the other leaflet through

the toroidal pore made by DNA o
Nature Communications 9:2426 (2018)



Lipid translocation through toroidal pores is
very common and very fast

ST



Lipid translocation in cells is catalyzed by enzyme

No scrambling

Extracellular space

ARnTRERaRaRAN, L o5
LSRRI =
, Cytoplasm Time (t)
Kelly Yang frc Msph fIPE P

Lipid molecules are asymmetricall
distributed in the cell membrane.

apoptosis or thrombln formation:

T e lﬂﬂﬂﬂﬂﬂ L = e+ (1o, )

; 1#!" xin: ratio of labeled lipid
Schase INn the Inner leafl et
Deficiency in lipid scrambling kq and ks: rate constant for
could result in autoimmune gquenching and scrambling

response or Scott syndrome. Brunner et al, Nature 516, 207-212, 2014 43



Alex Ohmann

UE° BEE

1C 2C

il
H

a4

13nm/38nt

(’ W 500
A-TEG-cholesterol phs

300

[ ([
/
|

Ohmann, Li, ... Ulrich F. Keyser, Aksimentiev, Nature Communications 9:2426 (2018)



Experimental verification

Scale bars are 10 pm Alex Ohmann

DNA scramblase
= c £0.5}-4 i
. § . o '
L) 9 = |
o RN 5 E
ot . 1 : O . : i
O 10 20 30 0 0.5 1.0
Lipids Merged Time (min) Norm. int. per vesicle

Ohmann, Li, ... Ulrich F. Keyser, Aksimentiev, Nature Communications 9:2426 (2018)



Works In human cells

Human cells contain PS lipids at the inner membrane
Scale bar is 20 um

Brightfield

Annexin V binds specifically to PS lipids
Merged

DNA scramblase Annexi V

\

Breast cancer cells from the cell line MDA-MB-231
Positive control: apoptosis-inducing microbial alkaloid staurosporine

Negative control: DNA folding buffer L
Nature Communications 9:2426 (2018)



Tutorials overview

Design Simulations

Cadnano (today) All-atom with NAMD (today)

Images
and movies
with VMD

Coarse-grained
with ARBD
(tomorrow)
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