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DNA up-close backbone
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Double stranded DNA 5-AAGCTGGTTCAG-3' Single stranded DNA



backbone

Double stranded DNA 5-AAGCTGGTTCAG-3' Single stranded DNA



DNA unwinding

DNA contains instructions for
manufacturing proteins

S\S\I\M’I Transcription
RNA synthesis
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\ Information /
/ cytoplasm
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Translation

Protein synthesis

Protein

The Central Dogna of Molecular Biology

www.franklincollege.edu/

X-ray structure of bacterial ribosome
(Dr. Sam Rhodes) (Oct 2005)



The Sanger’'s method

Nobel Prize in Chemistry 1980

As the DNA is synthesized, nucleotides
are added on to the growing chain by
the DNA polymerase.

The reactions start from the same
nucleotide and end with a specific base

dhye Label
’ chain te rmination with ddGTE

3= TCCTOCG
' —GEAEAC TTAC AEGA A AGAGA TTC AGEATTC AGGAFICC TACCAT ARG TC A AG-5

Q chain te rmination it h ddATE
5'- T T A

' —GiaAEAC TTAC AGA S AGA A TTC AG A TTC AGGAGECCTACCATTAAGATC A BG-5

’ chain te rroination wit b ddTTP
ToCT

E'-
F-GEAGACTTAC AGA A AGAGAT T AGEAT I AGGAGEOC TACC AT A RFATC A k-5 '

Q chain te rminatinn with dACTP
E'- T

L FEAFACTTAC AFEA S A T AGEA T AGEAEGC O TACC AT A AGATC A fE-5

Fluorescence-based sequence gel
http://bbrp.linl.gov



Human genome sequenced (2003)

Today’s costs: ~$10,000,000,
time: two months

We want to sequence genomes
FASTER and CHEAPER

Applied Biosystems, Inc

$10 million Archon X PRIZE for Genomics Possible appllcatlons:
... to create technology that can Advanced diagnostics
successfully map 100 human genomes _

in 10 days. Personal pharmaceutics

Research instrumentation



Fast and cheap DNA

seqguencing via silicon
nanotechnology

Integrated device for high-
throughput DNA sequencing

I

G. Timp

J.P. Leburton

S. Sligar

K. Schulten

A. Aksimentiev



Electric field-driven translocation of
s DNA through a-hemolysin
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Kasianowicz et al (1996), Akeson et al (1999)
Meller et al (2000), Howorka et al (2001)

360,000-atom MD simulation



Solid-state nanopores

lon beam sculptured
nanopores in silicon nitride

\ |
Chip containing nanopore detector

Jiali Li, et al., Nature, 412, 116 (2001)
Jiali Li, et al., Nature Materials., 2, 611 (2003)
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Sequencing DNA with a nanopore In

llicon membrane

layered s
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Buffer solution

Itage electrodes
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Device prototype (Gregory Timp, UIUC)



Silicon nanotechnology for sequencing DNA

eultra-thin membranes
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TEM X—section through a gate

. Sorsch, V. Dimitrov, C. Ho
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TEM (top-down
projection)




Nanofabrication of

nanopores/membranes .
poly: 20nm SLN, 400nm
GOX: 2-10nm
S 2onm
Si: 650€Mm — L SOl wafer
Si.N,: 400nm

poly/device layer
etching RIE +wet
etch

70 T

€ -beam ...................
fabricate nanopores l ...................
via e-beam decompo :
sition and sputtering [~ .
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V. Dimitrov, K. Timp, C. Ho TEM (top-dowa Broers et al



nm-scale Lithography for Silicon Nanopores

TEM (top-down)

TEM(top-down)

Use (S)TEM with:

1. 0.5-2nm diameter beam
2. high energy >100keV
3. vary electron dose

electron beam decomposition
and sputtering generate pores

C. Ho



lonic current through single nanopore
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* linear conductance

 wetting kinetics extremely slow

* jonic conductivity through a nanopore
less than bulk for high concentrations.

MD simulation of nanopore
conductivity at 1M KCI.
Simulation time: 0.3 ns, V=1.4V




ranslocations through a Nanopore

(measurements using a 1nm diameter nanopore like a molecular Coulter counter)

DNA

DNA was introduced into (-) compartment
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O
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(+) S58mer
(-) 58mer

100bp ladder

Traces of DNA were detected in (+)

compartment at the end of the experiment
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electrical recordings to DNA conformation

icroscopic simu
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Computational microscope

Atoms move according to Time scale: up to 1,000 ns
classical mechanics (F= ma)

Interaction between atoms 1s

defined by molecular force field
(AMBERY95, CHARMM27)

Length scale: up to 8,000,000

atoms or (< 20nm)?

Massive parallel computer



Microscopic model of a single molecule
nanopore recorder

O e unit cell of S1;N, crystal

* S1;N, membrane

5.2 nm

v - A » A pore in S1;N,



Microscopic model of a single molecule
nanopore recorder
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Resulting voltage bias:
V=-EL,
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« at the end of the translocation DNA partially denatures

* blocking current correlates with molecular velocity

(Wu)INJINTOV1dSIA INOD

« translocation time: 10 ns - 3us depending on the field

*Simulations: 1.4V/5.2nm ® F~400pN  pore diameter ® d=2.5nm

*DNA sequence is CCCCCCCCCCCCCcccceee



Pulling DNA with
Constant Force

Constant force was applied to all
heavy (non-hydrogen) atoms of the

DNA molecule (about 100 pN for

SRR per atom)

N

Fixed atoms
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3.0-nm diameter pore
0.l MKCL, 1.3V

time (ns)



current (nA)
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translocation

open pore current

1.4V bias
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DNA can efficiently block the

1onic current without going
through the pore




1R

cumulative current x 10 (C)

Simulated current blockades do not reveal
the DNA seguence
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time (ns)

The current is sensitive
to the conformation of
DNA, not the sequence

0.14 V bias
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Problems and solutions

1. DNA translocates too fast 1. Build a DNA trap
(1 base pair / 30 ns)

2. Fluctuations in the DNA 2. Restrict possible
conformation dominate conformations of DNA
over the sequence- through confinement

specific signals

3. Fluctuations in the DNA 3. Average out the
environment dominate environmental noise;
over the sequence- use “lock-in” measuring

specific signal protocols



Single stand or double strand?

Easy to handle

Well defined
conformation

Not clear how

to sequence
(AT vs. TA)

S XN
vvvvv

Forms degenerate
secondary structure

Many possible
conformations exist

Several sequencing
schemes can be
devised



Can one use nanopores to sort

bp DNA

; 58-

58-mer DNA
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(+) 58mer (+) 58mer (-) 58mer
(-) 58mer (-) 58mer (+) 58mer
100bp ladder 100bp ladder 100bp ladder
(-) 58bp (+) 58bp (+) 58bp

(+) 58bp (-) 58bp (-) 58bp

* nanopore works like a molecular sieve sorting sSSDNA/dsDNA




Threshold diameter for translocation of
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Sqgueezing DNA helix

through narrow pore
Tilting of DNA base pairs may allow for
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sequencing double stranded DNA

2.0-nm-diameter pore
3 ns, 6.5V/10nm



(a)

.. Threshold voltage for
translocation of dsDNA

(-) 58bp
(+) 58bp
100bp ladder
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Distribution of the electrostatic potential
in a nanopore without DNA




Voltage traces from DNA translocating throug

a nanopore capacitor ey
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Building Amorphous SIO,

Replicated
11x11x8
~ 55 A cube

AYES

Eduardo Cruz-Chu Dangling Oxygen Non-DaHgling Oygn



Permeation of the Nanopore
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Silica Surface

» Surface of silica is made out of
siloxanes ( -O-Si-O) and silanols (-
Si-OH).

 Relative amounts of silanols and
siloxanes determine hydrophilic or

hydrophobic character of the silica
surface.




All-atom model of multi-electrode
sensor

Microscopic model of
a multilayer nanopore

Silicon

A A - - ¥
# .f'.- "_J :;
b 2N Y 2

Si0,

Silicon

Parameterize force field for
SiO, and Si to be compatible
with AMBER95




Empirical force field for simulations
of silica surfaces In water

By — Z 4€7jj % R % % Z Z 47?233“13
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Eduardo Chu-Cruz
(J. Chem Phys B)
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Two-scale simulation of silicon /
DNA systems

0

Explicit charge distribution

f KCL Upper
rom MD @ i
solution electrode
~ ST - potential
V- \e(r)Veo(r)) =—p(r)

( ) polNEI0 ] 100 EEEEEE. nogk,.....
Fermi-Dirac statistic for electrons Tl
and holes in semiconductor : < 150 | .

Si0, sémiconductielims Is
as 1t capitad | 101 R
BOItzmann statistic for ions b0ly-Si of c| v el
In electrolyte L
¢(r) ele?:\;\:irde
- qen
K*1(7) = [K*], ————

M. Gracheva and JP Leburton
(Nanotechnology 2006)



Multi-scale simulation of DNA
translocation through a
nanopore

M. Gracheva
and JP Leburton
Nanotechnology 2006

Simulated voltage traces:
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Distinguish bases by their dipole moments

A G C T
N\ J N\ J
' Y
same size same size
\_ %
I

same charge (e)

different dipole moments!

2.5 6.5 6.3 4.3



DNA is confined inside
a shrinking pore

Single DNA strand stretches 1n
a narrow pore
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DNA bases align!



Electrostatic trace of a DNA strand in a
1-nm diameter pore

(+) 58mer
(-) 58mer
100bp ladder >
(-) 58bp g
(+) 58bp % 207 : £
> —-C3-A-C7
-30F : : )
(a) —backbone
50 40 . | .
-40 -20 0 20 40 60
DNA front position, A
100 5! .'. ' - [=—C3-A-C7()backbone|
- :
=
< 150 ‘%
- 3

200

40 60

40 20 0 20
DNA front position, A

250

(Gracheva et al, Nanotechnology 2006)
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Electrostatic trace of a DNA strand in a
1-nm diameter pore

e
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DNA front position, A

Nucleotides can be counted!

j (Gracheva et al, Nanotechnology 2006)




Electrostatic traces of DNA strands
with a single base mutation

Voltage, mV

S 10

-15 -10 -5 0
DNA front position, A

(Gracheva et al, Nanotechnology 2006)



Sequencing DNA
with an oscillating

fleld?
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Nanopore RCL circult

Lock-in set-up

Hypothesis: the resonance frequency of the ¢ircuit
depends on the DNA sequence




Electrostatic
tweezers

Use the electrostatic
force 1n a nanopore

to probe DNA /
protein interactions

The force 1s
difficult to measure
directly. MD can
provide extimates
of the force
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