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Laboratory of Molecular Recognition and Interactions

High-resolution imaging of Characterize the energy landscape of

large-size single molecules with receptor-ligand interactions using

Atomic Force Microscopy (AFM) Dynamic Force Spectroscopy (DFS)
4

http://www-dsv.cea.fr/en/lirm
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SPM: a World of possibility!

Gerber and Lang nature nanotechnology | VOL 1 | OCTOBER 2006 |



Scanning Probe Microscopy (SPM) is a branch of
microscopy that forms images of surfaces using a
physical probe that scans the sample.

(SPM can perform much more!)

SPM was founded with the invention of the Scanning
Tunneling Microscope (STM) in 1981 followed by the
Atomic Force Microscope (AFM) 1986.



He did not know it was impossible, so he did it!

Adapted from Mark Twain .

Gerd Binnig
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The Nobel Prize in Physics 1986

Heinrich Rohrer and Gerd Binnig

"for theirdesign of the scanning tunneling microscope (STM)"

11



AFM Is a microscope

a little bit special!

(Edipus and Tiresias the first AFMers

12



Touch

A 4

- 700 ? 2000

Evolution of Tiresias dogwood stick!

P. Parot, Y. Dufréne, P. Hinterdorfer, C.L. Grimellec, Daniel Navajas, J.-L. Pellequer, and S. Scheuring (2007)
Past, present and future of atomic force microscopy in life sciences and medicine.
J. Mol. Recognit. 20, 418-431

1 nm
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Good tip

Bad tip

Quality of the tips
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AFM (Atomic Force Microscope)
DFS (Dynamic Force Spectroscopy)

30 cm
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AFM principle
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AFM (Atomic Force Microscopy)
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4 main reasons to select AFM

*1* Very high signal to noise ratio for AFM

AFM MET
coloration
négative
100% a0 80 70 60 50
% % % % %
Cryo Cryo MET RMN
S C-film Rayons X
holey C-
film
40 30 20 10 1% 0%
% % % %

*2* Imaging in liquid (in vivo) where the physiological action occurs

*3* Possibility of coupling with other imaging and functional methods:

Fluorescence, TIRF, ion conductance, permeability assay tools... 20



*4* Possibility to study... Structures
and Interactions of Single Molecules

N\

INTERACTIONS

force

STRUCTURES
A \\ //
height f

displacement 21



AFM advantages

Possibility working in physiological conditions

No severe limits on the size of the objects (cells.
proteins...)

Easy sample preparation

(compared to others techniques of structural biology:
crystallography, RMN, electron microscopy ...)
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e Difficulties:

Very sensitive technique ( temperature, hygrometry,
acoustics, ...)

No well established experimental protocol in life sciences

Many parameters to take into account of:

e Type of support

e Proteins and salt concentration
* shift, piezo hysteresis

e elc...

Quality of the tips...

23



Uranium 7

Nuclear

<1960 >1960
Nuclear waste

Nuclear fuel o
Electricity

Potential health problems...

people trying to understand this problems to find solutions!
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IS It possible to remove heavy metals
deeply buried in membrane or cells?

decorporation

The ability of an external chelator (drug!) to remove
metals from membrane or cell depends:

* on its ability to reach and recognize the bound metal
(specificity)

* on the relative metal affinities of the chelator
and of the binding site.

25



Let’s try to consider the question

With a little help from... a biophysicist.

A Dbrilliant but unassuming man!
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Georges Irving Bell (1926-2000)

In 1953, George attempted K2 (then
unclimbed) with a well-knit team

K2, The Savage Mountain
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In 1978, in this seminal paper,

Georges Bell taught us that:
the bond are reversible so that no force is needed

to separate the molecules; a little patience will suffice.

However when many bonds are linking two cells together patience will not suffice
because the probability for all the receptors to simultaneously unbound is very small.
To separate the cells a FORCE is required ....

that will rapidly rupture each bond.
28



Bell's law

Zeus vs Sisyphus and its boulder

kKT - IX
exp

k. =
off h kBj

l‘ -1/k Reaction-rate theppyi1:Eyring ... Kramers

Peter Hanggi (1990) Reviews of Modern Physics vol 62, pp251-341



Bell's law

® o

t =t exd(E,- gf)/KT]

{ bond's life time
30



2D Energy Landscape

v
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3D Energy landscape

There are many different pathways to the summit!
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Whichforcels necessary to separate two
macromolecules In interaction?

For instance a receptdigand bond like between

one antibody and one antigen

=
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In 1978

* Nobody has ever seen a single protein!

* Then the question was:

Which techniques allow measuring
such so tiny forces?
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Which techniques allow =

measuring such so tiny forces?

Surface force Apparatus (SFA) Jacob Israelachvilli, 1980

Optical tweezers Steven Chu, 1986
Biomembrane force probe (BFP) Evan Evans, 1990

Laminar flow chamber Pierre Bongrand, 1990

AFM 1986 .... 2000 (coming soon...)

oS0



Bell model at glance!

100 piconewtons

- &
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Affinity and single molecules

Distributions

Most probable unbinding force
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Dissoclation Reaction

Ko /Ko, = Kp = products/reactant (units of Molar)

By conventiornkK, values describe affinity.

Kp = concentration of agent that leads to half-maximugupancy

The lower the K (or k%) the higher the affinity!

Ko, = ~Cte = 10 ¢8M-1sec?
mf | I l | t T
ini
K¢ OF Ko I I y

39



Affinity:
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Ergodic hypothesis
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Ergodic hypothesis 3tochastic process

For microscopic quantities, average and fluctuations over time are the same as
average and fluctuations over space.

inother words after a sufficiently long time a system explores all of its microscopic states.

This hypothesis could be not enough to correlate results obtained on single
molecules with those coming from traditional bulk experiments.

For instance when the loading rate dependence of measured forces is not taken into
account in single molecule experiments.
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Using Biomembrane Force Probe

Merkel et al, Nature, 397-50, 1999
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Dynamic Force Spectroscopy

BFP

Bell-Evans’ plot

O
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INTERACTIONS

By convention we talk of “forces ” to designate all the
Interactions between atoms and molecules.
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Force measurements can be useful determining structure
and function of weak bonds.

Precisely those governing interactions, recognition and
transient association of molecular objects... like drugs?

47



force

A

displacement
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F (pN) PracticalHard ContactZone ElasticlnteractionZone Non ContactZone

3 . Step Size

Initial Slope = -k
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A 4

Z, Piezo displacement (nm)

Odorico et al (2009) YieldFinder Il: automated protocol for DFS data analysis
Ultramicroscopy in press
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300 -

200 -

100 -

‘ Bell-Evans Plot

g(nm)=kgT / slope

Y=ax+Db

Y=ar+F_,

slope =y / X (pN)

,4,,_.)N.nm =t g kT

»
»

Ln (Loading rate pN/s)

51



Application

Uranyl: UO,

Antibodies raised against UO,-DCP

(DCP: 2,9-dicarboxy-1,10-phenanthroline)
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?

Uranium presents both chemical and radiological hazards

Insufficient data for chemical toxicity are available for long-term effects of
uranium ingestion on humans

all information available is from intermediate-testadies on animals

Uranium is nephrotoxic

[UO,] < 30ug/L
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uo,

— 10 nm

0 Protein A antibody BSA

nm

M. Odorico, J.M. Teulon, L. Bellanger, C. Vidaud, T. Bessou, S.-w.W. Chen, E. Quemeneur, P. Parot, and J.L. Pelleque|5é007)
Energy landscape of chelated uranyl — antibody interactions by Dynamic Force Spectroscopy. Biophys. J. 93(2): 645-654.



Loading rate
9068 pN sec
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=

Bell-Evans plot of the most probable forces F* vs. In (re) Bl
| Chelator or metal
g <1A
Force
/
Metal or chelator ‘
g>1 A Loading rate

UO,-DCP unbinding from Mab U08S 57



uo4S

Uu08S

)

J.-M. Teulon, M. Odorico, S.-w.W. Chen, P. Parot, and J.-L. Pellequer (2007) On molecular
recognition of an uranyl chelate by monoclonal antibodies. J. Mol. Recog. 20 508-515



Cu
Ni

Protein A

antibody
mAb PHEO3S

BSA
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=

Bell-Evans plot of the most probable forces F* vs. In (re) Sl
Ni-DCP UO,-DCP
DCP
Cu-DCP
DCP and Ni-DCP UO,-DCP and Cu-DCP

unbinding from Mab PHEQO3S unbinding from Mab U0O8S 60



=

UO,-DCP unbinding from Mab U08S ookl

Chelator
Force gz <1A

Metal
g>1 A Loading rate
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=

Schematic 2D diagrams of ligand-receptor molecular unbinding process kel

Deciphering the energy landscape of the interaction uranyl -DCP with antibodies using dynamic
force spectroscopy

Jean-Marie Teulon, Pierre Parot, Michael Odorico and Jean-Luc Pellequer, 2008
(Biophy. J. 95 (10) L63-65 )
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Vesna Svetli | (Rudjer Boskovic Institut)

3rd International Meeting on AFM in Life Science and Medicine

(10)12th— 15t May, 2010  Red Island, CROATIA
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DFS results

Uranyl ion has a very high dissociation constant (k) balanced by bigger kinetics

and association constant (k).
Today, AFM is the only technique to measure very height affinities.

DFS allows : * treatment of multiple interactions

* to reach submolecular level

In our study to separate metal and chelator contributions during
Interaction with the protein.

<
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